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2. Tropical cyclone size

Observations
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Response to warming



Observations



Three essential components to the wind field
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Size can vary significantly
between storms, but typically
changes more gradually during
lifecycle.

Hence, TC size is often set by
size of initiating disturbance.
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radius [km]

Size increases very slowly with latitude in the tropics

Observed storm size
QuikSCAT 1999-2009 Reanalysis and climate models, too

Chavas et al. (2016) J. Clim. Schenkel et al. (2022), J. Clim.
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Research questions

1. What sets tropical cyclone size on Earth?

2. Why the Rhines scale?

3. Will size change in the future?



Simplest world:
the f-plane
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Prevailing theory: size~ 1/f
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On the f-plane, tropical cyclones

| = form spontaneously...

and fill up the domain.

On the f-sphere, too!




f-plane: TCs expand toward an equilibrium “potential size”
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Consider
the sphere (beta)

v

Chavas D. R. and K. A. Reed (2019). Dynamical aquaplanet experiments with uniform thermal forcing:
(Stony Brook) system dynamics and implications for tropical cyclone genesis and size. J. Atmos. Sci., 76(8), pp.2257-2274.




The rotating sphere
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Source of rotation

Rossby waves!

https://media.giphy.com/media/02XbUUi1CXKTe,



On Earth, hurricanes are confined thermodynamically to the tropics

2000-2008

30°E 60°E 90°E 120°E 150°E 180° 150°W  120°W 90°'W 60°'W 30°'W 0° 30°E
Mean SST 2000-2008 [°C]
- . DT _
0 10 20 30

This makes it difficult to understand fundamental dynamical controls.
But what if they weren’t?



Planetary dynamical
forcing

Planetary thermodynamic
forcing:

solar insolation gradients,
surface variability k

Can we imagine a world without this?

https://media.giphy.com/media/02XbUUi1CXKTe,



Experimental laboratory:
NCAR Community Atmosphere Model v5.3

Horizontal resolution:
~25 km



Historical Earth (AMIP) Day 6084 Near-surface wind
SST/Insolation = historical speed [m3'1]
T=1979-2012
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GCM can reproduce observed size vs. latitude
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Aquaplanet, uniform SST, solar insolation Day 369 Near-surface wind
speed [ms-]

(Shiand Bretherton 2013, Merlis et al. 2016)
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Aquaplanet, uniform SST, solar insolation Day 369 Near-surface wind
(Shiand Bretherton 2013,.IV|erI|s et al. 2016) speed [ms-1]

TCs form here and move poleward/westward

similar to Earth’s tropics




3000 ¢ <— Extratropical interaction
2500 |
2000 -
E
=, 1500 -
LN
100 Aquaplanet
«— No jet stream
500 25-75ile

Model: CAM5

O ! I I I I I I I ]
0O 10 20 30 40 50 60 70 80 90
¢ [deg N/S]

Chavas and Reed (2019), J. Atmos. Sci



4000 -
I

" Rhines scale (Rhines 1975)

3000 | 73

NI

Ug =10m/s

Governs wave-vortex transition

length [km]
N
o
-
o

1000t

0 20 40 60 80
¢ [deg N/S]
Chavas and Reed (2019), J. Atmos. Sci



3000

2500 | real-Earth / /|
\ experiment/ /| L B
2000 | /) \ ¢
£ 1500 - /[ ) 7
~ &5
1000 glana
500 25-75ile

0 1 1 ! ! ! ! 1 L I
O 10 20 30 40 50 60 70 80 90
¢ [deg N/S]

Vortices on beta plane:
Vallis and Maltrud (1993),
McDonald (1998), Flor and Eames

Chavas and Reed (2019), J. Atmos. Sci (2002), Flierl and Haines (1994)
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Varying {2 Varying a

Near-surface wind [ Warning: not drawn to
speed [ms™] 0 8 16 24 32 40 scale!




Varying rotation rate Varying planet size
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Size follows a Rhines scaling in low/mid latitudes in GCM



Bridging the f-plane and
the sphere



Why is this the
gualitative state?
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Vortices feel 8 strongly Vortices do not feel 8 strongly
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Wind Speed m/s

Surface wind speed (m/s), Day 031, Hour 19
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0 0

T Without variations in f (i.e. ), there are
no Rossby waves to disrupt the vortices.

So vortices last a very long time.
Chavas and Reed (2019), J. Atmos. Sci. y &



Larger planets = larger fraction of surface covered in cyclones
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Two other notable results

Genesis rate vs latitude? ~f (absolute vorticity)

Minimum genesis distance from the equator? NL,B EQ

equatorial deformation/Rhines scale

Chavas D. R. and K. A. Reed (2019). Dynamical aquaplanet experiments with uniform thermal forcing:
system dynamics and implications for tropical cyclone genesis and size. J. Atmos. Sci., 76(8), pp.2257-2274.



Research questions

2. Why the Rhines scale?



“Why would a hurricane care
about the Rhines scale?”
- Reviewer #2

Lu K. and D. R. Chavas (2022). Tropical cyclone size is strongly limited by the Rhines
Dr. Kuan-Yu Lu (PhD 2024) scale: experiments with a barotropic model. J. Atmos. Sci.




~ Non-linear Beta term
Tendency term A dvection term

moves vorticity makes Rossby

around waves
2
—> U Only one factor of 2m
Rhines u * VC M U - V: azimuthal gradient (~27R)
p— ~ — ¢: radial gradient (~R)
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But in a tropical cyclone,
U varies strongly with
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R = Rhines scale
Rh ZTl'ﬁ

N Variation with radius

l depends on U (1)

Upp = Zn-ﬁRZ Rhines speed

Fixed dependence on radius




circulation is happy €
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Non-divergent barotropic beta plane model

initialized with a physical model for axisymmetric TC wind field



The storm outer wind field shrinks outside of the “vortex Rhines scale”
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Experiments

Varying initial storm size
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Larger vortices shrink faster toward their vortex Rhines scale
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In baroclinic turbulence theory, the Rhines scale “cuts off the inverse energy cascade” =
an upper bound on extratropical cyclone size.

These are the same physics.




Research questions

2. Why the Rhines scale?

Rossby wave drag weakens the outer circulation



Research questions

3. Will size change in the future?



Response to warming

The Rhines scaling does not depend on temperature.

So we might expect that storm size may not change
strongly with warming.



Future model projections show outer size remains nearly constant with mean warming
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Future model projections show outer size remains nearly constant with mean warming
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Future model projections show outer size remains nearly constant with mean warming
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Future model projections show outer size remains nearly constant with mean warming
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Theory predicts response to global-mean warming in models
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Theory predicts response to global-mean warming in models
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Tropical cyclone size in the
tropics/subtropics

size
A

" time

This work explains the statistical behavior of observed TC size.
Later: a physical theory for the expansion of an individual TC?
First though: wind field 2> hazards and P

min



Break for questions!



EXTRA



Tropical cyclone potential size set by energetic and dynamic constraints
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Landfall



Over land, potential size (~v,/f) is ~ 0
so size decreases with intensity
structural model still works well

CM1 simulation Theoretical prediction - - - -
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But asymmetries become
very large after landfall
Hlywiak and Nolan (2021,
2022) — 3D simulations
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Tropical cyclone size is set by the Rhines scale

3000 - real-Earth
experiment
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Genesis rate increases linearly with the Coriolis parameter in the low/mid latitudes.
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Genesis rate increases linearly with the Coriolis parameter in the low/mid latitudes.
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Minimum genesis distance from the equator follows the equatorial deformation/Rhines scale.
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Minimum genesis distance from the equator follows the equatorial deformation/Rhines scale.
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But on (present day) Rossby waves not
Earth, hurricanes are .
important.

thermodynamically . )
suppressed here Vortices dominate.

Rossby waves
significant.
Mix of waves and
vortices.

Rossby waves not
important.

Vortices dominate.

Chavas and Reed (2019), J. Atmos. Sci
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