
ABSTRACT 

 

HILL, KEVIN ANTHONY. The Sensitivity of Tropical Cyclone Simulations in the WRF 

Model to Surface Layer and Planetary Boundary Layer Parameterization. (Under the 

direction of Dr. Gary M. Lackmann). 

 

The high wind speeds found in tropical cyclones fundamentally change the 

physical processes by which heat, moisture and momentum are transferred between the 

ocean and the lower atmosphere.  Despite this fact, surface and boundary layer 

parameterization schemes in many numerical models that are frequently used for tropical 

cyclone simulations are based on assumptions made in more tranquil atmospheric 

conditions.  Limited observations in the high wind speed conditions found in strong 

tropical cyclones suggest that spray and foam can enhance the transfer of heat and 

moisture from the ocean to the atmosphere, while reducing drag.  Inclusion of the effects 

due to sea spray in a numerical model leads to stronger tropical cyclones (Wang et al. 

2001, Perrie et al. 2005).  

 Based upon the absence of sea spray effects and the values of the exchange 

coefficients in the WRF model, it was anticipated that simulations using an idealized 

vortex and ambient environment would not reach the thermodynamically estimated 

theoretical maximum intensity (MPI) limit of Emanuel (1986).  In addition, it was 

expected that simulations of Hurricane Ivan would not reach the intensity of the observed 

storm.  The sensitivity of the model results to surface layer and PBL parameterization, 

and model grid spacing was tested, with the hypothesis that the simulated tropical 

cyclones would remain weaker than MPI theory (for the idealized simulations) or 

observations (for the Hurricane Ivan studies) regardless of the model physical 



parameterization choice.  Grid spacing was also hypothesized to impact the simulated TC 

intensity, with the expectation that simulations with smaller grid spacing would produce 

more intense TCs, based on the results of previous studies.  

Simulated TC intensity is found to be highly sensitive to model grid spacing in 

experiments with Hurricane Ivan or with an idealized initial vortex.  Simulations using 4-

km grid spacing were able to produce TCs that exceeded the MPI of the idealized 

environment (determined by minimum sea level pressure), while simulations using 

coarser (12 or 36-km) grid spacing were not.  Simulations of Hurricane Ivan using 4-km 

grid spacing, initialized with a vortex that was ~60 hPa weaker than observations reached 

the maximum intensity of the observed system, and exceeded the observed intensity 

during the latter stages of the simulation.  These results suggest that the WRF model, in 

its current configuration, overestimates TC intensity, especially with small values of 

horizontal grid spacing.  If the exchange of moisture, heat and momentum were adjusted 

to more accurately portray the conditions found in high wind speed conditions, the 

idealized tropical cyclone would likely exceed the theoretical MPI by an even larger 

amount.  Therefore, it is concluded that some other aspect of the model formulation may 

lead to an overestimation of tropical cyclone intensity, or that there are deficiencies in 

MPI theory.  

In the near future, a version of the WRF model designed for the prediction of 

hurricanes (HWRF) will be released, and many avenues exist for future research.  The 

HWRF model will require extensive testing before being relied upon by the operational 

forecasting community.  A methodology similar to the one used in this study should be 

employed, whereby the HWRF model is used in idealized simulations and compared to 



theoretical intensity limits.  The idealized simulations would help to assess the ability of 

the new model to represent TC intensity in an accurate manner.  The surface fluxes and 

exchange coefficients produced by the model’s surface layer parameterizations at high 

wind speeds should be compared to observational data, to assess the schemes in their 

current state.  Ideally, the schemes in the new model would produce values of fluxes and 

exchange coefficients that more closely match observations than the schemes in the 

current version of WRF.  If this is not the case, the schemes should be modified to 

produce conditions that are more consistent with those found in strong TCs.   
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1. Introduction 

 

1.1 Motivation 

 According to recent studies on hurricane damage, tropical cyclones (TCs) are the 

costliest natural disasters in the United States (Pielke and Landsea, 1998).  The cost 

associated damage from TCs has been enhanced in the last few decades by a significant 

increase in population growth in coastal and near coastal regions (Sheets 1990).  As a result, 

the United States is now more vulnerable to TCs than ever before (Marks et al. 1998).  The 

2004 and 2005 Atlantic hurricane seasons illustrate these trends, with both seasons setting 

numerous records for TC damage.  The 2004 Atlantic hurricane season was among the most 

devastating on record, claiming 3100 lives overall, and 60 in the United States.  The United 

States suffered a record $45 billion in property damage, enduring landfalls from five 

hurricanes.  The 2005 season broke many of the records set during 2004. Property damage 

associated with one storm alone (Katrina, with a preliminary estimate of the total damage at 

$81 billion) was almost double that of the 2004 season.  Although deaths attributable to TCs 

have shown a decreasing trend (Sheets 1990), 2005 was the deadliest hurricane season in the 

United States since 1928, almost entirely due to Katrina.  The total number of fatalities, 

either directly or indirectly related to Katrina, is estimated at 1833.  Katrina ranks fourth or 

fifth (the uncertainty in ranking is due to difficulty in estimating fatalities associated with 

early TCs) on the list of the deadliest hurricanes on record in the United States.  In addition 

to Katrina, the 2005 Atlantic season was the most prolific on record, with 27 named TCs, and 

a handful of tropical depressions and subtropical storms.   
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Overall, the 2004 and 2005 seasons combined have set records for the two-year 

consecutive total of tropical storms, hurricanes, major hurricanes, and major hurricane 

landfalls.  Seasonal predictions of the 2006 season indicate the likelihood of another busy 

season, with NOAA forecasters estimating an 80% chance of an above-normal season, a 15% 

chance of a near-normal season, and only a 5% chance of a below normal-season.  Although 

marred with uncertainty, many experts suggest that TC activity in the Atlantic basin appears 

to be entering an active period, mainly attributable to the ongoing multi-decadal signal.  The 

increase in activity in the last few years and the potential for the above normal activity to 

continue for years to come, coupled with rapidly increasing coastal populations magnifies the 

need for improved forecasts and warnings of TCs.   

 With the exception of Katrina, improved forecasts and warnings have helped to 

reduce the loss of life associated with TCs.  Forecasting a TC involves forecasting the track 

and intensity.  Track forecasts have improved significantly in recent years, while intensity 

forecasts have shown little-to-no improvement.  Avila (1998) studied the National Hurricane 

Center (NHC) 24 and 72-hour official forecast intensity errors for the Atlantic basic during 

the period 1990 – 1997 (Fig 1.1).  The figure clearly shows that no significant improvement 

has been made during that period.  In addition, Demaria (1997) showed that intensity 

forecasts are about half as skillful as track forecasts, and TC intensity forecasts of more than 

36 hours lead time show little improvement over climatology and persistence.  This lack of 

skill is in part attributable to the lack of skillful intensity forecast models.  To address the 

need for improved dynamical TC intensity guidance, a three-dimensional dynamical TC 

model has been developed at the Geophysical Fluid Dynamics Laboratory (GFDL) to provide 

both track and intensity forecasts.  The National Weather Service incorporated this model 
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operationally in 1995.  Since its introduction, the GFDL model has become one of the more 

heavily utilized intensity forecasting tools available operationally to the Tropical Prediction 

Center (TPC).   

 The Weather Research and Forecasting model (WRF) is currently under development 

by the U.S. research and operational modeling communities.  A special version of the WRF 

model designed for accuracy in hurricane forecasts (HWRF) will replace the GFDL hurricane 

prediction system at NWS/NCEP in 2007 (Evans and Surgi, 2003; Surgi et al. 2006).  The 

HWRF will serve as the nations’ next generation operational hurricane prediction system, 

and serve as the primary hurricane research model.  HWRF will be a fully coupled 

land/sea/air model, while the current version of WRF is not coupled to the ocean.  Many 

questions still need to be addressed concerning the configuration of the model.  Previous 

studies have illustrated that dynamical model simulations of TCs are extremely sensitive to 

many model parameters, including grid spacing and model physics (Braun and Tao 2000; 

Davis and Bosart 2002).  The selection of grid spacing and model physics (especially surface 

layer and surface layer parameterization) will have a large impact on the relative success of 

the HWRF model, and therefore also on the operational forecasting of TC intensity. 

 Although the current version of WRF is not a coupled air/sea model, there are many 

research objectives that can be addressed with the current model that could aid in the 

configuration of the operational HWRF.  In this study, we will investigate the ability of the 

WRF model, using a variety of different configurations, to produce TCs of realistic intensity.  

Numerous model configurations will be tested, and the sensitivity of the simulations to 

surface layer parameterization, horizontal grid spacing, and planetary boundary layer (PBL) 

parameterization will be discussed.  The goals of this study will be accomplished with two 
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sets of model experiments: 1) simulations of Hurricane Ivan (2004), and 2) simulations using 

an idealized TC vortex inserted into a quiescent ambient tropical environment.  In both cases, 

the sensitivity to model grid spacing as well as PBL and surface layer parameterization will 

be investigated.   

 In order to first understand these model-related sensitivities, a literature review of 

pertinent research studies has been performed.  This paper begins with a review of research 

studies addressing the energetics associated with TC development and maintenance.  Next, 

information regarding the surface layer and PBL and the parameterization of processes in 

these layers in a numerical model is discussed.  Next, a review of research studies addressing 

the sensitivity of TC simulations to model grid spacing and surface layer and PBL 

parameterization is presented.  To conclude the literature review, an overview of maximum 

potential intensity (MPI) theory is presented. 

 

1.2 Literature Review 

 

1.2.1 TC Energetics: Initial Theory, and Oceanic Influence 

The main source of energy for a TC is the ocean, which, in the presence of strong 

near-surface wind speeds, provides fluxes of latent and sensible heat to the atmosphere.  As 

air cyclonically converges to the center of a TC, it experiences a decrease in pressure that 

causes expansion.  This expansion causes cooling, due to the parcel exerting work on the 

ambient environment in order for it to expand.  However, in the presence of warm sea surface 

temperatures (SSTs), sensible heat flux from the ocean warms the parcel, causing it to remain 

almost isothermal as it spirals in towards the TC center.  Lowering the pressure while 
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remaining at the same temperature leads to an increase in the equivalent potential 

temperature of the parcel.  As the surface parcel nears the TC center, it rises in an area of 

strong updrafts known as the eyewall.  As the parcel travels upward, it transports the heat and 

moisture gained from the ocean high into the atmosphere.  Large amounts of latent heating 

occur when water vapor in the parcel condenses.  This warming of the upper levels causes a 

hydrostatic drop in the surface pressure, which in turn leads to stronger surface convergence, 

stronger fluxes from the ocean, and should conditions be favorable, a chain reaction of 

physical processes that allow the TC to intensify and ultimately maintain its strength until 

some external mechanism disrupts this delicate balance.   

 Byers (1944) first drew attention to the ocean being a heat source for TCs using 

surface observations.  Byers explained that in a TC, it would be expected that adiabatic 

cooling in horizontal motion as air moves spirally inward toward the center would be 

appreciable.  Specifically, he states that a reduction of pressure from the normal value of the 

tropics to 975 hPa, for example, should account for an adiabatic cooling of 2 or 3o C.  By 

looking at observations, however, he saw that temperatures throughout TCs are about the 

same as the normal temperatures of the undisturbed tropics, and in many cases the 

temperature near the center is actually higher than in the surrounding areas. Therefore, he 

concluded that the heat supplied by the warm tropical ocean prevents the cooling due to 

adiabatic expansion that should occur.  

Palmen (1948) was one of the first to recognize that the previously described chain of 

events leading to TC intensification can only occur when SSTs are warm.  He noted that the 

critical threshold of SST for TC development was approximately 26.5o C, with SSTs below 

this value being unable to maintain the isothermal inflow of a surface parcel.  Without the 
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isothermal inflow, parcels spiraling in towards the center of the TC cause a cooling of the 

core, inhibiting development.     

 Riehl (1954), based on many published records, suggested that the surface 

temperature outside the eye is constant or decreases very slightly towards the center.  As an 

example given, air entering a cyclone with the average properties of the mean tropical 

atmosphere should reach the 930-hPa contour with a temperature of 20.5 Celsius and a 

specific humidity of 17 g/kg.  Because of condensation, a dense fog should occur at the 

ground everywhere inward from the 970-hPa contour.  This situation is never observed, and 

therefore Riehl concluded that the potential temperature of the surface air increases along the 

inward trajectories.   

 Palmen and Riehl (1957) aimed to use an increasing amount of upper-air information 

in tropical storms to perform estimates of heat and momentum balances to study the energy 

transformations that occur in TCs, and specifically determine how a TC acquires a warm 

core.  The authors describe two mechanisms; the first being moist adiabatic ascent, and the 

second being a local surface heat source.  In the average tropical atmosphere, the potential 

wet-bulb temperature decreases with height to about 400 hPa.  Therefore, moist adiabatic 

ascent of air with the properties of the sub-cloud layer entering the periphery of the cyclone 

would cause a warm core.  This mechanism, however, is shown to only account for a drop of 

surface pressure to about 1000 hPa.  Therefore, the authors suggest that a local surface heat-

source within the circulation must be present to explain the observed thermal structure, and 

this local source is the warm tropical ocean. 
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 1.2.2 The Surface Layer in a Hurricane: Theory, Modeling, and Observations 

 Early studies based on observational data reached the very important conclusion that 

the ultimate energy source for a TC is the warm tropical ocean.  Shortly thereafter, the 

development of numerical models allowed for the initial conclusions to be tested.  Since the 

transfer of heat and moisture from the ocean to the atmosphere was already deemed as the 

energy source for a TC, scientists using numerical models to study TCs recognized the 

importance of accurately estimating fluxes between the ocean and atmosphere, and the 

sensitivity of the simulations to these fluxes was a frequent topic of investigation.  Before 

numerical simulations of TCs are reviewed, it is first necessary to understand the 

composition of the lower atmosphere in a TC, and how the atmospheric conditions in this 

part of the atmosphere are estimated in a numerical model.   

 The layer of atmosphere directly next to the ocean surface in a hurricane is called the 

surface layer, and is defined as the layer over which turbulent fluxes and stress vary by less 

than 10% of their magnitude.  In a numerical model, expressions for surface layer turbulent 

fluxes of momentum, sensible heat, and moisture are often given in terms of bulk 

aerodynamic formulae and Monin-Obukhov similarity theory.  The estimation of the 

turbulent fluxes at extreme wind speeds is of critical importance in the simulation of TCs, but 

the accuracy of model parameterizations is difficult to assess due to a lack of measurements 

in hurricane conditions.  Early numerical models typically calculated surface fluxes using 

bulk aerodynamic formulae.  Using bulk formulae, the flux of water vapor from the ocean to 

the atmosphere can be related (Jacobs, 1951; Sverdrup, 1951) to the near-surface wind speed 

Va, and the difference between saturation specific humidity (qsea) at the SST and the specific 

humidity at the lowest model level (qair):  
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  )( airseaaqvapor qqVCF != " ,     (1.1) 

where Cq is the exchange coefficient for moisture, representing the efficiency of the transfer 

of water vapor between the ocean surface and the lower atmosphere.  Similarly, the flux of 

sensible heat between the ocean and atmosphere can be related to the air-sea temperature 

difference: 

  )( airseaakpheat TTVCCF != " ,     (1.2) 

where Ck is the exchange coefficient for sensible heat, representing the efficiency of the 

transfer of sensible heat between the ocean surface and the lower atmosphere.   

 At the sea surface, momentum is transferred from the atmosphere to the sea, resulting 

in strong wind shear in the surface layer.  This wind shear results in turbulent eddy stresses, 

and the vertical gradients in these stresses produces frictional forces.  The surface eddy stress 

(!s) can be estimated using a bulk aerodynamic formula such as: 

  
2

ads
VC!" = ,        (1.3) 

where Cd is the exchange coefficient for momentum, which must be estimated at the high 

wind speed conditions found in strong TCs.   

 Based on equations 1.1 – 1.3, it is evident that the transfer of heat, moisture, and 

momentum is proportional to wind speed, and therefore is larger in strong TCs.  The transfer 

of heat, moisture and momentum is also proportional to the model’s exchange coefficients, 

which must be estimated in order to calculate values of surface fluxes.  The exchange 

coefficients therefore play a critical role in the simulation of TCs.  Direct measurement of the 

exchange coefficients at high wind speeds are extremely rare, requiring the values to be 

estimated based on measurements at lower wind speeds.  In early numerical studies, the 

values of the exchange coefficients and their effect on simulated TC intensity were 
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frequently investigated.  In more recent studies, values of the exchange coefficients are 

commonly close to the results from Large and Pond, 1982 (Fig. 1.2).  The values in this study 

are based mainly on measurements from low wind speed conditions.  Despite the uncertainty 

in the values of the exchange coefficients, modeling studies using simple formulations for the 

exchange coefficients are able to attain realistic TC simulations.   

Ooyama (1969) performed simulations using a very weak idealized initial vortex and 

was able to obtain intense hurricanes.  The goal of the study was to investigate the sensitivity 

of model simulations to the air-sea energy exchange.  The model consisted of three layers of 

incompressible fluid and assumed an axisymmetric balanced vortex.  In order to formulate 

the air-sea energy exchange, semi-empirical equations similar to Jordan (1948) were 

employed.  Sensitivity studies were performed where the exchange coefficients for drag (Cd) 

and heat (Ck) were varied with all other model parameters being held constant.  Results 

indicate that it is the ratio Ck/Cd that controls the intensity of simulated TCs.  Regardless of 

the individual values, when the ratio Ck/Cd was 1, simulated TCs were almost identical in 

intensity.  When Ck was increased while holding Cd constant, the simulated TC was more 

intense.  The results of this modeling study indicate the sensitivity of numerical simulations 

of tropical systems to the ratio of the exchange coefficients of enthalpy and momentum, with 

a larger ratio leading to a more intense TC.   

Rosenthal (1971) performed numerical simulations with idealized initial conditions 

and an axisymmetric hurricane model described by Rosenthal (1970b).  In this model, fluxes 

between the ocean and atmosphere are computed using the bulk aerodynamic method.  Initial 

vortices of varying intensity were tested, with the ultimate intensity being reached after 

sufficient integration time being quite similar.  Simulations begun with stronger vortices did 
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reach their maximum intensity more rapidly than those begun with weaker vortices.  The 

drag coefficient in the model was based on an empirical relationship suggested by Deacon 

(Roll, 1965, p. 160).  In the control experiment, the exchange coefficients for sensible and 

latent heat were set equal to the drag coefficient.  Sensitivity tests were performed where the 

drag coefficient was multiplied by factors of 2 and 5.  Results indicated that large amounts of 

surface drag lead to a more rapid initial intensification, but ultimately a weaker maximum 

intensity.  Decreasing the drag coefficient leads to a slower initial intensification, but 

ultimately a greater maximum intensity.  This result (a larger drag coefficient leads to a 

weaker TC) is consistent with the conclusion of Ooyama (1969). 

 Braun and Tao (2000) performed high-resolution simulations of Hurricane Bob 

(1991) using the fifth-generation Pennsylvania State University-National Center for 

Atmospheric Research Mesoscale Model (MM5).  Tests were conducted to determine the 

sensitivity of the simulations to the available PBL and surface layer parameterization 

schemes.  The schemes tested include the bulk aerodynamic, Blackadar, Medium-Range 

Forecast (MRF) model, and Burk-Thompson.  Initial experiments were performed varying 

both the PBL and surface layer scheme.  Considerable variations in the final central pressures 

were found, with 16 hPa separating the extreme cases.  Variation in the vertical structure of 

the simulated TCs was found as well.  

 Davis and Bosart (2002) performed simulations of Tropical Cyclone Diana (1984) 

using the MM5 model.  A large difference between this and other studies is the relative 

strength of the initial disturbance, with simulations being initialized with a baroclinic 

precursor disturbance, as opposed to a more mature, warm-core tropical disturbance used in 

most studies.  The goal of this study is to investigate the sensitivity of simulations of TC 
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formation to model grid spacing and physical parameterizations.  Sensitivity tests were 

performed by varying the cumulus, microphysics and boundary layer parameterization, and 

SSTs.   The Burk-Thompson surface layer parameterization scheme produced the most 

intense TC, with the authors suggesting that this is due to the ratio Ck/Cd being larger in 

Burk-Thompson than in the other schemes.  The sensitivity to model grid spacing was also 

discussed by Davis and Bosart (2002).  4 model domains were used, with grid spacings of 81, 

27, 9 and 3-km.  Cumulus parameterization was not used on the 3-km grid.  A somewhat 

surprising result was that the 9-km domain produced the strongest simulation, followed by 

the 3 and 27-km domains, respectively.  The authors perform a statistical analysis of vertical 

motion on the different domains in order to investigate this result, and conclude that the 

prevalence of more strong updrafts and fewer downdrafts in the 9-km grid as compared to the 

3-km grid is the main cause of the difference in intensity.   

 Despite the ability of early and more-recent numerical models to produce TCs of 

realistic intensity, recent studies, field measurements and numerical simulations with 

different models have cast doubt on the values of the exchange coefficients at high wind 

speeds.  Using exchange coefficients linearly extrapolated to high wind speed conditions, 

Fairall et al. (1994) concluded that, without some additional mechanism for exchanging 

latent heat, their model could not develop a realistic cyclone boundary layer.  Emanuel 

(1995) showed that, if estimated values of the exchange coefficients at 20 ms-1 applied at 

higher wind speeds, maintaining a storm of much greater than marginal hurricane intensity 

would be impossible.  One physical mechanism that may enhance the air-sea enthalpy flux at 

high wind speeds is sea spray.  Riehl (1954, p. 287) first suggested that sea spray may supply 

a significant amount of heat for generating and maintaining TCs.  Laboratory studies (e.g. 
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Mestayer and Lefauconnier 1988) and open ocean observations (Korolev et al. 1990) later 

confirmed that sea spray can redistribute heat and moisture between the ocean and 

atmosphere at high wind speeds.  During high wind, hurricane conditions, large amounts of 

sea spray are produced by bursting air bubbles in whitecaps and by tearing spume from the 

wave crests.  Consequently, both turbulence and sea spray provide routes by which moisture, 

heat, and momentum cross the air-sea interface.  Estimating the additional transfer of heat, 

moisture and momentum due to sea spray is highly uncertain and introduces an additional 

degree of difficulty in TC modeling.  Parameterizations that include sea spray have been 

developed (e.g. Fairall et al. 1994; Andreas and Emanuel 2001; Perrie et al. 2005) but the 

effects are currently unaccounted for in the surface layer parameterization schemes in most 

commonly used numerical models (MM5, WRF, etc.).      

  

1.2.3 The PBL in a Hurricane: Theory, Modeling, and Observations 

 Above the surface layer is the PBL, which often is defined as the part of the 

troposphere that is directly influenced by the presence of the earth’s surface that responds to 

surface forcings with a timescale of about an hour or less (Stull, 1988).  The conditions in the 

PBL are more difficult to estimate in a numerical model than the conditions in the free 

atmosphere, because turbulence is stronger and surface processes have a greater influence in 

the boundary layer.  Anthes (1982) provides a schematic diagram of the lower troposphere in 

a mature hurricane (Fig. 1.2).  In this figure, the dashed line is the top of the PBL.  Small-

scale turbulent eddies, generated mainly by mechanical mixing due to strong horizontal 

winds, occupy the boundary layer.  These eddies entrain drier air into the boundary layer, 

where it is moistened by evaporation from the sea.  PBL schemes estimate the mixing due to 
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turbulent eddies in a numerical model.  Many previous studies have investigated the 

sensitivity of TC simulations to the estimation of turbulent mixing in the PBL, and have 

found that the schemes can impact model TC intensity and structure.  

Anthes and Chang (1978) conducted TC simulations using a model with high vertical 

resolution in the boundary layer, relatively coarse resolution above the boundary layer and 

60-km horizontal grid spacing.  The PBL scheme in this model is more sophisticated than in 

previous studies, providing better vertical resolution and featuring a parameterization of 

vertical mixing that depends locally on the shear and stability.  In addition, the boundary 

layer depth is not fixed as in previous models.  Experiments are performed using the 

improved PBL scheme, and compared to results found using a less complex scheme to assess 

sensitivity.  The complex (simple) PBL scheme contains 9 (5) vertical levels.  The model test 

involved decreasing the SST under a steady-state weak TC to investigate the response of the 

boundary layer.  Results using the more complex PBL scheme indicate a fairly mild response 

to the change in SST, with two stages of modification.  In contrast, the model test with the 

simple PBL scheme produced a much stronger change in boundary layer structure when the 

SST was changed.  The authors calculated budgets of kinetic energy and water vapor, and 

concluded that the adjustment of the boundary layer to the change in SST was unrealistic 

using the simple PBL scheme, and much more realistic with the more complex scheme.  

Based on this study, it is evident that the numerical simulation of TCs is sensitive to the 

estimation of vertical mixing due to turbulence.     

Braun and Tao (2000) tested the sensitivity of TC simulations to PBL 

parameterization individually.  To accomplish this, different PBL schemes were used in 

conjunction with the same surface layer scheme.  The authors found that varying the PBL 
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scheme produced very little change in storm intensity, suggesting that the simulated TC 

intensity is determined primarily by the surface fluxes rather than by vertical mixing.  The 

only exception was the MRF PBL scheme, which produced a significantly weaker TC than 

the other PBL schemes.  The authors conclude that MRF produced a weaker TC due to 

mixing over a much deeper layer than the other schemes, resulting in a much drier boundary 

layer.  The YSU PBL scheme in WRF is based on the MRF scheme from MM5, but with 

significant changes made to address the issue of mixing over too large of a depth.   

 Davis and Bosart (2002) investigated the sensitivity of TC simulations to PBL 

parameterization by comparing simulation results using the Burk-Thompson or Blackadar 

PBL schemes with the control scheme (MRF).  Although the surface layer schemes used with 

each PBL scheme are different, the ratio of the exchange coefficients is identical in the MRF 

and Blackadar surface layer schemes, and little difference in TC intensity was found using 

the different PBL schemes.  The authors conclude that this result suggests that the surface 

layer parameterization exerts a greater influence on intensity than mixing within the PBL.   

 

 1.2.4 Maximum Potential Intensity (MPI) Theory 

 In an attempt to further understanding of the tropical cyclone intensity problem, 

numerous attempts have been made to compute an upper bound on tropical cyclone intensity 

for given atmospheric and oceanic conditions.  The maximum intensity of a hurricane (MPI) 

is defined as the maximum intensity (minimum sea level pressure (MSLP) or maximum 

surface winds) that a tropical cyclone may achieve for a given atmospheric and oceanic 

thermal structure.     



 15 

Miller (1958), assuming hydrostatic equilibrium, theorized that the minimum possible 

pressure at the surface is dependent on the maximum mean virtual temperature extending in 

the column from sea level to the top of the hurricane vortex.  Since the mean virtual 

temperature within the column is party dependent upon the water temperature over which the 

hurricane moves, the minimum central pressure is also dependent on the water temperature.  

In order to provide quantitative estimates of minimum pressure for different SSTs, Miller 

calculated the temperatures inside of a “typical” hurricane eye.  Assumptions were made at 

different vertical levels within the eye in order to create the temperature profile, with the SST 

influencing the thermal profile of the eye throughout its entire depth.  The minimum central 

pressure values computed using this method range from 987 hPa at 26o C, to 892 hPa at 31.1o 

C.  To test the validity of this method, computation of the minimum pressures for eight 

hurricanes for which SST and upper-air soundings were available was carried out.  In five of 

the eight cases the calculated and actual pressures were within 5 hPa of one another, although 

there were discrepancies of up to 25 hPa.   

 Holland (1997) provides a theory based on the concept that surface air rises moist 

adiabatically in the eyewall before sinking dry adiabatically (with mixing from the eyewall) 

within the eye.  The surface pressure fall due to the warming from moist-adiabatic ascent is 

termed the “one cell” theory.  The surface pressure fall due to the warming from the adiabatic 

descent is termed the “two cell” theory.  The primary change made by Holland (1997) to 

Miller’s (1958) approach is to utilize the pressure dependence of moist entropy (proxied by 

equivalent potential temperature, !e).  As convection warms the eyewall and lowers the 

surface pressure, the boundary layer !e increases as well, allowing for a further warming in 

the eyewall and a further pressure drop at the surface.  For most initial conditions, the 
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pressure drops under the eyewall become smaller with each iteration, leading to a 

convergence of the surface pressure under the eyewall.  

 Once the eyewall surface pressure converges, an eye parameterization is used if the 

net pressure fall under the eyewall is more than 20 hPa.  It is argued that a system with a 

pressure fall less than 20 hPa is unlikely to have the structure of a mature hurricane, thus 

there would be no eye.  For such weak systems, the surface pressure calculated from the 

eyewall iteration is the MPI for the associated environment.  A pressure drop under the 

eyewall of greater than 20 hPa initiates the construction of an eye sounding.  To determine 

the eye sounding, the equivalent potential temperature under the eyewall is assumed equal to 

the surface saturation equivalent potential temperature under the eyewall once the iteration 

process is complete.  The relative humidity under the eyewall is assumed to be 90%, and the 

Jordan (1958) average “hurricane season” sounding is used for the ambient environment.  

The Holland model exhibits little dependence on the relative humidity of environmental air 

since the air parcels are assumed to reach a relative humidity of 90% by the time they reach 

the eyewall.  The minimum central pressure values predicted range from 960 hPa with a 299 

K SST to 770 hPa at 304 K.   

 Emanuel (1986), hereafter E86, introduced a theory that is fundamentally different 

from Holland (1997).  E86 questioned the premise that convection in the tropical atmosphere 

is able to take advantage of ambient CAPE, arguing that if preexisting CAPE were the energy 

source for a TC then weak TCs would be a more common occurrence.  In nature, however, 

E86 argues that an asymmetric disturbance, such as an easterly wave, is almost always 

observed to precede the occurrence of tropical cyclones.  E86 suggests that TCs are 

developed and maintained against dissipation entirely by fluxes of heat and moisture from 
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the ocean, with virtually no contribution from preexisting CAPE.  This enhanced air-sea 

interaction has been termed wind-induced surface heat exchange (WISHE).   

 To investigate the possibility of maintaining a hurricane-like vortex without a 

conditionally unstable environment, E86 developed a steady-state analytical model of a 

tropical cyclone in a conditionally neutral environment.  The model vortex is assumed to be 

axisymmetric, in hydrostatic and gradient balance, and reversible thermodynamics are 

assumed.  The atmosphere is neutral to slantwise convection, which in other words means 

that the convective available potential energy (CAPE) is zero.  The impact of the neutral 

constraint is that boundary layer air is neutrally buoyant when lifted along surfaces of 

constant angular momentum.  The assumptions made allow for the development of analytic 

relationships between the wind and saturated entropy fields.  In order to complete the model, 

a relationship between pressure and equivalent potential temperature in the boundary layer is 

made.   

 An alternative derivation of the EMPI is provided, where the steady-state TC is 

regarded as a simple Carnot heat engine, where air flowing inward in the boundary layer 

acquires moist entropy from the sea surface, ascends, and ultimately gives off heat, cooling 

to the much lower temperature of the lower stratosphere or upper troposphere.  The energy 

exchanges associated with each step of the energy conversion process can be expressed 

algebraically, and after some manipulation the resultant expression for the minimum central 

pressure is identical to that obtained in the first derivation.  The minimum central pressure 

estimates depend on the SST and the outflow temperature.  The greater the difference is 

between these two values, the more intense the TC should potentially become.  To assess the 

validity of the result, the MPI is computed for different ocean basins using the mean sea-



 18 

surface and atmospheric temperatures during the specific basin’s hurricane season.  The 

calculated MPI values agreed well with the most intense observed storms, indicating that the 

derivation was at least somewhat realistic.   

 Emanuel and Rotunno 1987 (hereafter RE87) constructed a numerical model with an 

environment satisfying the assumptions of E86 to test the theoretical predictions of E86.  The 

numerical experiment is initialized with a finite-amplitude vortex within an environment that 

is neutral to convection.  The initial vortex is very weak, but does develop into an intense TC 

after a sufficient amount of model integration time.  The authors describe the method of 

intensification in detail.  Wind-induced latent heat fluxes from the ocean lead to locally 

enhanced values of equivalent potential temperature in the boundary layer, which are 

redistributed vertically by convection, leading to temperature perturbations aloft.  These 

temperature perturbations intensify the storm’s circulation, which further increases the wind-

induced surface fluxes, and in this manner a positive feedback develops, leading to 

intensification.  This study provided a rigorous test of the E86 theory, and showed that in a 

model, a TC could form due to the physical processes described in E86 and in the complete 

absence of environmental CAPE.   

 Emanuel 1995 (hereafter E95) builds on the work of E86 and RE87.  E95 asserts that 

numerical and theoretical models of tropical cyclones indicate that the maximum wind speed 

in mature storms is sensitive to the ratio of the surface exchange coefficients, (Ck/Cd).  To 

further test this hypothesis, E95 performs experiments with two different models for different 

values of the ratio.  Both models display a strong sensitivity of central pressure to Ck/Cd.  

Despite this fact, the original formulation in E86 predicts the minimum central pressure of 

mature cyclones without taking into account the values of the surface exchange coefficients.   
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Therefore, E95 revises the theory from E86 to account for the sensitivity to Ck/Cd.  E95 

asserts that distinct dynamics in the eye were unaccounted for in E86, due to in their words 

“the weakest assumption” made in deriving that theory.  Both the revised theory and the 

numerical modeling results suggest that the ratio Ck/Cd lies in the range 0.75 – 1.5.  E95 

asserts that if this ratio were less than 0.75, the intensity of the simulated TCs would not 

match theory and observations.  This value does not agree well with observational data taken 

at low wind speeds, where a downward trend of Ck/Cd with increasing wind speed is 

observed.  If this downward trend found at low wind speeds is extrapolated to high wind 

speeds, the ratio Ck/Cd  would be much less than 0.75.  Therefore, E95 speculates that this 

downward trend reverses at higher wind speeds, although the physical reason for this reversal 

was not obvious at the time.   

 Bister and Emanuel (1998) discuss the physical process of dissipative heating, and 

how it impacts EMPI theory.  Frictional dissipation of kinetic energy occurs at molecular 

scales, and creates small amounts of heat.  Typically, the heating due to frictional dissipation 

is ignored.  In a TC with strong winds, however, the heating can be significant.  The authors 

add the effects of dissipative heating to two numerical models, and find that it leads to a 25% 

increase in maximum wind and a 60% increase in the magnitude of the central pressure 

deficit over the environment.  The results of the study led to revised MPI estimates.   

 Persing and Montgomery (2003) investigated the sensitivity of the model from RE87 

to model grid spacing.  The grid spacing in the control simulation is the same as in RE87, 

with 15 km and 1250 m radial and vertical grid spacing, respectively.  Sensitivity tests are 

performed where the vertical and horizontal grid spacings are reduced by factors of 2, 4 and 

8.  Results indicate that as resolution is increased, the maximum intensity also increases, with 
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the simulated intensity exceeding the MPI at higher resolution.  Convergence in the 

maximum tangential wind was found, with the values being very close in the simulations 

with " and 1/8th the grid spacing of the control simulation.  The authors investigate the cause 

behind the intensity exceeding the MPI, and find that in the model a fundamental assumption 

of EMPI theory is violated: the assumption that there is no interaction between the eye and 

eyewall.  In the model, high-entropy air low-level air is entrained from the eye into the 

eyewall, representing an additional source of heat to the eyewall of the storm, and leading to 

a modified Carnot cycle that supports a stronger storm.  The authors suggest that 

observational evidence points to the existence of this mechanism in real hurricanes, and 

therefore a new MPI theory should be formulated from first principles that incorporate this 

effect.  The result that this physical process is only present in the model at high resolution has 

significant implications for high-resolution simulations of TCs using other numerical models 

as well.   

 

 1.2.5 Literature Review Summary 

 Overall, the use of observational, numerical and theoretical studies has improved our 

understanding of TCs.  The earliest studies, using observational data, aimed to understand the 

energy source for TCs, and discovered the important role of SSTs.  Utilizing this idea, 

theories were extended that related the maximum intensity of a TC to the SST.  Since this 

time, the MPI of a TC has been investigated further, with the most heavily utilized theory of 

Emanuel being formed by treating a TC as a Carnot heat engine.  Numerical models, with a 

range in sophistication have been developed and improved, and simulations of TCs have 
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been carried out in order to rigorously test conclusions made in observational and theoretical 

studies.   

 Numerical model simulations have shown that the simulation of TCs is sensitive to 

the energy transfer between the ocean and the atmosphere (estimated by a model’s surface 

layer scheme) and, to a lesser extent, mixing in the PBL due to turbulence (estimated by a 

model’s PBL scheme).  The accuracy of how current numerical models estimate fluxes of 

moisture, heat and momentum from the ocean to the atmosphere is highly uncertain due to 

the difficulty in obtaining measurements in high wind speeds.  Most current numerical 

models do not take into account the effects of sea spray at high wind speeds, which can 

increase the ocean-atmosphere fluxes significantly.  Model simulations are also sensitive to 

grid spacing, with the results of an idealized study indicating that simulated intensity 

increases with decreasing grid spacing.  Overall, the choice of parameterization schemes 

(mainly surface layer parameterization) and grid spacing has a large impact on TC 

simulations, with different choices leading to markedly different solutions.  The model 

configuration that will lead to the most accurate TC simulation has been investigated in many 

studies by performing simulations of real storms and comparing the results to observations.  

In addition, numerical studies using idealized datasets have been undertaken where model 

results are compared to theoretical models of a TCs maximum intensity.   

 

1.3 Hypotheses 

 As discussed earlier, this study will investigate the sensitivity to model grid spacing 

and surface layer and PBL parameterizations in the WRF model.  In an effort to utilize 

observations and theory, two sets of model experiments will be performed; first, simulations 
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of Hurricane Ivan will be performed and compared with observations.  Second, idealized 

simulations using a dataset consistent with the assumptions of EMPI will be performed and 

compared with the theoretical results of EMPI.  The absence of the effects of sea spray and 

dissipative heating in the WRF model will be partially assessed by comparing the intensity 

results with a theoretical intensity limit that does take into account these effects.  Having 

discussed previous observational, theoretical, and numerical studies, hypotheses can be 

constructed.   

 The first hypothesis is that idealized simulations using the WRF model will not be 

able to produce a TC that reaches the theoretical maximum intensity predicted by EMPI 

theory, regardless of surface layer parameterization, PBL parameterization or model grid 

spacing.  In addition, real-case experiments with Hurricane Ivan are not expected to reach the 

observed intensity as well.  In the idealized simulations, if the model produces a TC that 

reaches this theoretical intensity limit, the results will suggest that other aspects of the model 

configuration may be leading to an overestimation of TC intensity, offsetting the absence of 

sea spray and dissipative heating effects.  Although neither surface layer parameterization 

scheme is expected to produce a TC that reaches its MPI, it is anticipated that the surface 

layer parameterization with a higher ratio of Ck/Cd will produce a more intense TC.  This 

expectation is based upon the results of many of the aforementioned studies, including 

Ooyama (1969), Rosenthal (1971) and Emanuel (1995).  This hypothesis will be tested by 

performing simulations of Ivan and the idealized TC in the WRF model using the Mellor-

Yamada-Janjic (MYJ) or Yonsie-University (YSU) surface layer parameterizations.    

 Of secondary interest in this study is the sensitivity of the simulations to horizontal 

grid spacing and PBL parameterization choice.  Previous studies investigating the sensitivity 
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of model simulations to grid spacing have shown that simulations with smaller grid spacing 

produce more intense TCs (e.g. Braun and Tao, 2000) that may exceed a theoretical upper 

bound for maximum intensity (e.g. Persing and Montgomery, 2003).  Therefore, it is 

anticipated that WRF simulations with smaller grid spacing will produce more intense TCs.  

This hypothesis will be tested by performing simulations of Ivan and the idealized TC with 

horizontal grid spacings of 36, 12, and 4-km.  Although simulations with smaller grid 

spacing are expected to be more intense, it is not anticipated that simulations with 4-km grid 

spacing will be able to exceed the EMPI in the idealized simulations, due to the absence of 

sea spray and dissipative heating effects.  Lastly, the sensitivity of the TC structure to PBL 

parameterization will be discussed.  The sensitivity to the PBL scheme choice individually 

will not be assessed, due to the present constraint in the WRF model whereby each PBL 

scheme must be used with a separate surface layer parameterization scheme.  The YSU PBL 

scheme in WRF is based on the MRF scheme from the MM5 model, with various 

refinements (described in chapter 2).  Based on the sensitivity of MM5 simulations to PBL 

scheme choice described in Braun and Tao (2000), it is anticipated that the YSU scheme will 

produce mixing over a deeper layer than MYJ, possibly leading to a weaker TC.   

 

1.4 Thesis Outline 

Chapter 2 will provide a description of the methodology used for experiments, and 

also techniques used in future chapters to analyze the model results.  Chapter 3 will discuss 

the results of the Hurricane Ivan simulations, including a comparison with the TPC best track 

dataset for Ivan.  Chapter 4 will discuss the results of the idealized simulations, including a 

comparison of the intensity results with the theoretical maximum intensity of the idealized 
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environment based on EMPI theory.  Finally, chapter 5 will describe conclusions and 

possible future work.   
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FIG. 1.1. Official National Hurricane Center intensity forecast error, for the period 1990 – 
1997.  From Avila, 1998. 

 

 
FIG. 1.2. Exchange coefficients for drag (CD, in blue) and heat (CK, in green). From Large 

and Pond (1982). 



 26 

 
FIG. 1.3. Schematic of the PBL structure in a mature hurricane.  From Anthes, 1982. 
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2. Methodology 

 

 

2.1 Weather Research and Forecasting Model version 2.1.2  

 

 

2.1.1 Model Description 

 

 The Weather Research and Forecasting (WRF) Model is a mesocale numerical 

weather prediction system designed to serve both operational forecasting and atmospheric 

research needs.  The effort to develop WRF has been a collaborative partnership, principally 

among the National Center for Atmospheric Research (NCAR), NOAA, the National Centers 

for Environmental Prediction (NCEP), the Forecast Systems Laboratory (FSL), the Air Force 

Weather Agency (AFWA), the Naval Research Laboratory, The University of Oklahoma, 

and the Federal Aviation Administration (FAA).   Skamarock et al. (2005) discuss the 

technical details of the WRF model setup and equations.  In this study, WRF version 2.1.2 is 

used.1   

 

2.1.2 Initial and Boundary Conditions 

 The WRF model can be run with initial conditions for idealized simulations, or may 

be run using interpolated data from either a large-scale analysis or forecast for real-time or 

archived cases.  The initial conditions for the real-data cases are pre-processed through a 

separate software package called the Standard Initialization (SI).  The SI is a set of programs 

that takes terrestrial and meteorological data (typically in grib format) and transforms them 

for input to the WRF model’s preprocessor program for real-data cases (called real).  The 

first step for the SI is to define the physical grid (including the projection type, location on 

the globe, number of grid points, nest locations and grid distances) and to interpolate static 

                                                
1 As of this writing, the model is available at: http://www.mmm.ucar.edu/wrf/users/downloads.html 
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fields to the prescribed domain.  With the domain specified, the SI horizontally interpolates 

the meteorological data onto the domain(s) and vertically interpolates the data to the model’s 

vertical coordinate.  The output of the SI is passed to the real data pre-processor in the WRF 

model, which then generates initial and lateral boundary conditions.   

 Once preprocessing is complete, the actual WRF model is run.  As described in 

Skamarock et al. (2005) the WRF model is based on a set of fully compressible, Euler 

nonhydrostatic (with a run-time hydrostatic option) set of predictive equations with a time-

independent reference state.  Time integration is a time-split integration using a 3rd order 

Runge-Kutta scheme with a smaller time step for acoustic and gravity-wave modes.  After 

the model run is complete, a locally-developed post processing program called ‘wrf2gem” is 

used to convert the output files into GEMPAK format for analysis.   

 

2.1.3 Physics Options in All Simulations 

 WRF has multiple options for the parameterization of different physical processes.  A 

cumulus parameterization scheme (CPS) is responsible for the sub-grid-scale effects of 

convective and/or shallow clouds.  The schemes are intended to represent vertical fluxes due 

to unresolved updrafts and downdrafts and compensating motion outside the clouds.  

Previous research has shown that the use of a CPS is necessary when the horizontal grid 

spacing of the model simulation is larger than ~5 km.  In this study, a CPS is omitted on the 

innermost domains, whose grid spacing is 4-km.  On the outer domains, the Kain-Fritsch 

(KF) CPS is employed.  KF is based on a mass flux parameterization, and uses the 

Lagrangian parcel method, including vertical momentum dynamics to estimate whether 

instability exists, whether any existing instability will become available for cloud growth, 
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and what the properties of any convective clouds might be.  The scheme in WRF is an update 

of the “original” KF scheme [Kain and Fritsch (1990), Kain and Fritsch (1993)], with 

refinements described in Kain (2004). 

Microphysics parameterization is required when there is grid-scale saturation, and 

when there is a net evaporation or sublimation of hydrometeors.  The microphysics scheme 

determines the distribution of different hydrometeor species, depending on many different 

factors including the environmental temperature.  For this study, the Purdue Lin scheme is 

used.  Six classes of water species are predicted in this scheme: water vapor, cloud water, 

cloud ice, rain, snow and graupel.  All parameterizations in the scheme are outlined in Lin et 

al. (1983) and Rutledge and Hobbs (1984) with some modifications.  Modifications include a 

saturation adjustment following Tao et al. (1989), and ice sedimentation.   

Radiation schemes estimate the amount of incoming shortwave (visible and 

surrounding wavelengths) radiation as well as outgoing longwave radiation from the earth.  

The shortwave radiation scheme used in this study is the “Dudhia” scheme taken from the 

PSU/NCAR Mesoscale Model Version 5 (MM5).  This scheme has a simple downward 

integration of solar radiation, and accounts for clear-air scattering, water vapor absorption 

(Lacis and Hansen, 1974) and cloud albedo and absorption.  To determine scattering due to 

clouds, it uses look-up tables from Stephens (1978).  The longwave radiation scheme used is 

the Rapid Radiative Transfer Model (RRTM), also taken from MM5. The scheme uses pre-

set tables to represent longwave processes due to water vapor, ozone, CO2 and trace gases, as 

well as accounting for cloud optical depth.   
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2.1.4 Planetary Boundary Layer Schemes 

 The WRF model currently contains two planetary boundary layer (PBL) schemes: 

Mellor-Yamada-Janjic (MYJ) and Yonsei-University (YSU).  The PBL scheme is 

responsible for vertical sub-grid-scale fluxes due to eddy transports in the whole atmospheric 

column, not just the boundary layer itself.  When a PBL scheme is activated, explicit vertical 

diffusion will not occur, with the assumption that the PBL scheme will handle this process.   

The surface fluxes are provided by the surface layer scheme (described in detail later) and 

land-surface scheme.  The PBL scheme determines the flux profiles within the well-mixed 

boundary layer and the stable layer, and thus provides tendencies of temperature, moisture 

(including clouds) and horizontal momentum in the entire atmospheric column.  The schemes 

are one-dimensional and assume that there is a clear scale separation between sub-grid scale 

eddies and resolved eddies.   

 

2.1.4.1 Yonsei-University (YSU) 

 The YSU PBL scheme is based on the MRF PBL scheme described by Hong and Pan, 

1996, using a nonlocal approach based on Troen and Mahrt (1986).  The scheme is nonlocal 

in nature, and attempts to take into account the effect of large eddies, which are estimated by 

the bulk properties of the PBL instead of the local properties.  The scheme uses 

countergradient terms to represent fluxes due to non-local gradients.  The entrainment at the 

PBL top is made proportional to the surface buoyancy flux, in line with results from studies 

with large-eddy models.  The PBL top is defined using a critical bulk Richardson number of 

0 (compared to 0.5 in the MRF PBL).  The top is therefore only dependent on the buoyancy 
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profile, and in general is lower than the PBL top in MRF (which is generally too deep, e.g. 

Braun and Tao 2000).   

 

2.1.4.2 Mellor-Yamada-Janjic (MYJ) 

 This parameterization of turbulence in the PBL and in the free atmosphere (Janjic, 

1990, 1996, 2002) uses the Mellor-Yamada Level 2.5 turbulence closure model (Mellor and 

Yamada, 1982).  In this scheme, an upper limit is imposed on the master length scale over 

which mixing can occur.  This upper limit depends on the turbulent kinetic energy (TKE) as 

well as the buoyancy and shear of the driving flow.  In unstable conditions, the upper limit 

for mixing is derived from the requirement that the TKE production be nonsingular in the 

case of growing turbulence.  In stable conditions, the upper limit is derived from the 

requirement that the ratio of the variance of the vertical velocity deviation and TKE cannot 

be smaller than that corresponding to the regime of vanishing turbulence.  The TKE 

production/dissipation differential equation is solved iteratively. 

 

2.1.5 Surface Layer Parameterization 

 The surface layer schemes calculate friction velocities and exchange coefficients that 

enable the calculation of surface heat and moisture fluxes by the land-surface models and 

surface stress in the PBL scheme.  Over water surfaces, the surface fluxes and surface 

diagnostic fields are computed in the surface layer scheme itself.  The schemes provide no 

tendencies, only the stability-dependent information about the surface layer for the land-

surface and PBL schemes.  Currently in WRF, there are 2 surface layer parameterization 

schemes, each of which can be run with 1 of the PBL schemes.   
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2.1.5.1 Scheme Used with YSU PBL 

The surface layer parameterization scheme compatible with the YSU PBL scheme is 

based on similarity theory and is similar to that found in MM5.  This scheme uses stability 

functions from Paulson (1970), Dyer and Hicks (1970), and Webb (1970) to compute surface 

exchange coefficients for heat, moisture and momentum.  A convective velocity following 

Beljaars (1994) is used to enhance surface fluxes of heat and moisture.  No thermal 

roughness length parameterization is included in the current version of this scheme.  A 

Charnock relation relates roughness length to friction velocity over water.      

The scheme classifies the surface layer as being representative of one of four stability 

regimes following Zhang and Anthes (1982), which are determined by the Bulk Richardson 

number (BR).  If the BR is less than 0, it represents conditions of free convection.  If the BR 

is equal to 0, it represents forced convection conditions.  If the BR is less than 0.2 but greater 

than 0, it represents damped mechanical turbulent conditions.  Finally, if the BR is greater 

than or equal to 0.2, it represents nighttime stable conditions.  Similarity stability functions 

for momentum and heat are calculated in the different regimes.  Next the friction velocity is 

calculated, and finally surface flux calculations are performed.  If over water, the roughness 

length is calculated as a function of friction velocity.  To calculate moisture flux, the scheme 

first computes an exchange coefficient for moisture: 
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where # is air density, mavail is surface moisture availability (between 0 and 1), u* is friction 

velocity, karman is the Von Karman constant, z0 is the roughness length, and PSIH is a 
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similarity stability function for sensible heat.  Next, the scheme calculates the moisture flux 

using the following equation:  

)( QQSFCFLQCQFX !"= ,      [2.2] 

where QFX is moisture flux, QSFC is the water vapor mixing ratio at the surface, and Q is 

the water vapor mixing ratio of the atmosphere.  After calculating moisture flux, latent heat 

flux is calculated by:  

 QFXLVLHFLX != ,       [2.3] 

where LV is the latent heat of vaporization for water (J/kg).  In a similar manner, the surface 

heat flux is calculated as well.  The exchange coefficient for sensible heat is calculated as:  
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!

"""
=
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#

,      [2.4] 

where Cpm is the gas constant, mol is T* from similarity theory (K), THX is the potential 

temperature of the atmosphere, and THGB is the potential temperature at the surface.  Next, 

the scheme calculates heat flux (HFX) using the following equation: 

)(* THXTHGBFLHCHFX != ,     [2.5] 

where all variables are as previously defined.   

 

2.1.5.2 Scheme Used with MYJ PBL 

 The Eta surface layer scheme (Janjic, 1996, 2002) is an iterative scheme based on the 

almost universally accepted similarity theory (Monin and Obukhov, 1954) with various 

refinements.  The surface fluxes in this scheme are computed by an iterative method.  In a 

generic sense, fluxes in the scheme are written as:  

F
kuFSS !=" )]/([ *12 ,      [2.6] 



 34 

where F is one of the fluxes (momentum, heat or moisture), S is the corresponding variable, k 

is the von karman constant, and $F is an integral function that is either analytically known or 

looked up using several sets of functions based on different measurements.  If the values of 

the variables are known, along with the Obukhov length L, the fluxes can be computed.  

However, the problem is that L is typically unknown. With an iterative approach, the first 

guess momentum flux is used together with the first guess heat flux in order to specify a first 

guess Obukhov length.  The first guess fluxes can be computed using the first guess bulk 

exchange coefficients, using bulk aerodynamic formulae.  Typically, first guess bulk 

exchange coefficients are obtained using the values at the end of the iterative procedure in 

the previous model time step.  There is no guarantee that this iterative procedure converges, 

but typically the fluxes are computed with satisfactory accuracy after no more than 3 

iterations (Janjic 1998).   

 Different stability functions are used over land and over water.  Over water, the 

functions from the Mellor-Yamada level 2 closure model (Lobocki 1993) are used.  Over 

land, the Lobocki functions were replaced by functions from Paulson (1970).  With these 

functions the nonvanishing turbulent fluxes are assumed to be present no matter how stable 

the surface layer is.  In conditions of free convection, the Beljaars (1994) correction is 

applied to avoid singularity in the case of free convection.  With this correction, a fraction of 

the surface buoyancy flux is converted into the kinetic energy of the near surface wind 

induced by large eddies so the friction velocity and Obukhov length remain nonzero.   

 Similarity theory requires that the variable values be known at the lower boundary of 

the model.  Profiles of relevant atmospheric variables tend to assume the logarithmic form as 

the lower boundary is approached, and since the log function has a singularity for z=0, it has 
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traditionally been assumed that the log profile ends at some small height above the surface, 

and that the variable considered takes on its lower boundary value at this height.  Within the 

thin layer of air adjacent to the surface there is not enough space for turbulent eddies to 

develop, so that molecular transport dominates.  This layer is often called the viscous or 

interfacial layer.  Studies (Janjic 1994, 1996; Chen et al. 1997) have indicated that taking into 

account processes in the viscous sublayer can significantly affect the surface fluxes.  In the 

MYJ surface layer scheme, the log curve is matched to a separate viscous sublayer profile, 

with the height and value of the variable being specified at the overlap point.   

 

2.2 Initial and Boundary Conditions 

 

2.2.1 Idealized Model Experiments 

Numerical simulations using idealized atmospheric and SST data are used in this 

study to investigate model sensitivity to physics choices and grid spacing.  The advantage of 

using real-case hurricanes in sensitivity studies lies in the ability to assess model 

performance against real observations.  However, interpretation of the differences between 

model and observed quantities is complicated by the presence of external factors that 

influence hurricane intensity and structure.  Furthermore, features of the environment may be 

incorrectly resolved in the model initial conditions, leading to complex feedback processes 

that make the assessment of the desired model sensitivities (to grid spacing, surface layer and 

planetary boundary layer parameterization) difficult to isolate.  An obvious disadvantage to 

idealized modeling is the lack of observations to compare the model simulations with.  In this 

study, however, idealized initial conditions that satisfy the core assumptions of Emanuel’s 
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MPI (hereafter, EMPI) theory are constructed.  Although imperfect, EMPI has been 

successful at providing a useful estimation of MPI (Camp and Montgomery 2001; Persing 

and Montgomery, 2003).  The consistency between the idealized conditions and the 

assumptions made in deriving EMPI allows for the model simulations to be compared to the 

EMPI of the idealized environment, in the place of observations, in order to assess the 

relative success of the simulations.   

Specifically, the assumptions made about the ambient environmental conditions when 

deriving EMPI include: (i) a constant, horizontally uniform SST, (ii) no vertical wind shear, 

(iii) a sufficient time for the vortex to reach its maximum intensity, and (iv) no interaction 

between the vortex and land.  Two distinct issues needed to be addressed when creating the 

idealized model atmosphere: (i) the characteristics of the ambient environment, and (ii) what 

initial vortex should be used for the simulations.  The following sections will describe the 

construction of the idealized dataset in detail.  

 

2.2.1.1 Lateral Boundary Conditions 

The ambient temperature profile outside of the initial vortex used for the lateral 

boundary conditions was based on the mean sounding calculated by Jordan (1958).  In this 

study, the mean atmospheric sounding over a 10-year period was calculated based on 3 

stations in the vicinity of the Caribbean Sea: Miami, Florida, San Juan, Puerto Rico and 

Swan Island.  Jordan also provided the mean “hurricane season” sounding, which was 

calculated using the months July – October.  Average temperature values were calculated at 

50-hpa intervals from 1000 to 200 hPa, at 25-hPa intervals from 200 to 100 hPa, and then at 

80, 60, 50, 40 and 30 hPa.  In order to “fill in the gaps” for calculation purposes, the 
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temperature value in-between standard levels was approximated using regression equations.  

Separate regression equations were used to fit the data below and above the tropopause.  The 

regression equation used below [2.1] and above [2.2] the tropopause was calculated by fitting 

the Jordan data using Excel:   

79.311)ln(885.48 !"= pTemp       [2.1] 

 514.356706.0003.0
2

!"!"= ppTemp      [2.2] 

Figure 2.1 (2.2) illustrates the sounding and regression equations below (above) the 

tropopause, and figure 2.3 shows the match between the entire Jordan mean sounding and the 

one calculated using the regression equations.  As expected, there is a very close agreement 

between the actual values and those calculated using the regression equations.   

The moisture profile used for the idealized ambient sounding was characterized by a 

constant relative humidity of 80% everywhere in the vertical.  This assumption was made in 

order to facilitate comparison with the results of Emanuel (1986) where a constant 80% 

relative humidity was assumed as well.  Due to the horizontally uniform temperature and 

moisture field the background height field is flat, leading to calm conditions, thereby 

satisfying the assumption of no vertical wind shear.  The atmospheric conditions described 

here were used as the lateral boundary conditions for the idealized simulation, and were 

updated every 24 hours.  

 

2.2.1.2 Initial Vortex 

The specification of the temperature profile in the eye of the hurricane is based on the 

mean sounding calculated by Sheets (1969) for hurricanes with central pressure less than 995 

hPa.  This sounding was calculated using soundings obtained during the period 1956-1967, 
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inclusive.  In a procedure similar to that used for the mean temperature profile, temperature 

values in between standard levels were approximated using regression equations.  Again, 

separate equations were used to fit the data below and above the tropopause. Equation [2.3] 

is the regression equation used below the tropopause, and equation [2.4] is used above the 

tropopause.   

79.311)ln(885.48 !"= pTemp       [2.3] 

 912.235415.2095.00018.0102105
234558

!"!"+"!""+""!=
!!

pppppTemp  

           [2.4]  

Figure 2.4 (2.5) illustrate the sounding and regression equations below (above) the 

tropopause, and figure 2.6 shows the match between the entire eye sounding and the one 

calculated using the regression equations.  In general, the agreement between the actual 

temperature and the value computed using the regression equations is quite good; the largest 

differences are between 600 and 200 hPa, where the values computed using the regression 

equations are generally 2-3 degrees C cooler than the actual values.   

 

2.2.1.2.1 Blending the Eye and Ambient Temperature Profiles 

 The next issue in creating the idealized vortex was how to blend the temperature 

profile in the eye with the ambient temperature profile.  The largest temperature anomalies in 

a TC (defined as the temperature inside the TC minus the temperature found at that level well 

outside the TC) are found in the eye.  The anomalies gradually decay with increasing radial 

distance from the eye, until they match the temperature values of the ambient atmosphere.  In 

order to compute the temperature values outside of the eye, first the anomaly values were 

computed using the following equation: 
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peratureAmbientTemtureEyeTemperaeAnomalyTemperatur !=   [2.5] 

Next, a decay parameter was computed in order to smoothly blend the eye temperatures 

towards the ambient values.  The decay parameter used follows: 

 )distance006.0exp( !"=Decay                   [2.6] 

Distance is in kilometers, as measured radially outward from the storm center.  The decay 

equation is represented graphically in figure 2.8.  In the center of the storm (radial distance 

from center is 0) the decay parameter is 1, indicating that at the center of the storm the 

temperature anomaly is 100%.  At 100-km from center, the decay parameter reaches a value 

of 0.5, indicating temperature anomalies of half the magnitude of those found at the center.  

At a distance greater than 700 km from the storm, the anomaly parameter is zero, indicating 

that temperature values are the same as those found in the Jordan mean sounding.  To 

calculate temperature values everywhere in the domain, the following equation was used: 

]6.2[]5.2[ !+= eraureJordanTempTemp      [2.7] 

Figure 2.9 displays a cross-section of the temperature profile determined by this method of 

calculation in the center of the idealized vortex.  

 

2.2.1.2.2 Calculation of Sea Level Pressure and Height 

 In order to calculate sea level pressure, first the virtual temperature was calculated.  

The virtual temperature is given by: 

)608.01( qTMPKTMPV !+!=       [2.8] 

In order to calculate the virtual temperature, specific humidity (q) is required.  Specific 

humidity was calculated using the method by Bolton (1980).  First, the saturation vapor 

pressure is calculated using the following: 
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where 

)15.273(67.1704 !"= TMPKc       [2.10] 

and 

5.243)15.273(05 +!= TMPKc       [2.11] 

Next, the specific humidity is calculated: 

RH!=
s
ee          [2.12] 

Next, mixing ratio (q) is calculated: 

spfh
spfhq

!
"=
1

1
        [2.13] 

And lastly, virtual temperature is calculated using [2.8].   

Next, the average virtual temperature in the column from 1010 hPa to 20 hPa at each grid 

point was calculated.  The average values range from 257.34 to 261.11 K, with the warmest 

values being found in the eye.  Figure 2.10 displays the average virtual temperature values.   

Using these values, the height of the 20 hPa pressure surface was calculated using a form of 

the hypsometric equation: 

)
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(

1

0
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g

avgTMPVRHGHT d !!!=      [2.14] 

After calculating the height values at all grid points, the height anomaly was calculated.  The 

height anomaly was calculated at 20 hPa, which is the model top for this study.  The height 

anomaly is defined as follows: 

)( SoundingJordanMeanHGHTHGHTanomaly !=    [2.15] 
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Areas with a warmer average virtual temperature will have a larger height anomaly than 

cooler areas, and therefore the largest height anomaly is found in the eye of the vortex.  

Figure 2.11 displays the height anomaly.  Using the height anomaly, the minimum central 

pressure of the vortex can be calculated.  Again, using a form of the hypsometric equation the 

sea level pressure was calculated as:  

)2

1

exp(_
0

avgTMPVR

anomalyg

constpmslSLP
d !

!!"

!=     [2.15] 

In this case, pmsl_const (the ambient sea level pressure) was set as 1013.25 hPa.  Figure 2.12 

displays the sea level pressure field associated with the initial vortex, which reached a 

minimum value of 985.3 hPa.  Next, using the sea level pressure, the height field was 

calculated.  In order to calculate the height field, it is first assumed that half of the height 

anomaly has gone to lowering the 1010 hPa height, and half has gone towards raising the 20 

hPa height.  The 1000 hPa height is calculated using the following equation:  

anomalyhPaHGHT !"=
2

1
0)1000(*      [2.16] 

Once the 1000 hPa height was calculated, the height values were calculated in 50 hPa 

increments through 100 hPa, and at 70, 50, 30, 20 and 10 hPa.  Again, a form of the 

hypsometric equation was employed and used to calculate the height values.  As an example 

of how the heights were calculated, here is how the 950 hPa height was calculated: 

)950:1000()1000()950( hPathicknesshPaHGHThPaHGHT += , 

where 

)950:1000()
950

1000
()950:1000( avgTMPVRLnhPathickness d !!=   [2.17] 
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In a similar manner the height field was computed for each of the aforementioned pressure 

levels.  Figure 2.13 is a four-panel plot, displaying the height field at 1000, 850, 700 and 500 

hPa.   

 

2.2.1.2.3 Calculating Wind Speed 

 Lastly, the wind field was set to be in gradient balance.  Gradient flow is a three-way 

balance between the Coriolis force, the centrifugal force, and the horizontal pressure gradient 

force.  Previous research studies (e.g. Willoughby 1990) that have analyzed observational 

data have found that gradient wind balance is a good approximation to the azimuthally 

averaged wind in the free atmosphere of the hurricane core.  Specifically, the authors found a 

root-mean-square difference between the observed tangential wind and the gradient wind is 

<1.5 ms-1.   

 The gradient wind equation is derived using the horizontal momentum equation in a 

natural coordinate system.  To calculate the wind speed at each point in the domain, the 

gradient wind equation from Holton was employed (his equation 2.15): 
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22

      [2.18] 

Here, V represents the gradient wind speed, R the radius of curvature and 
n!

!"
 is the height 

gradient normal to the direction of the flow.  Force balance for a regular low-pressure system 

in the Northern Hemisphere dictates that R is greater than zero and the positive square root is 

taken.  R was calculated as the radial distance from the center of the vortex, with the center 

being defined as the point with the minimum sea level pressure values.  In order to calculate 
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n!

!"
 the height gradient in the east/west direction (

x!

!"
) and in the north/south direction (
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) 

were calculated using 4th order finite differencing.  
n!
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 was then calculated as the following: 
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       [2.19]  

After obtaining the gradient wind speed at every grid cell, the u and v components of the 

wind were calculated assuming a symmetrical circular flow around the vortex.  Figure 2.14 

displays a west-east cross section of the v component of the wind taken directly through the 

center of the idealized vortex.   

 

  2.2.1.3 Model Configuration of Idealized Simulations 

 Once preprocessing of the initial and boundary condition files is complete, the actual 

WRF model is run.  The WRF model was run for 240 hours, allowing time for the simulated 

TC to reach a maximum intensity and then maintain a quasi-steady state for a number of 

hours.  The WRF outer domain (hereafter domain 1) is centered at 15.0°N, 136° W and has 

100 and 105 grid points in the x and y directions, respectively, with 36-km grid spacing.  

Within domain 1 lie 2 nested domains; domain 2 has 112 grid points in the x and y 

directions, with 12-km grid spacing in both directions, and domain 3 has 247 grid points in 

the x and y directions, with 4.0 km grid spacing in both directions.  See figure 2.15 for 

visualization of the domain configuration.  Domain 1 does not move during the simulation, 

but domain 2 does move within domain 1 and domain 3 moves within domain 2.  Moves are 

calculated and implemented using a mid-level vortex tracking algorithm which, although 
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experimental, worked flawlessly in the model.  The nesting type is one-way with information 

being passed from a parent domain to a nest but not from the nest back to the parent domain.   

All three domains have 31 vertical Eta levels.  The levels are placed at values of 1.000, 

0.993, 0.980, 0.966, 0.950, 0.933, 0.913, 0.892, 0.869, 0.844, 0.816, 0.786, 0.753, 0.718, 

0.680, 0.639, 0.596, 0.550, 0.501, 0.451, 0.398, 0.345, 0.290, 0.236, 0.188, 0.145, 0.108, 

0.075, 0.046, 0.021 and 0.00.  The lower boundary condition, including the constant 302.15 

K sea-surface temperatures, is fixed at the model initialization time and remains constant 

throughout the model integration.  The model top is set to 50 hPa.  Lateral boundary 

conditions are updated every 24 hours.   

 

2.2.2 Hurricane Ivan Experiments 

 Simulations of Hurricane Ivan (2004) are initialized with Global Forecast System 

(GFS) analyses.  GFS analyses have 1-degree grid spacing, and this rather coarse 

initialization leads to the initial TC being much weaker than was observed.  Due to the 

location of the initial vortex at the desired initialization time, however, GFS analyses were 

the best dataset for the simulations.  The simulation is initialized at 00 UTC 11 September 

and run through 00 UTC 17 September to capture the storm at its maximum intensity and 

also landfall in the SE United States.  The model boundary conditions are updated at 6-h 

intervals, with GFS analyses also being used.  The WRF outer domain (hereafter domain 1) 

is centered at 24.12°N, 83.97° W and has 120 grid points in the x and y directions, 

respectively, with 36-km grid spacing.  Within domain 1 lie two nested domains; domain 2 

has 121 grid points in the x and y directions, with 12-km grid spacing in both directions, and 

domain 3 has 259 grid points in the x and y directions, with 4.0 km grid spacing in both 
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directions.  See Fig 2.16 for visualization of the domain configuration.  Domain 1 does not 

move during the simulation, but domain 2 does move within domain 1 and domain 3 moves 

within domain 2.  As in the idealized simulations, the nested domains move during the 

simulation period, and the nesting type is one-way.  All three domains have 31 vertical 

Sigma levels, placed in the same location as in the idealized simulation.  The lower boundary 

condition, including the 1-degree SSTs, is fixed at the model initialization time and remains 

constant throughout the model integration.  The model top is set at 50 hPa.   

 

2.3 Model Simulation Analysis 

 In order to assess the results of the model simulations and determine the sensitivity to 

model grid spacing and PBL and surface layer parameterizations, a variety of characteristics 

were analyzed. The following sections will describe the methodology that is used in the 

following chapters to assess the model simulations.   

 

 2.3.1 TC Intensity  

Two commonly used metrics for assessing the intensity of a TC are the minimum sea 

level pressure (MSLP) and the maximum surface sustained wind (MSSW, typically taken at 

the 10-m level).  FORTRAN code was used to determine the MSLP and MSSW (at the 10-m 

level) in the model experiments.  For the Hurricane Ivan simulations, MSLP and MSSW 

values were compared with the TPC best track dataset for Ivan to assess the simulated 

intensity.  In the case of the idealized simulations, MSLP and MSSW values were compared 

with the MPI of the model environment.  To compute the MPI of the simulation 

environment, a subroutine written by Dr. Kerry Emanuel was employed.  This subroutine 
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calculates the maximum wind speed and minimum central pressure achievable in a tropical 

cyclone, given an atmospheric sounding and a SST.  Values calculated using the subroutine 

closely match the original EMPI theory (Emanuel 1986, his figure 2) after estimating the 

near-surface and outflow temperatures.  

 

2.3.2 TC Track 

In the Hurricane Ivan simulations, the model track was compared to the TPC best 

track dataset.  The TC center in the model was assumed to be at the location of the model 

grid point with the MSLP value.  

 

2.3.3 Area Averaged Values 

Often it is instructive to examine the value of area-averaged model quantities, as 

opposed to maxima or minima.  In order to compute these averages, the TC center was first 

located using the methodology described in section 2.3.2.  Next, the distance that each grid 

point was located away from the TC center was computed.  Lastly, the desired average value 

was computed by summing the value of the parameter at all model grid points within the 

desired averaging area, and dividing by the number of points therein.   

 

2.3.4 Azimuthal Averaging  

Azimuthally averaged values of different parameters were calculated in order to aid in 

the understanding of the spatial structure of the simulated TCs.  Azimuthal averages were 

calculated for the simulations using 4-km grid spacing, in order to provide the most detailed 

structure possible.  Following a methodology similar to section 2.3.3, the TC center and the 
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distance of each grid point from the TC center was first computed.  The average value of 

different quantities located within the azimuthal bin was next calculated by locating grid 

points within the bin and taking the average of the values therein.  The bin length used was 

the same as the horizontal grid spacing (4-km), and the averaging took place between the TC 

center and 500-km distance from the center.   

 

2.3.5 RMW, Radius of TS and Hurricane Force Wind  

 Once azimuthally averaged wind speeds were calculated, the RMW was computed by 

locating the radial bin that contained the maximum wind speeds.  The actual value for the 

RMW was set as the radius in the middle of the radial bin.  The radius of the TS and 

hurricane force wind speeds were computed by locating the outermost radial bin that 

contained wind speed values of above the threshold criteria.  The actual radius value was 

then set to the radius in the middle of the radial bin.    

 

 2.3.6 Surface Layer Exchange Coefficients 

 The exchange coefficients calculated by the surface layer parameterization schemes 

are not directly output by the WRF model, and therefore were calculated using the model 

output and bulk-aerodynamic formulae.  Although the schemes do not use bulk aerodynamic 

formulae to calculate fluxes, calculating the exchange coefficients in this manner allows for a 

direct comparison to be made between the schemes, and also between the schemes and 

observations.   
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 The exchange coefficient for heat, Ck, is calculated using the sensible heat flux (Fheat, 

in Wm-2), air density (#a) at 10-m, 10-m wind speed (Va), and the difference in potential 

temperature between the SST (%sea) and at 10-m:   

)( airseaapa

heat

k
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!!" #$$$
=       [2.20] 

The sensible heat flux and 10-m wind speed were directly output from the model, and 

required no calculation to be obtained.  2-m temperature was directly output from the model, 

and to obtain the temperature at 10-m a linear interpolation between the 2-m level and the 

lowest model level (~30-m) was performed.  The potential temperature at the surface and at 

10-m was then calculated.  Air density at 10-m was calculated using the temperature at 10-m 

and the pressure at 10-m, which was calculated using the hypsometric equation.   

The exchange coefficient for moisture, Cq, is calculated using the latent heat flux 

(Flatent, in Wm-2), air density (#a) at 10-m, 10-m wind speed (Va), and the difference in 

specific humidity between the SST (qsea) and at 10-m (qair):   
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The latent heat flux and 10-m wind speed were directly output from the model, and 

required no calculation to be obtained.  Air density at 10-m was calculated in the manner 

described above.  The mixing ratio at 10-m was calculated using a linear interpolation 

between the value at the sea surface and the value at the lowest model level (~30-m).  

The exchange coefficient for momentum, Cd, is calculated using the friction velocity 

(u*) and the 10-m wind speed (Va):   
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2.3.7 Fluxes and Exchange Coefficients as a Function of Wind Speed 

 In order to investigate the sensitivity to the surface layer parameterization, the wind 

speed dependence of many parameters was examined.  The parameters that were analyzed 

include fluxes (both sensible and latent), exchange coefficients (for moisture, heat and 

momentum) and roughness length.  Values were analyzed at a simulation hour when 10-m 

wind speeds were either at the maximum or near the maximum value for the entire 

simulation period.  In each model experiment (Hurricane Ivan or idealized) the same 

simulation hour was chosen for the simulations with different surface layer and PBL 

parameterizations.  Analyzing all grid points in the domain proved cumbersome and difficult 

to manage due to the large number of individual data points.  To facilitate the analysis and 

filter out noise, the 10-m wind speeds were grouped into bins, with the bins ranging from 20 

ms-1 to the maximum value.  The bins were calculated every 0.5 ms-1, and consisted of the 

average wind speed within 0.25 ms-1 of the bin.  In addition to calculating the average wind 

speed in each bin, the average values of the aforementioned parameters were also calculated 

(i.e. the parameter of interest at grid points with a wind speed between 19.75 and 20.25 was 

averaged and placed into the bin with 20 ms-1 wind speed).  

  

2.3.8 Time-Averaging  

Time-averaged plots of various quantities were produced for both the idealized and 

Hurricane Ivan simulations with 4-km grid spacing in order to investigate structural 

differences due to the surface layer and PBL parameterizations.  The time-averaging took 

place over a 13-hour period, with output every hour, during a time when the simulations had 
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reached a quasi-maximum intensity.  In order to time-average the data, first the TCs were 

placed on a storm-centered grid, after locating the TC center using the methodology 

described in section 2.3.3.  Once the TC center was determined, it was shifted so that the TC 

center was collocated with the grid center.  Once the files were storm-centered, time 

averaging was accomplished by adding the values of the grid points in the domain and 

dividing by the number of output times.  After the data was time-averaged, the data was also 

azimuthally averaged, following the procedure described in section 2.3.4.   
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FIG. 2.1. Mean hurricane season temperature profile as calculated by Jordan (1958) (red 

curve) and best-fit logarithmic regression equation (black curve).  Equation based on 
temperature values below the tropopause (below ~ 110 hPa). 

 
 

 
FIG. 2.2. Mean hurricane season temperature profile as calculated by Jordan (1958) (red 

curve) and best-fit logarithmic regression equation (black curve).  Equation based on 
temperature values above the tropopause (above ~ 110 hPa). 
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FIG. 2.3. Mean hurricane season temperature profile as calculated by Jordan (1958) (red 

curve) and best-fit curve using regression equation from FIG 2.1 below 100 hPa and 
regression equation from FIG 2.2 above 100 hPa (black curve). 
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FIG. 2.4. Mean temperature profile for hurricane eye from hurricanes with central pressure 

less than 995 hPa, as calculated by Sheets (1958) (blue curve), and best-fit logarithmic 
regression equation (black curve).  Equation based on temperature values below the 

tropopause (below ~ 110 hPa). 
 

 
FIG. 2.5. Mean temperature profile for hurricane eye from hurricanes with central pressure 

less than 995 hPa, as calculated by Sheets (1958) (blue curve), and best-fit logarithmic 
regression equation (black curve).  Equation based on temperature values above the 

tropopause (above ~ 110 hPa). 
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FIG. 2.6. Mean temperature profile for hurricane eye from hurricanes with central pressure 

less than 995 hPa, as calculated by Sheets (1958) (blue curve), and best-fit curve using 
regression equation from FIG 2.4 below 110 hPa and regression equation from FIG 2.5 above 

110 hPa (black curve). 
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FIG. 2.7. Comparison of the temperature sounding in the eye (blue curve) and in the ambient 

environment (red curve). 
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FIG. 2.8. Value of the scaling parameter for the temperature anomalies (y-axis) plotted 

versus the radial distance from the storm center (x-axis) in km. 

 
FIG. 2.9. Cross section of temperature (in Kelvin, represented by colors) and radial distance 
from center plotted in dashed lines (in kilometers). Note that this plot was created before the 

calculation of surface pressure, and values near the center that are higher than the central 
pressure would thus be invalid.  Cross-section taken from west to east (8 degrees total width) 

through center of idealized vortex. 
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FIG. 2.10. Column averaged virtual temperature (colors) in Kelvin and distance from storm 

center (contours) in km. 
 

 
FIG. 2.11. Height anomaly (colors) in meters defined as the 20 hPa height minus the height 
of the 20 hPa surface in the Jordan mean sounding.  Positive values indicate a higher 20 hPa 

height than in the Jordan mean atmosphere sounding. 
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FIG. 2.12. Sea level pressure in hPa (shaded) and distance from vortex center in km 

(contoured). 
 
 

 
FIG. 2.13. Height (in meters) of the following pressure surfaces: 1000 hPa (upper left), 

850 hPa (upper right), 750 hPa (lower left) and 500 hPa (lower right). 
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FIG. 2.14.  Wind speed (mph) on a west-east cross section made from the vortex center 

extending eastward.  Shading represents wind speed, contours the distance from the storm 
center in km. 
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FIG. 2.15. Initial location of domains in idealized simulations. 

 

 
FIG. 2.16. Initial location of domains in simulations of Ivan. 
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3. Hurricane Ivan (2004) 

Simulations of Ivan were performed using the WRF-ARW model to assess the 

sensitivity to model grid spacing and surface layer and PBL parameterization.  Ivan provided 

a challenging case to model, with periods of rapid intensification, weakening, and steady-

state intensity.  In addition, proximity to land allowed for a comparison between model 

simulated radar reflectivity and actual radar data.  This chapter will describe the Ivan 

experiments, and is laid out as follows.  First section 3.1 will describe Hurricane Ivan, from 

its formation as a tropical wave to the time of final landfall.  Section 3.2 will assess the 

ability of the WRF model to simulate Ivan with a realistic structure.  Section 3.3 describes 

the model-simulated lifecycle of Ivan, providing an overview of the WRF simulation and the 

sensitivity to the choice of model horizontal grid spacing and surface layer and PBL 

parameterization.  Section 3.4 describes the sensitivity of the MYJ simulations to the number 

of vertical levels.  Section 3.5 investigates the wind speed dependence of model-generated 

fluxes and exchange coefficients for the highest resolution simulations, in order to provide 

insight into the sensitivity to the surface layer parameterization.  Section 3.6 will investigate 

the time-averaged structure of the TCs during the time of maximum intensity, and assess the 

sensitivity to both the surface layer and PBL parameterization choice.  Finally, section 3.7 

provides some conclusions based on the Hurricane Ivan experiments.   

 

3.1 Storm Information 

 Figure 3.1 is the Tropical Prediction Center (TPC) best track for Ivan, with the 

intensity of the storm indicated in the legend.  Ivan developed from a large tropical wave that 

moved off the west coast of Africa on August 31, 2004.  By early on September 1 convective 
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banding began to develop around the low-level center, and the tropical prediction center 

(TPC) estimates that a tropical depression formed around 1800 UTC September 2.  Ivan was 

named a tropical storm at 0600 UTC September 3, and strengthened to a major hurricane 

with sustained winds of 115 knots at 0000 UTC September 6.  Ivan continued moving west, 

passing Grenada and moving into the southeastern Caribbean Sea.  Ivan reached category 5 

strength on September 9 at 0600 UTC.  As Ivan passed south of Jamaica it weakened to a 

category 4 hurricane, in part due to an eyewall replacement cycle (Stewart, 2004).  After 

passing by Jamaica, Ivan rapidly intensified to category 5 strength for the second time at 

1800 UTC September 11.  Ivan maintained category 5 strength for only 6 hours before 

weakening back to a category 4 hurricane on September 12.  Ivan then quickly regained 

category 5 strength for a third and final time when it was about 80 nautical miles west of 

Grand Cayman Island.  On September 13 Ivan approached a weakness in the subtropical 

ridge over the Central Gulf of Mexico and turned northwestward.  As Ivan moved over the 

Northwestern Caribbean Sea, it maintained category 5 strength for 30 hours.  After emerging 

over the southern Gulf of Mexico early on September 14, Ivan turned north northwestward 

and then northward.  A steady weakening trend ensued as the storm encountered increasing 

vertical wind shear, and dry air entrainment (Stewart, 2004).  Ivan weakened slowly and 

made landfall as a 105-knot hurricane (category 3) at approximately 0650 UTC September 

16, just west of Gulf Shores, Alabama.   

 

3.2 Does WRF Produce a Realistic TC Structure 

 Simulations of Ivan were initialized at 00 UTC September 11, at which time Ivan was 

located just to the southeast of Jamaica.  Hereafter, model simulations will be referred to 
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using the name convention listed in table 3.1.  Before the assessment of model sensitivity 

could begin, it was first necessary to confirm that the WRF model was able to produce a 

realistic simulation of Ivan.  To this end, radar reflectivity images of Ivan from Cancun, 

Mexico, and Mobile, Alabama were compared to WRF simulated reflectivity from the 

IMYJ4 simulation, at similar valid times. Although not a direct comparison, model simulated 

reflectivity can be compared qualitatively to real radar data to assess the distribution of 

precipitation in the model.  These plots are designed to show that the model produced a 

realistic precipitation structure.  Other model configurations were also able to produce 

realistic TC structure (although with varying degrees of detail due to differences in 

resolution) but are not shown here.  

 Figure 3.2 is a radar reflectivity image from Cancun, Mexico, valid at 2342 UTC 13 

September 2004, and Fig. 3.3 is model simulated radar reflectivity from the IMYJ4 

simulation, valid at 00 UTC 14 September 2004.  Qualitatively, the radar reflectivity images 

are quite similar, and display a highly organized TC, with well-defined eye and eyewall 

regions, passing between the Yucatan Peninsula and Western Cuba.  The location of Ivan in 

the images is almost identical, with the northeastern eyewall of each TC impacting the 

extreme western tip of Cuba.  Figure 3.4 is a radar reflectivity image from Mobile, Alabama, 

valid at 0702 UTC 16 September 2004, and Fig. 3.5 is model simulated radar reflectivity 

from the IMYJ4 simulation, valid at 06 UTC 16 September 2004.  The location of landfall in 

the model simulation is ~100-km east of where it was observed, but the overall structure of 

the TC is qualitatively similar to Fig. 3.4.  While a quantitative comparison between real 

radar reflectivity and model-simulated reflectivity is not accurate, qualitatively it is evident 

that the model was able to reproduce the track and overall precipitation structure of 
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Hurricane Ivan.  In addition, a cursory examination of model simulated intensity revealed 

that the simulated TCs underwent realistic changes in intensity, including a strengthening, 

steady-state, and weakening trend (shown in section 3.3.2).  Therefore, the model runs were 

deemed to be realistic, and the analysis of model sensitivities was performed.   

 

3.3 Time-series of Model Parameters 

 

3.3.1 Track 

 The Ivan model experiment was a simulation, which differs from a model forecast in 

that the lateral boundary conditions are from analyzed fields, as opposed to forecast fields.  

In general, however, if the lateral boundaries are far away from the feature of interest (i.e. 

Ivan) they should have little impact on the model solution.  Therefore, due to the large outer 

domain (Fig. 2.6) the simulation of Ivan likely differed little from a forecast.  Figures 3.6, 3.7 

and 3.8 show the TPC best track for Ivan, along with the track simulated using 36, 12 and 4-

km grid spacing simulations, respectively.  The track is shown from 00 UTC 11 September 

2004 – 00 UTC 17 September 2004, and begins at the lower-right corner of the figure.  All 

simulations did a good job in capturing the initial WNW track, but generally turned the storm 

to the north slightly earlier than was observed.  In addition, after the northward turn the 

simulations curved the storm to the east more drastically than was observed, leading to a 

landfall well east of Gulf Shores, Alabama.   

Figure 3.9 is a time-series of the track error (in km).  Through simulation hour 80 the 

track errors are similar, generally falling around ~50 km.  After simulation hour 80 Ivan 

begins to take a northward turn, and beyond this time track errors generally increase due to 
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the model simulations turning the system slightly earlier than was observed.  Landfall 

occurred on 16 September at 0650 UTC, corresponding approximately to simulation hour 

126.  At this time, the model simulations placed Ivan’s center between 100 and 225-km to the 

east of the actual landfall location.  The track errors associated with the different model 

configurations, overall, were quite close.  Based on the Ivan simulations, there is a not a clear 

trend between the track accuracy and the grid spacing or surface layer and PBL 

parameterization scheme, although more cases would perhaps better assess this sensitivity.   

Table 3.2 contains the average track forecast errors for the NHC and various 

prediction models, and table 3.3 contains the model simulations’ track forecast errors for the 

same forecast periods as in table 3.2.  A comparison between the tables reveals that the WRF 

simulations produced very small track errors compared to other models; beyond 12-hours, 

neither a single model nor the TPC had an average track error less than the WRF runs.  

Again, the WRF experiments were simulations and not forecasts, and the additional accuracy 

in the track forecast due to the analyzed lateral boundaries cannot be assessed without further 

model experiments.  Regardless of this fact, the model did an excellent job in simulating the 

track of Ivan, compared to the average track errors of other prediction models.  

 

3.3.2 Intensity 

 

3.3.2.1 Minimum Sea Level Pressure (MSLP) 

 Figure 3.10 is a time-series of the MSLP from the simulations and the MSLP 

estimation from the TPC. The legend indicates the simulation name, with circle, diamond and 

square markers representing the 4, 12, and 36-km grid spacing simulations, respectively.  The 
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model-simulated intensity can roughly be divided into 3 different phases.  Between the start 

of the simulation and hour 60 all simulated TCs rapidly intensified.  Next, between 

simulation hours 60 and 120 the TCs generally remained at a quasi-steady intensity.  Lastly, 

between simulation hours 120 and 144 there was a period of rapid weakening, as the TCs 

made landfall.  The TPC estimates of MSLP indicate intensity trends similar to the 

simulations, with the notable absence of phase 1.  Ivan reaches a quasi-steady intensity 

(phase 2) between simulation hours 0 and 70 (00 UTC 11 September through 00 UTC 14 

September) with the MSLP during this time varying by approximately ~20 hPa.  Phase 3, 

weakening, began at approximately 00 UTC 14 September (simulation hour 72).  Overall, the 

MSLP time-series indicates a similar evolution between the TPC estimate and the simulated 

TCs.  Phase 1, although not observed, was due to the model being initialized with a weaker-

than-observed initial vortex.  During this time, the model’s weak initial vortex was able to 

intensify rapidly due to favorable atmospheric conditions.  Phase 2 (quasi steady-intensity) 

occurred later than observed, and also lasted later, which in turn led to phase 3 (rapid 

weakening) starting later than observed as well.   

Figure 3.11 is a plot of the difference in MSLP between the simulations and the TPC 

estimate.  Positive (negative) values indicate a time when the simulated TC is weaker 

(stronger) than the TPC estimate.  An examination of Fig 3.11 at simulation hour 0 (model 

initialization time) indicates that the simulations are initialized between 55 and 65 hPa 

weaker than the TPC estimate, depending on the model grid spacing.  Simulations IMYJ4 

and IYSU4 intensify the most rapidly, reaching the strength of the TPC estimate by 

simulation hour 60.  These simulations have smaller MSLP values than the TPC estimate 

through the end of the model integration.  Simulations IMYJ12 and IYSU12 intensify rapidly 
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as well but are not able to reach the TPC estimate.  Simulations IMYJ36 and IYSU36 are the 

weakest simulations overall, never deepening below 950 hPa.  Based on the results of the 

Ivan experiments, TC intensity in models is highly sensitive to grid spacing, with higher 

resolution simulations producing more intense TCs in these simulations.  TC intensity is 

much less sensitive to the surface layer and PBL parameterization than to model grid 

spacing, with simulations using identical grid spacing but different physics remaining within 

~10 hPa of one another throughout the simulations.   

 

3.3.2.2 Maximum 10-m wind speed 

Figure 3.12 is a time-series of the maximum 10-m wind from the simulations and the 

best-track maximum 10-m wind from the NHC.  The 3 phases seen in the minimum SLP 

described in the previous section can again be seen in the maximum 10-m wind speeds, with 

distinct strengthening, steady-state and weakening stages.  Simulations IYSU4 and IMYJ4 

produce wind speeds that are stronger than observations between simulation hours 20 and 

120, despite only having a central pressure lower than the observed between hours 72 and 

144.  In fact, at hour 20 both IMYJ4 and IYSU4 are both nearly 40 hPa weaker than observed 

(Fig. 3.2) but are producing wind speeds stronger than TPC estimates.  Simulations IYSU12 

and IMYJ12 produce maximum wind speeds that most closely match the TPC estimates, 

remaining within 10 m/s of the estimates after simulation hour 30.  IYSU36 and IMYJ36 

produced wind speeds that were generally much weaker than TPC estimates, consistent with 

the fact that the simulations never obtained a central pressure that was close to observed.  In 

these simulations, the maximum wind speeds were much more sensitive to model grid 
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spacing than to surface layer and PBL parameterization, with higher resolution simulations 

producing stronger 10-m wind speeds.  

 

3.3.3 Values of Fluxes Produced by Surface Layer Parameterization 

 

   3.3.3.1 Latent Heat Flux (LHFLX) 

 Figure 3.13 is a time-series of the maximum value of LHFLX.  As seen in section 

3.3.2.2, maximum 10-m wind speeds increased with decreasing grid spacing.  Higher wind 

speeds should produce larger fluxes, and therefore simulations with smaller grid spacing 

should produce the largest fluxes.  Based upon Fig. 3.13, this appears to be the case.  The 

maximum value of LHFLX is strongly sensitive to model grid spacing.  For a given 

combination of surface and planetary boundary layer parameterization (for example, YSU, in 

red) simulations with smaller grid spacing produce larger values of LHFLX due to the 

stronger wind speeds.  The maximum values of LHFLX are strongly sensitive to the surface 

layer parameterization as well.  At the same grid spacing, simulations using the MYJ surface 

layer parameterization produce much higher LHFLX values than the simulations using YSU.  

Specifically, peak LHFLX values reach ~4000 Wm-2 in IMYJ4, while only reaching about 

half this value (~2300 Wm-2) in IYSU4.  The maximum LHFLX values are likely found in 

areas of the simulated TC where wind speeds are very strong.  Maximum winds speeds in 

these simulations are similar (Fig. 3.11), and therefore the large difference in the maximum 

LHFLX value is evidently caused by difference in the surface layer parameterizations.  

 While the maximum values of LHFLX are much larger in MYJ than in YSU, the 

area-averaged amount of LHFLX likely has a larger impact on storm intensity than the 
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maximum value itself.  The storm-centered 100-km area-averaged LHFLX was computed 

(Fig. 3.14) and in general the results are qualitatively similar to Fig. 3.13.  Higher resolution 

simulations tend to produce greater values of area-averaged LHFLX, due to stronger wind 

speeds.  Area-averaged LHFLX values range from 600 – 2000 Wm-2 in the simulations.  

Simulations using MYJ generally produce greater (up to 500 Wm-2 in simulations 4-km grid 

spacing) area-averaged LHFLX values than YSU at identical model grid spacing, with the 

largest sensitivity being seen in simulations with 4-km grid spacing.  Overall, the sensitivity 

of the area-averaged value of LHFLX is identical to the sensitivity of the maximum LHFLX 

value, although to a lesser extent due to the averaging.  

 

   3.3.3.2 Sensible Heat Flux (HFLX) 

 Figure 3.15 is a time-series of the maximum HFLX value.  The maximum HFLX 

values are significantly lower than the maximum values of LHFLX (Fig. 3.13).  In general, 

the maximum HFLX values are approximately 900, 500 and 300 Wm-2 for domains 3, 2 and 

1, respectively.  Comparing Figs. 3.13 and 3.15, it is evident that the maximum LHFLX 

values are ~3 times greater than HFLX values.  The maximum HFLX values are also larger 

in simulations with stronger wind speeds (smaller grid spacing).  In contrast to the maximum 

LHFLX values, however, is the result that the maximum value of HFLX is not highly 

sensitive to surface layer parameterization.  Figure 3.16 is a time-series of the storm-centered 

100-km area-averaged HFLX values.  Again, a clear sensitivity to model grid spacing is 

evident, with higher resolution simulations producing larger area-averaged values of HFLX.  

At individual model grid spacings, the sensitivity to the surface layer parameterization is 

again quite modest.  The largest difference in area-averaged HFLX is found on the domains 
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with 12-km grid spacing, where IYSU12 produced ~80 Wm-2 less HFLX than IMYJ12.  

Overall, the area-averaged values of HFLX at the individual grid spacings were generally 

within ~50 Wm-2 of one another.   

  

  3.3.4 Precipitation Amount 

 Figures 3.17, 3.18 and 3.19 display the storm-centered 400-km area averaged hourly-

accumulated precipitation for domains 1, 2, and 3, respectively.  In addition to showing the 

values from the different parameterizations, the green line also displays the normalized value, 

MYJ / YSU.  Values greater (smaller) than 1.0 indicate times when MYJ (YSU) is producing 

more precipitation.  The precipitation shown in these figures is the model total precipitation, 

which, when a CP scheme is active, is the sum total of the grid scale and cumulus 

parameterization scheme (CPS) precipitation.  For the 4-km grid spacing simulations (Fig. 

3.17) there is no CPS, and therefore model precipitation is entirely grid scale.  MYJ 

simulations generally produced greater amounts of precipitation than YSU (for comparable 

grid spacing simulations), consistent with the larger values of LHFLX produced by the MYJ 

scheme.  The difference in the precipitation production between the simulations varies in 

magnitude; with 36-km grid spacing (Fig. 3.17) MYJ produces at most 30% more 

precipitation than YSU, with the difference more commonly falling between 10-20%.  With 

12-km grid spacing (Fig. 3.18) MYJ produces at most 25% more precipitation than YSU.  

The largest difference is found with 4-km grid spacing, where there is no CPS.  In these 

simulations (Fig. 3.19) MYJ produces at most 40% more precipitation, with the difference 

more commonly falling between 20-30%.  The results of the Ivan experiments indicate that 
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TC simulations performed using MYJ will generally produce more precipitation than YSU, 

and the difference will be larger at smaller grid spacings.    

 

3.4 Sensitivity of MYJ Simulations to Vertical Resolution 

 Previous studies (Zhang and Wang 2003; Kimball and Dougherty 2006) have found 

that changing the vertical resolution can impact TC simulations in a number of ways, altering 

the simulation track, intensity, surface fluxes, and inner-core structure.  In order to 

investigate the sensitivity of the Ivan simulations to the vertical resolution, the MYJ 

simulations were repeated using 47 sigma levels (hereafter referred to as the IMYJM 

simulations).  The goal of this test is not to extensively investigate the differences in the 

simulations, but instead to assess the magnitude of the sensitivity in an attempt to evaluate if 

a different vertical resolution would change the overall conclusions of this study.  Therefore, 

the sensitivity of the track, intensity, and fluxes to vertical resolution will be examined.     

 

3.4.1 Track 

 Ivan passed very close to several different landmasses during its lifetime (Jamaica, 

Grand Cayman, Cuba, and the Yucatan Peninsula), and therefore small changes in the track 

could significantly impact the simulation due to either an increased or decreased interaction 

with land.  Figures 3.20, 3.21 and 3.22 show the TPC best track for Ivan, along with the track 

simulated using 36, 12 and 4-km grid spacing simulations, respectively.  The red (blue) 

curves represent the track simulated using 47 (31) vertical levels.  Overall, there is little 

sensitivity in the track simulation to the number of vertical levels until the TC transitions 

from a WNW to a NW track, near latitude 20 degrees north.  Beyond this time, the track 
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simulations using more vertical levels are farther west.  The difference in track is not large 

enough to change the land-interactions of the simulated TC, and therefore the change in track 

itself should not significantly impact the simulated TC intensity or structure.  Near the time 

of landfall, the track simulations using more vertical levels are closer to the TPC best track in 

all domains (~80 km to the west of the simulations using less vertical levels), and produce a 

better simulation of the landfall location.  The physical reasons behind the change in track 

were not investigated, as they were not a major focus of this study.   

 

3.4.2 Intensity 

 Figures 3.23, 3.24 and 3.25 are time-series of the difference in minimum SLP and 

maximum 10-m winds between the IMYJ and IMYJM simulations, for domains 1, 2 and 3, 

respectively.  Positive (negative) values indicate larger (smaller) values in the IMYJM 

simulation.  The difference in minimum SLP and maximum 10-m wind speeds is the smallest 

on domain 1 and largest on domain 3.  On domain 1, the minimum SLP (10-m wind speed) 

varies by less than 5 hPa (8 ms-1), while on domain 3 the minimum SLP (10-m wind speed) 

varies by as much as 8 hPa (16 ms-1).  In all simulations, at times when the minimum SLP is 

similar, the 10-m wind speeds are slower in the simulations with more vertical levels.  This 

phenomenon was also observed by Zhang and Wang (2003), who conclude that the 

difference in wind speed is due to differences in the thickness of the model surface layer.   

Kimball and Dougherty (2006) theorized that simulations with too few levels in the PBL 

produce TCs that are overly intense because of overestimated surface fluxes (due to strong 

wind speeds, because of a thick surface layer).  In this case, the simulation with 31 levels is 

at most ~8 hPa deeper than a simulation with 47 vertical levels, and over intensification does 
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not seem to be an issue.  A time-series of the minimum SLP values from the IMYJ4 

simulation (not shown) reveals that much of the difference in minimum SLP is due to 

differences in the timing of the initial intensification and eventual weakening, with the 

overall MSLP values being within 3 hPa of one another.  Overall, the MSLP and maximum 

10-m wind speeds were not changed drastically by increasing the number of vertical levels 

from 31 to 47.     

 

 3.4.3 Difference in Area-Averaged LHFLX and HFLX 

 As described in the previous section, Kimball and Dougherty (2006) theorized that 

simulations with too few levels in the PBL produce TCs that are overly intense because of 

overestimated surface fluxes.  In order to investigate this possibility, the 100-km area-

averaged LHFLX and HFLX values were calculated for the IMYJM simulations, and 

compared with values from the IMYJ simulations.  Figure 3.26 is a plot of the difference in 

the 100-km area-averaged LHFLX values for each model domain, with positive (negative) 

values indicating larger (smaller) area-averaged LHFLX in the IMYJM simulation.  The 

maximum differences in the area-averaged values are less than 250 Wm-2, and are generally 

larger with smaller model grid spacing.  In general, the values are positive, indicating that the 

IMYJM simulations tend to produce larger values of LHFLX.  Figure 3.27 is a plot of the 

percent difference in the 100-km area-averaged value of LHFLX.  Through simulation hour 

96, the differences are generally less than 20%.  After simulation hour 96, the simulated TCs 

are nearing landfall, and the slightly different tracks, leading to differences in the timing and 

location of landfall likely caused the large differences in the LHFLX values.   
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 Figure 3.28 is identical to Fig. 3.26, but displays the area-averaged value of HFLX.  

The difference in the values of HFLX is generally less than 50 Wm-2, with the value typically 

being larger in the IMYJM simulation (indicated by positive values).  Figure 3.29 displays 

the percent difference in the 100-km area-averaged value of HFLX.  Ignoring the values after 

simulation hour 96 due to the reasons mentioned above, the percent difference reaches a 

maximum value of ~35.  This large value is seen near the beginning of the simulation, and is 

likely due to differences in the rate of intensification of the TCs (and differences in the 

strength of the near-surface wind speeds).  During the middle of the simulation period when 

the TCs are of comparable intensity, the differences are typically less than 10%.   

 

3.4.4 Sensitivity to Vertical Resolution Summary 

The goal of performing a simulation with an increased number of vertical levels was 

to assess the impact on the simulated TC in order to judge if the results of this study would 

be highly sensitive to the number of vertical levels used.  Previous studies have found that 

changing the number of vertical levels can lead to changes in TC track, intensity, and surface 

fluxes.  Results here indicate that the sensitivity to the increase in vertical levels was 

generally modest.  The track simulations generally varied by < 100 km, and the MYJM 

simulations generally provided a slightly better landfall location.  The MSLP (maximum 10-

m wind speed) varied by at most 8 hPa (16 ms-1) on domain 3, and less on domains 1 and 2.  

Wind speeds in the IMYJM simulations were consistently less than in IMYJ, consistent with 

the results of Zhang and Wang 2003, and Kimball and Dougherty 2006.  Kimball and 

Dougherty (2006) found that simulations with a higher lowest model level typically produced 

larger values of fluxes due to overestimated wind speeds that led to over intense TCs.  The 
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results here indicate the opposite, with the simulation with a higher lowest model level 

(IMYJ simulations) typically producing smaller values of surface fluxes.  The percentage 

difference in the area-averaged values of latent and sensible heat flux are generally modest 

(typically <10 %).  Overall, the intensity, track, and surface fluxes were not highly sensitive 

to the vertical resolution, indicating that the results of this study would likely not be highly 

impacted by changing the number of vertical levels.   

 

3.5. Wind Speed Dependence of Surface Layer Parameters 

 The surface layer parameterization scheme estimates many important parameters as 

functions of the near-surface wind speed over water.  The surface roughness is a function of 

wind speed, and typically estimated using the Charnock relation.  Surface exchange 

coefficients for momentum, moisture and sensible heat are all functions of winds speed, and 

the value of these coefficients impacts the values of the surface fluxes.  As previously shown, 

the surface layer parameterizations produce values of LHFLX that are significantly different 

from one another.  To further investigate this sensitivity, the dependence of various 

parameters calculated by the surface layer parameterization scheme on the 10-m wind speed 

will now be investigated.  The methodology used to calculate the exchange coefficients and 

to calculate the values shown in this section is described in chapter 2.  Results will be shown 

only for the explicit-convection 4-km grid spacing simulations, because results were similar 

with all of the model grid spacings.   
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3.5.1 Latent Heat Flux (LHFLX) 

 Figure 3.30 is a plot of the LHFLX dependence on wind speed, with IYSU4 in blue, 

IMYJ4 in red, and the normalized value (IMYJ4/IYSU4) in green.  A normalized value of 

greater (less) than 1 indicates that the simulation using the MYJ (YSU) scheme has a larger 

value of LHFLX at a given wind speed.  LHFLX values increase with wind speed in both 

simulations, with values between ~500 and ~2300 Wm-2 in the IYSU4 simulation and 

between ~500 and ~4000 Wm-2 in the IMYJ4 simulation.  The difference in LHFLX 

production is largest at high wind speeds.  At the highest wind speeds present in both 

simulations (~80 ms-1), MYJ produces LHFLX values that are larger by 50%, or ~1000   

Wm-2.   

Another significant difference is in the rate of increase of LHFLX with wind speed.  

LHFLX values increase much more rapidly with wind speed at high wind speeds in IMYJ4 

than in IYSU4 (Fig. 3.30).   In order to quantitatively assess this difference, 3rd-order 

polynomials representing LHFLX as a function of 10-m wind speed were fit to the data in 

Fig. 3.30.  The agreement between the data and the trend lines were excellent, with R2 values 

being greater than 0.99 (not shown).  Next, the first derivative of these equations was taken 

to calculate the rate of change of LHFLX with respect to wind speed (Fig. 3.31).  The unit for 

these plots is Wm-2 per ms-1, or Wm-3s-1.  For the IYSU4 simulation, the rate of increase is 

fairly consistent at all wind speeds, varying between 20 and 30 Wm-3s-1, indicating that 

LHFLX increases linearly with increasing wind speed.  In the IMYJ4 simulation, the rate of 

increase varies between 30 and 90 Wm-3s-1, confirming that at very high wind speeds 

LHFLX increases much more rapidly in the IMYJ4 simulation than in the IYSU4 scheme.  

Overall, the results indicate that LHFLX values will be less sensitive to surface layer 
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parameterization in weak TCs where 10-m wind speeds are slower, due to a smaller 

difference in LHFLX values at lower wind speeds.  Simulations of intense TCs with very 

strong 10-m wind speeds, however, will have values of LHFLX that are highly sensitive to 

surface layer parameterization, and this may have impacts on the TC intensity, structure, and 

track, as well.   

 

3.5.2 Exchange Coefficient for Moisture (Cq) 

 Based on the result that the simulation using the MYJ scheme produced much larger 

LHFLX values than the simulation using YSU at comparable wind speed, it is anticipated 

that the exchange coefficient for moisture larger in the MYJ scheme.  As shown in Fig. 3.32, 

Cq is larger (smaller) in IMYJ4 above (below) ~20 ms-1 than in IYSU4. In the IYSU4 

simulation, Cq is nearly constant at all wind speeds, remaining at a value between 3.5 and 4.0 

at 10-m wind speeds between 15 and 80  ms-1.  In the IMYJ4 simulation, Cq increases 

steadily as 10-m wind speeds increase from 20 to 80 ms-1.  At wind speeds of ~80 ms-1, Cq is 

up to 60% larger in the IMYJ4 simulation, which agrees closely with the percentage 

difference in the LHFLX production at this wind speed.  In order to achieve a better sense of 

what physical quantities influence the exchange coefficient value, recall the bulk 

aerodynamic formula for Cq:  
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 In the calculation of the exchange coefficient, the atmospheric values (quantities with 

the subscript “a”) were taken at the 10-m level.  Figure 3.31 displayed wind speed (Va) and 

LHFLX (Flatent), but did not compare the values of air density ("a) or the air sea difference in 

mixing ratio (qsea – qair, hereafter referred to as MDIFF) which also impact the exchange 
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coefficient.  Therefore, it is unclear if the difference in the exchange coefficient calculated 

using the bulk method is due to different LHFLX values, or differences in the values of air 

density or MDIFF.  Figure 3.33 displays normalized (value from MYJ divided by value from 

YSU) 10-m air density as a function of the 10-m wind speed.  As seen in the figure, 10-m air 

density varies by less than 1% in the different simulations, and therefore contributes little to 

the difference in the exchange coefficient.   

Figure 3.34 displays normalized LHFLX and MDIFF as a function of the 10-m wind 

speed.  Since it has already been shown that 10-m air density is nearly identical in the 

different simulations, Fig. 3.34 summarizes all remaining values that are impacting the 

exchange coefficient calculation using the bulk aerodynamic formula.  At wind speeds below 

20 ms-1, LHFLX values are larger in IYSU4 while MDIFF is larger in IMYJ4, which is 

consistent with the larger cq value in IYSU4 at these wind speeds (Fig. 3.32).  At wind speeds 

between 20 and 25 ms-1, LHFLX values are ~10-20% larger in IMYJ4, while MDIFF is also 

slightly larger in IMYJ4 as well.  In this range of wind speeds, cq is slightly larger in the 

IMYJ4 simulation.  At wind speeds between 25 and 80 ms-1, the normalized value of MDIFF 

is between ~0.9 and 1.0, indicating that the air-sea moisture disequilibrium is slightly larger 

in the IYSU4 simulation.  If the exchange coefficients were identical (and 10-m air density 

were identical, also), the scheme with a larger value of MDIFF would produce larger LHFLX 

values, and therefore the fluxes in the IYSU4 simulation would be larger than in IMYJ4.  

This is not the case, however, and the IMYJ4 scheme produces LHFLX values that are up to 

60% greater than IYSU4 while MDIFF remains nearly the same or smaller in IMYJ4.  This 

result confirms that at wind speeds above 20 ms-1 and given similar atmospheric 

characteristics, the MYJ scheme will produce larger values of LHFLX than the YSU scheme.  
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In a bulk aerodynamic sense, this is consistent with the larger exchange coefficient for 

moisture found in the MYJ scheme.   

   

3.5.3 Sensible Heat Flux (HFLX) 

Recall from section 3.3.3.2 that both the maximum and 100-km area-averaged HFLX 

was not highly sensitive to surface layer parameterization.  Therefore, it is expected that the 

value of HFLX produced by the different surface layer schemes is fairly close at all wind 

speeds.  The HFLX values as a function of wind speed are shown in Fig. 3.35.  Overall, there 

are differences in the value of HFLX at low wind speeds, but nearly identical values at high 

wind speeds.  At wind speeds below ~50 ms-1 HFLX values are up to twice as large in IMYJ4 

as in IYSU4.  Although the percentage difference is large, the actual value of HFLX at these 

low wind speeds is quite small, with the difference in HFLX being at most 40 Wm-2.  At 

wind speeds above 50 ms-1, the HFLX values are within 10% of one another.  Overall, the 

sensitivity of model calculated HFLX to surface layer parameterization is less than that of 

LHFLX.  The largest difference in HFLX values is at high wind speeds, but is typically less 

than ~90 Wm-2. 

 

3.5.4 Exchange Coefficient for Sensible Heat (Ck) 

Based on the results of the previous section, it is expected that there will also be little 

difference in the calculation of the exchange coefficient for heat (Ck) in the different surface 

layer parameterizations.  Figure 3.36 is a plot of Ck, and demonstrates that Ck varies linearly 

with wind speed, with the values being similar in the different schemes.  At wind speeds 

below ~45 ms-1 Ck is larger in IMYJ4 than in IYSU4, which is consistent with the fact that 
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MYJ produces larger values of HFLX at lower wind speeds.  The largest difference in Ck, at 

wind speeds between 20 – 25 ms-1 matches where there is the largest difference in HFLX 

(Fig. 3.33).  At wind speeds above ~50 ms-1, the exchange coefficient is slightly larger in 

YSU, but this difference is generally less than 10%.  In order to achieve a better sense of 

what physical quantities impact the exchange coefficient , recall the bulk aerodynamic 

formula for Ck:  
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So far, the wind speed dependence of Fheat and Ck have been shown.  Based on 

equation 3.2, it is evident that the value of ck also is a function of 10-m air density ("a) and 

the air-sea potential temperature difference (!sea - !air, hereafter referred to as TDIFF).  As 

shown in Fig. 3.33, "a is nearly identical in the different schemes, and does not contribute 

significantly to differences in ck.  Figure 3.37 displays normalized values of HFLX and 

TDIFF as a function of 10-m wind speed.  The oscillation between positive and negative 

values of TDIFF at wind speeds less than 25 ms-1 is due to locations where TDIFF is negative 

in one of the simulations (indicating that the potential temperature at the surface is less than 

the potential temperature at 10-m).  At wind speeds below 40 ms-1, TDIFF and HFLX are 

larger in the IMYJ4 simulation, but the normalized value of HFLX is larger than the 

normalized value of TDIFF; referring back to equation 3.2, this indicates that ck must be 

larger in the IMYJ4 simulation at these wind speeds, which is confirmed by inspection of 

Fig. 3.36.  At wind speeds above 40 ms-1, the normalized values of TDIFF and HFLX are 

nearly identical, and therefore so are the values of ck.   
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3.5.5 Roughness Length 

 A measure of surface roughness is the aerodynamic roughness length, zo.  Figure 3.38 

is a plot of zo as a function of wind speed.  The values of zo are generally larger in IMYJ4 at 

wind speeds below 30 ms-1, with the largest difference being 25% at a wind speed of ~24  

ms-1.  Above 30 ms-1, zo is generally 5-10% larger in IYSU4.  Overall, the computation of zo 

varies little between the two schemes.   

 

3.5.6 Exchange Coefficient for Momentum (Cd) 

In general, since the value of zo is similar in the different surface layer 

parameterizations, it would be expected that Cd would also be similar.  Figure 3.39 is a plot 

of Cd, which varies less than 10% in the different surface layer schemes.  At wind speeds less 

than 25 ms-1, the value of Cd is slightly larger in IMYJ4, with the maximum difference being 

~5%. At wind speeds greater than 40 ms-1, the value of Cd is slightly larger in IYSU4, with 

the maximum difference being ~10%.  Overall, the values Cd are very similar in the different 

schemes.  

 

3.5.7 Ratio Ck/Cd 

 Ooayama (1969) and Emanuel (1995) suggested that the intensity of a hurricane 

increases as the ratio of the exchange coefficients for enthalpy and momentum, Ck/Cd, 

increases, and estimated that a value somewhere between 1.0 – 1.5 was necessary to produce 

TCs of realistic intensity in a numerical model.  Braun and Tao (2000), found values of the 

ratio varied between ~0.7 and 1.3 in the different surface layer parameterizations available in 

the MM5 model, and generally found that larger ratios were associated with more intense 
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TCs.  The value of this ratio in WRF simulations is shown in Fig. 3.41.  At wind speeds 

below 60 ms-1 the ratio is larger in IMYJ4 than in IYSU4.  At wind speeds greater than        

60 ms-1 the ratio is almost identical, varying by less than 2%.  The maximum value found in 

both surface layer parameterizations is ~0.85, which is below the values suggested by 

Emanuel (1995) but in close agreement with the Burk-Thompson scheme in MM5 based 

upon the results of Braun and Tao (2000).  Overall, the maximum value of Ck/Cd is not 

sensitive to the surface layer parameterization, but Ck/Cd  is larger in the IMYJ4 simulation at 

wind speeds up to 60 ms-1.   At wind speeds between 20 and 25 ms-1, Ck/Cd is up to 50% 

larger in the IMYJ4 simulation than in IYSU4.  The large difference in the ratio at lower 

wind speeds indicates that tropical cyclones may intensity more rapidly in simulations using 

the MYJ scheme than with the YSU scheme.   

 

3.6. Time-Averaged Structure 

 In order to better assess structural differences between in the simulated TCs due to 

different surface and boundary layer parameterizations, time and azimuthally averaged storm 

structures were computed.  To analyze the results without the added influence of a cumulus 

parameterization scheme, the average storm structures were calculated for domain 3 

simulations.  The time averaging period was 13-hours long using hourly model output, and 

took place when the TC s had reached a quasi-steady intensity, which occurred between 

simulation hours 84 and 96 (12 UTC 14 September – 00 UTC 15 September).  
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3.6.1 Storm Structure During Averaging Period 

 

  3.6.1.1 Maximum 10-m Wind and MSLP 

Overall, it was desirable that the time averaged TCs were of similar intensity, so that 

the differences in structure would be more likely attributable to the differences in model 

parameterizations, as opposed to differences in intensity.  Figure 3.42 (3.43) is a time-series 

of the maximum 10-m winds and minimum SLP in the IMYJ4 (IYSU4) simulation during 

the time averaging period.  During this time, the minimum central pressures and maximum 

10-m wind speeds vary by at most ~5 hPa and ~5 ms-1, respectively, in both simulations.  

The time averaged TC intensity is nearly the same in the different simulations; the average 

minimum SLP differs by just 1 hPa (918.9 for IYSU4, 919.8 for IMYJ4) and the average 

maximum 10-m wind speed by just 0.27 ms-1 (78.8 for IYSU4, 78.53 for IMYJ4).  Despite 

being at a similar intensity, it will be shown that there are significant differences in storm 

structure, which are likely due to the surface layer and PBL parameterizations.   

 

3.6.1.2 Simulated Radar Structure 

The intensity of the time averaged TCs are nearly identical, and next the precipitation 

structure will be shown.  Figures 3.44 and 3.45 show the simulated radar reflectivity structure 

and SLP for the IMYJ4 and IYSU4 simulations, respectively, in 4-hour increments from 

simulation hour 84 to 96.  By this time, both simulations have produced intense TCs, with 

distinct eye and eyewall regions, and a fairly symmetrical core of hydrometeors surrounding 

the eye.  In general, the IYSU4 TC has a more symmetric structure, while the eye of the 

IMYJ4 TC has an elongated eye structure in the SW to NE direction.  The simulated radar 
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structure from IMYJ4 is more cellular in nature, with isolated, intense values seen outside of 

the main precipitation area.  Without the use of a CP scheme, instability can build in 

individual grid cells until the entire cell overturns, leading to high reflectivity values and 

significant precipitation in extremely isolated areas.  This phenomenon may be occurring 

more often in the IMYJ4 simulation, leading to the aforementioned isolated maxima.  

Overall, the inner-core regions of both TCs are characterized by a very similar location, size 

and structure.   

 

3.6.1.3 Precipitation Structure 

 Figures 3.46 and 3.47 show the hourly-accumulated precipitation for the IMYJ4 and 

IYSU4 simulations, respectively, in 3-hour increments from simulation hour 85 to 94. The 

precipitation distribution in both TCs is characterized by a void of precipitation in the eye, 

high amounts of precipitation in the eyewall region, and some evidence of spiral banding 

outside the eyewall.  The IMYJ4 simulation produces a larger area of lighter precipitation 

away from the storm than does IYSU4.   

 

3.6.2 Time and Azimuthally Averaged 2-D Horizontal Structure  

 As shown in the previous section, during the time averaging period, the TCs in the 

individual model simulations are characterized by a similar, quasi-steady intensity, and a 

highly organized precipitation structure.  Next, the average 2-d horizontal structure will be 

discussed.   
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3.6.2.1 Sea Level Pressure (SLP) 

 Figure 3.48 is a plot of azimuthally averaged SLP (in hPa) versus radial distance from 

storm center (in km) in the Ivan simulations.  The green line is the difference in pressure 

between the two simulations, with positive (negative) values indicating areas where IMYJ4 

(IYSU4) has a larger value of SLP.  The minimum SLP in the center of each storm is almost 

identical (~920 hPa) but there are significant differences in the pressure field away from the 

center.  Focusing on the green line, it is evident that the pressure field associated with the 

IMYJ4 TC is deeper from about 20 km to 200 km.  The largest differences occur near 70 km, 

where the IMYJ4 simulation is approximately 7 hPa deeper than the IYSU4 simulation.  In 

general, despite the fact that the TCs have a comparable minimum intensity, the low-pressure 

values associated with the IMYJ4 simulation generally extend further from the center than in 

IYSU4.  

 

  3.6.2.2 10-m Wind Speed 

 Figure 3.49 is a plot of azimuthally averaged 10-m wind speed (in ms-1) versus radial 

distance from center (in km).  The distribution of 10-m wind speed appears realistic, with 

light winds near the TC center, maximum winds located at ~50 km, and gradually decaying 

winds beyond this distance.  The radius of maximum wind in is smaller in the IYSU4 

simulation, although the values are quite close.  The more inward location of the RMW in the 

IYSU4 simulation is likely due to the pressure values increasing more rapidly near the TC 

center in IYSU4 (Fig. 3.48), leading to the strongest pressure gradient being very close to the 

TC center.  Wind speeds are generally stronger in the IMYJ4 simulation between 50 – 360-

km, due to broader pressure field.  The radius of hurricane force winds is slightly larger in 
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IMYJ4 than in IYSU4, with values of 162 and 174, respectively.  The radius of tropical 

storm force wind is identical (~360 km).   

  

  3.6.2.3 Latent Heat Flux (LHFLX) 

In previous sections, maximum and area-averaged values of LHFLX were 

investigated, and the dependence on wind speed was described.  The spatial structure of 

LHFLX, however, has not been shown yet.  As expected based on previous results, the 

LHFLX values produced in the IMYJ4 simulation are significantly larger than in IYSU4 

(Fig. 3.50).  The maximum averaged value found in MYJ exceeds that found in IYSU4 by 

~700 Wm-2, and the LHFLX values in IMYJ4 are larger at larger radial distances as well.  

The only locations where the LHFLX is greater in IYSU4 than in IMYJ4 is very close to the 

storm center, where IYSU4 has stronger winds (Fig. 3.49).  In areas where wind speeds are 

similar, the MYJ surface layer scheme produces significantly higher values of LHFLX.  

Table 3.4 lists the 492-km area-averaged values of certain quantities during the time-

averaging period, including LHFLX. Overall, the average LHFLX value is ~20% larger in 

the IMYJ4 simulation (755 and 631 Wm-2 in the IMYJ4 and IYSU4 simulations, 

respectively).     

 

  3.6.2.4 Sensible Heat Flux (HFLX) 

 Previous sections have demonstrated that the value of HFLX is much less sensitive to 

surface layer parameterization than LHFLX, and therefore the averaged spatial structure of 

HFLX was expected to be quite similar.  Figure 3.51 is a plot of HFLX versus radius.  Where 

the 10-m wind speeds are comparable (beyond ~75 km) MYJ produces larger values of 
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HFLX.  Between the storm center and 75 km, the HFLX production is larger in YSU due to 

stronger winds.  Although the IMYJ4 simulation generally produces larger values of HFLX, 

the difference is much less than for the production of LHFLX.  The maximum difference in 

HFLX production is ~160 Wm-2, at a radius of ~36 km, where the wind speeds are 

significantly different due to the different location of the RMW in each simulation.  The 492-

km area-averaged HFLX value is larger in IMYJ4 than in IYS4U by ~30%, with values of 

103 and 79 Wm-2 in the IMYJ4 and IYSU4 simulations, respectively (table 3.4). 

 

3.6.3 Time and Azimuthally Averaged 3-D Structure  

 In general, it was shown that the 2-d structure of surface pressure and 10-m wind in 

the TCs is fairly similar.  The values of surface fluxes, however, especially LHFLX, differed 

significantly in the simulations. The difference in the fluxes produced by the surface layer 

schemes likely will have an impact on the vertical structure of the TC.  The values of the 

exchange coefficients also varied, and differing amounts of surface drag should impact the 

vertical momentum structures of the TCs.  In addition, the influence of the PBL 

parameterizations will be seen more readily in the TC’s vertical structure.  For this reason, 

the time and azimuthally averaged 3-d structure will next be investigated.  Cross-section 

plots from the time and azimuthally averaged TCs will be shown.  To diagnose how the 

different PBL parameterizations contribute to or inhibit development of the simulated TC, 

the contributions by PBL processes to the local tendencies of tangential velocity and 

potential temperature will be shown.  The model PBL tendencies allow for a more 

quantitative assessment of exactly where and how much the PBL scheme is physically 

altering the model environment.   
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3.6.3.1 Vertical Motion 

 The next two sections will discuss the time and azimuthally averaged vertical motion 

in the TC simulations.  In order to separately analyze downdrafts and updrafts, the averaging 

took place by only taking into account the upward or downward vertical velocity values.  

Therefore, the figures do not represent the net vertical motion, but instead individually 

represent the average downdrafts and updrafts.   

 

3.6.3.1.1 Downward Vertical Motion Cross Sections 

 Figure 3.52 is a cross section of the average downward vertical motion, extending 

from the storm center to 328 km in the x-direction, and from the surface to 15 km in the 

vertical.  In all simulations the strongest downdrafts are located approximately 60 km from 

the TC center.  The physical cause of the strong downdrafts in this location is likely drag due 

to heavy precipitation, and the downdrafts are also likely enhanced by evaporational cooling.  

The downdrafts in the IMYJ4 simulation are stronger and more coherent vertically than in 

IYSU4, and are present over a much wider area. The strongest downdrafts generally reach a 

value of -1.0 ms-1. 

 

3.6.3.1.2 Upward Vertical Motion Cross Sections 

 Figure 3.53 is a cross section of the average upward vertical motion.  In each 

simulation the characteristic outward slope of the mean updraft with height (Malkus 1958; 

Jorgensen 1984; Marks and Houze 1987) is clearly evident.  Both simulations are 

characterized by a strong tower of upward motion in the eyewall, located near the storm 



 89 

center that gradually slopes outward with increasing height.  Around this strong tower, there 

are areas of weaker upward motion, varying in spatial coverage in the different simulations.  

The IMYJ4 simulation produces a much larger area of weak (0.3 – 0.6 ms-1) updrafts.  The 

maximum values of upward motion are quite similar (between 2.4 – 2.7 ms-1).  The physical 

reasons for the difference in updraft strength are unknown, but could be due to more 

buoyancy in the IMYJ4 simulation.  

 

3.6.3.2 Specific Humidity 

 The moisture profile of the TC may also be sensitive to the surface and boundary 

layer parameterization. As previously shown, the MYJ surface layer scheme produced larger 

values of moisture flux.  Based upon this fact, the MYJ PBL scheme should have more 

moisture in the surface layer to mix into the PBL, and therefore the lower parts of the 

atmosphere likely would be more moist in the MYJ simulation.  Previous research (Braun 

and Tao 2000; Davis and Bosart 2002) demonstrated that the MRF PBL scheme produced 

mixing over a much greater vertical depth, leading to a dryer boundary layer.  Since the YSU 

PBL scheme is based on MRF (but with numerous refinements) it is possible that YSU will 

also produce a deeper and dryer boundary layer than MYJ.   

Figure 3.54 is a cross section plot of specific humidity for IYSU4 (upper left), IMYJ4 

(upper right) and IMYJ4 – IYSU4 (bottom).  The x-axis extends from the storm center out to 

~300-km, and to 15-km in the vertical.  Both simulations produce a similar pattern of specific 

humidity, with the most moisture being present near the ocean surface, and generally less 

moisture with increasing altitude.  In the eyewall of the TCs (~50-km away from center), 

higher values of moisture extend upward and outward due to strong upward motion.  The 
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difference plot (bottom panel, Fig. 3.53) indicates that the IMYJ4 simulation has lower 

specific humidity values between 4 and 5-km in the eye of the tropical cyclone.   

 

3.6.3.3 Wind Speed 

   3.6.3.3.1 Normalized Profiles and Comparison with Observations 

 A TC is a warm core system, and therefore the strongest pressure gradient is found at 

the surface.  In an idealized world without friction, the strongest winds would be right at the 

surface.  In the real world, however, friction slows the winds in the PBL.  As height 

increases, both friction and the pressure gradient decrease, leading to a level of maximum 

winds that is above the surface but generally within a few thousand kilometers of the ground.  

Doppler wind data described by Marks and Houze (1987) and Marks et al. (1992) suggest 

maximum azimuthally averaged tangential winds in the 1.5 – 2.5-km layer.  Franklin et al. 

(2000), using dropwindsonde wind profiles, constructed the average profile of wind in a TC 

(shown in figure 3.55).  The wind speed values have been normalized by the wind speed at 

the 700-hPa level, which is the typical flight level of an aircraft reconnaissance plane.  The 

red curve represents the average conditions found in the hurricane eyewall, which will be 

compared to the WRF simulations.  Based on these data, the level of maximum winds 

appears to be between 400 – 600 m.  The values of these observational studies will next be 

compared to averaged wind profiles from the simulated TCs.  Figure 3.56 is a plot of the 

700-hPa normalized wind speed at the RMW of the individual simulations.  Qualitatively, 

both simulations produce a wind profile that matches the overall shape of the observational 

data from Franklin et al. (Fig. 3.55).  The maximum normalized value in both simulations is 

found at 700 m, slightly above what was found in Franklin et al. 2000, but below the range of 
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Marks and Houze (1987) and Marks et al. (1992).  The peak-normalized value found in the 

observational study was 1.2, meaning that the maximum wind speed was 20% greater than 

the wind speed at the 700-hPa level.  The IMYJ4 (IYSU4) simulation had a maximum 

normalized value of 1.24 (1.21), agreeing well with the observed maximum. 

 

3.6.3.3.2 Cross Sections of Velocity 

 Figure 3.57 is a cross section of wind speed in the simulations for IYSU4 (upper left), 

IMYJ4 (upper right) and the difference between the two (IMYJ4 – IYSU4) on the bottom.  

Focusing on the bottom panel, it is evident that wind speeds are much (~10 ms-1) slower 

above 5 km in the area within ~75-km of the TC center in the IMYJ4 simulation than in 

IYSU4.  This difference is present despite the fact that the near-surface wind speeds in this 

location are quite similar in the different simulations, and indicates that in the vicinity of the 

eyewall the wind speeds decrease more rapidly with height in the IMYJ4 simulation.  

Beyond ~100-km, strong wind speeds extend farther from the TC center in the IMYJ4 

simulation than in IYSU4.  

  

3.6.3.3.3 Velocity Tendency due to PBL Parameterization 

 Based on the previous section, there are significant differences in the vertical wind 

structure in the simulations.  These differences are likely, in part, due to differences in the 

velocity tendencies computed by the different PBL schemes.  Figure 3.58 is a plot of the time 

and azimuthally averaged PBL scheme velocity tendency for IYSU4 (upper left) and IMYJ4 

(upper right), extending to ~250-km horizontally and 6-km vertically.  These values were 

calculated by averaging the magnitude of the velocity tendency at each point.  Qualitatively 
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speaking, it is readily apparent that the YSU PBL scheme is altering the vortex circulation 

over a much larger depth of the atmosphere, with the PBL tendency extending from the 

surface through 5000 m (albeit in a very narrow band above 3000 m).  The MYJ PBL scheme 

is active over a much shallower depth, only altering the vortex from the surface through 

~2250 m.  Where both schemes are active, the tendencies are qualitatively similar, with 

maximum values found near the surface and near the RMW.  Overall, it is clearly evident 

that the YSU PBL scheme is active over a much larger depth than YSU, and impacts the 

velocity field over a much larger depth as well.  The difference in the depth over which the 

PBL schemes are exerting an influence may be in part due to the fact that YSU (MYJ) is a 

non-local (local) scheme.   

  

  3.6.3.4 Potential Temperature 

 Figure 3.59 is a cross section of potential temperature in the simulations for IYSU4 

(upper left), IMYJ4 (lower left) and the difference between the two (IMYJ4-IYSU4) on the 

right.  In the difference plot, cool (warm) colors indicate areas where the TC in IMYJ4 has 

smaller (larger) values of potential temperature.  At high altitudes in the eye (above ~9000 m 

and within ~50-km of the storm center) the potential temperature values are as much as 5 K 

larger in IYSU4 than in IMYJ4.  Lower down in the eye (between ~3000 – 6000 m) the 

potential temperature values are as much as 5 K larger in IMYJ4 than in IYSU4.  In what 

appears to be the sloping eyewall region, the potential temperature is up to 3 K warmer in the 

MYJ simulation as well.   

  

 



 93 

3.6.3.4.1 Potential Temperature Tendency due to PBL Scheme 

 The difference in the potential temperatures in the simulations is quite large in some 

locations, and is likely in part due to differences in the tendencies from the PBL 

parameterization schemes.  Figure 3.60 is a plot of the time and azimuthally averaged PBL 

potential temperature tendency for IYSU4 (left) and IMYJ4 (right) and the difference in 

tendency between the two on the right (value from IMYJ4 minus the value from IYSU4).  

Note that the vertical axis in this plot is different than in figure 5.58, extending from 250 – 

2500 m.  Both PBL schemes produce areas of warming located below areas of cooling, 

although the heights over which these tendencies are located vary significantly.  The largest 

values of warming are near 250-m, and gradually decrease in magnitude with increasing 

height.  In the case of IYSU4, the potential temperature tendency exceeds 7.5 Kh-1 from 250 

– 500m in the vicinity of the RMW.  The maximum warming due to the MYJ scheme is more 

modest, reaching a maximum of ~6.0 Kh-1, also in the vicinity of the simulated TCs RMW.  

The warming due to the PBL scheme extends above 1000-m in the case of IYSU4, while 

only reaching ~500-m in IMYJ4.  Cooling is produced in MYJ over a fairly broad area above 

~500-m, extending from inside the RMW to ~125 km away from the storm center.  Cooling 

occurs in a much narrower band in IYSU4, and much higher in the atmosphere.  Cooling in 

IYSU4 is present above 1500-m, in a narrow band that is centered on the RMW.  The values 

of cooling are stronger in IYSU4 than those found in IMYJ4.  

 

3.7 General Conclusions Regarding Ivan Simulations 

 The results of the Ivan simulations will next be briefly summarized.  The conclusions 

made in the following sections are based only on the simulations of Ivan using the specified 
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model configurations, and initial and boundary condition data.  Simulations using different 

model versions, model configurations, or initial condition data may provide different results.  

In an attempt to generalize the results, chapter 5 will compare the conclusions based on the 

Ivan simulations with the conclusions based on idealized simulations.   

 The track simulation of Ivan was excellent (track errors at landfall of ~100-km), and 

was not highly sensitive to model grid spacing or the differences in model physics.  The 

MSLP of the initial vortex in all simulations was between 55 – 65 hPa weaker than the actual 

vortex at that time due to coarse initial condition data.  The TCs in all simulations intensified 

rapidly due to favorable environmental conditions in the vicinity of the initial vortex, with 

the IYSU4 and IMYJ4 simulations reaching MSLP values comparable to the TPC best track 

values.  Simulations with coarser grid spacing were not able to intensify to the values seen in 

the TPC best track.  The MSLP values were highly sensitive to grid spacing, with higher 

resolution simulations producing stronger TCs.  The sensitivity to model physics was not as 

large, with the maximum differences being ~10 hPa, and typically much less.  Maximum 10-

m wind speeds had the same sensitivity to the model configuration as the MSLP values.  

IMYJ4 and IYSU4 were both able to produce wind speeds that were stronger than the TPC 

best track estimate, while the coarser simulations were weaker.  Surface fluxes of sensible 

and latent heat were larger in the higher resolution simulations, due to stronger wind speeds.  

The sensible heat flux values produced by the different surface layer parameterizations were 

generally similar, while the latent heat flux values were significantly (up to 50%) larger in 

MYJ.  The precipitation amounts in MYJ were larger than in YSU, with the largest 

differences (up to 40%) being seen in the domain 3 simulations.  
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 Previous studies have indicated that numerical simulations of TCs are sensitive to the 

number of model vertical levels.  The aforementioned simulations were all produced using 31 

vertical levels.  In order to investigate the sensitivity to vertical levels, the MYJ simulation 

was repeated using 47 vertical levels (referred to as the IMYJM simulations).  Overall, there 

was some sensitivity to the number of vertical levels, but the differences were generally 

modest.  The track of the TC did change by up to 100-km at different times during the 

simulation, and provided a better simulation of the landfall location.  The MSLP did not 

change significantly (<4 hPa) on domains 1 and 2, but did change by up to 10 hPa on domain 

3.  The bulk of the difference in MSLP was due to the timing of the intensification, with the 

IMYJ simulations intensifying more rapidly initially, and the IMYJM simulations weakening 

later in the simulation period.  The overall MSLP values were within 2.5 hPa (911 in 

IMYJM4, 913 in IMYJ4).  The maximum 10-m wind speeds were stronger with 31 levels, 

due to the lowest model level being higher, and therefore the influence of friction being less 

pronounced.  The difference in the location of the lowest model level and in the wind speeds 

did affect the surface fluxes, which were generally larger in the MYJM simulations, but by 

less than 20%.  Overall, simulations with more vertical levels did not differ dramatically 

from the control simulations, and therefore the results of this study likely would hold true if 

the model simulations were repeated with more vertical levels.   

 Next, to further investigate the sensitivity to the surface layer parameterization, the 

wind speed dependence of various parameters calculated by the surface layer 

parameterization scheme was analyzed.  The largest differences in the values were found at 

extreme wind speeds, indicating that the sensitivity to the surface layer parameterization 

likely increases as more intense TCs are simulated.  Values of LHFLX were larger in IMYJ4 
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at winds speeds above 20 ms-1, with the largest differences (up to 1000 Wm-2) seen at 

extreme wind speeds (80 ms-1).   LHFLX values were found to increase more rapidly with 

wind speed in IMYJ4 as well.  The exchange coefficient for moisture was found to be larger 

in IMYJ4 at high wind speeds, consistent with the differences in LHFLX production.  The 

calculation of sensible heat flux, the exchange coefficient for heat, and the roughness length 

appear to be similar between the schemes, with the maximum differences being <10%.  The 

maximum value of the ratio Ck/Cd was similar in the different schemes, but larger in IMYJ4 

at wind speeds less than 60 ms-1.  Based on the simulation results, area-averaged values of 

Ck/Cd would be larger in the MYJ scheme than in the YSU scheme, due to the larger values 

found at low wind speeds.  Therefore, it would be anticipated that MYJ would produce more 

intense TCs.  The intensity is also sensitive to the PBL parameterization, and therefore the 

individual effect of the surface layer parameterization on the simulation is impossible to 

assess without performing addition simulations 

 To investigate the impact of the surface layer and PBL parameterization on TC 

structure, time averaged structures were calculated during the 12-hour period where the TCs 

were at their maximum intensity.  The total latent and sensible heat fluxes within ~500-km of 

the TC centers were much larger in the IMYJ4 simulation.  The area-averaged value of Ck/Cd 

was larger in the IMYJ4 simulation, indicating a propensity for simulations with the MYJ 

schemes to be more intense.  Downward vertical motion was found to be both stronger and 

over a larger area in IMYJ4 than in IYSU4.  Upward motion was generally comparable, with 

a larger area covered by weak updrafts in IMYJ4 than in IYSU4.  The characteristic outward 

slope of the mean updraft with height (Malkus 1958; Jorgensen 1984; Marks and Houze 

1987) was clearly evident, indicating that the simulations produced a realistic structure.  
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Relative humidity values in IMYJ4 generally were less than in IYSU4, with the largest 

differences (up to 10%) being found in the eye and eyewall.  The 700-hPa normalized wind 

profiles agree favorably with the result of Franklin et al. 2000.  Velocity tendencies from the 

YSU PBL scheme were found to occur over a much deeper layer than in MYJ, indicating that 

the YSU scheme impacted the vertical momentum structure over a much greater depth.  At 

high altitudes in the eye, the potential temperature values were as much as 5 K larger in 

IYSU4 than in IMYJ4.  Further down in the eye (between ~3000 – 6000 m) the potential 

temperature values are as much as 5 K larger in IMYJ4 than in IYSU4.  The contribution to 

the potential temperature field by the PBL schemes was again found to occur over a much 

greater depth in YSU than in MYJ.  Overall, the YSU PBL scheme produced a larger amount 

of warming than MYJ.   
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Table 3.1. List of simulation names for Ivan simulations. 

Name PBL 

physics 

SFC 

layer 

physics 

Cumulus 

Parameterization 

Grid spacing Vertical Levels 

IMYJ36 MYJ MYJ Kain-Fritsch 36-km 31 

IMYJ12 MYJ MYJ Kain-Fritsch 12-km 31 

IMYJ4 MYJ MYJ None 4-km 31 

IMYJM36 MYJ MYJ Kain-Fritsch 36-km 47 

IMYJM12 MYJ MYJ Kain-Fritsch 12-km 47 

IMYJM4 MYJ MYJ None 4-km 47 

IYSU36 YSU YSU Kain-Fritsch 36-km 31 

IYSU12 YSU YSU Kain-Fritsch 12-km 31 

IYSU4 YSU YSU None 4-km 31 

 
Table 3.2. Average track-forecast error (km) for many different forecast models and the 

NHC official forecast. Error listed in km, with the number of cases in parentheses. 
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Table 3.3. Track errors (in km) for Ivan simulations. 

Simulation Period Simulation 

12 24 36 48 72 96 120 

IYSU36 18.60 18.46 23.35 47.81 26.01 40.09 88.39 

IYSU12 19.27 22.19 32.90 16.54 16.76 36.16 59.66 

IYSU4 23.05 14.37 20.07 31.68 18.44 38.50 46.69 

IMYJ36 18.60 35.65 42.93 42.16 36.17 54.89 115.11 

IMYJ12 15.25 25.18 37.95 24.54 29.96 11.15 65.75 

IMYJ4 34.48 25.70 31.89 37.01 17.79 24.65 77.70 

 

Table 3.4. 492-km area-averaged values from time-averaged TCs. 

Parameter: IYSU4 IMYJ4 

Avg. LHFLX (Wm-2) 631 755 

Avg. HFLX (Wm-2) 79 103 

Avg. MFLX (gKg-1) 2.5 x 10-4 3.0 x 10-4 

Avg. SLP (hPa) 989.9 989.4 

Avg. Ck 1.41 1.28 

Avg. Cd 2.11 1.95 

Avg. Ck/ Cd 0.75 0.69 
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FIG. 3.1. TPC best track for Hurricane Ivan (2004). 
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FIG. 3.2. Radar reflectivity image from Cancun, Mexico at 2342 UTC 13 September 2004.  Image courtesy of the National 

Meteorological Service of Mexico. 
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FIG. 3.3. Model simulated radar reflectivity from IMYJ4 simulation, hour 72, valid at 00 UTC 14 September 2004. 
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FIG. 3.4. Radar reflectivity image of Hurricane Ivan from the Mobile, AL National Weather Service Forecast Office WSR-88D 

Doppler radar at 0702 UTC 16 September 2004. 
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FIG. 3.5. Model simulated radar reflectivity from IMYJ4 simulation, hour 126, valid at 06 UTC 16 September 2004. 



 105 

 

FIG. 3.6. The track of Ivan 1) as analyzed by the NHC (in black), 2) produced using the 

IMYJ36 simulation (in blue) and 3) produced using the IYSU36 simulation (in red).  Track is 

shown from 00 UTC 11 September 2004 – 00 UTC 17 September 2004, and begins at the 

lower-right corner of the figure. 
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FIG. 3.7. Same as in fig. 3.6, except for IMYJ12 (blue) and IYSU12 (red). 
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FIG 3.8. Same as in fig 3.6 except for IMYJ4 (blue) and IYSU4 (red). 
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FIG. 3.9. Time-series of track error for Ivan simulations (km). 
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FIG 3.10. Time-series of 1) the model simulated central pressure from WRF (3-hourly) and 2) the analyzed central pressure from 

NHC (6-hourly) for Ivan simulations. 
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FIG 3.11. Time-series of the minimum sea level pressure departure, calculated as actual minimum central pressure subtracted from 

the simulated minimum central pressure for Ivan simulations. 
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FIG. 3.12. Time-series of 1) the model simulated maximum 10-m winds (3-hourly) and 2) the analyzed maximum 10-m winds from 

NHC (6-hourly) for Ivan simulations. 
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FIG. 3.13. Time-series of the maximum value of latent heat flux (y-axis, in Wm
-2

) for Ivan simulations. 
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FIG. 3.14. Time-series of the storm-centered 100-km area-averaged value of latent heat flux (y-axis, in Wm
-2

) for Ivan simulations. 
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FIG. 3.15. Time-series of the maximum value of sensible heat flux (y-axis, in Wm
-2

) for Ivan simulations. 
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FIG. 3.16. Time-series of the storm-centered 100-km area-averaged value of sensible heat flux (y-axis, in Wm
-2

) for Ivan simulations. 
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FIG. 3.17. Time-series of the storm-centered 400-km area-averaged hourly precipitation for IYSU36 (in red) and IMYJ36 (blue) and 

the normalized value (MYJ/YSU) in green. 
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FIG. 3.18. Same as in fig. 3.17, except for domain 2. 
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FIG. 3.19. Same as in fig. 3.17, except for domain 3. 
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FIG. 3.20. The track of Ivan 1) as analyzed by the NHC (in black), 2) produced using the 

IMYJ36 simulation (in blue) and 3) produced using the IMYJM36 simulation (in red).  Track 

is shown from 00 UTC 11 September 2004 – 00 UTC 17 September 2004, and begins at the 

lower-right corner of the figure. 
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FIG. 3.21. Same as in figure 3.20, but for IMYJ12 (blue) and IMYJM12 (red). 
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FIG. 3.22. Same as in figure 3.20, but for IMYJ4 (blue) and IMYJM4 (red). 
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FIG. 3.23. Time-series of the difference in minimum central pressure (blue, in hPa) and maximum 10-m wind (red, in ms

-1
) between 

the IMYJ36 and IMYJM36 simulations. 
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FIG. 3.24. Same as in fig. 3.23, but for the IMYJ12 and IMYJM12 simulations. 
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FIG. 3.25. Same as in fig. 3.23 except for the IMYJ4 and IMYJM4 simulations. 
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FIG. 3.26. Time-series of the difference in the 100-km area-averaged LHFLX between the IMYJM and IMYJ simulations   (Wm

-2
).  

Domain indicated in legend. 
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FIG. 3.27. Percent difference in the 100-km area-averaged LHFLX between the IMYJM and IMYJ simulations.  Domain indicated in 

legend. 
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FIG. 3.28. Time-series of the difference in the 100-km area-averaged HFLX between the IMYJM and IMYJ simulations     (Wm

-2
).  

Domain indicated in legend. 
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FIG. 3.29. Percent difference in the 100-km area-averaged HFLX between the IMYJM and IMYJ simulations.  Domain indicated in 

legend. 
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FIG. 3.30. Model latent heat flux (Wm

-2
) as a function of wind speed (ms

-1
). IYSU4 in red, IMYJ4 in blue, normalized value 

(IMYJ/IYSU) in green. 
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FIG. 3.31. Same as in fig. 3.30, except for the 1

st
 derivative of LHFLX with respect to 10-m wind speed.  
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FIG. 3.32. Same as in fig. 3.30, except for the moisture exchange coefficient. 
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FIG. 3.33. Normalized air density at the 10-m level (value from MYJ divided by value from YSU). 
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FIG. 3.34. Normalized values (value from MYJ divided by value from YSU) of LHFLX (red) and the difference in mixing ratio 

between the surface and the 10-m level (blue). 
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FIG. 3.35. Same as in fig. 3.30, except for sensible heat flux (Wm

-2
). 
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FIG. 3.36. Same as in fig. 3.30, except for the sensible heat exchange coefficient. 
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FIG. 3.37. Normalized values (value from MYJ divided by value from YSU) of HFLX (red) and the difference in potential 

temperature between the surface and the 10-m level (blue). 
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FIG. 3.38. Same as in fig. 3.30 except for the roughness length (cm). 
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FIG. 3.39. Same as in fig. 3.30, except for the momentum exchange coefficient. 
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FIG. 3.40. Normalized friction velocity at the 10-m level (value from MYJ divided by value from YSU). 

 

 



 140 

 
FIG. 3.41. Same as in fig. 3.30 except for the ratio of the exchange coefficient for heat to the exchange coefficient for momentum (Ck 

/ Cd). 
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FIG. 3.42. Time-series of minimum central pressure in hPa (blue line, black marker) and maximum 10-m wind speed in ms
-1 

(blue 

line, blue marker) during the time-averaging period for IMYJ4 simulation. 
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FIG. 3.43. Same as in fig. 3.38, except for the IYSU4 simulation. 
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FIG. 3.44. Simulated radar reflectivity (shaded, as in color bar) and sea level pressure field (hPa, contoured) for the IMYJ4 

simulation: (upper left) simulation hour 84, valid at 12 UTC 14 September, (upper right) simulation hour 88, valid at 16 UTC 14 

September, (lower left) simulation hour 92, valid at 20 UTC 14 September, and (lower right) simulation hour 96, valid at 00 UTC 15 

September. 
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FIG. 3.45. Same as in Fig. 3.44, except for the IYSU4 simulation. 
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FIG. 3.46. Same as in Fig. 3.44, except for hourly-accumulated precipitation (in). 
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FIG. 3.47. Same as in Fig. 3.45, except for hourly-accumulated precipitation (in). 
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FIG. 3.48. 1.) Time averaged, azimuthally averaged SLP (hPa, IMYJ4 in blue, IYSU4 in red, y-axis), as a function of increasing 

distance from storm center (x-axis, in km) and 2.) Difference in pressure (IMYJ4 – IYSU4) in green. 
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FIG. 3.49. 1.) Time averaged, azimuthally averaged 10-m wind speed (ms

-1
, IMYJ4 in blue, IYSU4 in red, y-axis), as a function of 

increasing distance from storm center (x-axis, in km), 2.) Tropical storm force wind speed (gray) and 3.) Hurricane force wind speed 

(black). 
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FIG 3.50. Same as in fig. 3.44, except for latent heat flux (Wm

-2
). 
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FIG 3.51. Same as in figure 3.44, except for sensible heat flux (Wm

-2
). 
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FIG. 3.52. Time and azimuthally averaged downward vertical motion (color fill, ms
-1

) and distance from storm center (contoured, km) 

for IYSU4 (upper left) and IMYJ4 (upper right).  The difference between the two (value from IMYJ4 minus the value from IYSU4) 

on the bottom panel.  
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FIG. 3.53. Same as in fig. 3.52, except for upward vertical motion. 
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FIG. 3.54. Same as in Fig. 3.52, except for specific humidity (g kg
-1

).  
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FIG 3.55. Mean wind speed profile (normalized by 700-hPa wind speed) for eyewall (red) 

and outer vortex (blue) soundings. From Franklin et al. 2000. 

 

 

FIG. 3.56. Vertical profile of 700-hPa normalized speed for IMYJ4 (blue) and IYSU4 (red). 
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FIG. 3.57. Same as in Fig. 3.52, except for wind speed (ms
-1

). 
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FIG. 3.58. Same as in Fig. 3.52, except for velocity tendency due to PBL parameterization (ms
-1

h
-1

). 
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FIG. 3.59. Same as in Fig. 3.52, except for potential temperature (K). 
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FIG. 3.60. Same as in Fig. 3.52, except for potential temperature tendency due to PBL parameterization (Kh

-1
).   
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4. Idealized TC Experiments 

Idealized simulations were initialized using a bogus vortex inserted within a 

quiescent, average tropical atmosphere, with the methodology used to create this 

environment described in chapter 2.  When studying the model’s ability to simulated TCs, 

there are benefits to using both real and idealized experiments.  The benefit of using real-case 

experiments, as in chapter 3, is the ability to assess model performance by comparing model 

results with observations.  A major disadvantage, however, is the prevalence of external 

factors that can impact the simulation results, including the sensitivity to initial conditions.  

In the Ivan experiments, the model was initialized with a vortex that was 60 hPa weaker than 

the observed TC.  Therefore, assessing the model’s intensity simulation by comparing with 

observations is inherently flawed, due to the poor initialization.   

In an idealized experiment, many of the shortcomings associated with real-case 

experiments can be partially alleviated.  The main difficulty associated with idealized 

experiments is assessing model results.  Since the experimental environment is idealized and 

the initial TC is not real, there are no observations to compare with the model results.  

Instead, the model results can be compared to theoretical data and predictions, including 

theoretical estimates of maximum potential intensity.  In the idealized ambient environment, 

assumptions made when deriving EMPI theory can be satisfied, creating consistency between 

the theory and the initial conditions.  Previous studies (described in chapter 1) have found 

that the maximum intensity of a TC in an idealized simulation is not highly sensitive to the 

initial vortex, given a sufficiently long model integration period.  Therefore, the initial vortex 

choice should not strongly influence the maximum intensity in the model simulation.  

Overall, a model ambient environment that satisfies the assumptions of MPI theory, coupled 
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with an initial vortex whose initial intensity does not affect the maximum intensity, allow for 

model simulations that can be assessed by a comparison with theory, instead of observations.  

Therefore, here we perform experiments using a real-case set of experiments, along with 

idealized experiments.   

This chapter will describe the idealized experiments, and is structured as follows.    

Section 4.1 describes the model-simulated lifecycle of the idealized TCs, providing an 

overview of the WRF simulations and the sensitivity to model horizontal grid spacing and 

surface layer and PBL physics.  In this section, model results will be compared to EMPI 

theory.  Section 4.2 investigates the unforeseen change in storm size that occurred in the 

latter stages of the model integration.  Section 4.3 discusses the wind speed dependence of 

model-generated fluxes and exchange coefficients for the highest resolution simulations, in 

order to provide insight into the sensitivity to the surface layer parameterization.  Section 4.4 

describes the time-averaged structure of the TCs during a time of quasi steady-state intensity. 

Finally, section 4.5 provides some conclusions based on the idealized TC experiments.   

 

4.1 WRF Model Simulation Overview 

Results from WRF model simulations will next be described, with names used to 

indicate the simulation and corresponding model configurations being listed in table 4.1.  
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4.1.1 Intensity 

 

4.1.1.1 Minimum SLP   

Figure 4.1 is a time-series of the model-simulated MSLP, and the EMPI for the 

idealized environment (893 hPa).  All simulations undergo a period of rapid deepening 

during the first 24 hours of model integration.  Simulations on domain 3 continue to deepen 

fairly steadily through simulation hour 168, and remain at a quasi-steady MSLP after hour 

168.  Simulations on domain 1 remain at a quasi-steady MSLP during simulation hours 24 – 

72, gradually deepen between hours 72 – 144, and remain at a quasi-steady MSLP after hour 

144.  Simulation IDMYJ12 remains at a quasi-steady MSLP between hours 24 – 48, weakens 

between hours 48 – 80, deepens between hours 80 – 144, and remains at a quasi-steady 

MSLP after hour 144.  Simulation IDYSU12 is quasi-steady between hours 24 – 72, deepens 

steadily between hours 72 – 168, and then remains at a quasi-steady MSLP after hour 168.  

Table 4.2 provides a list of the maximum wind speed and MSLP values from each 

simulation, along with the corresponding hour for these extremes.  For each surface layer and 

PBL parameterization choice, higher-resolution simulations produced deeper TCs.  In the 

YSU simulations, there is a clear increase in TC intensity as grid spacing is decreased; as the 

model grid spacing is cut by a factor of 3, the MSLP decreases by ~10 hPa.  In the MYJ 

simulations, the MSLPs with 12 and 36 km grid spacing are nearly the same.  Simulation 

IDMYJ4 is considerably more intense, with a MSLP of 35 hPa less than IDMYJ12 and 

IDMYJ36.  The high-resolution, explicit-convection IDYSU4 and IDMYJ4 simulations 

become the most intense, each exceeding the theoretical MPI (893 hPa) of the idealized 
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environment.  IDMYJ4 reaches the lowest pressure, deepening to 876 hPa at simulation hour 

171, while IDYSU4 reaches 888 hPa at simulation hour 198.   

 

4.1.1.2 Maximum 10-m wind speed 

Figure 4.2 is a time-series of the maximum 10-m wind speeds, with the black line 

indicating the maximum 10-m wind speed based on EMPI theory (~92 ms
-1

).  The maximum 

10-m wind speeds rapidly increase during the first 24 hours of the simulations.  Between 

simulation hours 48 and 240 the maximum 10-m wind speeds are quasi-steady (±10 ms
-1

) in 

all simulations except IDYSU4, where the wind speeds decrease dramatically after 

simulation hour 120.  Comparing Figs. 4.1 and 4.2, it is evident that the MSLP of IDYSU4 

continues to decrease during the period that the maximum wind speeds dramatically weaken.  

By analyzing the storm structure during this time (shown in section 4.2), it became evident 

that the size of the TC in IDYSU4 increased after simulation hour 144, leading to a weaker 

pressure gradient and weaker winds.  None of the simulations are able to reach the MPI, 

although IDMYJ4 does get very close (~90 ms
-1

, table 4.2).  IDYSU4 produces the 2
nd

 

strongest wind speeds through simulation hour 144, but the wind speeds decrease 

significantly after simulation hour 120.  With the exception of the 10-m wind speeds in the 

latter stages of simulation IDYSU4, the higher-resolution simulations generally produced 

stronger wind speeds.  The wind speeds on domains 2 and 3 never reach close to the MPI, 

with maximum wind speeds in domain 2 (3) generally falling about 20 (30) ms
-1 

below the 

MPI.  Maximum 10-m wind speeds are also sensitive to the PBL and surface layer 

parameterization, although to a much lesser extent than to horizontal grid spacing.  At each 
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grid spacing, simulations with the MYJ schemes typically produced stronger maximum wind 

speeds than simulations using YSU.   

 

4.1.2 Values of Fluxes Produced by Surface Layer Parameterization 

 

4.1.2.1 Latent Heat Flux 

 Figure 4.3 is a time-series of the maximum value of LHFLX.  The high-resolution 

simulations produced the strongest 10-m wind speeds, and also the largest maximum LHFLX 

values.  The maximum LHFLX values are highly sensitive to the surface layer 

parameterization, with the MYJ simulations producing much larger maximum values of 

LHFLX than in YSU at identical grid spacing.  Specifically, the peak values of LHFLX reach 

~4400 Wm
-2 

in IDMYJ4, while only reaching ~2600 Wm
-2

 in IDYSU4.  The maximum 

LHFLX are likely found at very high wind speeds, and the results indicate that the MYJ 

surface layer parameterization produces much larger values of LHFLX at these high wind 

speeds.  The storm-centered 200-km area-averaged LHFLX was also computed to investigate 

the sensitivity at a wider range of wind speeds (Fig. 4.4).  The results are shown for the 

simulations with 4-km grid spacing, but the results were similar at other grid spacings as 

well.  Since the area-averaging includes grid points with weak wind speeds in the eye, the 

area-averaged values are much less than the maximum values.  The sensitivity to surface 

layer parameterization is still present, with area-averaged values ~300 Wm
-2 

larger in 

IDMYJ4.  An interesting structural change can be observed in both simulations after hour 

144.  After this time, maximum LHFLX values (Fig. 4.3) decrease, but the 200-km area-

averaged LHFLX (Fig. 4.4) increase dramatically.  This discrepancy is due to the peak wind 
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speeds decreasing after simulation hour 144, but the average wind speeds increasing as the 

TCs increase in size.   

  

4.1.2.2 Sensible Heat Flux 

Figure 4.5 is a time-series of the maximum value of HFLX, which are generally 1/3
rd

 

-1/4
th

 as large as the maximum LHFLX values (cf. Figs 4.3 and 4.5).  The maximum HFLX 

values are larger in simulations with stronger 10-m wind speeds, and therefore are largest in 

simulations with 4-km grid spacing.  With 36 and 12-km grid spacing the values of 

maximum HFLX produced by the different surface layer parameterizations are similar.  

Using 4-km grid spacing, MYJ produces much larger values of sensible heat flux, likely due 

to the wind speeds being much larger in IDMYJ4 than in IDYSU4 (Fig 4.2), especially 

towards the end of the simulation period.  Towards the end of the simulation, the maximum 

values of HFLX become similar in the different simulations, likely due the air-sea 

temperature difference decreasing in magnitude, leading to a decrease in HFLX from the 

ocean to the atmosphere.  To assess the HFLX values over a wider range of wind speeds, the 

storm-centered 200-km area averaged HFLX values for the simulations on domain 3 were 

calculated (Fig. 4.6).  Due to the area-averaging the values are much less than the maximum 

values seen in Fig. 4.5, but the same sensitivity is present, with values produced by MYJ 

being larger than in YSU after simulation hour 30.  Area-averaged values increase after 

simulation hour 144 despite the maximum values decreasing dramatically, due to the overall 

expansion of the wind field.   
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 4.1.3 Precipitation Amount 

 Figures 4.7, 4.8 and 4.9 display the storm-centered 400-km area averaged hourly-

accumulated precipitation for domains 1, 2, and 3, respectively.  In all simulations the 

precipitation increases rapidly between the start of the simulation and hour 24.  Between 

simulation hours 24 and 27 the precipitation decreases, and then remains quasi-steady 

between simulation hours 27 and 123.  Between simulation hours 123 and 195 the 

precipitation amounts increase steadily.  After simulation hour 195, the precipitation amounts 

remain quasi-steady in the YSU simulations, and continue to increase in the MYJ 

simulations.  At each grid spacing the difference in precipitation production due to surface 

layer and PBL parameterization choice is modest before simulation hour 123, typically 

remaining less than 10%.  After simulation hour 123, precipitation increases more rapidly in 

the MYJ simulations and by the end of the integration period MYJ simulations produce 40-

50% more precipitation than YSU.  Overall, the sensitivity of the precipitation amount to 

surface layer and PBL parameterization choice changes drastically during the course of the 

simulation, with the values being similar (dramatically different) before (after) simulation 

hour 195.  The pronounced change in precipitation structure is also accompanied by a change 

in the SLP and wind field, which will be discussed in the following sections.   

 

4.2 Storm Structure Change  

 An interesting an unexpected aspect of the idealized simulations was the substantial 

increase in size of the TCs, which mainly occurred during the latter stages of the integration 

period.  The physical factors that impact the size of a TC are not completely understood, and 

can be classified as either internal or external.  Internal dynamics, such as eyewall 
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replacement cycles, can cause a TC to fluctuate in size during the different stages of the 

cycle.  External environmental factors also can affect the size of a TC.  Previous studies by 

Atkinson (1971) and Merrill (1984) describe size differences between Atlantic and Pacific 

TCs, with observations indicating that a mean Pacific TC tends to be larger than an Atlantic 

TC.  The reason for the size difference between the basins is not clear, although differences 

in the ambient environments where TCs tend to develop in the Pacific and Atlantic may 

impact the storm size.     

 

 4.2.1 Sea Level Pressure Distribution 

 The change in size can be seen by analyzing the SLP distribution.  Figure 4.10 (4.11) 

displays the azimuthally-averaged SLP from the IDMYJ4 (IDYSU4) simulation.  In these 

plots, radial distance is on the x-axis, and time is on the y-axis, with the simulation hour 

increasing towards the top of the figures.  As time advances in the figures, there is clearly a 

lowering of the MSLP near the center in both simulations.  The broadening of the low-

pressure values near the TC center is fairly steady until approximately simulation hour 132 

(slightly earlier in YSU); after this time, the rate of expansion increases dramatically.  In the 

IDMYJ4 simulation (Fig. 4.10) the SLP field increases in size between simulation hours 132 

and 192, and then remains in a quasi steady-state after simulation hour 192.  In the IDYSU4 

simulation (Fig. 4.11) the SLP field dramatically increases in size between simulation hours 

120 and 180, and then contracts after simulation hour 168.   
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 4.2.2. 10-m Wind Distribution 

 The change in TC structure is also evident in the 10-m wind speed distribution. 

Figure 4.12 (4.13) displays the azimuthally-averaged 10-m wind speeds from the IDMYJ4 

(IDYSU4) simulation.  Both simulations are initialized with a weak vortex, with a fairly 

diffuse wind maximum located 120 – 240 km from the TC center.  The diffuse area of 

maximum winds quickly contracts, and by simulation hour 24 the maximum wind speeds are 

located 60 – 80 km from the TC center.  The RMW continues to contract, reaching ~60 km 

or less by simulation hour 48, and generally remaining in this location until simulation hour 

144.  Beginning at simulation hour 144, the RMW spreads outward rapidly, with wind speeds 

between the RMW and 500-km away from the TC center increasing as well.  By simulation 

hour 192 the RMW gradually stops expanding in both simulations, residing in a quasi-steady 

radial location of 100 – 160 km for the remainder of the simulation.   

 

 4.2.3. Radius of Maximum, Tropical Storm, and Hurricane Force Wind Radii 

The specific details of the change in TC structure can be seen by analyzing the RMW 

(Fig. 4.14), the radius of hurricane force wind (Fig. 4.15), and the radius of tropical storm 

force wind (Fig. 4.16).  Figures 4.14 and 4.15 are from the 4-km simulations, with the 

increase in storm size also seen at other model grid spacings (not shown).  Figure 4.16 is 

from the simulations with 36-km grid spacing, due to the fact that the radius of tropical storm 

force winds extended beyond the edges of the nested model domains.  The specific values 

seen in the figures allows for a more quantitative assessment of exactly where and when the 

wind field changed in size.  Comparing all three figures, it is evident that the first significant 

change occurred in the size of the tropical storm force wind (Fig. 4.16), with the size rapidly 
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increasing after simulation hour 48.  The radius of hurricane force wind (Fig. 4.15) did not 

increase dramatically until after simulation hour 120, and the RMW (Fig. 4.15) did not 

rapidly move outward until after simulation hour 144.  In general, it appears that the wind 

speeds first began increasing in strength at a large distance from the TC center, while the 

change in wind speeds closer to the TC center began later in the simulation.  After simulation 

hour 216, the size of the wind field as determined by all three metrics appears to reach a 

second, larger quasi-steady size.   

 

4.2.4 Comparison of Size with Observed TCs 

Based on the previous section, the simulated TCs are characterized by two quasi 

steady-state sizes.  The realism of the TC size during the simulations is the next topic of 

investigation.  Merrill (1984) provides a comparison of large and small TCs, specifically 

describing the radius of gale-force winds (17ms
-1

) in some observed TCs.  Tropical storm 

force wind is classified as a wind speed greater than ~15 ms
-1

, close to the value of gale-force 

winds.  Merrill describes a supertyphoon (Tip) with gale force winds over a 2200 km 

diameter, and TC Tracy, an intense storm with peak winds of 65 ms
-1

, but with gale force 

winds over an area only 100 km across.  Comparing these values with Fig. 4.13 indicates that 

while tropical storm force winds did extend a great distance in the idealized TCs (up to 1100-

km in IDYSU36), the values produced by the model are clearly within the observed range of 

sizes seen in observed TCs.     
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4.2.5 Pressure and Wind Relationship 

One method of assessing the storm structure of the idealized TCs is to analyze the 

relationship between MSLP and maximum sustained surface wind (MSSW), and compare 

this relationship with observational studies.  In this manner, the structure of the simulated TC 

can be analyzed and compared with observational data.  The relationship between MSLP and 

MSSW (hereafter PVSW) has been the topic of many studies, and has been analyzed in 

different ocean basins.  Atkinson and Holliday 1977 (hereafter referred to as “Pacific”) 

determined PVSW using measurements in the western North Pacific Ocean.  Most recently, 

Brown et al. 2006 (hereafter referred to as “Atlantic”) determined PVSW using 

measurements in the Atlantic Ocean.  The PVSW from each study is shown in Fig. 4.17, with 

MSLP decreasing on the x-axis, and MSSW increasing on the y-axis.  The Pacific PVSW is 

characterized by slower MSSWs at a given MSLP than in the Atlantic, and is consistent with 

the observed larger size of TCs in the Pacific basin.  Using the MSLP values from the 

IDYSU4 and IDMYJ4 simulations, the corresponding maximum 10-m wind speeds were 

calculated using the PVSW from both the Atlantic and Pacific, and these values were then 

compared to the model’s maximum 10-m wind speeds.  Figure 4.18 (4.19) is a plot of the 

difference between the maximum 10-m wind speed in the IDMYJ4 (IDYSU4) simulation and 

the MSSW using the PVSW.  Positive (negative) values indicate model wind speeds that are 

greater (smaller) than the PVSW, with values close to zero indicating a similar PVSW in the 

model and from the study. 

In the IDMYJ4 simulation (Fig. 4.18), model wind speeds are stronger than both 

PVSW through simulation hour 144.  After this time, model wind speeds are generally 

stronger than the Pacific PVSW, and weaker than the Atlantic PVSW.  In the IDYSU4 
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simulation (Fig. 4.19), model wind speeds are stronger than both PVSW through simulation 

hour 120.  After simulation hour 120, maximum model wind speeds decrease (Fig. 4.2) while 

the MSLP (Fig. 4.3) continues to decrease, with the Pacific PVSW more closely matching 

the model wind speeds.  Overall, the PVSW relationship in the model simulations changes 

dramatically in the latter stages of the integration period.  Initially the model wind speeds are 

stronger than both the Atlantic and Pacific PVSWs, and more closely match the Atlantic 

PVSW.  In the latter stages of the simulations, the model PVSW more closely matches the 

Pacific PVSW in both simulations, as the storm increases in size. 

 

4.2.6 Summary of Structure Change 

The ambient environment in the idealized model experiments is based upon 

temperature values from sites in the Atlantic basin, but with the relative humidity set to a 

value of 80% to match an assumption of EMPI theory.  In the model, the domain 

configuration leads to model conditions that may be more representative of conditions over 

the open tropical Pacific Ocean than over the Atlantic, with no land or dry air present.  In 

addition, the WRF model uses constant SST values over the integration period, not allowing 

for the physical process of oceanic upwelling to impact the TC.  The constant SSTs may be 

viewed as being more representative of the ocean conditions in the tropical Pacific Ocean, 

which are characterized by very high heat content values.  The high heat content leads to less 

SST cooling due to upwelling than in an area with similar SSTs but lower heat content, and 

therefore is more consistent with a static SST field.  Overall, the idealized experiments are 

initialized with a vortex inserted within an ambient atmosphere consistent with the conditions 

found in the tropical Pacific Ocean,  The TC reaches a first quasi-steady state structure, and 
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then after sufficient integration time grows into a second, larger quasi-steady structure, 

reaching a PVSW relationship that evidently more closely matches Pacific TCs.   

 

4.3 Wind Speed Dependence of Surface Layer Parameters 

 In this section, the dependence of various parameters calculated by the surface layer 

parameterization schemes on the 10-m wind speed will be investigated.  In the following 

sections, the generic term “wind speed” will specifically refer to the model’s 10-m wind 

speed.  The methodology used to calculate the exchange coefficients and the averaged values 

shown hereafter are described in chapter 2.  Results will be presented for the explicit-

convection 4-km grid spacing simulations, and are similar for other model domains (not 

shown).  

 

4.3.1 Latent Heat Flux 

 Simulations with the MYJ surface layer scheme produced larger maximum (Fig. 4.3) 

and 200-km area-averaged (Fig. 4.4) values of LHFLX.  Based on these results, it is not clear 

if the values of LHFLX are larger at all wind speeds, or at just certain ones.  Figure 4.20 is a 

plot of the LHFLX dependence on wind speed.  Values of LHFLX in the IDYSU4 simulation   

range between ~500 and ~2300 Wm
-2

, and ~500 and ~4000 Wm
-2 

in IDMYJ4.  Values of 

LHFLX at low wind speeds are similar, but become at least 20% greater in the IDMYJ4 at 

wind speeds above 25 ms
-1

.  The difference in LHFLX is largest at high wind speeds.  At the 

highest wind speeds present in both simulations, the MYJ scheme produces LHFLX values 

that are larger by 60% (~1200 Wm
-2

). 
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4.3.2 Exchange Coefficient for Moisture 

 Figure 4.21 is a plot of the exchange coefficient for moisture, which generally is 

larger (smaller) in IDMYJ4 above (below) ~20 ms
-1

.  The exchange coefficient is nearly the 

same at wind speeds between 15 and 90 ms
-1 

in the YSU scheme, with values remaining 

between ~3.4 and 4.0.  In the MYJ scheme, the exchange coefficient for moisture increases 

with increasing wind speed, and reaches a value of nearly 6.5 at wind speeds of ~80 ms 
-1

.  

At wind speeds above 20 ms
-1 

the exchange coefficient is at least 20% larger in the MYJ 

scheme than in YSU, with the largest difference (~55%) being seen at wind speeds near 80 

ms
-1

.  Overall, the difference in the values of the moisture exchange coefficients in the 

different surface layer schemes is consistent with the results from section 4.3.1 and with the 

results from the Ivan simulations.  At lower wind speeds the exchange coefficient is larger in 

IDYSU4, and at this time the LHFLX values are fairly close in value.  At high wind speeds 

the exchange coefficients diverge from one another, with the value in IDMYJ4 being up to 

~40% greater than in IDYSU4, consistent with larger values of LHFLX as well.   

 In order to investigate the cause of the difference in the exchange coefficient for 

moisture, the difference in specific humidity between the surface and the 10-m level was 

calculated and normalized (referred to as MDIFF).  Figure 4.22 displays the normalized 

(value from the IDMYJ4 simulation divided by the value from the IYSU4 simulation) of 

LHFLX (red) and MDIFF (blue).  The results from the idealized simulations are qualitatively 

consistent with the values from the Ivan simulations (section 3.5.2).  At wind speeds below 

20 ms
-1

, LHFLX is larger in the YSU simulation, while MDIFF is smaller, indicating that the 

exchange coefficient for moisture is larger in the YSU simulation.  At wind speeds above 20 

ms
-1

, LHFLX and Cq are larger in the MYJ simulation.  At wind speeds above 50 ms
-1

, 
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LHFLX (MDIFF) is larger (smaller) in the MYJ simulation, indicating that the exchange 

coefficient is much larger in the MYJ scheme than in YSU (consistent with Fig. 4.21).   10-m 

air density also impacts the exchange coefficient, but since density varies by less than 1% in  

the different simulations (Fig. 4.23) it does not contribute heavily to the difference in the 

exchange coefficient values. 

   

4.3.3 Sensible Heat Flux 

 Figure 4.24 is a plot of HFLX versus wind speed, with the largest differences being 

found at low wind speeds.  At wind speeds below ~60 ms
-1

, values of HFLX are ~50 Wm
-2

 

larger in IDMYJ4 than in IDYSU4.  At wind speeds between 60 and 75 ms
-1

 the HFLX 

values are again quite comparable, being within ~10% of one another.  Between 75 – 80 ms
-1 

the HFLX values increase more rapidly in the IDMYJ4 simulation, with the difference in 

HFLX at  a wind speed of 80 ms
-1 

increasing to ~100 Wm
-2

.     

 

4.3.4 Exchange Coefficient for Sensible Heat 

 Figure 4.25 is a plot of Ck, which is a linear function of wind speed in both schemes.  

At wind speeds below ~50 ms
-1 

the exchange coefficient is larger in the IDMYJ4 simulation 

than in the IDYSU4 simulation, with the largest difference being ~25% at wind speeds 

between 20 and 25 ms
-1

.  At wind speeds above ~50 ms
-1

, Ck values are within 5% of one 

another.  Overall, the computation of Ck is fairly similar in the different schemes, with the 

largest difference being found at low wind speed conditions.  Figure 4.26 displays 

normalized values of HFLX and TDIFF in order to further investigate the value of Ck.  At 

wind speeds below 40 ms
-1

, HFLX (TDIFF) is larger (smaller) in the MYJ simulation than in 
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YSU, consistent with the larger value of Ck in the MYJ scheme at the wind speeds (Fig. 

4.25).  At wind speeds larger than 40 ms
-1

, HFLX and TDIFF values become nearly identical, 

consistent with similar values of Ck at these wind speeds (Fig. 4.25).   

 

4.3.5 Roughness Length 

 Figure 4.27 is a plot of zo as a function of wind speed.  The values of zo are generally 

slightly larger in IDMYJ4 at wind speeds of less than 20 ms
-1

, with the value calculated 

being up to 10% larger in IDMYJ4 than in IDYSU4 at a wind speed of ~ 20 ms
-1

.  Above 20 

ms
-1

, zo is generally 5 – 10% larger in IDYSU4.  Overall, the computation of zo is fairly 

similar in the different schemes, with the largest difference being found at low wind speed 

conditions.  

 

4.3.6 Exchange Coefficient for Momentum 

 Figure 4.28 is a plot of Cd from the different surface layer parameterization schemes.  

At low wind speeds where values of zo (Fig. 4.27) are up to 10% larger in the IDMYJ4 

simulation, Cd is also larger in IDMYJ4 by up to 20%, at a wind speed of ~15 ms
-1

.  At wind 

speeds between 25 and 80 ms
-1

, the value of Cd varies by less than 5% in the different 

schemes, with the value calculated by the YSU scheme being larger at wind speeds above 40 

ms
-1

. 

 

4.3.7 Ratio Ck/Cd 

 The value of the ratio Ck/Cd  is shown in figure 4.30.  In general, Ck/Cd does vary with 

wind speed, but not as much as the individual exchange coefficients.  At wind speeds above 
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20 ms
-1 

the values calculated in the YSU (MYJ) scheme range between 0.75 (0.85) at low 

wind speeds to 0.95 (0.95) at high wind speeds.  These values agree most closely with the 

values calculated by the Burk-Thompson scheme in MM5 (based upon the results of Braun 

and Tao).  In the simulations, the value of Ck/Cd is not sensitive to the surface layer 

parameterization scheme at high winds, but is sensitive at lower wind speeds.  If the area-

averaged value of Ck/Cd were computed, the ratio would be larger in MYJ due to the larger 

values at slower wind speeds.  Based on this result, a TC should intensify more rapidly using 

the MYJ scheme, due to the larger values of the ratio found at low wind speeds.  In intense 

TCs, the ratio would be similar at high wind speeds, but would be larger over a significant 

area of the TC where wind speeds range from 20 – 55 ms
-1

, likely leading to a more intense 

TC is simulations made using the MYJ surface layer parameterization scheme.   

  

4.4. Time-Averaged Structure 

 To better assess structural differences between the simulated TCs due to different 

surface and boundary layer parameterizations, time and azimuthally averaged storm 

structures were computed.  In order to analyze the results without the added influence of a 

CPS, the average storm structures were calculated for domain 3 simulations.  The time 

averaging period was 12-hours long using hourly model output, at a time when the TCs had 

reached a quasi-steady intensity, and were of comparable intensity in the simulations using 

the different surface layer and PBL parameterization.  The time averaging took place during 

different simulation hours, due to differences in the intensification rates of the TCs near the 

beginning of the simulations.  The averaging period for the IDMYJ4 (IDYSU4) was during 

simulation hours 69 – 81 (90 – 102).  As will be shown in following sections, the TCs are not 
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at a steady-state intensity during the time averaging period, but the increase in intensity 

during this time is gradual.  The maximum intensity of the TCs was reached after simulation 

hour 192, but the time averaging periods were chosen during the early stages of the 

simulations to capture the average structure before the change in storm structure occurred 

(described in section 4.2) and to provide the comparison at a time when the MSLP of the TCs 

was comparable.   

 

4.4.1 Storm Structure during Averaging Period 

 

  4.4.1.1 SLP and 10-m Wind Distribution 

 During the averaging period the average MSLP differs by 0.2 hPa (911.5 for 

IDYSU4, 911.3 for IDMYJ4) and the average maximum 10-m wind speed by 4.6 ms
-1

 (78.4 

for IDYSU, 83.0 for MYJ).  Despite the similar maximum and minimum values, there are 

some differences in the SLP and 10-m wind distribution further way from the TC centers.  

Figure 4.31 (4.32) displays azimuthally averaged values of SLP (color shaded) in the 

IDMYJ4 (IDYSU4) simulation during the time averaging period.  Simulation hour is on the 

y-axis, and increases towards top of page.  Radius is on the x-axis, and increases to the right.  

The SLP values within 120-km of the TC centers are quasi-steady during the period, 

although there are some changes further from the center.  During the averaging period, the 

pressure field is gradually expanding outward in both simulations, but is doing so at a faster 

rate in IDYSU4.  The low pressure values associated with the TC in the IDYSU4 simulation 

extend farther outward than in IDYMYJ4.  At a radial distance of 500-km, the SLP values in 

IDMYJ4 are 1000 – 1006 hPa, while in IDYSU4 they are 994 – 1000 hPa.  The wind field is 
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also larger in the IDYSU4 simulation, consistent with the larger pressure field.  Figures 4.33 

and 4.34 are identical to Figs. 4.31 and 4.32, except show the 10-m wind speeds.  In both 

simulations, the strongest winds remain at a radial distance of 40 – 80 km throughout the 

period.  The maximum winds are generally stronger in the IDMYJ4 TC, with azimuthally 

averaged values frequently exceeding 70 ms
-1

.  Overall, the TCs are in a quasi-steady state 

during the time averaging period, although the pressure field is beginning to expand in both 

simulations.  The TC from IDYSU4 is slightly larger in size, but both TCs have a very 

similar 10-m wind and SLP structure.  Despite being at a similar intensity, it will be shown 

that there are significant differences in storm structure, which are likely at least in part due to 

the surface layer and PBL parameterizations.  

 

4.4.1.2 Simulated Radar Structure 

Figures 4.35 and 4.36 show the simulated radar reflectivity structure and sea level 

pressure for the IDMYJ4 and IDYSU4 simulations, respectively, in 3-hour increments, 

ranging from the beginning of the time averaging period to the end.  By this time, both 

simulations have produced intense TCs, with distinct eye and eyewall regions, and a fairly 

symmetrical core of hydrometeors surrounding the eye.  Both simulated TCs produce 

precipitation over a much larger area than in the Ivan simulations, likely due to a moist initial 

environment (80% initial relative humidity) and an absence of landmasses in the domain.  

The simulated radar structure from the IDMYJ4 simulation is more cellular in nature, with 

isolated, intense values seen outside of the main precipitation area.  The structure of the TC 

in IDYSU4 is more symmetric than in IDMYJ4, with the eye in IDMYJ4 being slightly 

asymmetric.  Overall, based on simulated radar reflectivity, the hydrometeor structure from 
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both simulations is consistent with a highly organized, intense TC, with well-organized 

eyewalls and spiral bands of precipitation.    

 

4.4.1.3 Precipitation Structure 

 Figures 4.37 and 4.38 show the hourly-accumulated precipitation for the IDMYJ4 and 

IDYSU4 simulations, respectively, in 3-hour increments, ranging from the beginning of the 

time averaging period to the end.  Both TCs have a highly organized precipitation structure, 

with the heaviest precipitation concentrated near the center in the eyewall.  Outside of the 

eyewall, an area of broad, lighter precipitation is present in both TCs, and beyond this area 

there is the presence of some spiral rainbands.  Comparing the two images, it appears that the 

TC from the IDMYJ4 simulation has a larger area of lighter precipitation.  To quantitatively 

assess the distribution of precipitation, Fig. 4.39 was constructed, consisting of the 

percentage occurrence of hourly-accumulated precipitation in the specified ranges during the 

entire time averaging period.  The precipitation bins range from light precipitation on the left, 

to heavier amounts on the right, and correspond to the shading values in Figs. 4.37 and 4.38.  

In the lightest bin range, there is more spatial coverage in the IDMYJ4 simulation, with the 

difference being ~2%.  Although this difference seems small, it amounts to ~1000 more 

model grid points being covered by this precipitation amount.  In the precipitation bins 0.25 – 

0.50, 0.5 – 1.0, 1.0 – 1.5, and 1.5 – 2.0 inches there is more coverage in the IDYSU4 

simulation.  The spatial coverage of precipitation amounts heavier than 2.0 inches is nearly 

identical.  Overall, the precipitation distribution in the simulations is similar, with a larger 

area of light precipitation in IDMYJ4, a larger area of moderate precipitation in IDYSU4, 

and a fairly even coverage of heavy precipitation.    
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4.4.2 Time and Azimuthally Averaged 2-D Horizontal Structure  

 As shown in the previous sections, during the time averaging period, the TCs in the 

individual model experiments generally are characterized by a similar, quasi-steady intensity, 

and a highly organized precipitation structure.  Next, the averaged 2-d horizontal structure of 

the TCs will be discussed.   

 

4.4.2.1 Sea Level Pressure 

 Figure 4.40 is a plot of azimuthally averaged SLP (in hPa) versus radial distance from 

storm center.  The green line is the difference in pressure between the two simulations; 

positive (negative) values indicate areas where IDMYJ4 (IDYSU4) has a larger SLP value.    

The MSLP in the center of each TC is almost identical (~911 hPa) but there are significant 

differences in the SLP values away from the center.  The SLP values in IDYSU4 are lower 

than in IDMYJ4 as distance from the storm center is increased, indicating a larger TC.  The 

largest difference in SLP is found between 100 and 250 km, where the TC from the IDYSU4 

simulation is ~7.5 hPa deeper than in IDMYJ4.   

   

  4.4.2.2 10-m Wind Speed 

 Figure 4.41 is a plot of azimuthally averaged 10-m wind speed versus radial distance 

from storm center (in km).  For reference, the black (gray) line indicates the value of 

hurricane (tropical storm) force wind.  The distribution of 10-m wind speed appears realistic, 

with light winds near the TC center, maximum winds located at ~60 km, and gradually 

decaying winds beyond this distance.  The radius of maximum wind in is smaller in 
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IDMYJ4, although the values are quite close.  The more inward location of the RMW in the 

IDMYJ4 simulation is likely due to the pressure values increasing more rapidly near the TC 

center in IDMYJ4, leading to the strongest pressure gradient being very close to the TC 

center.  The average radius of hurricane force winds is slightly larger in IDYSU4 (200 km) 

than in IDMYJ4 (188 km), while the average radius of tropical storm force wind is much 

larger in IDYSU4 (532 km) than in IDMYJ4 (376 km).  Overall, the difference in the 10-m 

wind distribution is consistent with the difference in the SLP distribution, and indicates that 

during the time averaging period, the TC was larger in the IDYSU4 simulation.   

  

  4.4.2.3 Latent Heat Flux 

 In previous sections, maximum and area-averaged values of LHFLX were 

investigated, and their dependence on wind speed was described.  The horizontal structure of 

the surface LHFLX, however, has not yet been shown.  As expected based on previous 

results, the LHFLX values produced in the IDMYJ4 simulation are significantly larger than 

in IDYSU4 (Fig. 4.42).  The maximum averaged value in IDMYJ4 exceeds that found in 

IDYSU4 by ~1000 Wm
-2

, and the LHFLX values in IDMYJ4 are larger at larger radial 

distances as well.  The only location where the LHFLX is greater in IDYSU4 than in 

IDMYJ4 is very close to the storm center, where IDYSU4 has stronger winds (Fig. 4.41).  

Comparing Fig. 4.42 with Fig. 4.40 clearly indicates that the largest values of LHFLX are 

collocated with the highest 10-m wind speeds.  In areas where wind speeds are similar, the 

MYJ surface layer scheme produces significantly larger values of LHFLX.  The LHFLX 

values in IDMYJ4 are larger at larger radial distances as well, despite the stronger wind 

speeds in IDYSU4 beyond ~100 km.  Table 4.3 lists the 492-km area-averaged values of 
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certain quantities during the time-averaging period, including LHFLX.  Overall, the average 

LHFLX value is ~20% larger in the IDMYJ4 simulation (856 and 714 Wm
-2

 in the IDMYJ4 

and IDYSU4 simulations, respectively).   

 

4.4.2.4 Sensible Heat Flux 

 Previous sections have demonstrated that the value of HFLX is much less sensitive to 

surface layer parameterization than LHFLX, and therefore the averaged spatial structure of 

HFLX was expected to be quite similar.  Figure 4.43 is a plot of HFLX versus radius.  HFLX 

values are larger in IDMYJ4 everywhere between 0 – 500 km, despite the fact that 10-m 

winds are stronger in the IDYSU4 simulation at radii beyond ~70 km.  Although the 

IDMYJ4 simulation generally produces larger values of HFLX, the difference is much less 

than for the production of LHFLX.  The maximum difference in HFLX production is ~100 

Wm
-2

, at a radius of ~50 km.  The 492-km area-averaged HFLX value is larger in IDMYJ4 

than in IDYSU4 by ~30%, with values of 132 and 100 Wm
-2

 in the IDMYJ4 and IDYSU4 

simulations, respectively (table 4.3).   

 

4.4.3 Time and Azimuthally Averaged 3-D Structure  

Cross-section plots from the time and azimuthally averaged TCs will next be shown 

to assess differences in TC structure due to the different parameterization schemes.  To 

diagnose how the different PBL parameterizations contribute to or inhibit development of the 

simulated storm, the contributions by PBL processes to the local tendencies of velocity and 

potential temperature will be shown.     
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4.4.3.1 Vertical Motion 

 The next two sections will discuss the time and azimuthally averaged vertical motion 

in the TC simulations.  Updrafts and downdrafts were averaged separately, as described in 

chapter 3.   

 

4.4.3.1.1 Downward Vertical Motion Cross Sections 

 Figure 4.44 is a cross section of the average downward vertical motion, extending 

from the storm center to 328 km in the x-direction, and from the surface to 12 km in the 

vertical.  In all simulations the strongest downdrafts are located approximately 60 km from 

the TC center, with the physical cause of the strong downdrafts in this location likely being 

drag due to heavy precipitation.  In addition, evaporational cooling in this area due to the 

heavy precipitation likely causes negative buoyancy and enhances the strength of the 

downdrafts.  The downdrafts in the IDMYJ4 simulation are stronger and more coherent 

vertically than in IDYSU4, and are present over a much wider area.  The strongest 

downdrafts generally reach a value of -1.0 ms
-1 

in the IDMYJ4 simulation, and ~-0.8 ms
-1 

in 

the IDYSU4 simulation.  

 

4.4.3.1.2 Upward Vertical Motion Cross Sections 

 Figure 4.45 is identical to Fig. 4.44, except shows the average upward motion.  In 

each simulation the characteristic outward slope of the mean updraft with height (Malkus 

1958; Jorgensen 1984; Marks and Houze 1987) is clearly evident.  Both simulations are 

characterized by a strong tower of upward motion in the eyewall that gradually slopes 

outward with increasing height.  The greatest values of vertical motion are ~ 1.0 ms
-1 

larger 
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in MYJ than in YSU (~3.2 and 2.2 ms
-1

, respectively) occurring in both simulations at an 

altitude of 4 – 5 km.  Around this strong tower, weaker updrafts cover a much larger area in 

the IDMYJ4 simulation than in IDYSU4.   

 

4.4.3.2 Specific Humidity 

  Figure 4.46 is a cross section plot of specific humidity for IDYSU4 (upper left), 

IDMYJ4 (upper right) and IDMYJ4 minus IDYSU4 (bottom).  The x-axis extends from the 

storm center out to ~400-km, and to 12-km in the vertical.  The distribution of moisture in 

the simulations is qualitatively similar, with dry conditions in the upper levels of the eye, 

moist conditions extending upward and outward in the area of strong updrafts, and a 

horizontally quasi-uniform distribution of moisture beyond ~100 km.  The IDMYJ4 

simulation generally produces lower values of moisture than IDYSU4 (Fig. 4.46, bottom 

panel).  The largest differences are seen in the middle-levels in the eye, where specific 

humidity values in IDMYJ4 are up to 4 g kg
-1

 lower.  The lower values are likely due to 

stronger subsidence in the eye (Fig. 4.44).  Beyond 100-km from storm center, the IDMYJ4 

simulation generally has lower values of relative humidity, between 1000 and 500 m above 

the ground.  Near the surface, the moisture values are nearly identical, throughout the 

horizontal extent of the figure.   
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4.4.3.3 Wind Speed 

 

4.4.3.3.1 Normalized Profiles and Comparison with Observations 

 As described in chapter 3, doppler wind data described by Marks and Houze (1987) 

and Marks et al. (1992) suggest maximum azimuthally averaged tangential winds in the 1.5 – 

2.5-km layer.  Franklin et al. (2000), by analyzing dropwindsonde data, constructed average 

profiles of wind in TCs, and found the level of maximum wind was located between 400 and 

600 m (Fig. 4.47).  Figure 4.45 is a plot of the 700-hPa normalized wind speed, and was 

constructed at the RMW of the individual simulations.  Qualitatively, the simulations 

produce a curve that matches the overall shape of the observational data.  The maximum 

normalized value is found at 850 (1050) m in IDYSU4 (IDMYJ4).  These maxima are found 

at levels slightly above what was found in Franklin et al. 2000, but well within the range of 

Marks and Houze (1987) and Marks et al. (1992).  The IDMYJ4 simulation produced a peak 

value of ~1.2, agreeing well the observations.  The IDYSU4 simulation produced a peak 

value of 1.15, slightly less than found by Franklin et al (2000). 

 

4.4.3.3.2 Cross Sections of Velocity 

 Figure 4.49 is a cross section of velocity for IDYSU4 (upper left), IDMYJ4 (upper 

right) and the difference between the two (IDMYJ4 minus IDYSU4) on the bottom.  The 

largest differences of up to 10 ms
-1

 (Fig. 4.49, bottom panel) in velocity are found below 4-

km altitude, at a radial distance of 50-km away from the TC center.  These large differences 

are consistent with the more-inward location of the RMW in the IDMYJ4 simulation, relative 
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to IDYSU4.  Besides this area, the wind speeds are quite comparable, with differences 

typically less than 2 ms
-1

. 

 

 

4.4.3.3.3 Velocity Tendency due to PBL Parameterization 

 Figure 4.50 is a plot of the time and azimuthally averaged PBL velocity tendency for 

IDYSU4 (upper left) and IDMYJ4 (upper right).  These values were calculated by averaging 

the magnitude of the velocity tendency at each point.  Qualitatively speaking, it is readily 

apparent that the YSU PBL scheme is altering the vortex circulation over a much larger 

depth of the atmosphere, with the PBL tendency extending from the surface through 5000 m 

(albeit in a very narrow band above 3000 m).  The MYJ PBL scheme is active over a much 

shallower depth, only altering the vortex from the surface through ~3000 m.  Where both 

schemes are active, the tendencies are qualitatively similar, with maximum values found near 

the surface and in the vicinity of the RMW.  Overall, the YSU PBL scheme is active over a 

much larger depth than MYJ, and impacts the velocity field over a much larger depth as well.  

The difference in the depth over which the PBL schemes are exerting an influence may be in 

part due to the fact that YSU (MYJ) is a non-local (local) scheme.  In addition, the YSU PBL 

scheme may be diagnosing a deeper PBL, and therefore producing mixing over a greater 

depth than the MYJ scheme.  

  

4.4.3.4 Potential Temperature 

 Figure 4.51 is a cross section of potential temperature in the simulations for IDYSU4 

(upper left), IDMYJ4 (upper right) and the difference between the two (IDMYJ4 minus 
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IDYSU4) on the bottom.  In the difference plot, cool (warm) colors indicate areas where the 

TC in the IDMYJ4 simulation has smaller (larger) values of potential temperature.  At high 

altitudes in the eye (above ~9000 m and within ~50-km of the storm center) the potential 

temperature values are as much as 5 K larger in IDYSU4 than in IDMYJ4.  Lower down in 

the eye (between ~3000 – 6000 m) the potential temperature values are as much as 5 K larger 

in IDMYJ4 than in IDYSU4.  Beyond a radius of 50 km, the potential temperature values are 

larger almost everywhere in IDYSU4, with the largest differences (up to 4 K) between 100 

and 150 km away from the TC center at an elevation of ~10 km.  The larger potential 

temperature values in IDYSU4 are likely due to the differences in vertical motion, with 

stronger subsidence in the eye leading to larger values of potential temperature in the 

IDMYJ4 simulation than in IDYSU4.  

  

4.4.3.5 Potential Temperature Tendency due to PBL Parameterization 

 The difference in potential temperatures in the simulations is quite large in some 

locations, and is likely in part due to differences in the tendencies from the PBL 

parameterization schemes.  Figure 4.52 is a plot of the time and azimuthally averaged 

potential temperature tendency due to PBL parameterization from IDYSU4 (upper left) and 

IDMYJ4 (upper right).  The warming due to the PBL scheme extends to an altitude of ~5 km 

in IDYSU4, while only reaching ~700-m in IDMYJ4.  The largest values of warming are 

found between 1-2 km in IDYSU4, and near ~300 m in IDMYJ4.  The maximum values are 

up to 15 (10) Kh
-1 

in IDYSU4 (IDMYJ4) and large values extend to a much greater radial 

distance in IDYSU4 than in IDMYJ4.  The likely cause of the large differences is in the 

calculation of entrainment in the PBL schemes.  The greater values of warming from the 
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YSU scheme are consistent with more aggressive entrainment at the top of the PBL in the 

YSU scheme than in the MYJ scheme.   

 

 

4.5 General Conclusions Regarding the Idealized Simulations 

 The results of the idealized simulations will next be briefly summarized.  The 

idealized initial vortex intensified rapidly in all simulations due to favorable environmental 

conditions, with the IDYSU4 and IDMYJ4 simulations each attaining MSLP values that 

exceeded the theoretical MPI.  Simulations with coarser grid spacing were not able to reach 

the MPI.  The MSLP values were highly sensitive to grid spacing, with higher resolution 

simulations producing stronger TCs.  The sensitivity to model physics was not consistent at 

different model grid spacings.  With 36-km grid spacing, the MSLP values were very similar 

between IDMYJ36 and IDYSU36.  With 12-km grid spacing, IDYSU12 produced a TC that 

was ~10 hPa deeper than in IDMYJ12.  With 4-km grid spacing, IDMYJ4 produced a TC 

that was ~15 hPa deeper than in IDYSU4.  Maximum 10-m wind speeds were generally 

larger in the higher resolution simulations, and also were typically larger using the MYJ 

parameterizations.  None of the simulations were able to produce maximum wind speeds that 

reached the theoretical MPI, with IDMYJ4 being the closest.  The sensible heat flux values 

produced by the different surface layer parameterizations were generally similar, while the 

latent heat flux values were significantly (up to 50%) larger in MYJ.  The precipitation 

amounts were generally comparable early in the simulations, but larger (by up to 40%) in 

MYJ simulations towards the end of the integration periods.  
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 An unexpected aspect of the idealized simulations was the change in TC size that 

occurred during the latter half of the model simulations.  The SLP values and wind speeds in 

the TCs broadened rapidly in all simulations after approximately simulation hour 138.  The 

TCs increased in size until approximately simulation hour 210, and then remained in a quasi-

steady state for the remainder of the integration period.  By comparing the sizes of the 

simulated TCs to the observed TCs discussed in Merrill (1984), it became apparent that even 

at their largest, the simulated TCs were smaller than the largest observed TCs.  The 

transformation from a small, quasi-steady state to a larger, second quasi-steady state was 

likened to a transformation from an Atlantic TC to a Pacific TC.  By comparing the 

relationship between the MSLP and MSSW in the simulations with observational studies, it 

became evident that the relationship was closer to that found in Atlantic TCs during the early 

stages of the simulation, and more similar to that found in Pacific TCs during the latter 

stages.  The transformation was theorized to occur due to the idealized ambient environment, 

which due to an absence of land masses and dry air was more comparable to a typical 

environment found near a Pacific TC than near an Atlantic TC.   

 The wind speed dependence of parameters calculated by the surface layer 

parameterization schemes was analyzed, with the largest differences being in the calculation 

of LHFLX.  Values of LHFLX were larger in IDMYJ4 at winds speeds above 25 ms
-1

, with 

the largest differences (up to ~1400 Wm
-2

) seen at extreme wind speeds (80 ms
-1

).  The 

exchange coefficient for moisture was found to be larger in IDMYJ4 at high wind speeds 

(above ~40 ms
-1

), consistent with the differences in LHFLX production.  The maximum 

value of the ratio Ck/Cd was similar in the different schemes, but larger in IDMYJ4 at wind 

speeds less than 45 ms
-1

.   
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 To investigate the impact of the surface layer and PBL parameterization on TC 

structure, time averaged structures were calculated during the 12-hour period where the TCs 

were at a similar, quasi-steady intensity.  Large differences in vertical motion were found 

between the simulations.  Downward vertical motion was found to be both stronger and over 

a larger area in IDMYJ4 than in IDYSU4.  Upward motion was generally comparable, with a 

larger area covered by weak updrafts in IDMYJ4.  The characteristic outward slope of the 

mean updraft with height (Malkus 1958; Jorgensen 1984; Marks and Houze 1987) was 

clearly evident, indicating that the simulations produced a realistic structure.  Relative 

humidity values in IDMYJ4 generally were smaller than in IDYSU4, with the largest 

differences (up to 10%) being found in the eye and eyewall.  Velocity tendencies from the 

YSU PBL scheme were found to occur over a much deeper layer than in MYJ, indicating that 

the YSU scheme impacted the vertical momentum structure over a much greater depth.  

Finally, the potential temperature and potential temperature tendency values were 

investigated.  At high altitudes in the eye, the potential temperature values were as much as 5 

K larger in IDYSU4 than in IDMYJ4.  Further down in the eye (between ~3000 – 6000 m) 

the potential temperature values are as much as 5 K larger in IDMYJ4 than in IDYSU4.  At 

larger radial distances, the potential temperature values were larger in IDYSU4, consistent 

with deeper SLP values at these distances.  The contribution to the potential temperature field 

by the PBL schemes was again found to occur over a much greater depth in IDYSU4 than in 

IDMYJ4, with the YSU PBL scheme producing a larger amount of warming than MYJ.  
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Table 4.1. List of simulation names for idealized simulations. 

Name 
PBL 

physics 

SFC 

layer 

physics 

Cumulus 

Parameterization 
Grid spacing Vertical Levels 

IDMYJ36 MYJ MYJ Kain-Fritsch 36-km 31 

IDMYJ12 MYJ MYJ Kain-Fritsch 12-km 31 

IDMYJ4 MYJ MYJ None 4-km 31 

IDYSU36 YSU YSU Kain-Fritsch 36-km 31 

IDYSU12 YSU YSU Kain-Fritsch 12-km 31 

IDYSU4 YSU YSU None 4-km 31 

 

Table 4.2. Simulation hours of maximum 10-m wind speed and minimum sea level pressure 

(MSLP).  MSLP values exceeding theoretical EMPI in bold. 

Name Minimum SLP Maximum 10-m wind 

IDMYJ36 911.0 (228) 62.2 (150) 

IDMYJ12 910.3 (141) 72.6 (174) 

IDMYJ4 875.6 (171) 90.0 (117) 

IDYSU36 910.3 (195) 60.6 (198) 

IDYSU12 899.1 (177) 70.6 (42) 

IDYSU4 888.4 (198) 80.6 (102) 

 

Table 4.3. 492-km area-averaged values from time-averaged TCs. 

Parameter: IDYSU4 IDMYJ4 

Avg. LHFLX (Wm
-2

) 714 856 

Avg. HFLX (Wm
-2

) 100 132 

Avg. SLP (hPa) 978 984 

Avg. Ck 1.53 1.86 

Avg. Cd 1.90 1.54 

Avg. Ck/ Cd 0.79 0.81 
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FIG 4.1. Time-series of 1) the model simulated central pressure from WRF (3-hourly) and 2) the EMPI (black) for the idealized 

simulations. 
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FIG. 4.2. Time-series of 1) the model simulated maximum 10-m winds (3-hourly) and 2) the EMPI (black) for the idealized 

simulations. 
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FIG. 4.3. Time-series of the maximum value of latent heat flux (y-axis, in Wm
-2

) for the idealized simulations. 
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FIG. 4.4. Time-series of the storm-centered 200-km area-averaged latent heat flux (y-axis, in Wm
-2

) for the idealized simulations with 

4-km grid spacing. 
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FIG. 4.5. Time-series of the maximum value of sensible heat flux (y-axis, in Wm
-2

) for the idealized simulations. 
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FIG. 4.6. Time-series of the storm-centered 200-km area-averaged sensible heat flux (y-axis, in Wm
-2

) for the idealized simulations 

with 4-km grid spacing. 
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FIG. 4.7. Time-series of the storm-centered 400-km area-averaged hourly precipitation (inches) for IDYSU36 (in red) and IDMYJ36 

(blue) and the normalized value (MYJ/YSU) in green. 
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FIG. 4.8. Same as in Fig. 4.7, except for idealized simulations with 12-km grid spacing. 
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FIG. 4.9. Same as in Fig. 4.7, except for idealized simulations with 4-km grid spacing. 
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FIG. 4.10. Time (y-axis, time increasing towards top of page) versus radius (x-axis, increasing radius to the right) plot of sea level 

pressure (hPa, shaded) for the IDMYJ4 simulation. 
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FIG. 4.11. Same as in Fig. 4.10, except for IYSU4 simulation. 

 

 



 202 

 
FIG. 4.12. Same as in Fig. 4.10, except 10-m wind speed (ms

-1
, shaded). 
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FIG. 4.13. Same as in Fig. 4.11, except 10-m wind speed (ms

-1
, shaded). 
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FIG. 4.14. Time series of the radius of maximum wind (km) in the idealized simulations with 4-km grid spacing. 
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FIG. 4.15. Time series of the radius of hurricane force wind (km) in the idealized simulations with 4-km grid spacing. 
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FIG. 4.16. Time series of the radius of tropical storm force wind (km) in the idealized simulations with 36-km grid spacing. 
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FIG. 4.17. Maximum 10-m wind speed (y-axis, in ms

-1
) for a given minimum central pressure (hPa) based on 1.) Brown et al. 2006 

(blue), and 2.) Atkinson et al. 1977 (red). 
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FIG. 4.18. Time series of the maximum 10-m wind speed from the IDMYJ4 simulation minus the maximum 10-m wind using the 

pressure-wind relationship from 1.) Brown et al. 2006 (blue), and 2.) Atkinson and Holliday 1977 (blue, with black marker). 
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FIG. 4.19. Time series of the maximum 10-m wind speed from the IDMYJ4 simulation minus the maximum 10-m wind using the 

pressure-wind relationship from 1.) Brown et al. 2006 (blue), and 2.) Atkinson and Holliday 1977 (blue, with black marker). 
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FIG. 4.20. Model latent heat flux (Wm

-2
) as a function of wind speed (ms

-1
). IDYSU in red, IDMYJ in blue, normalized value 

(IDMYJ/IDYSU) in green. 
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FIG. 4.21. Same as in fig. 4.20, except for the moisture exchange coefficient. 
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FIG. 4.22. Normalized values (value from MYJ divided by value from YSU) of LHFLX (red) and the difference in mixing ratio 

between the surface and the 10-m level (blue). 
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FIG. 4.23. Normalized air density at the 10-m level (value from MYJ divided by value from YSU). 
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FIG. 4.24. Same as in fig. 4.20, except for sensible heat flux (Wm

-2
). 
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FIG. 4.25. Same as in fig. 4.20, except for the sensible heat exchange coefficient. 
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FIG. 4.26. Normalized values (value from MYJ divided by value from YSU) of HFLX (red) and the difference in potential 

temperature between the surface and the 10-m level (blue). 
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FIG. 4.27. Same as in fig. 4.20, except for the roughness length (cm). 
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FIG. 4.28. Same as in fig. 4.20, except for the momentum exchange coefficient. 
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FIG. 4.29. Normalized friction velocity at the 10-m level (value from MYJ divided by value from YSU). 
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FIG. 4.30. Same as in fig. 4.20 except for the ratio of the exchange coefficient for heat to the exchange coefficient for momentum (Ck 

/ Cd). 
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FIG. 4.31. Time (y-axis, time increasing towards top of page) versus radius (x-axis, increasing radius to the right) plot of sea level 

pressure (in hPa) for the IDMYJ4 simulation. 
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FIG. 4.32. Same as in Fig. 4.31, but for the IDYSU4 simulation. 
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FIG. 4.33. Same as in Fig. 4.31, but for 10-m wind speed (ms
-1

). 
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FIG. 4.34. Same as in Fig. 4.32, but for 10-m wind speed (ms
-1

). 
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FIG. 4.35. Simulated radar reflectivity (shaded, as in color bar) and sea level pressure field (hPa, contoured) for the IDMYJ4 

simulation: (upper left) simulation hour 69, (upper right) simulation hour 72, (lower left) simulation hour 75, and (lower right) 

simulation hour 78. 
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FIG. 4.36. Simulated radar reflectivity (shaded, as in color bar) and sea level pressure field (hPa, contoured) for the IDYSU4 

simulation: (upper left) simulation hour 90, (upper right) simulation hour 93, (lower left) simulation hour 96, and (lower right) 

simulation hour 99. 
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FIG. 4.37. Same as in Fig. 4.35, except hourly-accumulated precipitation (in). 
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FIG. 4.38. Same as in Fig. 4.36, except hourly-accumulated precipitation (in).  
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FIG. 4.39.  Percentage occurrence of hourly accumulated precipitation ranges during the time averaging period. 
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FIG. 4.40. 1.) Time averaged, azimuthally averaged SLP (hPa, IDMYJ in blue, IDYSU in red, y-axis), as a function of increasing 

distance from storm center (x-axis, in km) and 2.) Difference in pressure (MYJ – YSU) in green. 
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FIG. 4.41. 1.) Time averaged, azimuthally averaged 10-m wind speed (ms
-1

, IDMYJ in blue, IDYSU in red, y-axis), as a function of 

increasing distance from storm center (x-axis, in km), 2.) Tropical storm force wind speed (gray) and 3.) Hurricane force wind speed 

(black). 
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FIG 4.42. Same as in fig. 4.40, except for latent heat flux (Wm
-2

). 
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FIG 4.43. Same as in Fig. 4.40, except for sensible heat flux (Wm
-2

). 

 



 234 

 

FIG. 4.44. Time and azimuthally averaged downward vertical motion (color fill, ms
-1

) and distance from storm center (contoured, km) 

for IDYSU4 (left) and IDMYJ4 (right).  The difference between the two (value from IDMYJ4 minus the value from IDYSU4) on the 

bottom panel.  
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FIG. 4.45. Same as in fig. 4.44, except for upward vertical motion. 
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FIG. 4.46. Same as in Fig. 4.44, except for specific humidity (g kg
-1

).  
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FIG 4.47. Mean wind speed profile (normalized by 700-hPa wind speed) for eyewall (red) 

and outer vortex (blue) soundings. From Franklin et al. 2000. 

 

 

FIG. 4.48. Vertical profile of 700-hPa normalized speed for IDMYJ (blue) and IDYSU (red). 
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FIG. 4.49. Same as in Fig. 4.44, except for wind speed (ms

-1
). 
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FIG. 4.50. Same as in Fig. 4.44, except for velocity tendency due to PBL parameterization (ms
-1

h
-1

). 

 



 240 

 

FIG. 4.51. Same as in Fig. 4.44, except for potential temperature (K). 
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FIG. 4.52. Same as in Fig. 4.44, except for PBL potential temperature tendency (K h
-1

). 
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5. Conclusions and Future Research 

 

5.1. Overview 

Numerical modeling of tropical cyclones is critically important for the prediction 

of hurricane track and intensity.  However, the assumptions underlying some of the key 

physical parameterizations in numerical models may not be valid for the high wind 

conditions in tropical cyclones.  For example, surface and boundary layer 

parameterization schemes do not represent the effects of spray and foam in windy marine 

conditions, and exchange coefficients for heat, moisture and momentum are not clearly 

specified in the hurricane environment.  The inclusion of the effects due to sea spray in a 

numerical model leads to stronger TCs in numerical models (Wang et al. 2001, Perrie et 

al. 2005).  In addition, heating due to the frictional dissipation of kinetic energy in the 

PBL is not accounted for in numerical models, with the assumption that this additional 

source of heating will not significantly affect model results.  However, previous studies 

indicate that the inclusion of the heating due to frictional dissipation can increase the 

maximum winds in a TC by at least 10% (e.g. Bister and Emanuel 1998; Zhang and 

Altshuler 1999).  The absence of these physical processes in models including the WRF 

likely will impact the simulation of intense TCs.  To test this hypothesis, numerical 

simulations of Hurricane Ivan (2004) or an idealized initial tropical cyclone are compared 

to some limited observations and also to theoretically specified intensity limits (MPI).  

By undertaking such a comparison, and also through intercomparison of model 

simulations using different PBL and surface layer options, a better understanding of the 

viability of numerical TC prediction can be attained. 
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5.2 Review of Hypotheses 

 Based upon the absence of sea spray effects and dissipative heating in the WRF 

model, it was anticipated that simulations of Hurricane Ivan would not reach the intensity 

of the observed storm.  In addition, simulations using an idealized initial vortex and 

ambient environment were not expected to reach the theoretical maximum intensity limit.  

The sensitivity of the model results to surface layer and PBL parameterization, and model 

grid spacing was tested.  However, the simulated TCs were expected to be weaker than 

the observations or theory regardless of the model physical parameterization choice.  

Some sensitivity to the surface layer parameterization scheme choice was anticipated,  

due to differences in the calculation of fluxes.  Grid spacing was also hypothesized to 

impact the simulated TC intensity, with smaller grid spacing producing more intense 

TCs, based on the results of previous studies.  Therefore, simulations with smaller grid 

spacing were expected to more closely match the observed or theoretical TC intensity, 

but still not attain or exceed it.  The PBL scheme, which estimates the effects of turbulent 

mixing, was hypothesized to impact TC structure, but to not dramatically affect simulated 

TC intensity.  

 

5.3. Comparison of Simulated and Theoretical Maximum Intensity 

 Simulations using 4-km grid spacing were able to produce TCs that exceeded the 

MPI of the idealized environment (determined by minimum sea level pressure), while 

simulations using coarser (12 or 36-km) grid spacing were not.  The fact that simulated 

TCs were able to exceed the MPI suggests that either the model or theory is incorrectly 
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formulated.  It is possible that MPI theory is not providing an accurate estimate of the 

maximum intensity of TCs, although the theoretical estimates of maximum intensity do 

agree favorably with observed TC intensity (e.g. Emanuel 1986; Tonkin et al. 2000).  

There have been cases where observed TCs do exceed the theoretical intensity limit, 

although these cases are fairly rare.  The fact that the model simulated TC exceeded the 

MPI by a fairly large amount (~15 hPa) suggests that even if MPI theory were tweaked 

slightly, the simulated TC would likely still exceed the MPI.  In addition, the inclusion of 

dissipative heating and sea spray effects in the model would likely lead to simulations 

that intensify beyond the MPI by an even larger amount.  Overall, the evidence suggests 

that the WRF model, in its current configuration, overestimates TC intensity, especially 

with small values of horizontal grid spacing.   

 

5.4. Comparison of Simulated and Observed Intensity for Hurricane Ivan 

 Simulations of Hurricane Ivan were initialized with a vortex that was ~60 hPa 

weaker than the observed TC at that time.  Despite this weak model initialization, the TC 

simulated using 4-km horizontal grid spacing reached the maximum intensity of the 

observed system, and exceeded the observed intensity during the latter stages of the 

simulation.  Again, this result suggests that the WRF model may have a tendency to 

overestimate TC intensity.   

 

5.5 Sensitivity to Grid Spacing   

Simulated TC intensity is highly sensitive to model grid spacing in experiments 

with Hurricane Ivan or with an idealized initial vortex.  Using the same physical 
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parameterization schemes, simulations with smaller model grid spacing produced more 

intense (lower values of MSLP, and larger values of MSSW) TCs.  TCs simulated with   

4-km grid spacing were able to exceed theoretical intensity limits, and match observed 

intensity values.  TCs simulated with coarser (12 or 36-km) grid spacing were generally 

less intense, and unable to reach the theoretical intensity limit or observed intensity.  The 

sensitivity of TC track to model grid spacing was also investigated for Hurricane Ivan.  

Despite producing TCs that varied in MSLP values by up to ~40 hPa, simulations with 

different grid spacings produced TC tracks that were quite similar.  This result suggests 

that for track forecasting coarse grid spacing may be adequate.  In this case, computing 

resources may be better spent on ensemble forecasts, more sophisticated data 

assimilation, or in some other manner other than higher horizontal resolution.   

 

5.6. Sensitivity to Surface Layer Parameterization  

 Model experiments revealed that the largest difference between the MYJ and 

YSU surface layer parameterization schemes is in the calculation of LHFLX.  The MYJ 

scheme produces values of LHFLX that are ~50% (up to 1200 Wm
-1

) larger than the 

YSU scheme at comparable wind speed values.  Assessing which scheme produces more 

realistic flux values is difficult, due to a lack of observations at high wind speeds.  

Observational data indicates that neither scheme produces realistic values of exchange 

coefficients, likely due to the absence of sea spray effects. Figures 5.1 and 5.2 display the 

exchange coefficient for drag from the Ivan simulations (similar values were found in the 

idealized simulations) and the results from the CBLAST (2006) field study, respectively.  

Values at high wind speeds are still not shown in Fig. 5.2, but observations indicate that 
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the surface drag decreases at wind speeds above 25 ms
-1

.  This trend is clearly not seen in 

the model momentum exchange coefficients (Fig. 5.1), which increase linearly with 

increasing wind speed.  The ratio Ck/CD in each scheme is also significantly different 

from recent observational data.  Figures 5.3 and 5.4 show the ratio Ck/CD from the Ivan 

simulations (similar values found in the idealized simulations) and from the CBLAST 

(2006) field study, respectively.  At wind speeds above ~20 ms
-1

, the ratio increases in 

both the model and in the observations, but the increase is much larger in the 

observational data.  The ratio of the exchange coefficients at a wind speed of 70 ms
-1 

is 

much larger based on observations (1.5) than calculated in the WRF surface layer 

parameterizations (~0.95).  If the surface layer parameterization schemes in WRF were 

configured to produce values of the ratio that matched the observational data from 

CBLAST, the model would likely produce more intense TCs.  This change would likely 

cause the idealized simulations to exceed the MPI even more, again suggesting that the 

model in its current state may overestimate TC intensity.  

 

5.7 Sensitivity to PBL Parameterization 

 Large differences exist in the estimation of turbulent mixing between the YSU 

and MYJ PBL schemes in WRF.  In general, the YSU scheme diagnoses a deeper PBL, 

and accordingly produces mixing over a much deeper layer than does MYJ.  This 

difference was quantified by looking at model velocity and temperature tendencies due 

the PBL schemes.  The YSU scheme produces tendencies that are larger and present over 

a much larger vertical extent than does the MYJ scheme.  The difference in the amount 

and vertical extent of the turbulent mixing impacts the simulated TC structure.  
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Simulations using the MYJ PBL scheme have stronger updrafts and downdrafts, and 

warmer temperature values in the eye.  The sensitivity of TC intensity due to PBL 

parameterization is difficult to assess, since the different PBL schemes must be used with 

different surface layer parameterizations.  In order to better assess the sensitivity to PBL 

parameterization alone simulations using different PBL schemes with the same surface 

layer scheme would be required.   

 

5.8 Summary and Future Work 

 In its current state, the WRF does not realistically estimate the atmospheric 

conditions occurring at the high wind speeds found in TCs.  Specifically, the version of 

WRF used in this investigation is missing the effects of dissipative heating and sea spray.  

The inclusion of these effects should cause the model to produce more intense TCs.  

Surprisingly, even with these effects missing the WRF model, using 4-km grid spacing, 

produced TCs that exceeded the theoretical maximum intensity limit of the idealized 

environment.  Should the effects of sea spray and dissipative heating be included in the 

model, the simulated TCs may exceed theoretical intensity limits even more, suggesting 

that some other aspect of the model is currently not configured in a realistic manner.   

In the near future, a version of the WRF model designed for the prediction of 

hurricanes (HWRF) will be released, and many avenues exist for future research.  As of 

this writing, the author is unaware of whether or not the HWRF model will take into 

account the effects of sea spray or dissipative heating.  Regardless of this fact, the HWRF 

model will require extensive testing before being relied upon by the operational 

forecasting community.  To test the model, a large number of real-case simulations 
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should be performed and compared to observations.  In addition, a methodology similar 

to the one used in this study should be employed, whereby the HWRF model is used in 

idealized simulations and compared to theoretical intensity limits.  The idealized 

simulations would help to assess the ability of the new model to represent TC intensity in 

an accurate manner.  The surface fluxes and exchange coefficients produced by the 

model’s surface layer parameterizations at high wind speeds should be compared to 

observational data, to assess the schemes in their current state.  Ideally, the schemes in 

the new model would produce values of fluxes and exchange coefficients that more 

closely match observations than the schemes in the current version of WRF.  If this is not 

the case, the schemes should be modified to produce conditions that are more consistent 

with those found in strong TCs.   
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FIG. 5.1. Value of the exchange coefficient for momentum (Cd) from the CBLAST 

(2006) observational study.  Average values are shown in black. 

 

 

 
FIG. 5.2. Value of the exchange coefficient for momentum (Cd) from the YSU PBL 

scheme (red) and MYJ PBL scheme (blue). 
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FIG. 5.3. Value of ratio of the exchange coefficient for heat to the exchange coefficient 

for momentum (Ce / Cd) from the CBLAST (2006) observational study.  Observations 

shown in red circles, results of budget residual method at a wind speed of 70 ms
-1 

shown 

in maroon. Black curve represents a best fit to the data. 

 

 

 
 

FIG. 5.4. The ratio of the exchange coefficient for heat to the exchange coefficient for 

momentum (Ck / Cd) from the IYSU4 simulation (red) and IMYJ4 simulation (blue). 
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