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 Accurately forecasting hurricane rapid intensification (i.e., 24-h 
intensity increase by 30 kt and more)  is a challenge.   
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WRF simulations of
Hurricane Isabel (2003)

(Nolan et al. 2009a, b) 

6

Sensitivity to 
boundary-layer 
and surface-layer 
parameterizations

Sensitivity of simulated hurricane intensity 
to model physics 



Objectives

• To evaluate the impact of model physics in 
HWRF on hurricane RI forecasts. 

We focus on three types of model physics:
1. Horizontal-diffusion parameterization
2. Cumulus parameterization
3. Boundary-layer parameterization 
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Effects of horizontal diffusion on hurricane intensity in 
idealized HWRF simulations

(Zhang and Marks 2015)
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(Zhang et al. 2018 WAF)

 The horizontal mixing length (Lh) was reduced in H216 to be close to 
observational estimates given by Zhang and Montgomery (2012). 

Lh = ~800 m
Lh = ~1900 m
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(Zhang et al. 2018 WAF)
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(Zhang et al. 2018 WAF)



          OBS
COAC

Yes No

Yes 1 19
No 10 442

          OBS
HOAC

Yes No

Yes 1 41
No 9 422

POD=10%
FAR=96%
TS=0.02

POD=9%
FAR=95%
TS=0.03

Impact of horizontal diffusion parameterization on 
RI forecasts in HWRF 

reduced Lh

 Reducing Lh has a small impact on RI forecasts in HWRF (H216). 

POD – Probability of detection
FAR- False alarm rate
TS – total success index



HWRF forecasts with SAS vs GF cumulus schemes

13
(Biswas et al. 2020, in press)

H6CL - SAS scheme (Arakawa and Schubert, 1974; Grell, 1983, Han and Pan 2011 )
H6GF - GF  scheme (Grell and Freitas 2014) – scale-aware cumulus scheme 



Impact of cumulus parameterization on RI forecasts

Control

GF

POD=35.0%
FAR=31.7%
TS= 0.30 

POD=47.5%
FAR=40.6%
TS=0.36

POD – Probability of detection
FAR- False alarm rate
TS – total success index

 The scale-aware cumulus parameter scheme (GF) gives slightly better RI 
forecast in HWRF than the SAS scheme (control).  
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Case study
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Difference in azimuthally-averaged temperature between 
H6GF and H6CL between 18-24 h
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K



Potential 
temperature 

budget 
between 18-24 h
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𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝐴𝐴𝐴𝐴𝐴𝐴
+𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻



Impact of PBL physics on RI forecasts in HWRF
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194

202

highKm
POD=22.2%
FAR=0%
TS= 0.22 

lowKm
POD=88.9%
FAR=33.3%
TS=0.62

α= 0.5

Km = k (U*/Φm) Z {α(1 – Z/h) 2}

α= 1
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What are the structural differences between the highKm and lowKm
forecasts at onset of RI?

RI threshold

(Zhang et al. 2017 MWR)



Boundary-layer composites at RI onset
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 At RI onset, forecasts with reduced vertical diffusion have a 
shallower boundary layer with stronger inflow, more unstable near-
surface air outside the eyewall. 



Composites of inertial stability, vertical velocity and 
divergence at RI onset
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 At RI onset, HWRF forecasts with reduced vertical diffusion have stronger and deeper 

updrafts in regions inward from the radius of maximum wind (RMW) where the inertial 
stability is larger, and stronger boundary layer convergence closer to the storm center.
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Case study
Hurricane Earl intensified in a 
moderate shear environment. 

(Zhang and Rogers 2019)
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 Before the intensity bifurcation point, low-Km forecast produces more bursts inside the 
RMW than the high-Km forecast at RI onset.

 The larger number of convective bursts inside the RMW are collocated with larger inertial 
stability and diabatic heating in the low-Km forecast than in the high-Km forecast. 



Azimuthal distribution of convective bursts
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 The bursts are more symmetrically distributed near RMW in the low-Km forecast than in the high-
Km forecast, with more bursts located in the upshear-left quadrant in low-Km forecast. 

Red arrow – shear direction
Green arrow – tilt direction



Asymmetric distribution of θe and Vr
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highKm

lowKm

 At the eyewall region, both the low-level inflow and moist entropy (θe ) are 
more symmetrically distributed in the low-Km forecast than in the high-Km 
forecast, especially within in the inflow layer. 

Down shear
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 Both forecasts show significant 1-8 km tilt up to intensity bifurcation point at ~54 h.
 After that point, tilt in the low-Km forecast settles down to ~10 km; that in the high-

Km oscillates between 10 and 60 km.

Vortex tilt

Bifurcation
point



28
 The vortex in the low-Km forecast is deeper, stronger and broader than that in 

the high-Km forecast, so that it is more resilient to shear in the low-Km 
forecast, according to tilt dynamics (Jones 1995; Reasor et al. 2001).



Static stability above the boundary layer
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 The mid to upper level static stability is much smaller in the low-Km forecast than 
in the high-Km forecast, which makes the vortex more resilient to shear from 
being tilted, according to theoretical and numerical studies on tilt dynamics 
(Jones 1995; 2004; Reasor et al. 2004; Schecter 2015).
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Before
Bifurcation
point

After
bifurcation
point

Bifurcation
point

Axisymmetric Boundary-layer θe Distribution 

 The boundary-layer θe becomes smaller in the high-Km forecast than in 
the low-Km forecast after the intensity bifurcation point . 



Can surface enthalpy fluxes recover the θe
deficit for air parcels traveling from upshear-
left to downshear-right quadrant?
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Fq is the latent heat flux (Wm-2), FH is the sensible heat flux ((Wm-2),  
TLCL is the temperature at the level of lifting condensation (K),
θe is the equivalent potential temperature (K), θ is the potential temperature (K), 

dθ/dt is the calculated rate of change of θ (K hr-1), dq/dt is the calculated rate of change 
of q (g kg-1 hr-1) , dθe/dt is the rate of change of θe (K hr-1),
Δθe (ES) is the estimated change in θe due to surface fluxes, 
and Δθe (OB) is the observed change in θe in the model. 



Can surface enthalpy fluxes recover the θe deficit?
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Green curve 
shows inflow 
trajectory

 no

 yes

(Zhang and Rogers 2019 MWR)



Summary

• The cumulus and boundary-layer parameterization schemes 
have substantial impacts on HWRF’s RI prediction, while the 
impact of the horizontal diffusion parameterization is small. 

• A temperature budget showed that both the temperature 
advection and diabatic heating are larger near the storm center 
in the HWRF forecast with the scale-aware cumulus scheme 
(GF) than that with the SAS scheme.

• The boundary-layer eddy diffusivity regulates not only the 
boundary-layer structure but also the vortex-scale and 
convective-scale structures, and their interaction with the 
environmental wind shear.
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