
Hurricane Florence, from the ISS
https://en.wikipedia.org/wiki/Tropical_cyclone

0. Intro: two recent events

1. Wind field: observed and simple 
physical model

2. Size

3. Hazards + Pmin

4. Simpler predictive models
L

5. Size expansion (newer)

Roadmap



4. Simpler predictive models

• Pmin
• Rmax
• New analytic wind model



Marry physics + observations
Theory alone is too rigid!



Pmin

Phil KlotzbachJohn Knaff



𝑽𝒎𝒂𝒙

𝑹𝟑𝟒𝒌𝒕

𝑷𝒎𝒊𝒏
X



Known (Dvorak 1975, Knaff and Zehr 2007, Chavas Knaff Reed 2017): 
𝑷𝒎𝒊𝒏 is lower for higher Vmax, larger R34kt, higher latitude

We need an easy-to-use equation to predict 𝑷𝒎𝒊𝒏
from routinely-estimated (+ Best Tracked) data!



Δ𝑃 = 𝑃𝑒𝑛𝑣 − 𝑃𝑚𝑖𝑛
Pressure 

deficit
Environmental

pressure
Central

pressure



𝑣
𝑉𝑚𝑎𝑥

= 𝑟
𝑅𝑚𝑎𝑥

𝛼

𝛼 = 2
𝛼 = −0.55

Modified Rankine

The pressure deficit from a very simple wind field model
Klotzbach et al. (2022), JGR-A

Extended Best Track data
high-quality subset

from western Atlantic

𝑹𝟑𝟒𝒌𝒕

Δ𝑃
Δ𝑃 = න

0

𝑟0
𝜌

𝑣2

𝑟 − 𝑓𝑣  𝑑𝑟

from gradient wind balance

The central pressure (deficit) is an 
integrated measure of the wind field!



Analytic solution (with approximations)

Δ𝑃

Approximations:
• 𝛼𝑜 = −0.5
• 𝜌 constant
• Complicated boundary 

layer stuff

Max wind 
speed

(squared)

Size x Coriolis Their ratio
(a small 

modification)



Theory: physics constrains the problem to 2 parameters. 
But theory has biases, and hard to calculate (not analytic)

Observations: unbiased truth (ideally), but relationships to 
other parameters are unconstrained

Idea: Empirical model
Use the physics to define the predictors.

Use the data to estimate the actual relationships in nature.



A linear empirical model instead, with coefficients estimated from data
Size = R34kt

physics → predictors 
data → coefficients



A linear empirical model instead, with coefficients estimated from data

Data: 2004-2022
• 𝑷𝒎𝒊𝒏: aircraft estimates (ATCF)
• 𝑃𝑒𝑛𝑣:  NCEP CFS (2004-05) and 

GFS analyses (2006+)
• Other variables: ATCF/Extended 

Best Track, interpolated to 𝑃𝑚𝑖𝑛 
times

Filters:
• West of 50N, South of 30N
• 𝑑𝑐𝑜𝑎𝑠𝑡 ≥ 𝑅34𝑘𝑡
• 𝑉𝑚𝑎𝑥 > 20 𝑚

𝑠
• 3+ quadrants 𝑅34𝑘𝑡 data

Fit to data binned in (Vmax, f, and 𝑅34𝑘𝑡)



A linear empirical model instead, with coefficients estimated from data

Data: 2004-2022
• 𝑷𝒎𝒊𝒏: aircraft estimates (ATCF)
• 𝑃𝑒𝑛𝑣:  NCEP CFS (2004-05) and 

GFS analyses (2006+)
• Other variables: ATCF/Extended 

Best Track, interpolated to 𝑃𝑚𝑖𝑛 
times

Filters:
• West of 50N, South of 30N
• 𝑑𝑐𝑜𝑎𝑠𝑡 ≥ 𝑅34𝑘𝑡
• 𝑉𝑚𝑎𝑥 > 20 𝑚

𝑠
• 3+ quadrants 𝑅34𝑘𝑡 data

Fit to data binned in (Vmax, f, and 𝑅34𝑘𝑡)

1) stronger wind 2) larger / higher lat amplifies 1 / reduces 2Lower pressure if



94.2% variance explained

Model predicts Pmin well, even at very low pressures

Minimal conditional bias 
down to very low pressures

Patricia

Conditional median

Observed Pmin [hPa]
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1) All three predictors are useful

The model works well, even at very low pressures

2) This model does better than any other 
simple combination of 𝑉𝑚𝑎𝑥 , 𝑅34𝑘𝑡, 𝑓

Drop ratio term

Drop size/Coriolis 
term

Minimal conditional bias 
down to very low pressures

The physics was incredibly helpful for 
defining the correct predictors!

Patricia

Conditional median

94.4% variance explained



93.3% variance explained

Model predicts Pmin well applied close to land, too



87.8% variance explained

The model works reasonably well applied at higher latitudes

Evidence of systematic low bias (too 
intense) at very low pressures



Patricia 2015
extremely intense

Ike 2008
variable size and intensity 

Model (solid)
Obs (dash)

Works pretty well for case studies with different intensity/size evolutions

Rita 2005
expansion + rapid intensification

Michael 2018
expansion, 𝑉𝑚𝑎𝑥 constant

The times with significant discrepancy mostly occur during/following disruptive interaction with land



95.0% variance explained

Model works well in “operational” mode too (Ext BT data only)

𝑃𝑒𝑛𝑣 = 𝑃𝑜𝑐𝑖 + 2 ℎ𝑃𝑎

𝑃𝑚𝑖𝑛 = 𝑃𝑒𝑛𝑣 − Δ𝑃

Our model

offset agrees with
Courtney and Knaff (2009)Observed Pmin [hPa]
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Model Pmin in three steps

1)

2)

3) 𝑃𝑚𝑖𝑛 = 𝑃𝑒𝑛𝑣 + Δ𝑃ℎ𝑃𝑎



Rmax

John Knaff



𝑽𝒎𝒂𝒙

𝑹𝟑𝟒𝒌𝒕

𝑹𝒎𝒂𝒙



Source: https://reliefweb.int/map/united-states-america/hurricane-laura-estimated-impacts-advisory-23-25-august-2020-1000-cdt

Wind

Storm surge Rainfall
Hurricane Laura (2020)

Rmax sets the footprint of the worst hazards
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Rmax

My model gives a good first-order 
prediction of Rmax from R34kt

But the model is idealized and rigid: 
may be biased against obs
(see Tao et al. 2023, GRL)

Can we marry physics + observations?



Rmax is notoriously difficult to estimate

• Highly turbulent
• Very sensitive to horizontal resolution in models (Gentry and Lackmann, Reed and 

Jablanowski 2011, Rotunno and Bryan 2012)

The outer circulation is much less sensitive to 
turbulence/resolution.

Can we get estimate Rmax from 𝑹𝟑𝟒𝒌𝒕?



Known: Rmax is smaller for larger Vmax , smaller R34kt and lower latitude

Rmax Vmax

R34kt

Vmax , outer size, and latitude are all 
changing at the same time!

Obs Rmax dependencies: Kossin (2007), Chavas and Lin (2016)



We need an easy-to-use equation to predict 𝑹𝒎𝒂𝒙
from routinely-estimated (+ Best Tracked) data!



Physically, the radial structure is set from the outside moving inwards

Inflowing air gradually loses angular 
momentum to surface friction

That which is retained is gradually 
converted from planetary to relative 

angular momentum – spinning up 
the cyclone



Model Rmax in three steps

1)

2)

3)
1

2

3

𝑅𝑚𝑎𝑥 𝑅34𝑘𝑡



Model Rmax in three steps

1)

2)

3) 2

𝑅𝑚𝑎𝑥 𝑅34𝑘𝑡

We have a good first-order 
physics-based model

(Chavas et al. 2015)



Empirical model, using parameters from the wind field physics

Why this form?

positive definite quantity

Pure theory



Empirical model, using parameters from the wind field physics

Why this form?

positive definite quantity 𝑽𝒎𝒂𝒙 must be ≥ 17.5 m/s

Pure theory



Empirical model, using parameters from the wind field physics

Why this form?

positive definite quantity 𝑽𝒎𝒂𝒙 must be ≥ 17.5 m/s
Dependence on 1

2
𝑓𝑅17.5𝑚𝑠 is

stronger at larger 𝑽𝒎𝒂𝒙Pure theory

Colors change fast →

Colors change slow →

Better than:
• simpler linear model (less 

powerful)
• more complex 3-term model (not 

more powerful)



Theory predicts 
𝑀𝑅𝑚𝑎𝑥

𝑀𝑅17.5𝑚𝑠
 is a function of (𝑉𝑚𝑎𝑥, 1

2
𝑓𝑅17.5𝑚𝑠) 

The structure is 
non-linear...



Model design



Observed 
𝑀𝑅𝑚𝑎𝑥

𝑀𝑅17.5𝑚𝑠
 has a similar qualitative structure to theory



Model fit to obs data yields a reasonable 
𝑀𝑅𝑚𝑎𝑥

𝑀𝑅17.5𝑚𝑠
 dependence

Empirical model fit to obs



Model Rmax in three steps

1)

2)

3)

physics → predictors 
data → coefficients

Coefficients estimated from 
high-confidence data
Ext Best Track data 2004-2020



Model predicts Rmax pretty well

Best-fit line
to model median

Median (binned)

1-to-1 line
(perfect model)

RMS error

Observed Rmax [km]
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~20% low bias 
for larger Rmax
(can do simple 
bias correction)



Much better than existing models

Out of sample test
2018-2020
Model retrained on 
<2018 data
(similar result)



Model applied to high latitudes works pretty well too (not refit)

Noisier.
Storms more asymmetric 
(interaction with 
extratropical systems, land)



Poleward increase in Rmax is due to poleward increase in R34kt

R34kt

Rmax

Vmax

Predicted Rmax

“Experiments”: fit model to medians, 
turn on/off variation in Vmax, latitude
→ slope does not change

Medians in latitude bins Statistically, Rmax ↑ as latitude ↑
Kossin (2007)



New analytic wind model

Dandan Tao Robert Nystrom Arthur Avenas
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Inner
not quite analytic

Outer (no analytic solution)

Problems:
• Requires numerical solver – 

code is slower, harder to use
• Fixed relationship between 

angular momentum at R34kt and 
Rmax – too rigid for real storms 
(Tao et al. 2023, GRL)

Old model

Inputs Vmax, R34kt , (and latitude)



(1) (2)

(3)
(4)

(1) Eye: linear

(2) Inner core (Rmax→R34kt): linear M-slope
(Tao et al. 2023, GRL)

(3) Intermediate (R34kt→Rtrans): Mod-rankine

(4) Outer (Rtrans →R0): analytic approx to 
physical outer wind model (new!)

Tao, Nystrom, Chavas, Avenas (2025, GRL) minor revision

New model

Inputs Vmax, R34kt , Rmax (and latitude) – allows for variation in Rmax→R34kt



Better captures CM1 simulations

Tao, Nystrom, Chavas, Avenas (2025, GRL) minor revision

C15 model (solid)
New model 



Better captures SAR observed profiles

Avenas et al. 
(2025, Sci. Rep.)

Tao, Nystrom, Chavas, Avenas (2025, GRL) minor revision

C15 model (solid)
New model 



Better captures SAR observed profiles

Avenas et al. 
(2025, Sci. Rep.)

Tao, Nystrom, Chavas, Avenas (2025, GRL) minor revision



Put the pieces together:
a complete model



A fast, analytic wind+pressure model: rooted in physics, fit to observations

You have…

𝑉𝑚𝑎𝑥 = 100 𝑘𝑡 51.4
𝑚
𝑠

𝑅34𝑘𝑡 = 200 𝑘𝑚
𝜙 = 20 °𝑁

𝑹𝒎𝒂𝒙 = 𝟐𝟒. 𝟓 𝒏𝒂𝒖𝒕 𝒎𝒊
𝑷𝒎𝒊𝒏 = 𝟗𝟓𝟑. 𝟎 𝒎𝒃

You also have…
𝑉𝑡𝑟𝑎𝑛𝑠 = 6 𝑘𝑡
𝑃𝑜𝑐𝑖 = 1008 𝑚𝑏

Note: these are the parameters we 
typically are most confident in

x

or you can use observed 
estimate of Rmax if you have it



‘tcwindprofile’ python package

doi:10.4231/CZ4P-D448
https://web.ics.purdue.edu/~dchavas/codedata.html 

Pieces together recent models validated 
against observational datasets

(Best Track, QuikSCAT, aircraft, SAR)

Inputs: Vmax, R34kt, track, Penv
Output: full wind and pressure profiles

https://web.ics.purdue.edu/~dchavas/codedata.html


Simple “operations-ready” models for Rmax, Pmin, and wind profile
Easy to implement, could be updated based on new data and/or 

modified to suit operational needs.

doi:10.4231/CZ4P-D448
https://web.ics.purdue.edu/~dchavas/codedata.html 

https://web.ics.purdue.edu/~dchavas/codedata.html


EXTRA



Sandy (2012): the most difficult test case
a massive, hybrid tropical/extratropical storm

Model (solid)
Obs (dash)

Predicts extremely low 
pressure (<910 hPa) 

leading up to landfall

Great in Caribbean Low bias
Cuba/Bahamas

Low bias
extratropical 

transition

Plenty of uncertainty in the data for such a large storm,
but also likely indicates that for extratropical systems the model assumptions do break down



Eye:

Outside eye:

@R34kt:

Sum:



𝑷𝒎𝒊𝒏 has a lot of important practical benefits

• We know the hazard print depends 
on the entire wind field

• 𝑃𝑚𝑖𝑛 is an integrated measure of 
the wind field

• 𝑃𝑚𝑖𝑛 is a remarkably good predictor 
of damage from continental U.S. 
hurricane landfall -- better than 
𝑉𝑚𝑎𝑥 and IKE/PDI

• 𝑉𝑚𝑎𝑥 is a very poor predictor of 
damage along the U.S. East Coast

• 𝑃𝑚𝑖𝑛 is relatively easy to estimate 
and varies smoothly

1988-2021 all continental U.S. hurricane landfalls

rrank = 0.83

Klotzbach et al. (2022), JGR-Atmos.
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