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ABSTRACT 

Despite significant advances in tropical cyclone (TC) track forecasting over the past few 

decades, intensity forecasts remain problematic, even for high-resolution computer models uniquely 

developed and tailored to TC prediction. This study examines the ability of two of these models, the 

Geophysical Fluid Dynamics Laboratory (GFDL) model and the Hurricane Weather Research and 

Forecasting (HWRF) model, to analyze and predict one measure of TC structure in the Atlantic Basin. 

Instead of more conventional evaluations based solely on a TC’s maximum wind speed or minimum 

sea level pressure (MSLP), the relationship between these two variables is used: a TC’s pressure-wind 

relationship (PWR), which gives a more detailed look at how well each model analyzes and forecasts 

TC structure. The analysis begins in 2007, the year the GFDL was initially “frozen” (development and 

improvements were ceased) and also the first year that the HWRF was used for operational forecasting. 

Comparison of both GFDL and HWRF analyses and forecasts to the National Hurricane 

Center's (NHC) “best track” (database of 6-hourly observations of vital statistics such as maximum 

wind speed and MSLP for all TCs) revealed that, while both models produced errors in their analyses 

and forecasts, the GFDL outperformed the HWRF in both analysis and forecasting of TC PWR's for 

Atlantic Basin hurricanes from 2007-2013.. There was a subsection of particularly strong TCs 

(maximum winds above 120kt, MSLP lower than 950mb) whose structure was forecast especially 

poorly. The forecast PWR's produced by the HWRF fell largely outside the “best track” for this set of 

intense TCs, suggesting that the structures produced by the HWRF are inconsistent with our best 

estimates of observations in the Atlantic Basin and given current climate conditions.  The PWR 

distribution evolved considerably for the HWRF over time, presumably as model improvements were 

made (including a decrease in model gridspacing).   This has led to the model analysis PWR becoming 

more consistent with the model forecast PWR envelope.   Nonetheless, both often fall outside the best-

track estimates of PWR and potential explanations for this disparity are presented. 
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1. INTRODUCTION 

One of the greatest challenges that remains today in Atlantic Basin tropical cyclone (TC) 

forecasting is intensity prediction. Track forecasting has improved greatly over the past few decades, 

but intensity prediction, even just 24 hours out, has shown just minimal improvements at best, as 

demonstrated by Figure 1. As such, predicting TC intensity is one of the main areas for potential 

improvement in TC forecasting. 

  An important tool used by forecasters for intensity prediction is numerical weather prediction, 

also referred to as computer modeling. A few higher resolution models have been developed 

specifically for use in hurricane forecasting, and their subpar performance/inconsistency in intensity 

forecasting is one reason for the lack of improvement in official intensity forecasts issued by the 

varying hurricane warning agencies worldwide. Each computer model uses a different set of physical 

equations to approximate atmospheric processes, so the equations contained within each model act as 

“rules” that attempt to describe the behavior of the atmosphere. Because we do not have a perfectly 

closed set of theoretical equations for the atmosphere, models remain just that - approximations of the 

real atmosphere. The better we can approximate the laws that govern atmospheric behavior, the better 

model forecasts will be, and the better official forecasts will be. 

TC intensity is generally evaluated based on minimum sea level pressure (MSLP) or maximum 

near-surface wind speed (Vmax). More attention, however, is often paid to maximum wind speed 

because of the well-known high-impact nature of the winds within a TC – hurricanes in the north 

Atlantic Basin are categorized by the Saffir-Simpson scale, which is based solely on maximum near-

surface wind speed. A TC’s winds are also not determined by pressure; rather, it is the pressure gradient 

that creates a TC’s wind field. For this project, however, the relationship between these two variables 

(the TC's pressure-wind relationship, or PWR) was used to evaluate the model analyses and forecasts. 

A TC's pressure-wind relationship provides a more complete and unique look at its structure, and 
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therefore allows for a much more insightful and strict evaluation of model performance as compared to 

evaluations based only on MSLP or maximum near-surface wind speed. 

Much research has been done on the development of pressure-wind relationships and how 

accurately they represent real TCs. Insufficient research has been done, however, on pressure-wind 

relationships within modeled TCs, and the evaluation of TC intensity forecasts by examining the 

PWRs. For example, an unrealistically sharp weakening has been often observed in multiple models 

from the initial conditions to the first forecast output by the model (often 6 hr).   Such sudden structural 

and intensity changes may suggest that the analysis field of a numerical model is inconsistent with that 

produced by numerical integration of the equations in that model.  Said another way, the analysis time 

structure is not a balanced structure for the equations within the model.   It is hoped that by examining 

the PWR revealed in the models, the weaknesses and biases in the physics of certain high resolution 

hurricane models can be illuminated if not better quantified, leading to the models' continued 

improvement. 
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Figure 1.1: National Hurricane Center average Intensity errors in official forecasts for Atlantic Basin 

Tropical Cyclones. Image from National Hurricane Center: 

http://www.nhc.noaa.gov/verification/verify5.shtml 
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2. BACKGROUND/PREVIOUS WORK 

a.)   Model History and Description 

There are multitudes of computer models currently in use for operational forecasting by different 

meteorological agencies around the world – so many that it would be impossible to discuss all of them 

here. There are, however, a few models whose physics are uniquely tailored to TC forecasting. This 

study will focus on two such high-resolution models that are used by the National Hurricane Center 

(NHC) for operational hurricane forecasting: the Geophysical Fluid Dynamics Laboratory (GFDL) 

regional hurricane forecasting system, and the Hurricane Weather Research and Forecasting model 

(HWRF). 

The National Oceanic and Atmospheric Administration's (NOAA) Geophysical Fluid Dynamics 

Laboratory began development of the first dynamical hurricane model in 1970, and in 1973, the first 

experiments with a three-dimensional hurricane model were performed (Bender et al. 2007). 

Improvements to this first basic model were continued through the next few decades, and the first 

attempts at data assimilation (ingesting observations from the actual TCs being modeled, which should 

contribute to forecast accuracy) were made in the mid-1980s (Tuleya et al. 1984). Development of the 

GFDL continued through the next decade as more realistic patterns of hurricane behavior were able to 

be produced by the model and new methods of vortex initialization were developed, and the GFDL 

became operational in 1995 once substantial track forecasting skill was demonstrated. Although many 

of the techniques used in these first iterations of the GFDL are no longer currently used, the importance 

of these first developments to current hurricane modeling cannot be underestimated. 

The GFDL was coupled to the Princeton Ocean Model (POM) in 2001, allowing for more 

realistic sea surface temperature (SST) effects on the modeled hurricanes. More improvements were 

also made to its physics (2001, 2003, and 2006), vortex initialization (1998, 2002, and 2003), 

horizontal grid configuration (2002 and 2005), and its vertical resolution (2003) (Bender et al. 2007). 
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The model was “frozen” in 2007, however; development of the model was halted. The final version of 

the model, implemented in 2006, is the version that was used for this particular study. It includes a 

Ferrier scheme cloud microphysics package (which allows for four different types of hydrometeors, 

instead of precipitating all condensed water in the TC once relative humidity reaches a certain value), 

three nests with 1/12 degree horizontal grid spacing, and 42 vertical levels, along with the above 

mentioned improvements (Bender et al. 2007). 

The HWRF was created much more recently than the GFDL - the intention is for it to become a 

next-generation hurricane model, and its development is still ongoing. It became operational in 2007, 

using the same physics scheme (Ferrier) as that used in the last GFDL implementation. Improvements 

to the HWRF have been implemented each year since 2007, and are detailed more extensively in 

Section 4 of this paper. Some important points to make, however, are major differences between the 

two models so that their performance can be more effectively compared. One main difference between 

the HWRF and GFDL exists in the vortex initialization. The GFDL is initialized using a mass-

consistent axisymmetric bogus vortex every time it is run, while the HWRF is only initialized using an 

axisymmetric bogus vortex if the model has not been run on a particular storm before. If it has, the 

HWRF is initialized using a model-consistent vortex from the previous 6-hour run that is position 

corrected based on observations. In other terms, the HWRF strategy for vortex initialization should 

yield a more physically realistic initial vortex structure than the GFDL. The GFDL is also a hydrostatic 

model, while the HWRF is not – this means that the GFDL assumes balance between the vertical 

pressure gradient force and gravitational force. This is a good assumption on synoptic (on the order of 

1000km or more) scales, but it less valid at the mesoscale and certainly not valid at the smaller 

convective scale representative of the eyewall. The HWRF, by contrast, uses a dynamic core that does 

not assume hydrostatic balance, which is a more realistic approximation of the real atmosphere, 

especially within the smaller scale of a TC vortex.   
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b.)  Pressure-wind Relationships (PWR) 

At its most basic point, a TC's PWR is related to the radial pressure gradient of the storm. How 

tightly packed or spaced the pressure gradient is for a TC will approximately determine the structure of 

the storm and the distribution of tangential (swirling) winds within the storm, as well as its maximum 

wind speed (all assuming gradient wind balance is valid). The pressure-wind relationship of each storm 

also evolves and changes as the hurricane matures and as the storm reaches different types of balance 

within the atmosphere at different stages in its development. Another point of note is that the 

environmental conditions of each basin in which TCs form are different; therefore, no one PWR can 

universally describe the intensity and structure of all TCs everywhere on the globe ( Guard and Lander 

1996, Harper 2002, Holland 2008). 

Many different observation-based PWRs exist and have been used in different tropical forecasting 

centers across the globe, including: 

� Atkinson and Holliday (1977, 1975) at the Regional Specialized Meteorological Center 

(RMSC) on La Reunion Island, RMSC Fiji, and the Joint Typhoon Warning Center, 

� Koba et al. (1990) at the RMSC Tokyo, 

� Love and Murphy (1985) at the Australian Northern Territory tropical cyclone warning center 

in Darwin, 

� and Dvorak (1975) for the Atlantic and east Pacific Oceans at the National Hurricane Center 

and Central Pacific Hurricane Center.   

 

For the purposes of this study, only the PWRs and model forecasts of northern Atlantic Basin 

TCs were used. This is partly for reasons of scope, but also because the Atlantic basin is currently the 

only basin that is routinely flown by aircraft reconnaissance, providing observations that allow for a 

higher level of accuracy and confidence in estimation of PWR’s. Extensive research has been 
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completed on a comprehensive PWR; however, the fact that many different relationships are used in 

leading TC forecasting centers all over the world attests to the fact that the relationships themselves, as 

well as the methods to determine them, are quite varied. 

It has been determined that five basic, easily-measurable factors give a good indication of the 

nature of a TC's PWR – environmental pressure, storm motion, latitude, storm size, and intensification 

trend (Knaff and Zehr, 2007). This is of course not a comprehensive list, but contains those factors that 

are the most easily measured operationally. For example, secondary wind maxima, such as those that 

exist in concentric eyewalls, can have a large impact on both the structure of the storm and it’s PWR 

(Sitkowski et al. 2011).     We next discuss the relationships of the five parameters above as presented 

by prior research. 

Environmental pressure is largely dependent upon the basin in which the TC exists. 

Environmental pressures in the North Atlantic basin, for example, are generally higher than those in the 

western North Pacific. For the HWRF, the GFS (Global Forecasting System, a large-scale numerical 

model) environmental conditions are used to determine the environmental pressure. 

A TC’s translation speed has also been shown to have an impact on both its maximum wind 

speed and, by extension, its PWR. Holding all other factors equal, storms moving faster will have 

slightly higher maximum wind speeds than slower-moving storms (Schwerdt et al. 1979). When 

aircraft reconnaissance is measuring flight–level maximum winds, the translation speed is one 

component of the measured maximum wind, so the observation is not of purely storm-relative 

maximum winds.  Although the effect is generally small, TC translation speed should be taken into 

account when estimating maximum wind speed. The HWRF takes this into account by putting its 

initialized TC vortex in motion (at the observed translation speed) after it is created and/or corrected by 

the model, instead of placing a static vortex in the environmental field and allowing the model 

integration to set the TC in motion. 
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pressures below intensities of 40-65kt, and lower pressures above those intensities (Knaff and Zehr 

2007). 
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3. METHOD AND DATA 

a.)  Data 

For this project, model analysis (initialization) and forecast data for the GFDL and HWRF from 

the Automated Tropical Cyclone Forecast (ATCF) archives are utilized. The model analysis appears in 

the ATCF as hour 0 in the model data. After initialization, the model integrates forward in time, 

producing forecast output beginning 6 hours out from initialization time and continuing in 6-hour 

increments through 126 hours (5 days) out from initialization time.  

For comparison, the NHC's “best track” reanalyzed data is used, also found in the ATCF. The 

“best track” data includes vital statistics on each TC every 6 hours beginning at the invest stage (pre-

tropical depression) and continuing all the way through dissipation. It provides an analysis of the 

conditions that were actually observed in each TC (i.e. the TC's actual pressure-wind relationship, 

which of course has its own uncertainty). It should be noted, however, that often observations in TCs, 

especially those at a surface level, can be difficult to obtain. Therefore, many of the MSLPs and 

maximum wind speeds within the best track are interpolations either temporally or spatially (for 

example, a correction factor was used to interpolate flight-level winds to the surface) (Kieu et al. 2010). 

The best track, then, provides what can be considered an estimate of observed MSLP and maximum 

wind speed. 

Maximum wind speed and minimum sea level pressure (MSLP) were used from the model and 

best track data to plot and compare modeled, analyzed, and observed TC pressure-wind relationships. 

An important note is that maximum wind speed is rounded to the nearest 5kt in the best track (because 

maximum wind speeds are rounded to the nearest 5kt in advisories) while it is not rounded in the model 

analysis and forecast data. The impact of such rounding in the best track is unknown, although it can be 

said that it adds yet another level of uncertainty to PWR comparison. 
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b.)  Method 

As previously stated, this project focuses specifically on the HWRF and GFDL models, both 

high-resolution models with physical and dynamical equations that are uniquely tailored to TC analysis 

and prediction. The evaluation begins in 2007, the first year the HWRF was transitioned to operational 

use.    The year 2007 was also when the GFDL was “frozen.” No improvements were made to it in 

2008 until some minor corrections were incorporated in 2009. It should be noted that the same physics 

scheme (Ferrier cloud microphysics) used in the GFDL when it was initially frozen  in 2007 was 

used in the 2007 implementation of the HWRF in order to build upon the baseline that the GFDL had 

set (Gopalakrishnan et al. 2012). 

Model PWR forecasts (hours 6-120) by the GFDL and HWRF were compared to the National 

Hurricane Center's “best track” for each TC since and including the 2007 Atlantic Basin hurricane 

season. The first HWRF initialization of each case can be seen in Figure 3.1. Only the north Atlantic 

Basin was evaluated, as it is the only basin that routinely flies aircraft reconnaissance missions 

(providing the most accurate observations of MSLP and maximum wind speed possible from within 

each TC), and HWRF improvements are generally implemented first for the Atlantic Basin. 

The models' 0-hour (or analysis time) and forecasts (hours 6-120) were compared to the best 

track data to evaluate how well the GFDL and HWRF initialized and forecast the structure of each TC. 

This was done for each year since the HWRF became operational through the most recent Atlantic 

hurricane season (2007-2013) in order to evaluate whether or not yearly upgrades to the HWRF had an 

impact on how well TC structure was initialized and forecast. This comparison was also done 

(including all years) for each forecast “day.” For example, all “day 1” forecasts (hours 6, 12, 18, and 

24) were compared to the rest of the hourly forecasts (out through hour 120) and to the analyses and 

best track to try to spot trends in model forecast performance following how far out the model was 

forecasting for. This method was repeated for “day 2” (hours 30, 36, 42, 48), “day 3” (54, 60, 66, 72), 
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“day 4” (78, 84, 90, 96), and “day 5” (102, 108, 114, 120). Abbreviated case studies were also done for 

two TCs whose HWRF initializations were particularly far out from the best track in order to determine 

potential causes for the differences between modeled TC structures and those found within the best 

track. Finally, an analysis was done on potential weaknesses in HWRF vortex initialization, as well as 

how well each of the five operationally measurable factors (mentioned above) that have been 

determined by Knaff and Zehr (2007) to influence a TC's PWR was approximated or accounted for by 

the HWRF in order to determine specific weaknesses in the PWR used by the HWRF. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: 2007 cases yellow, 2008 

red, 2012 cases burgundy, 2013 case
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4. RESULTS:   PWR CLIMATOLOGIES 

 In the following section, a comparison of GFDL and HWRF forecast, analysis, and best track 

PWRs is presented. An overview of best track PWRs from 1850-2013 and the representativeness of the 

2007-2013 period is first presented in Section 4(a).   Next, comparisons of those best-track PWR 

relationships to 2007-2013 GFDL and HWRF model analyses and forecasts are detailed. Year to year 

evolutions in those model relationships during 2007-2013 are discussed in Section 4(b), followed by an 

examination of the relationship between PWR and forecast hour (Section 4(c)). In the final section, 

abbreviated case studies of two particularly far-outlying HWRF initializations are presented: Hurricane 

Dean (2007) and Hurricane Bill (2009). 

 

a.) Best Track, Model Analysis, and Model Forecast Overview 

i.) Best Track 

An examination of the best track for all known Atlantic Basin TCs from 1850-2013 (Figure 4.1) 

showed wide variations in the TCs’ PWRs, also implying wide variations in size, structure, location, 

and organization of the TCs. The set of observed PWRs included TCs with low maximum wind speed 

and both high and low minimum MSLP, as well as TCs with high maximum wind speed and both high 

and low maximum wind speed.  

For reasons discussed in previous sections, only GFDL and HWRF analyses and forecasts from 

2007-2013 are analyzed. A comparison of the 2007-2013 best track to all best track from 1850-2013 

gives a better look at the subset of storms that will be analyzed. Figure 4.2 shows the 2007-2013 best 

track overlaid on top of the 1850-2013 best track, revealing some key points about the TCs in the small 

subset of years from 2007-2013. A lack of high MSLP TCs is apparent from 2007-2013 (when 

compared to 1850-2013). There also appeared to be a lack of intense TCs from 2007-2013, as 

compared to the larger set of TCs from 1850-2013.    It is clear that the 2007-2013 period does not 
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well-represent the full range of PWR relationships for the known historical record.     This will be an 

important point to remember when evaluating the model forecast PWRs. 

Another important point to note is that each year displays a large amount of variability in the 

size, areal distribution (not shown), and intensity of TCs, and therefore also displays much variability 

in TC PWRs as well. This variability can change dramatically from year to year, as evidenced by the 

comparison of two particular years. The best track TC PWRs for 2005 are shown in Figure 4.3, 

displaying a very large number of TCs ranging from weak and disorganized to very intense. By 

contrast, 2013 best track TC PWRs are shown in Figure 4.4. There were far fewer TCs in 2013 and 

none were intense, so the variation and distribution of PWRs in 2013 was much smaller than the very 

active 2005 season.  

 

ii.) Model Analyses 

 Model analyses, or the “0-hour” output by the model (the model initialization), also showed 

some interesting trends when compared to observations found in the best track. Figure 4.5 shows 

GFDL analyses from 2007-2013 on top of the 1850-2013 best track, while Figure 4.6 shows HWRF 

analyses from 2007-2013 with the 1850-2013 best track. The GFDL analyses from 2007-2013 did not 

include many of the very high MSLP or very low MSLP TCs found in the best track from 1850-2013, 

and also didn’t include many of the most intense TCs (above 110kt). The HWRF analyses from 2007-

2013 showed similar trends. Compared to the best track from 1850-2013, the HWRF did not include 

initializations of high MSLP TCs or intense TCs.  

 For a fair comparison, however, model analyses for GFDL and HWRF from 2007-2013 were 

compared to best track just from 2007-2013. This allows a comparison of analyses to only the storms 

the model was attempting to analyze.  Figure 4.7 shows GFDL model analyses for 2007-2013, overlaid 

on top of best track for 2007-2013. Though some low MSLP and intense TCs found in the best track 



25 

 

were not initialized by the GFDL, much better agreement can be seen between the PWRs of TCs 

produced by GFDL analyses and best track. HWRF analyses for 2007-2013 with best track just for 

2007-2013 are shown in Figure 4.8, and they also show improved consistency with the 2007-2013 best 

track. Some of the PWRs for intense TCs initialized by the HWRF, however, had MSLP that was too 

low for a given Vmax.  

 

iii.) Model Forecasts 

 The PWRs of TCs forecast (hours 6-120) by the GFDL and HWRF were also compared to the 

“observed” TCs found in the best track. When comparing forecasts by the GFDL (Figure 4.9) and 

HWRF (Figure 4.10) to the best track from 1850-2013, it was found that both models were forecasting 

TCs with low MSLP and low Vmax that had not occurred in 163 years of best track data (though, as 

mentioned in previous sections, the best track contains its own level of uncertainty). Also, for intense 

TCs (above 100kt or below 960mb), the TCs forecast by the HWRF had PWRs with MSLP so low that 

the forecast PWRs fell almost entirely outside the set of 163 years of best track data.  

 As for the model analyses, for a fair comparison, the HWRF and GFDL forecasts were also 

compared just to the 2007-2013 best track, so the forecasts could be evaluated against the storms the 

models were actually forecasting. The comparison of 2007-2013 GFDL forecasts and best track (Figure 

4.11) showed generally good overlap between the two. A comparison between 2007-2013 HWRF 

forecasts and best track (Figure 4.12), however, yielded one particular area of interest. For intense TCs 

above 100kt and below 960mb, HWRF forecasts fell almost completely outside the best track. For 

these storms, the HWRF forecast TCs with MSLP far too low for a given Vmax when compared to the 

best track.  
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b.)  PWRs by Year 

i.)  Year 2007 

For 2007, the first year the HWRF was operational, comparison of GFDL and HWRF 

initializations and forecasts to the best track data (shown in Figures 4.13 and 4.14) showed a noticeably 

better performance by the GFDL than by the HWRF. For weaker storms (less than 120kt), each 

cyclone's actual PWR was well-estimated by the GFDL. The model analysis and forecast PWRs were 

constrained by the NHC best track (as see in the overlap of the colored dots and the black dots with the 

grey dots in Figure 4.13). The only GFDL forecasts and analyses that fell outside of the range of the 

best track were those for TC's with Vmax greater than 120kt and MSLP lower than 940mb. Even then, 

however, there appeared to be a nearly even number of storms whose MSLP (given a certain Vmax) 

was over and underestimated by the model. Even taking into account those storms whose PWR was not 

correctly forecast by the GFDL, the slope of the modeled (both forecasts and initializations) PWRs was 

very similar to the slope of the actual PWR's recorded in the best track. This suggests that, although the 

GFDL may not correctly analyze and forecast the PWR for every storm and it has a marked weakness 

with regards to the most intense storms, it generally approximated the PWRs (one factor in TC 

structure) correctly.  

The 2007 HWRF, besides showing a bias towards forecasting MSLP's that were too low for 

each given Vmax, also had trouble with forecasting PWRs for TC's with Vmax greater than 110kt and 

MSLP lower than 960mb. The majority of HWRF analyses overlapped with the best track PWRs, 

suggesting these storms were initialized near their actual PWR's, but the forecast points showed almost 

no overlap with the best track and HWRF analyses (see Figure 4.14). The fact that the forecast points 

for these strongest storms were completely outside the best track might imply that the HWRF created 

structures that not only did not match the best track for these storms, but also created PWRs that are 

unlikely to occur in a real cyclone, given current climate.  In summary, the HWRF generally lowered 
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MSLP much too quickly for each given Vmax when compared to the best track points, which created a 

slope of forecast PWR's that was completely different from the slope of the actual/analyzed PWR's, 

especially for the strongest TC's. 

 

ii.)  Year 2008 

The same pattern for both the GFDL and the HWRF continued through 2008, as shown by 

Figures 4.15 and 4.16. There were fewer storms with intensities above 120kt or MSLP lower than 

940mb, so as expected, there were almost no best track points that did not overlap the forecasts and 

analyses produced by the GFDL. The 2008 implementation of the HWRF also contained some analysis 

improvements. Changes were made to initialize weak storms (intensities less than 16 m/s) as a 

weighted blend of the “guess” storm and composite storm, and instead of assuming that the storm was 

in gradient wind balance, the 2008 implementation treated surface pressure as a function of the non-

linear gradient wind stream function. Adjustments to the model physics included adjustment of 

temperature and pressure fields after the nest was moved to remove noise at the boundary of the nest 

domain. Reanalysis of hurricanes Dennis, Katrina, Rita, Wilma (2005), and Dean (2007) showed some 

slight reduction of errors in maximum wind speed, but no comparison was made using MSLP or the 

forecast PWR (HWRF Documentation, 2008).  Despite these improvements, the 2008 forecasts showed 

similar biases to 2007.  The best track and model analysis PWRs for almost all storms with maximum 

wind speeds above 100kt and MSLPs below 960mb were completely outside the HWRF forecast 

PWRs, suggesting the HWRF continued to create forecast TCs with different PWRs than those found 

in the best track. 

 

iii.)  Year 2009 

The 2009 GFDL and HWRF forecasts showed very similar errors and biases to those described 
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for the 2008 season – Figures 4.17 and 4.18 show that the GFDL forecasts and analyses gave a 

reasonable approximation of the actual PWRs for the TCs that occurred for 2009, while the HWRF 

forecast PWRs for storms more intense than 100kt and 960mb were once again completely outside the 

realm of the analyses and best track for the 2009 storms, suggesting that the previously mentioned 

issues with approximating TC structure were not resolved in the 2009 implementation of the HWRF.  

Another interesting feature of the 2009 dataset was the initialization of Hurricane Bill at 881mb and 

113kt – a physically unlikely TC structure, given that it was in the Atlantic Basin under current climate 

conditions. A short study of this case is presented later in the results section. 

 

iv.)  Year 2010 

The 2010 season once again exhibited similar patterns and weaknesses to the previous 

operational (2007-2009) seasons (see Figures 4.19 and 4.20), despite improvements to the surface 

physics of the HWRF (HWRF Documentation, 2010). Almost all storms with maximum wind speed 

above 110kt or MSLP below 950mb had observed and model-analyzed PWRs outside of the model 

forecast PWRs. There was a slight improvement, however, with the subsection of storms between 

100kt and 110kt and MSLP between 960mb and 950mb. Not all, but some of the observed and 

analyzed PWRs fell within the subset of the model's forecast PWRs, unlike all the previous years the 

HWRF had been operational. An interesting point, though, was that forecasts for storms with Vmax 

higher than 120kt and pressures below 940mb noticeably underestimated the actual intensity of the 

TC's. This may suggest a problem with “spin-down” in the model, which occurs when the HWRF 

creates structures for the strongest TCs that “collapse” in on themselves if the initialized eye size is too 

small for the grid spacing of the model to accurately capture. If there is a risk of spin-down occurring, 

the HWRF may initialize the eye too big for a given storm, which could lead to an underestimated 

intensity forecast. A more detailed discussion of “spin-down” and potential analysis and forecasting 
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problems resulting from it is presented later in the results section.  

 

v.)  Year 2011 

In the 2011 HWRF implementation (V3.2), the HWRF was coupled to the HYCOM (HYbrid 

Coordinate Ocean Model) for the Atlantic Basin to allow for more realistic ocean behavior and sea 

surface temperature estimation. Vortex initialization was also improved, allowing for a more realistic 

storm size and intensity correction. Physics upgrades included utilization of the GFS convective 

parameterization (HWRF Documentation 2011). While the GFDL showed no marked changes in 

forecast ability for 2011, the HWRF displayed a new problem, as seen in Figures 4.21 and 4.22. For 

2007 through 2010, the initializations of the TCs (the HWRF analysis, or 0-hour) more closely 

followed the best track PWRs than the model's forecast PWRs. In other words, the HWRF was 

initializing the storms within the constraints of the best track before the structure was degraded by 

model integration and observed in forecast output. In 2011, there were still clear intensity errors with 

most storms stronger than 110kt and 950mb. The initialized PWRs, however, were completely within 

the model forecast PWRs, while the best track (the best estimate of what actually occurred) was still 

completely outside of the set of forecast PWRs. This could imply a couple of things – first, the HWRF 

initializations got worse in 2011, as they no longer approximated the real TCs' PWRs correctly. It also 

suggests, however, that the storm structures initialized and forecast by the HWRF came into better 

agreement during that year, implying more consistency overall in the model's approximation of TC 

structure, even if that structure was incorrect for the subset of strongest storms. 

 

vi.)  Year 2012 

A significant upgrade to the 2012 HWRF (V3.4) was the addition of a high-resolution 3km 

inner nest for use near the hurricane inner core. Model initialization was also optimized for use with the 
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3-km resolution nest. Physics upgrades included the addition of GFS shallow convection and 

improvements to the formulation of the planetary boundary layer (PBL) (HWRF Documentation, 

2012). The 2012 HWRF showed the possibility of improvement in PWR analyses and forecasts – there 

was a large spread of forecast PWRs, but almost all analysis and best track PWR's were contained 

within the set of forecast PWR's (Figures 4.23 and 4.24). A good comparison to previous years is 

difficult to make, however, as the most problematic structures for earlier versions of the HWRF were 

for storms with maximum wind speeds higher than 110kt and MSLPs lower than 950mb, and no storms 

in the 2012 season reached or surpassed those intensities. Comparing years 2007-2011 to 2012 and 

after is also difficult, considering the significant resolution change in the HWRF with the addition of 

the 3km nest. 

 

vii.)  Year 2013 

The 2013 version of the HWRF (V3.5) included multiple upgrades, including improvements to 

the model physics (Ferrier scheme), improvements to the model's PWR, and assimilation of NOAA P3 

reconnaissance aircraft radar data into the model for initialization of the vortex with the intention of 

much more accurate vortex correction. Vertical resolution was also increased, and the model top was 

increased. This should again contribute to more accuracy in the forecast structure, as many intense 

storms have structures that extend into the tropopause (above 200-300mb) (HWRF Documentation, 

2013). All best track and analyzed PWR's fell within the forecast PWR's (see Figures 4.25 and 4.26), 

but similar to 2012, the 2013 season was a disappointing one for verification of the new HWRF 

implementation – there were no storms that reached maximum wind speeds above 80kt or MSLPs 

lower than 970mb, which prevented the 2013 implementation of HWRF from being tested upon the 

intense storms for which it had previously encountered the most difficulty in forecasting. 
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viii.)  Yearly Summary 

Comparison of the GFDL and HWRF performance for model initialization and forecasts 

yielded problematic results for the HWRF. GFDL initializations and forecasts, while not perfect, 

basically contained all best track points except for the most intense cyclones (Vmax greater than 120 kt 

and MSLP lower than 950mb). The forecast PWRs, however, showed almost an even amount of bias 

towards MSLP's that were too high and too low for a given Vmax.  For intensities less than those 

described above, almost the entire best track was taken into account.  
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b.)  PWR as a function of forecast hour 

Differences in model PWRs following the forecast hour (how far out the forecast is being made 

for, shown in Figure 4.31) were much more subtle than PWR changes by year (if they existed at all). 

Beginning with day 1 forecasts (hours 6, 12, 18, and 24) compared to the forecasts for all other hours, 

the model analyses (0-hour), and the best track, there is a pretty clear bias for day 1 forecasts to have 

higher pressures for given maximum wind speeds. Day 1 forecast PWRs also showed the least variation 

in PWRs of any of the forecast hours, which would also generally be as expected – the best forecast 

accuracy for any variable is generally achieved for the time period closest to the initialization time. 

Day 5 (hours 102, 108, 114, 120) modeled PWRs tended to have a generally lower MSLP for a 

given maximum wind speed than the rest of the forecast days, as seen when comparing Figure 4.27 and 

4.28 to Figures 4.29 and 4.30. This low MSLP bias can be seen especially well in the GFDL, though it 

does occur in the HWRF as well. The overall spread of the points for the forecast PWRs was the 

greatest for Day 5, which would be as expected, considering there is greater uncertainty the farther out 

in time the model is predicting. 

The most pronounced differences (and even then were fairly slight) occurred when comparing 

Day 1 and Day 5 – Days 2, 3, and 4 didn't display significant trends when compared to each other and 

to Days 1 and 5. There were also little clear differences observed between the HWRF and GFDL 

performances. This implied that any HWRF intensity analysis and forecasting issues could not be 

traced back to any day in particular, and were not necessarily related to how far out the forecast hour 

was. Generally, errors in the PWRs were more closely related to TC initialization and to the 

improvements made to the model each year than to the model’s lead time. 
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Figure 4.31: Evolution of modeled TC PWRs over forecast hour. Days 1, 2, 3, 4, and 5 are overlaid on 

top of each other using colors noted above, with PWRs of model analysis TCs in black.  
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5.  RESULTS:   CASE STUDIES 

 Here we present two case studies of instances where the HWRF model analysis PWR was well 

outside the envelope represented by the best-track.   Further, in one case, the storm weakened 

immensely in the six hours that followed the initializations.     While such major post-analysis intensity 

changes are more rare these days, these two cases give us the opportunity to discuss the factors that 

lead to these anomalous structures back then to help better understand the factors driving PWR 

changes. 

a)  Hurricane Dean, 2007 

One analysis point generated by the HWRF for Hurricane Dean in 2007 stood out as being a 

particularly far-outlying initialization. Dean was initialized on 0600 UTC 19 August 2007 with an 

MSLP of 908mb (shown in Figure 5.1) and a maximum wind speed of 123kt (a profile of which can be 

seen in Figure 5.2). By comparison, the GFDL initialized Dean at the same time with an MSLP of 

947mb and a maximum wind speed of 110kt. The best track for Dean had an MSLP of 921mb and a 

maximum wind speed of 120kt at the time both models were initialized. The HWRF analysis, although 

its initialization of Dean's MSLP was too low, initialized the TC's maximum wind speed very close to 

the observed maximum wind speed. It therefore came closer to the observed conditions than the GFDL 

initialization, which greatly underestimated Dean's intensity (both MSLP and maximum wind speed). 

In this case, the vortex correction performed by the HWRF accurately set the maximum wind speed to 

the observed value, but this initialization of Dean is a prime example of a common problem the HWRF 

has displayed with intense hurricanes – the vortex correction caused the MSLP to be initialized and 

forecast too low for the accurate maximum wind speed. Another point is that this intensity bias in the 

MSLP decreased once the model began to integrate forward and produce forecast output, as the wind 

profile remained generally similar (Figure 5.3) while the MSLP dramatically increased (Figure 5.2) at 

the 6-hour forecast. Although too intense, the HWRF remained consistent with its forecast, as the 
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initialization points can be seen overlapping with the forecast points in Figure 5.4. 

Some of the HWRF's difficulty in correctly initializing Dean's structure could potentially be 

attributed to its size.  Dean was a fairly compact storm, with a radius of 34kt winds (tropical storm 

force) of 280nm (approximately 520km) recorded in the best track for 0600 UTC 19 August 2007. The 

HWRF initialized Dean with a radius of 34kt winds of about 350nm, or 650km. According to Knaff 

and Zehr (2007), about 40% of the variance of TC PWR can be explained by size. Considering the 

HWRF initialized Dean with a radius of 34-kt winds over 100km larger than it actually was, much of 

the error in the 0600 UTC initialization of the MSLP could possibly be explained by the error in size 

correction (close to 20% larger than the storm's true size) for the initial vortex produced by the HWRF. 

This explanation is also consistent with the fact that the size of a TC is an important factor in 

determining the TC's pressure gradient, upon which the structure (and therefore PWR) depends. It 

should be noted, however, that the radius of 34-kt winds is only one measure of TC size, and that the 

size estimates found in the best track and forecasted by the HWRF are approximations of the outermost 

radius of 34-kt winds, and that they are generalized for each quadrant of the storm. In other words, 

there is great uncertainty in both the predicted and forecast TC size.  

 

b.)  Hurricane Bill, 2009 

An interesting point in the 2009 season was the far-outlying analysis point for Hurricane Bill 

(2009). This point indicates that Bill was initialized by the HWRF with an MSLP of 881mb (seen in 

Figure 5.5) and a maximum wind speed of 113kt (Figure 5.7) – a structure that is physically unlikely 

for a TC that exists in the north Atlantic Basin when examining the best-track PWR distributions from 

2007-2013 (see Figures 4.1-4.18). For comparison, the GFDL initialized Bill's MSLP at 946mb with a 

maximum wind speed of 102kt. In the NHC best track, Bill's observed MSLP at this initialization time 

was 943mb, with a maximum wind speed of 110kt. As seen in the case of Hurricane Dean, an accurate 
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maximum wind speed correction was achieved in the initial vortex, but the MSLP was initialized much 

too low (by about 60mb) by the HWRF. The GFDL, by contrast, provided an initialization that was 

accurate for both MSLP and maximum wind speed. 

As occurred with Dean, the intensity bias in the MSLP was corrected somewhat as the model 

integrated forward in time and begin to produce forecast output. Comparing Figures 5.5 and 5.6 shows 

a dramatic increase in the MSLP from the initialization to the 6-hour forecast, while the wind profile 

for both the initialization and the 6-hour forecast remained very similar (Figures 5.7 and 5.8). This 

would suggest the main error is found in the model initialization, rather the model forecast strategy, for 

this particular TC. 

Bill (in contrast with Dean) was a fairly large TC. Its radius of 34kt winds at 0000 UTC  on 21 

August 2009 was approximately 400nm (740km), although it was somewhat structurally asymmetrical 

(Figure 5.5) because of its proximity to extratropical transition. The HWRF approximated Bill's radius 

of 34kt winds near 400 nautical miles as well (and took into account at least some of its asymmetry, as 

seen in the different radii it produced for each quadrant). The explanation for the huge initialization 

error in the MSLP, then, most likely would not lie with the model's handling of the storm's size, as was 

possible with hurricane Dean. It is difficult to imagine a cause for an intensity error of this magnitude 

other than some type of human error in initializing or correcting the model vortex (or perhaps an error 

in the official NHC advisory that was corrected too late for the model initialization cycle). What is a 

large source of concern is that the HWRF, using the observations it was given, was able to accurately 

correct the maximum wind speed but produced a TC structure that was essentially physically 

impossible. This could imply a major error in the physics of the model, as well as a lack of physical 

constraints on the types of structures the model can produce. 
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6.  DISCUSSION AND CONCLUSIONS 

 

 In this paper, we examined the pressure-wind relationships among two different models, and 

between their analyses, forecasts, all in comparison to the best-track estimates of reality.   Below we 

summarize our findings and speculate on the potential for future work in this area. 

a.)  Summary 

Many of the possible explanations for intensity errors in the modeled PWR's can be traced back 

to the very beginning of each forecast cycle – the storm initialization. Once a new area of potential 

development is identified by the NHC and the decision is made to run the HWRF for the disturbance, 

the model must be initialized. The environmental conditions for the model are taken from the GFS, and 

the vortex is removed. If the model has not been run for the storm before, a bogus vortex is used and 

then “corrected” using observations from reconnaissance flights to estimate maximum wind speed and 

size of the disturbance (HWRF Documentation, 2013). There are a few problems with using the bogus 

vortex to initialize the model, and some of them give some indication as to why the HWRF consistently 

overestimates the intensity of the cyclone, especially as far as MSLP goes. First, the bogus vortex used 

is axisymmetric. This is not an unreasonable approximation for mature storms, but one of the most 

identifying characteristics of a pre-cyclone disturbance is its lack of axisymmetry, and it is generally 

only new or pre-TCs that need to be initialized with the bogus vortex. By assuming axisymmetry, the 

HWRF is initialized with a disturbance that appears much more organized than it really is. This can 

lead the model to overestimate intensity of the cyclone at its initialization (0-hour) and then to carry 

that intensity error through the entire forecast period, out through 120 hours. 

If the HWRF has been run for the storm before, the model begins with a forecast cyclone from 

the previous run. This type of initialization is known as “cyclic” - the previous 6-hour vortex is used as 

a starting point for the next model run's vortex. It is then corrected again for size and wind speed based 

on reconnaissance observations, and the GFS is once again used to provide the initial environmental 
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conditions. This cyclic approach can lead to a more accurate cyclone initialization as far as structure 

goes, but by taking a cyclone from the previous run, any errors in intensity that are not corrected by 

observations (MSLP, for example) are perpetuated and carried over into the next model run, yet again 

creating a cyclone whose intensity is perhaps too great. 

For simplification purposes, some assumptions are made in vortex correction, both for “cold 

start” and cycled runs. Gradient wind balance is assumed for the cyclone, and correction factors are 

scaled to the gradient wind balance instead of cyclostrophic or geostrophic balance. The azimuthally 

averaged tangential winds of a tropical cyclone as a whole can be approximated well by gradient wind 

balance, but it is an oversimplification of the storm's structure. In areas of strong vertical accelerations, 

gradient wind balance breaks down, and tangential winds can easily be either super- or sub-gradient 

(Willoughby, 1990). For strong cyclones, the winds in the core can be on the order of 50 m/s, and are 

more closely approximated by cyclostrophic balance.  Near the outer edges of the cyclone, however, 

the tangential winds of the storm approach a more geostrophic balance as they come into balance with 

the environmental winds (closer to 10 m/s) (Willoughby, 1990).  Lower-resolution models might not 

pick up on the non-gradient components on the tangential winds, and gradient wind balance would be a 

good approximation in that case. Higher resolution models, though, can detect some of the smaller-

scale super- or sub-gradient flow and accelerations, and in those cases, the model using the gradient 

wind approximation would produce an incorrect vortex. 

It is also important to note that for all cases, including both the cyclic and bogus vortex 

initializations, the vortex correction only involves size and maximum wind speed correction based on 

observations (HWRF documentation, 2013). Observed minimum sea level pressure is not explicitly 

used to correct vortex – rather, the observed MSLP is used to create an approximated MSLP scaled to 

the maximum wind speed within the vortex and corrected with an idealized PWR (Brown, 2006). An 

accurate wind speed is “prioritized” in the model (as it has been corrected by observations) and the 
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MSLP acts as more of a “consequence” of the maximum wind, while in reality, the pressure gradient 

within the storm is the most important factor that determines the maximum wind speed. 

This leads to another possible cause of the model's poor performance in predicting MSLP for a 

given wind speed. In order for the model to correctly analyze the TC pressure-wind relationship (a 

good indication of its structure), it must be able to pick up on the radial pressure gradient within the 

storm. The resolution of the HWRF has been improved since it became operational in 2007, but is still 

such that it cannot completely capture the very tight pressure gradients that occur within the centers of 

the strongest storms, some even occurring on scales as small as just a few kilometers. An example of 

this small eye size would be hurricane Wilma in 2005, which began developing a “pinhole eye” of 

approximately 14 km while undergoing rapid intensification on October 11, 2005 (J. Beven, NHC 

Advisory #14).  Theoretically, the larger the storm, the more area over which the pressure gradient will 

be spread, and the better chance the model has of approximating the true pressure gradient. The more 

gradual pressure gradients would generally correspond to storms with lower maximum tangential wind 

speeds, while tighter pressure gradients generally imply higher maximum wind speed. 

Another important point is that, for the HWRF, the minimum eye radius is set to 19 km. 

Otherwise, “spin-down” will occur – the eye of the vortex created by the HWRF will “collapse” in on 

itself, causing the modeled storm to quickly (and incorrectly) lose intensity. Once the eye collapses, it 

interrupts the secondary circulation of the TC, cutting off heat and moisture fluxes that are vital to the 

maintenance of the TC.  This minimum limit on eye size becomes a problem for very intense storms, as 

while a storm is intensifying, the natural tendency is for the eye to contract (Sitkowski et al., 2011). 

Setting the eye size larger than it actually is, then, will incorrectly represent the structure of the storm in 

the corrected vortex, and can translate incorrectly into the model forecasts as well. 

 As mentioned in the results section above, one major improvement to the 2013 implementation 

of the HWRF was the assimilation of the NOAA P3 radar data into the model's vortex initialization. 
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Assimilation of this data has the ability to allow the HWRF to create much more realistic initial 

vortices. One problem with this assimilation, however, was that if the radar data taken by the P3 

differed by more than 10% from the initial vortex already created (either bogus or cycled from the 

previous 6-hour forecast), the data was thrown out and not used to correct the vortex in the model 

(HWRF Documentation, 2013). This filtering is done as a type of quality control for the incoming data, 

but can be falsely thrown out too quickly in many situations. Incorrect vortex initializations can easily 

be wrong by 20-30mb (as observed in the case of Bill in 2009 described above), and in situations where 

the center of the actual storm is incorrect when compared to the center of the model-initialized cyclone, 

the intensity may be correct (albeit in the wrong area) but the data will still be thrown out. Use of the 

radar data has the potential to be a great tool for improving model vortex correction – the assimilation 

techniques, however, should continue to be honed for better results. 

b.)  Future work 

This study leaves many unanswered questions about model analysis and prediction of TC 

structure. One potential problem identified within the HWRF initialization and forecasts was poor 

resolution. This question could be answered by running the HWRF for the same TC at different 

resolutions, and doing a comparison of the model's performance for each run. Binning the TC's by size 

and then doing the same PWR comparison performed here is another idea for future work – this 

strategy might give some idea to how the model performance changes based on how the pressure 

gradient is distributed within each storm. Binning TC's by eye size could also be useful in evaluating 

how the 19km minimum limitation for eye size impacts model initialization and forecasts. For the case 

studies done in this project, the radius of 34kt winds was used to evaluate how well the HWRF 

initialized TC size – another idea might be to compare the observed radius of maximum winds with the 

forecast radius of maximum winds in order to evaluate how the impact incorrectly initializing the TC's 

core might have on its PWR and overall prediction. 



58 

 

REFERENCES 

 

Atkinson, G. D., and C. R. Holliday, 1975: Tropical cyclone minimum sea level pressure–maximum 

 sustained wind relationship for western North Pacific. FLEWEACEN Tech. Note JTWC 75-1, 

 U.S. Fleet Weather Central, Guam, 20 pp. [Available from National Meteorological Library, 

 GPO Box 1289, Melbourne, VIC 3001, Australia.]. 

 

Atkinson, G. D., and C. R. Holliday, 1977: Tropical cyclone minimum sea level pressure/maximum 

 sustained wind relationship for the western North Pacific. Mon. Wea. Rev., 105, 421–427. 

 

Brown, D. P., J. L. Franklin and C. Landsea, 2006: A fresh look at tropical cyclone pressure-wind 

relationships using recent reconnaissance based "best-track" data (1998-2005). Preprints, 27th 

Conference on Hurricanes and Tropical Meteorology, Monterey, CA. 

 

Bender, M. A., I. Ginis, R. E. Tuleya, B. Thomas, and T. Marchok, 2007: The operational GFDL 

coupled hurricane–ocean prediction system and a summary of its performance. Mon. Wea. Rev., 

135, 3965–3989. 

 

Beven, J., 2005: NHC Advisory #14 for Hurricane Wilma.  Available from:  

http://www.nhc.noaa.gov/archive/2005/dis/al242005.discus.014.shtml. 

 

Dvorak, V. F., 1975: Tropical cyclone intensity analysis and forecasting from satellite 

imagery. Mon. Wea. Rev., 103, 420–430. 

 

Gopalakrishnan,S. G., S. Goldenberg, T. Quirino, X. Zhang, F. Marks, K. Yeh, R. Atlas, V. 

Tallapragada, 2012: Toward improving high-resolution numerical hurricane forecasting: 

influence of model horizontal grid resolution, initialization, and physics. Weather and 

Forecasting. 27, 647-666. doi: http://dx.doi.org/10.1175/WAF-D-11-00055.1 

 

Gopalakrishnan, S. G., Q. Liu, T. Marchok, D. Sheinin, N. Surgi, R. Tuleya, R. Yablonsky, and X. 

Zhang, 2010: Hurricane Weather and Research and Forecasting (HWRF) model scientific 

documentation. L. Bernardet, Ed., NOAA/ESRL Rep., 96 pp. [Available online at 



59 

 

http://www.dtcenter.org/HurrWRF/users/docs/scientific_documents/HWRFScientificDocument

ation_v3.4a.pdf.] 

 

Gopalakrishnan, S. G., Q. Liu, T. Marchok, D. Sheinin, N. Surgi, M. Tong, V. Tallapragada, R. Tuleya, 

R. Yablonsky, and X. Zhang, 2011: Hurricane Weather and Research and Forecasting (HWRF) 

model scientific documentation. L. Bernardet, Ed., NOAA/ESRL Rep., 96 pp. [Available online 

at 

http://www.dtcenter.org/HurrWRF/users/docs/scientific_documents/HWRFScientificDocument

ation_August2011.pdf.] 

 

Gopalakrishnan, S. G., Q. Liu, T. Marchok, D. Sheinin, V. Tallapragada, R. Tuleya, R. Yablonsky, and 

X. Zhang, 2012: Hurricane Weather and Research and Forecasting (HWRF) model scientific 

documentation. L. Bernardet, Ed., NOAA/ESRL Rep., [Available online at 

http://www.dtcenter.org/HurrWRF/users/docs/scientific_documents/HWRFScientificDocument

ation_v3.4a.pdf.] 

 

Gopalakrishnan, S. G., F. Marks, J. A. Zhang, X. Zhang, J. Bao, V. Tallapragada, 2013: A Study of the 

impacts of vertical diffusion on the structure and intensity of the tropical cyclones using the 

high-resolution HWRF system. J. Atm. Sci. 70, 524-541. doi: http://dx.doi.org/10.1175/JAS-D-

11-0340.1 

 

Guard, C. P., and M. A. Lander, 1996: A wind–pressure relation- ship for midget TCs in the western 

North Pacific. 1996 Annual Tropical Cyclone Rep., Naval Pacific Meteorology and 

Oceanography Center/Joint Typhoon Warning Center, 311 pp. [Available online at 

http://www.npmoc.navy.mil/jtwc/ atcr/atcr_archive.html.]  

 

Harper, B. A., 2002: Tropical cyclone parameter estimation and the Australian region: Wind–pressure 

relationships and related issues for engineering planning and design—A discussion paper. 

Systems Engineering Australia Rep. J0106- PR003E, 83 pp. [Available from Systems 

Engineering Australia Pty Ltd., 7 Mercury Ct., Bridgeman Downs, QLD 4035, Australia.] 

 

Holland, Greg, 2008: A Revised Hurricane Pressure–Wind Model. Mon. Wea. Rev., 136, 3432–3445.  



60 

 

 

Kieu, C. Q.,  H. Chen, and D.-L. Zhang, 2010: An Examination of the Pressure–Wind 

Relationship for Intense Tropical Cyclones. Weather and Forecasting 25:3, 895-907 

 

Knaff, J. A., R. M. Zehr, 2007: Reexamination of Tropical Cyclone Wind–Pressure 

Relationships. Wea. Forecasting, 22, 71–88. 

 

Koba, H., T. Hagiwara, S. Asano, and S. Akashi, 1990: Relationships between CI number from 

 Dvorak’s technique and minimum sea level pressure or maximum wind speed of tropical 

 cyclone (in Japanese). J. Meteor. Res., 42, 59–67. 

 

Love, G., and K. Murphy, 1985: The operational analysis of tropical cyclone wind fields in the 

 Australian northern region. Northern Territory Region Research Papers 1984–85, Bureau of 

 Meteorology, 44–51. [Available from National Meteorological Library, GPO Box 1289, 

 Melbourne, VIC 3001, Australia.]. 

 

Sitkowski, M., J. P. Kossin, C. M. Rozoff, 2011: Intensity and Structure Changes during Hurricane 

Eyewall Replacement Cycles. Mon. Wea. Rev., 139, 3829–3847. 

 

Tallapragada, V.,S. G. Gopalakrishnan, Y. Kwon, Q. Liu, T. Marchok, D. Sheinin, M. Tong, S. Trahan, 

L. Bernardet, R. Tuleya, R. Yablonsky, and X. Zhang, 2013: Hurricane Weather and Research 

and Forecasting (HWRF) model scientific documentation. [Available online at 

http://www.dtcenter.org/HurrWRF/users/docs/scientific_documents/HWRFv3.5a_ScientificDoc

.pdf] 

 

Tuleya, R.E., M. A. Bender, and Y. Kurihara, 1984: A simulation study of the landfall of tropical 

cyclones. Mon. Wea. Rev., 112, 124–136. 

 

Willoughby, H. E., 1990: Gradient balance in tropical cyclones. J. Atm. Sci., 47, 265–274. 

 

 


	The Florida State University
	DigiNole Commons
	Spring 2014

	An Examination of the Differences in Tropical Cyclone Pressure-Wind Relationships Among Observations, Model Analyses, and Model Forecasts
	Lauren Visin
	Recommended Citation



