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Emanuel’s 
threshold 

Gray crosses - HEXOS – Eddy Correlation (EC) method (DeCosmo et al. 1996)
Red triangles - CBLAST - EC method (Zhang et al. 2008)
Blue circles - Wave tank exp - budget (Haus et al. 2010)
Green dots – observation-based budget (Bell et al. 2012)

 Observational studies (e.g, Zhang et al. 2008; Bell et al. 2012) found that CK/CD can be statistically 
significantly smaller than 0.75 for surface wind speed of 20-70 m/s, indicating that other processes than 
surface turbulent transfer are important for hurricane intensity. 
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http://www.esrl.noaa.gov/research/themes/pbl/

(Courtesy of Roger Smith)
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Dropsonde 
composites



Boundary-layer height scales in hurricanes based on dropsonde composites
(Zhang et al. 2011)

5



(Alford et al. 2020) 6



MM5 simulations of 
Hurricane Bob (1991)

(Braun and Tao, 2000)
Sensitivity of Simulated Hurricane Intensity to PBL Physics

Skillful prediction of 
intensity change requires 
an accurate 
representation of the 
boundary layer.
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Sensitivity of storm intensity to PBL schemes in 
idealized HWRF simulations 
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(Zhang et al. 2020)

Eddy diffusivity



Impact of vertical turbulent mixing on hurricane forecasts 
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(Zhang et al. 2015)
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 The radial inflow is stronger for the case with smaller vertical diffusion in the boundary layer.

 As this radial inflow travels past the radius of maximum wind (RMW), its greater inertia will carry it 
further inward, leading to a stronger azimuthal wind maximum in the boundary layer. 

 Furthermore, the base of the eyewall updraft will be at smaller radius, which further favors intensity 
due to the greater inertial stability there. 

large eddy diffusivity small eddy diffusivity



Hurricane intensification and Boundary layer recovery
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Green curve 
shows inflow 
trajectory

Black arrow 
shows the 
environment
al shear 
direction

Bifurcation
point

 The entropy (depicted by Ɵe) in the boundary layer is lower in the high-Km forecast than in the low-Km forecast before 
the onset of rapid intensification. 

 Surface enthalpy fluxes are enough to recover the low-entropy air from the upshear-left quadrant to the downshear-
right quadrant in the low-Km forecast, but they are not enough for boundary layer recovery in the high-Km forecast. 

(Zhang and Rogers 2019)



Impacts of horizontal turbulent mixing on Hurricane Forecasts
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(Zhang and Marks 2015; Zhang et al. 2018)



Challenges and Gaps
1. Direct observations of turbulent fluxes in the boundary layer of the eyewall region

2. Collocated observations of flux, wave, current and sea spray in the hurricane-force wind regime 

3. In-situ observations of the hurricane boundary-layer rolls

4. Continuous observations of the boundary-layer structure before and during hurricane rapid 
intensification 

5. Observations of the boundary-layer thermodynamic structure in hurricanes over land

6. Definition of the hurricane boundary layer height  

7. Effects of entrainment on hurricane intensity change 

8. Effects of scale-aware PBL schemes on hurricane intensity in the gray zone 

9. Effects of boundary-layer processes on hurricane intensity during landfalls  

10. Effects of dissipative heating on hurricane intensity

11. Diurnal variation of the hurricane boundary-layer structure  
13



❖ Conduct Hurricane Ocean Survey and Boundary Layer Experiments with advanced technologies 
(Saildrones, Gliders, Uncrewed aircraft, IRsondes,etc.) to collect more observations at the air-
sea interface

https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_EarlyStage_Science_HBL.pdf
https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_OceanSurvey_Science.pdf
https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_MatureStage_Science_RICO_SUAVE.pdf
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Near-term possibilities

(Cione et al. 2020)
(Zhang et al. 2017)

https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_EarlyStage_Science_HBL.pdf
https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_OceanSurvey_Science.pdf
https://www.aoml.noaa.gov/wp-content/uploads/2021/04/2021HFP_MatureStage_Science_RICO_SUAVE.pdf


❖ Use Large Eddy Simulation 
(LES) data for model 
evaluation in the absence of 
or as a complement to 
turbulence observations

Note that this method still 
requires observations to 
assess the validity of the LES.
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Near-term possibilities

(Chen et al. 2021 in review; Zhang and Drennan 2012)
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