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Introduction:  Traditional Forecast Metrics:

Track Intensity

Saffir-Simpson Hurricane 

Intensity Scale

Category 1 Min. Sustained Wind

1 74-95 mph

2 96-110 mph

3 111-129 mph

4 130-156 mph

5 157+ mph



• Problem 1: Ill-posed 
definitions of  track and 
intensity
• Hurricane force winds can occur 

far from the center

• Intensity dependent on track

• Problem 2: Probability 
generated from climatological 
uncertainty distributions

Solution: Point-wise 

wind probabilities

DeMaria and Knaff (2009)

DeMaria et. al. (2013)

Solution: Ensemble 

forecasts

Problems with the Track-Intensity Dichotomy: 



Uncertainty will always be with us
What are the fundamental limits on TC 

predictability?



TC Predictability:
Control and perturbation experiments with the MIT 

TC risk model
(“perfect model” approach)

Control: 

Begin with monthly potential intensity and mid-level humidity, and daily 
winds from NCAR/NCEP reanalyses

Storms are seeded randomly around the world

Seeds move according to a beta-and-advection model

CHIPS intensity model predicts their intensity evolution

Only a small fraction of  seeds intensify to TS strength or greater; rest are 
discarded: genesis by natural selection

We generate 3500 storms from 1980 to 2014

Perturbations:

Each control storm above is re-simulated, perturbing

Initial intensity by +3 kts

Allowing environmental shear to de-correlate from control over 25 days

Both of the above

Allow de-correlating environmental winds to affect track

Same as above but add 3 kts to initial intensity



Perturbation 

Experiment

Description Number of 

Overlappin

g Cases

Initial intensity only 3 knots added to initial intensity. 2711

Shear only Shear decorrelates from control over 25 days. 

Track and initial intensity identical to control. 

2916

Shear + initial 

intensity

3 knots added to initial intensity and shear 

decorrelates from control over 25 days. Track 

identical to control.

2656 

Track Winds (affecting shear and steering) 

decorrelate from control over 25 days. Tracks 

respond to changing steering flow. 

2204 

Track + initial 

intensity

Same as track but 3 knots added to initial 

intensity. 

2051 

Description of Perturbation Experiments



Blue curve:  Track errors resulting from environmental winds decorrelating over 25 days

Red dots: Natl. Hurr. Cntr. Atlantic track errors, 2000-2015



Results of  perfect model predictability studies



Forecasting Skill

Track Intensity

Note:  Not easy to rule out the hypothesis that all of  the improvement in 

the intensity skill came from improvements in track forecasts 



Dependence of  Intensity Error on Track Error is a Major 
Impediment to Progress in Hurricane Forecasting

Field of  hurricane forecasting needs a serious re-evaluation of  
skill metrics

I advocate moving away from storm-centric metrics (e.g. track, 
intensity) to people-centric metrics (probabilities of  hazards 
at specific locations were people live)

Move to pointwise probabilistic emphasis would re-direct 
attention to improving forecasts that matter to people



By conventional intensity error metric, spectacular 72-hr intensity 

forecast error. But….



Probabilistic Forecast for Our Town, NC
From many forecasts for Our Town



Note that timing of  “rapid intensification” becomes 

less of  an issue for pointwise probabilities than for 

storm-centric evaluations.

Speaking of  RI:



Formally, there is no such thing as rapid intensification

Nearly perfectly 

exponential 

distribution of  TC 

intensification rates

Introducing arbitrary thresholds into verification metrics may lead to artificially 

inflated error estimates



Ensemble Forecasts

ECMWF 51-member ensemble



• Problem: Ensemble members are 
computationally expensive and have 
lower resolutions than operational 
models

• Inadequate to resolve strong gradients that 
are commonly found in TCs

• Large negative bias in intensity



The FHLO Model

• Incorporates state dependent forecast uncertainty using ensemble 
numerical weather prediction systems

• Large-ensemble [O(1000)] (can be run on a laptop)

• Forecasts track, intensity, and exceedance winds

• Evaluated using 00z/12z forecasts from 2015-2018 hurricane seasons

Model Summary

17/11



Synthetic Hurricane Tracks

• Track largely determined by large-scale steering flow

• Use translational speed covariance from global model ensemble to 
generate synthetic displacements
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50-km strike probability (color), for Hurricane Irma in the Atlantic Basin, 

using 1000 synthetic tracks generated from the ECMWF ensemble. Forecast 

initialized on September 5th, 2017, 00z. Overlaid lines (black) depict TC 

centers from the ECMWF ensemble.



Synthetic Hurricane Tracks

Mean Absolute Error Reliability Diagram
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Twice-daily forecasts on all Atlantic and NE Pacific TCs from 2015-2018



Intensity Modeling

• FAST Intensity System (Emanuel, 2017)

(1): Spin-up

(2): Downdrafts

(3): Moistening

(4): Ventilation
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Hindcast simulations of  the intensity of  

Atlantic Hurricane Ivan of  2004 by the 

CHIPS model (cyan)and the intensity 

simulator (red),  compared to the best 

track observed intensity (black). The dark 

blue segment of  the CHIPS simulation 

denotes the initialization period. Also 

shown are the along-track potential 

intensity (dashed blue) and environmental 

850–250 hPa shear (green)

Comparison of  mean absolute error (kts) 

accumulated over the lifetimes of  each 

Atlantic hurricane of  the 2004 season, 

showing CHIPS (blue) and the present 

intensity simulator (yellow)



• How to define the environmental vertical wind shear?

Vortex Surgery

Galarneau and Davis 

(2008)



m/s

Shear: ECMWF ensemble mean

Mean Shear of  Ensembles



m/s

Shear: Internal Variability

Shear Variance among Ensembles



• Vertical wind shear tilts inner core and excites mid-level eddies that mix 
low-entropy air into the inner core of  a TC

Midlevel-Ventilation

Tang and Emanuel (2010), Tang and Emanuel (2012), Emanuel (1995)



Midlevel-Ventilation



Midlevel-Ventilation



Surface Wind Model

• Physically-based low-level wind-speed 
model (Chavas et. al, 2015)

• Given two of  𝑉, 𝑟𝑚, 𝑟0, the axisymmetric 
wind field is specified

Inner Region

Outer Region

𝑀 = angular momentum

𝑉 = surface azimuthal wind

𝑟m = radius of maximum wind

𝑟0 = outer radius (V = 0)

𝜒 = 2 Cd / 𝑤𝑐𝑜𝑜𝑙

Outer windfield: Ekman suction must balance radiative subsidence

Inner windfield:  Outflow Richardson Number criticality (Emanuel and Rotunno, 2011)



Probabilistic Winds

• Use a physics-based axisymmetric wind-speed model (Chavas et. al, 2015)

• Additional model, based on isallobaric wind, to compute asymmetric wind

Hurricane Irma: Initialized 00 UTC on 05 Sept. 2017
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64-kt wind exceedance 
probabilities



Probabilistic Wind Evaluation

31/11knots



Precipitation Forecasts

We plan to apply a recently developed and tested TC rainfall 

algorithm to the 1,000-member ensemble to make pointwise, 

probabilistic rainfall forecasts



Summary

• Developed FHLO, a physics-based, probabilistic hurricane model

• Probability derived from state-dependent uncertainty

• Generally reliable wind speed probability forecasts

• Large-scale environment dominates contribution to uncertainty

• We should seriously consider migrating from deterministic, storm-centric to 
people-centric, probabilistisic forecasting, including skill metrics. 

Future Work

• Include a real-time ocean model, variations in potential intensity

• Generation and verification of  precipitation forecasts

• Use wind probabilities in Hurricane Risk Calculator
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