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sensitivity experiments, none of the PBL schemes and microphysics schemes show 

improvements on the intensity forecast. Since the environmental conditions are well 

resolved by the simulations in this case, the poorly simulated storm intensity may be 

attributed to the incorrect TC internal dynamics generated in simulations. Indeed, all 

simulations produce a TC structure far away from that obtained from satellite and aircraft 

observations. In the rest of this dissertation, problems associated with the PBL and 

microphysics schemes currently used for TC simulations will be investigated. Methods to 

mitigate the identified problem will be proposed. Based on the improved PBL and 

microphysics schemes, the pathway to TC intensification through microphysical-

dynamical interaction will be explored.       

 

3   Parameterization of Turbulent Processes in the Eyewall and Rainbands of TCs 

 As discussed in Chapter 1, the turbulent processes in the eyewall and rainbands of 

TCs have unique characteristics. They do not disappear above the PBL due to the buoyancy 

generated by clouds processes and there is no physical interface to separate the turbulence 

generated by the surface PBL processes and cloud processes aloft in the eyewall and 

rainbands. In this chapter, first, I will illustrate the problem associated with the PBL scheme 

used in the operational HWRF, then, I’ll explore the underlying reason that causes the 

problem and present the method to remediate the problem, and finally I’ll present the 

results of improved TC intensity simulations by the modified PBL scheme. 
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3.1 The PBL Scheme Used in the Operational HWRF  

 The HWRF PBL scheme is a typical K-closure (or first-order-closure) turbulent 

mixing scheme. Although there have been modifications to the scheme throughout the 

years, the basic formulae used to determine eddy exchange coefficients are kept the same 

as those originally proposed by Hong and Pan (1996). In this scheme, the eddy exchange 

coefficients are determined separately based on a diagnosed PBL height. Within the PBL, 

the momentum eddy viscosity is calculated as: 
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where κ is the von Karman constant, u* is the friction velocity, z is the height above the 

ground surface, ϕm is the surface layer stability function obtained by Businger et al. (1971), 

and h is a diagnosed PBL height calculated iteratively based on the bulk Richardson 

number over the PBL depth and the buoyancy of surface-driven thermals. Although there 

are many sophisticated methods to parameterize SGS turbulent mixing, such as TKE 

closure, high-order closure, nonlocal mixing, and schemes formulated using variables 

conserved for moist reversible adiabatic processes, the K-closure scheme is arguably the 

best choice for operational models at the current stage as it requires the least computational 

resource. Above the diagnosed PBL height, the momentum eddy viscosity is calculated as: 
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where l is the mixing length, 𝑓@(𝑅&) is the stability function of Richardson number 𝑅&, and 

vertical wind shear. Once 𝑘@ is determined, the eddy viscosity for heat and moisture is 

calculated by  𝑘',C = 𝑘@𝑃/D6, where 𝑃/ is the Prandtl number. 
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For fair-weather conditions, the parameterization formulated by Eq. (3.1) and Eq. 

(3.2) provides a practical way to appropriately parameterize the SGS turbulent mixing 

within and above the PBL since the turbulent layer resulting from the surface processes is 

often cleanly separated from the free atmosphere by a capping inversion. The mid-point of 

the inversion zone (or entrainment zone) is naturally defined as the PBL height (Stull 1988). 

In a TC environment, as stated previously, turbulence is no longer solely generated by the 

shear production and buoyancy production associated with the surface processes; it can 

also be generated by cloud processes aloft due to cloud radiative cooling, evaporative 

cooling, and inhomogeneous diabatic heating and cooling in the clouds. Thus, although the 

concept of PBL is still applicable, it becomes ambiguous from the turbulent mixing 

perspective. In many TC studies, the PBL is defined either as the turbulent layer that is 

directly affected by the surface processes or as the inflow layer of the secondary circulation. 

But in either case, the so-defined PBL height is by no means a physical interface that 

separates the turbulence generated by surface processes and by cloud processes. This is 

particularly true in the eyewall and rainbands of a TC, where intense turbulence can extend 

from the surface all the way up to the upper troposphere, as was illustrated in Fig. 1.3. Thus, 

from the nature of turbulent mixing, an artificial separation of turbulence using a diagnosed 

“PBL” height is not a physically sound method to parameterize the internally connected 

SGS turbulent mixing in the eyewall or any deep convective areas in a TC. Moreover, an 

artificial separation of the PBL from the free atmosphere above may create an unrealistic 

discontinuity in the vertical profile of eddy viscosity in this method. According to Eq. (3.1), 

as height z approaches the diagnosed “PBL” height h, eddy viscosity Km becomes zero to 

result in zero turbulent mixing at a certain model grid level if the diagnosed PBL height 
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falls exactly at this level. Above the diagnosed PBL, the turbulent mixing jumps to 

whatever value estimated by Eq. (3.2).  This singular point in the vertical profile of eddy 

exchange coefficient is unrealistic and could cause serious problems. 

To diagnose to problem, the eddy exchange coefficients in TC simulations by the 

operational HWRF are examined. It is found that the default PBL scheme is unable to 

generate intense turbulent mixing above the PBL in the eyewall and rainbands. As an 

example, Figure 3.1 shows the horizontal distribution of the HWRF simulated eddy 

exchange coefficients for momentum (km) at different altitudes of Hurricane Patricia (2015) 

and the corresponding azimuthal-mean of km between the radii of 19 km -2 km where the 

eyewall is located at 06:00 UTC October 23, 2015 when Patricia (2015) underwent its RI. 

Within the PBL, the magnitude and horizontal spatial distribution reflects well the strong 

turbulent mixing in the eyewall and rainbands, but above the PBL, the HWRF generated 

eddy exchange coefficients are virtually zero. This result suggests that the PBL scheme 

used in the operational HWRF fails to capture the intense turbulent mixing above the PBL 

in the deep convective eyewall and rainbands. I hypothesize that the lack of appropriate 

SGS eddy forcing associated with deep convection above the PBL in the eyewall and 

rainbands is one of the culprits for the intensity forecast failure by HWRF in this case. 
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Figure 3.1: (a) – (d): Horizontal distribution of HWRF simulated eddy exchange 
coefficients of momentum (km) at the altitudes of z = 0.5, 1.0, 2.5, and 5.0 km 
respectively at 06:00 UTC, October 23, 2015 when Patricia underwent its RI. (e): 
The corresponding azimuthal-mean km averaged over the radii of 19 – 25 km 
where the eyewall is located. 

 
As indicated by Eq. (3.2), the turbulent eddy exchange coefficients above the PBL 

is parameterized based on the Richardson number defined as  𝑅& = 𝑁!/𝑆!, where 𝑆 =
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 is the vertical wind shear and 𝑁! is the Brunt-Väisälä frequency (BVF), 

which measures the static stability of the atmosphere. 𝑅& provides an ideal predictor of the 

expected atmospheric turbulence as it includes both buoyancy production and mechanical 

(shear) production of turbulence. Since vertical wind shear can be readily obtained from 

either observations and numerical simulations, a correct determination of 𝑅&  largely 
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depends on how BVF is estimated. In many numerical models including HWRF, BVF is 

simply calculated as, 𝑁! = "
#!

$#!
$%

 , where 𝜃, is the virtual potential temperature.  

 

Figure 3.2: BVF estimated as 𝑁! = "
#!

$#!
$%

  at different altitudes at 06:00 UTC 
October 23, 2015 from the HWRF simulation of Patricia (2015). 
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Figure 3.3: 𝑅&  at different altitudes at 06:00 UTC October 23, 2015 from the 
HWRF simulation of Patricia (2015). 
 

To diagnose the problem, the BVF and the corresponding 𝑅& 	from the HWRF 

simulation of Patricia (2015) are examined. As an illustration, Figures 3.2 and 3.3 show the 

BVF and  𝑅& at different altitudes above the PBL at 06:00 UTC October 23, 2015. The 

results show that such calculated BVF causes the simulated eyewall and rainbands above 

the PBL to be static too stability to generate turbulence in the convective eyewall and 

rainband clouds. This is clearly seen from the simulated 𝑅& that is well over its critical value 

for turbulence generation. Moreover, the 𝑅& distribution does not reflect the TC inner-core 


