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ABSTRACT 

 

 
Both intuition and previous statistical analysis suggests that in general, hurricane size tends to 

increase with intensity. However, such statistical correlation, including the statistical significance 

and even the sign of the correlation, between hurricane size and intensity strongly depends on the 

sample hurricanes in the data pool for the correlation analysis.  For example, there are ample 

instances when a hurricane at different times can have a similar size but differ in terms of intensity 

and vice versa. Therefore, predictions based on intuition or statistics often fail when considering 

an individual hurricane. In this thesis research, we attempt to apply a theoretical model in 

conjunction with observational case studies to gain insight on the main factors that make the 

relationship between both hurricane size and intensity, obscured.   

This theoretical model will apply an analytical analysis of the inertial instability neutral 

radial profile of an isolated gradient-wind balanced circular vortex in an f-plane shallow water 

equation model, which shows that the relationship between the size and the maximum tangential 

wind speed is not unique, because the size also depends on the radius of maximum wind. The 

radial profile of wind under neutral conditions of inertial instability reveals that hurricane size 

and intensity can have either a positive, near-zero, or negative correlation depending on the 

sample of hurricanes in the dataset from which such correlation is obtained. The main conclusion 

derived from the theoretical model is that the relationship between hurricane size and intensity 

can be obscured due to only one specific factor (i.e., the radius of maximum wind) that also 

influences the size. The theoretical model also predicts that the latitudinal position only weakly 

obscures the relationship, as long as the hurricane is not too close to the equator. 

We have examined whether the size inferred from the radial profile of inertially neutral wind 

would be able to capture its observational counterparts. Specifically, we examined five selected 

hurricanes derived from the Extended Best Track (EBT) Data, namely Katrina (2005), Ike (2008), 

Gustav (2008), Sandy (2012), and Joaquin (2015). We have performed a correlation analysis on 

the observed size and the size predicted by the simple theoretical model by using the information 

of maximum wind speed and its radius of each of the five hurricanes throughout the phases of each 

tropical cyclone’s (TC) life cycle. We found that the size obtained from the barotropic inertially 

neutral radial profile underestimates the size of observed hurricane by a factor of 2-2.5. This 

suggests that the observed hurricane wind’s radial profile does not follow angular momentum 
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conservation or an air parcel would lose angular momentum as it converges towards the eyewall, 

mainly due to surface drag and eddy-mixing processes. This finding also implies that there are 

other parameters besides these three factors (intensity, radius of maximum wind, and latitude) that 

influence an individual hurricane size. This implies that the relationship between size and intensity 

is more complex than that predicted by the simple theoretical model.  

Our analysis suggests that about 1/3 (48 out of 174) of the observed cases show that other 

factors may strongly affect hurricane size. By removing these 48  data points that are indicative of 

possible strong impacts from the external factors, the R-squared value of the linear regression line 

between the observed size and the size predicted by the theoretical model increases substantially 

(from R2 = 46.3% to 71.5% on average). The inspection of the timing and location of these 

“external” data points indicate that they often occur in situations when (i) encountering big islands 

or land mass (e.g., Cuba for Ike) and (ii) undergo a very rapid weakening/intensifying transition 

(Joaquin). Therefore, the size information predicted by the simple theoretical model does capture 

the size record for most the track records (126 out of 174), suggesting that the most important 

factors that influence hurricane size are both maximum wind speed and the radius of maximum 

wind speed. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Motivation 

 

During each hurricane season, hundreds of tropical cyclone (TC) forecasts are produced 

to better prepare both life and property for the potential threat of an approaching TC. Though 

over the most recent decades TC track forecasts have become increasingly more accurate 

[Harnos and Nesbitt, 2011 and Zhang and Tao, 2013], behind each forecast the physical 

relationship behind TC size and intensity has remained obscured. Potentially the two most 

important risks associated with a tropical cyclone are influenced by both size and intensity. 

Although both aspects have each been analyzed individually, the understanding behind the 

underlying relationship between TC size and intensity has remained a question. The lack of 

understanding of this relationship between these two factors has resulted in inaccurate 

estimations of overall cyclone size with respect to the intensity of maximum wind speeds, which 

essentially could have influenced the associated risks of various TCs. 

In 2008, Hurricane Ike moved across the Caribbean and into the Gulf of Mexico, and 

eventually made landfall in southeast Texas. As a hurricane, Ike took the lives of 112 individuals 

and produced an estimated amount of $33.9 billion dollars (CPI-adjusted estimated cost) in 

property damage along its track, specifically in the Unites States [NOAA NCEI, 2017]. Three 

years prior to Ike, Hurricane Katrina ripped through multiple US coastlines, producing a storm 

surge exceeding 30 feet. This storm moved onshore as a Category 3 hurricane on the Saffir-

Simpson Hurricane Wind Scale, and produced an estimate of $156.3 billion dollars (CPI-

adjusted estimated cost) in damage alone, and stole the lives of 1,833 individuals in the United 

States [NOAA NCEI, 2017].  

 Only very limited progress has been made in the forecasting of TC intensity by 

operational centers in the last few decades [Cangialosi and Franklin, 2012b and Falvey, 2012]. 

In the most recent decade, there has been some advancement in both dynamical and numerical 

modeling. Specifically, HWRF modeling has been analyzed in an effort to simulate individual 

parameters under specific experimental design to better conceptualize its governing mechanics 

[Hamill et al., 2011]. Regardless, there is still a large gap in the research that considers the 
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dynamics and thermodynamic physical processes that govern the transformations of a tropical 

cyclone. 

For the sake of the public and economy, a better understanding of the physical and 

dynamical processes driving both the intensity and size of hurricanes is needed now more than 

ever. If such a scientific challenge could be better understood, billions of dollars in damage 

would be abated, as well as the number of fatalities reduced. An enhanced understanding of the 

relationship between the size and intensity of TCs would benefit those at risk to hurricane force 

winds, heavy tropical rainfall, and storm surge. Most importantly, a more complex risk 

assessment could be applied to better prepare life and property before disaster strikes. To better 

discern changes in size and intensity of a hurricane throughout its life cycle, further classification 

based off past research must be explained. 

 
1.2 Previous Studies on TC Size and Intensity 

 

A tropical cyclone’s size, in addition to its intensity, varies drastically not only 

throughout its own life cycle, but also independently of other factors such as time of year and 

basin location [Merrill, 1984 and Dean and Emanuel, 2009]. The study by Dunn and Miller 

(1964) and Riehl (1979) first dictated description of the classification of storm size was compiled 

in 1964, which categorized detailed phases of a storm’s life cycle based off certain 

characteristics.  Dunn and Miller (1964) and Simpson and Riehl (1981) were also the some of the 

first to discover that on average, there is a notable increase in storm size once it exits the tropics 

and enters the subtropics. The life cycle of a TC was first described in four elementary stages, 

which progressed in the following order: formative, immature, mature and decaying. These four 

stages were based on the relationship between the maximum wind speed (Vmax) and the radius of 

maximum winds (rmax). In the formative stage of a tropical cyclone, Vmax and rmax must increase 

inversely, shrinking the size of the rmax as Vmax values increase [Dunn and Miller, 1964]. Next in 

the immature stage, these parameters are no longer co-dependent, and the Vmax alone can increase 

substantially. Additionally, in the mature step within the lifecycle, the overall size of the 

cyclone’s wind field is expected to broaden. Finally, during dissipation phase, as the Vmax speeds 

decline, the size of the wind field will expand outward as the system restores geostrophic balance 

with its environment. This theory behind the lifecycle of a hurricane, proposed by Dunn and 

Miller, and Riehl, still stands today.  
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More recently, Guo and Tan (2017), investigated the relationship between size and 

intensity. A new concept referred to as TC fullness was established which considered the TC 

wind structure specifically along the outer extent of the storm. It was determined that the 

intensity of a TC is related to the proposed TC fullness index, which essentially measures the 

difference between the outer-core size (i.e., the radius of exterior wind equaling 34 knots or 17 

m/s) and the radius of maximum wind normalized by the outer-core size, following a power 

function. It was concluded that the most major TCs in history had previously achieved this stage 

of TC fullness earlier in the cyclone’s lifetime. 

Merrill (1984) discovered one of the most influential factors in determining cyclone size 

variations is the conservation of absolute angular momentum, which is the summation of earth 

angular momentum and relative angular momentum.  It was determined that TCs import relative 

angular momentum through surface stresses, where intensity noticeably increases with an 

increase in surface stress, although not linearly.  It was also concluded that an increase in relative 

angular momentum would increase Vmax and the overall average strength in wind speed of the 

TC, which would result in an expansion of the circulation as well. Additional research has been 

done by Emanuel (1986) and Ruttuno and Emanuel (1987), that studied the increase in the radius 

of a hurricane’s eye and wind field, while undergoing an eye wall replacement cycle. During this 

process, it has been shown that the expansion of rmax is necessary to allow for growth in the 

intensity of Vmax within the eye wall. 

In summary, there has been great progress in the understanding of what governs the size 

and intensity of TCs. Though a substantial amount of previous research has been completed to 

better understand the lifecycle of TCs and how their intensity and size fluctuates, it still remains 

to be explained that why the positive correlation between size and intensity is unclear in terms of 

both theoretical understanding and statistical analysis of the observed TCs. This study will 

attempt to evaluate this relationship in detail. 

 
1.3 Objectives and Main Idea 

 

The main objective of this thesis research is to apply the radial profile of a barotropic vortex 

wind that is inertial neutral to determine the minimum radius of wind speed equaling 17 m/s or 34 

knots as the TC’s size (r17neutral). According to the inertial instability neutral profile, r17neutral 

depends nonlinearly on the Coriolis parameter f, Vmax, and rmax. This minimum radius parameter 
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will then be analyzed to the observed radii found specifically at a wind speed of 34 knots or 17 

m/s (r17observed) over multiple selected case studies to determine if r17neutral would be able to 

capture the variations of (r17observed). Note that the cases of r17neutral < r17observed, r17neutral = 

r17observed, and r17neutral > r17observed, would imply the inertial instability conditions for a stable, 

neutral, and unstable vortex, respectively. 

This research will consider five distinct case studies following each TC throughout the 

phases of its life cycle: Katrina (2005), Ike (2008), Gustav (2008), Sandy (2012), and Joaquin 

(2015). There is no specific technical reason that these five TCs have been chosen for the case 

study in this thesis research, other than the fact these five TCs have been analyzed using 

observational dropsonde measurements in a prior study. A detail examination of each r17neutral is 

analyzed and compared to the r17observed derived from Extended Best Track (EBT) dataset. By 

this theoretical model, conclusions will be made through the comparison of various detailed case 

studies which should determine if inertial instability can act as a good predictor in forecasting the 

evolution of a tropical cyclone’s minimum radius size based off solely latitude, rmax and Vmax 

variations throughout the cyclone’s life cycle. Through the examination of these five case studies 

using the observed EBT data, it is possible that other external factors, besides only Vmax and rmax, 

could also be found to be influential on TC size.  This study attempts to find when these external 

factors are less influential on TC intensity and size, in comparison to Vmax and rmax.  Using these 

five case studies, the main goal will be to determine when both Vmax and rmax become more 

important and better represent this relationship.  Furthermore, depending on the state of inertial 

stability of the observed cases studies, additional conclusions will be analyzed to determine if the 

factors influencing the minimal radius size of a TC can possibly only depend on both Vmax and 

rmax and independently.  
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CHAPTER 2 

 

DATA AND CLASSIFICATION INFORMATION 

 

 
2.1 Data 

 

This chapter discusses the source of the data for the specific variables (e.g., latitude, 

maximum wind, and radius of maximum wind) to be used in estimating TC size with the 

theoretical model, as well as the implementation and limitations of the dataset. 

 
2.1.1 HURDAT2 Extended Best Track (EBT) Database 

The Extended Best Track (EBT) dataset [Demuth et al., 2006], which is the extended version 

of the National Hurricane Center’s (NHC) second edition of the Atlantic hurricane database 

(HURDAT2) [Landsea et al., 2013], was derived to supplement additional variables specifically 

related to TC size. The HURDAT2 dataset contains various parameters to provide climatology of 

all the Atlantic TCs since 1851, containing estimated variables such as latitude, longitude,  

1-minute maximum sustained surface winds, minimum sea-level pressure, and an indicator of the 

system type. These HURDAT2 parameters have a temporal resolution of six-hours, specifically 

between the years of 1851 to 2015. In the EBT data set, all of the parameters are also calculated 

in six-hour time intervals, based on the TC’s location over a smaller period of time between 

1988-2015. Missing from the NHC HURDAT2 data file was information regarding storm size. 

Therefore, the EBT data file was created to include other important cyclone size and intensity 

variables which were estimated from operational data sources such as from ships, surface 

observations, aircraft reconnaissance data, and satellite data. The EBT database contains the 

following variables used in this study: latitude (°N) and longitude (°W) location of the TC, each 

value of the four quadrants of the 34 knot or 17 m/s wind radii to the northeast, southeast, 

southwest, and northwest of the storm’s center in nautical miles, the maximum wind speed in 

knots (Vmax), and the radius of maximum wind speed in nautical miles (rmax). To be clear, the four 

quadrants of the 34 knot wind radii considers the maximum radii in each quadrant, and not the 

mean. 

It should be noted the possible discrepancies and biases, associated with the EBT dataset 

which is derived based on the HURDAT2 dataset [Demuth et al., 2006]. When moving back in 
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time throughout the HURDAT2 dataset, the uncertainties in the data set begin to grow as TCs 

were underreported and overall less analysis was completed on TCs [Landsea et al., 2006 and 

Torn and Snyder, 2012]. Less technology was available when moving back in time resulting in 

more biases in the HURDAT2 dataset, for example before aircraft reconnaissance and satellites 

came about. These data sources are heavily relied upon today because they have significantly 

improved how researchers observe the size, intensity, and size of TCs.  Therefore, the most 

recent years of the HURDAT2 dataset as well as the EBT dataset should show less uncertainty 

and biases. 

The EBT data has been known to be more reliable west of 55 ˚W longitude, due to the 

addition of aircraft reconnaissance surveillance in the scientific analysis involved in the creation 

of the dataset [Demuth et al., 2006]. Additionally, there could be a lack of consistency due to the 

use of the operational data such as ships, aircraft reconnaissance, or observations. Specifically, 

the case studies that were selected to test the theoretical model applied in this research did not 

include records where (i) Vmax values were missing, or (ii) rmax values were unavailable. 

 
2.2 Classification Information 

 
2.2.1 Saffir-Simpson Hurricane Wind Scale 

In this study, the classification of the intensity of each tropical system will be based off 

the Saffir-Simpson Hurricane Wind Scale [Saffir and Simpson, 1969]. The scale breaks the 

hurricane stage of a TC in five different categories on the basis of the peak one minute wind 

speed taken at a standard meteorological observation height of 10 meters. This study will 

specifically reference the category represented by Vmax at a given time, or at a certain location. 

Throughout this research, wind speeds were analyzed in a unit of meters per second (m/s). 

Further explanation regarding the breakdown of both wind speeds in knots (kts) and (m/s) are 

included in Table 2.1. If a TC had not reached hurricane status, its intensity could also be 

described in the form of a tropical depression or tropical storm, with criteria described in detail 

in Table 2.1. 
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Table 2.1: TC Classification based off the Saffir-Simpson Hurricane Wind Scale 
 

TC  Vmax (m/s) Vmax (kts) 

Tropical Depression 17 or less 33 or less 

Tropical Storm 18-32 34-63 

Category 1 Hurricane 33-42 64-82 

Category 2 Hurricane 43-49 83-95 

Category 3 Hurricane 50-58 96-112 

Category 4 Hurricane 59-69 113-136 

Category 5 Hurricane 70+ 137+ 
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CHAPTER 3 

 

THEORY AND ANALYSIS PROCEDURE 

 

 
3.1 A Theoretical Model 

 

The simplest theoretical model that would illustrate the existence of a complicated 

relationship between the size and intensity of TCs is the radial profile of the azimuthal wind of a 

symmetric TC that is in gradient wind balance with the pressure gradient force and satisfies the 

inertial instability neutral profile from the radius of maximum wind (rmax) outward. Considering 

an isolated circular vortex in an f-plane shallow water equation model, the governing equations 

for the azimuthal wind 
 
V
θ

 (the wind that is perpendicular to the radial direction) and radial wind 

 
V

r
 (the wind along the radial direction of the vortex) are: 

  

dV
r

dt
= −

1

ρ

∂p

∂r
+

V
θ

2

r
+ fVθ        (1) 

  

dVθ
dt

= −
1

ρr

∂p

∂θ
−

VθV
r

r
− fV

r        (2) 

where, r is the distance from the center of the vortex, p is the pressure field and ρ  is the density 

which is constant in a shallow water equation model. The gradient wind balance conditions are 

the following: 

  
  

1

ρ

∂p

∂r
= fV +

V 2

r
, V

r
≡ 0,  and 

1

ρ

∂p

∂θ
≡ 0,        (3) 

where, 
  

1

ρ

∂p

∂r
 is the background pressure gradient force along the radial direction and  V  is the 

gradient wind or the azimuthal wind that is in balance with the pressure gradient force. The 

condition 
  

1

ρ

∂p

∂θ
≡ 0  would ensure that V can vary with r (because the background pressure 

gradient is allowed change with r), but not along the azimuthal direction (otherwise, the 

hurricane that satisfies the gradient wind balance would not be azimuthal symmetric). Also, the 

radial component of the gradient wind (Vr) is zero, through the definition of gradient wind 

balance and azimuthal symmetry. 
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 To derive the inertial instability condition of the vortex satisfying (3), let us consider a parcel 

that moves in the radial direction from 
  
r
0

 to 
  
(r

0
+ δr)  in a time interval of  δ t , meaning its radial 

velocity is 
  
V

r
≈ δ r / δ t . According to (2) and using 

  

1

ρ

∂p

∂θ
≡ 0 , we have: 

 
  
δV

θ
=V

θ
(r

0
+δ r)−V (r = r

0
) = −

V (r = r
0
)

r
δ r − fδ r     (4)  

Next, after substituting (3) into (1), we can show that the acceleration of the parcel movement 

along the radial direction at 
  
(r

0
+ δr) equals: 

  

dV
r

dt
=

d2
δ r

dt2
= −

(V 2(r
0
+δ r)−V

θ

2(r
0
+δ r)

r
− f [V (r

0
+δ r)−V

θ
(r

0
+δ r)]   (5) 

Substituting (4) into (5), we obtain:  

 
  

d2
δ r

dt2
= −

( fr + 2V )

r
( f +

dV

dr
+V / r)δ r      (6) 

Therefore, the condition for inertial stability of a vortex is the following: 

 

  

( fr + 2V )( f +
dV

dr
+V / r)  

> 0     stable

= 0   neutral

< 0 unstable

⎧

⎨
⎪

⎩
⎪

     (7) 

The neutral stability solution 
  
V

neutral
(r) can be found by solving for  

 
  
( f +

dV
neutral

dr
+V

neutral
/ r) = 0       (8) 

with 
  
V

neutral
=V

max
at r = rmax.  Note that Vmax is the azimuthal velocity at rmax where the 

azimuthal speed reaches its maximum. We can rewrite (8) as 

 
  

d(
1

2
fr2

+ rV
neutral

) / dr

r
= 0        (9) 

Integrating (9) from rmax to r for 
  
r ≥ r

max
, we obtain that 

 
  

1

2
fr2

+ rV
neutral

=
1

2
fr

max

2
+ r

max
V

max
      (10) 

Therefore, the radial profile of the azimuthal velocity of an inertial neutral vortex is 
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V

neutral
(r) =

1

2
f (r

max
2

− r2 )+ r
max

V
max

r
     (11) 

Note that the absolute angular momentum of the vortex, which includes the planetary angular 

momentum (measured from r = 0 on the f-plane), 
  

1

2
fr2 , is 

  
A =

1

2
fr2

+ rV . Therefore, (10) 

states that the radial profile of the azimuthal velocity of an inertially neutral vortex follows the 

constant absolute angular momentum from rmax to r for 
  
r ≥ r

max
.  

 Let us denote 
  
V

neutral
= 17m / s  as 

  
V

17
which roughly corresponds to 34 knots wind and the 

radius of 
  
V

17
along the radial profile the (barotropic) inertial neutral azimuthal wind as r17neutral. 

Solving for r17neutral from (10), we obtain 

 
  

r17
neutral

=
V

17
2

+ f ( fr
max
2

+ 2r
max

V
max

) −V
17

f
    (12) 

In deriving (12), we have rejected the solution that would give a negative value of r17neutral. In 

terms of inertial instability, (12) means that r17neutral is the minimum radius or minimum size of a 

vortex in order for the vortex to not be subject to inertial instability. In other words, if r17observed 

is less than r17neutral, the observed vortex would be subject to inertial instability, or in other 

words, would be inertially unstable.  

 

3.2 Dependency of a Tropical Cyclone’s Size on Intensity and Radius of Maximum Wind 

 

 According to (12), there are three factors affecting r17neutral independently and nonlinearly: f 

(or latitude), Vmax and rmax. In terms of linear dependency, the characteristics of the dependency 

of r17neutral on one of the three factors alone can be understood by taking a partial derivative of 

r17neutral with that parameter.  For an easy reference when making these partial derivatives, we 

here write down (10) specifically for r17neutral: 

 
  

1

2
f (r17

neutral
)2
+ r17

neutral
V

17
=

1

2
fr

max
2

+ r
max

V
max     (13) 

Taking derivative of r17neutral in (13) with respect to f, yielding:   

 

  

∂(r17
neutral

)

∂ f
=

r
max
2

− (r17
neutral

)2

2( f × r17
neutral

+V
17

)
< 0,       (14)  
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where r17neutral 
  
( r17

neutral
> r

max
) is given in (12). Therefore, the minimum size of a cyclone 

decreases with latitude. Therefore, we would assume that the minimum size of the cyclone’s 

radius would be largest at the equator where f is smaller. As the system moves off the equator, 

the cyclone’s minimum possible size would have to be smaller as f increases, because larger 

values of Coriolis help to stabilize the tropical system, becoming more inertially stable. In 

particular, for the same Vmax and rmax, the minimum size of a tropical system is the largest at the 

equator, which can be obtained by taking the limit of f → 0  in (12).  

 

  

lim
f →0

r17
neutral

= lim
f →0

V
17

1+ f ( fr
max
2

+ 2r
max

V
max

) / V
17
2
−V

17

f
=

r
max

V
max

V
17

            (15) 

  

Taking the partial derivative of both sides of (13) with respect to Vmax, we have 

  

∂(r17
neutral

∂V
max

) =
r
max

( f × r17
neutral

+V
17

)
> 0  (16) 

where r17neutral is given in (12). This shows that r17neutral increases with Vmax while the other two 

factors are constant. Similarly, the partial derivative of r17neutral with rmax is: 

 

  

∂(r17
neutral

)

∂r
max

=
fr

max
+V

max

( f × r17
neutral

+V
17

)
> 0       (17) 

 In short, r17neutral is nonlinearly dependent on three factors, Vmax, rmax, and latitude. Figures 

3.1 through 3.3 are variations of r17neutral as a function of Vmax and rmax at latitude 15 ˚N (Figure 

3.1), as a function of rmax and latitude at Vmax = 60 m/s (Figure 3.2), and as a function of Vmax and 

latitude at rmax = 80 km (Figure 3.3). There are 100 X 100 idealized azimuthally symmetric TCs 

in each of the three figures. It is easy to see that r17neutral increases as Vmax decreases while the 

other two factors are constant. The same can be stated for r17neutral with respect to rmax. The 

dependency of r17neutral on latitude or f is negative, namely r17neutral decreases as latitude 

increases. A close examination of these three figures reveals that as long as one of Vmax and rmax 

remains constant, the dependency of r17neutral on the other two factors is simple: r17neutral always 

decreases with latitude, and increases with Vmax (or rmax) with rmax = constant (or Vmax = 

constant). Therefore, in a case where one happens to collect a set of TCs from the EBT dataset 

that have the same rmax, one would find that their size (measured by r17neutral) would always 
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increase with intensity. The same can be said for a set of TCs from the EBT dataset that have the 

same Vmax, where one would see that cyclone size increases with rmax. 

 In general, a set of TCs taken from the EBT dataset would have various sizes with different 

Vmax and rmax, not to mention over changing latitudes. Figure 3.1 indicates that even if assuming 

all cyclones are observed at the same latitude (say 15 ˚N which is used in plotting Figure 3.1), 

the relationship between r17neutral and intensity (or between r17neutral and rmax) can be very 

obscure considering the various values of rmax (or various Vmax). To make this point more clear, 

lets consider a set of TC data whose Vmax and rmax are related to one another linearly, in the 

following manner: 

 s =αV
max

+ γ r
max

         (18) 

All TCs in this dataset can have different values of Vmax and rmax, but their linear combinations 

follow (18) with the same value of “s.” The dotted line in Figure 3.1 correspond to the formula 

Vmax + 2.5(
m / s

km
)rmax = 330m / s , namely 𝛼= 1, 𝛾= 2.5 (m/s/km), and s = 300 (m/s) in (18). It is 

easily seen from Figure 3.1 that for this set of data, one would conclude that r17neutral still 

increases as Vmax increases, but decreases as rmax increases. The dashed line in Figure 3.1 

corresponds to the line of Vmax +
2

5
(
m / s

km
)rmax = 138(m / s) , along which r17neutral decreases as Vmax 

increases, although r17neutral still increases as rmax increases. In general, the change of r17neutral 

with respect to Vmax along s = constant can be measured by the partial derivative of r17neutral with 

respect to Vmax along the line of s = constant, which is 

 

  

∂(r17
neutral

)

∂V
max αVmax+γ rmax=constant

=

−( fr
max

+V
max

)
α

γ
+ r

max

( f × r17
neutral

+V
17

)
   (19)  

Similarly, one finds that  

 

  

∂(r17
neutral

)

∂r
max αVmax+γ rmax=constant

=

( fr
max

+V
max

)− r
max

γ

α

( f × r17
neutral

+V
17

)
   (20) 

Therefore, unless 𝛼 and 𝛾	are the same sign, one would always find from the data that r17neutral 

always increases with Vmax and with rmax. For the same sign of 𝛼 and 𝛾, the conditions for the 

opposite correlation between r17neutral and Vmax and that between r17neutral and rmax are as follows: 
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0 <
α
γ
<

r
max

( fr
max

+V
max

)
⇒

∂(r17
neutral

)

∂V
max αVmax+γ rmax=constant

> 0

∂r(r17
neutral

)

∂r
max αVmax+γ rmax=constant

< 0

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

   (21) 

and 

 

  

α
γ
>

r
max

( fr
max

+V
max

)
> 0⇒

∂(r17
neutral

)

∂V
max αVmax+γ rmax=constant

< 0

∂(r17
neutral

)

∂r
max αVmax+γ rmax=constant

> 0

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

   (22)  

The dotted line in Figure 3.1 is an example of (22) whereas the dashed line is an example of (21). 

 When one examines all kinds of TCs together, one would find that the relationship 

between both r17neutral and Vmax, or r17neutral and rmax, can be either positively or negatively 

correlated. Therefore, one would not be able to find a clearly defined relationship between 

r17neutral and Vmax nor between r17neutral and rmax. In this sense, these relationships become 

obscure, although the relationships do exist as indicated in (12) and Figure 3.1. Figure 3.4 and 

Figure 3.5 display respectively, the scattering diagrams of r17neutral versus Vmax and r17neutral 

versus rmax derived from the same 100 x 100 idealized azimuthally symmetric TCs at latitude 15 

°N shown in Figure 3.1. Although the overall relationship in the 3.4 and 3.5 diagrams shows a 

positive correlation, this relationship can become obscured when considering a smaller sample 

set of TCs and how they vary with respect to Vmax and rmax. Therefore, it becomes obvious that 

one would not be able to tell if r17neutral is positively correlated with Vmax nor if r17neutral and rmax 

is positively correlated with one another. 

 
3.3 Analysis Procedure 

 

 The main goal of this research is to compare r17neutral evaluated from (12) with the observed 

radius of 34 knot winds, which roughly corresponds to a wind speed of 17 m/s, denoted by 

r17observed. Below is the order of the analysis procedure: 

(i) To evaluate r17neutral from (12), we obtain the parameters of latitude, Vmax, and rmax recorded 

in the EBT data. We will calculate r17neutral using the latitude, Vmax, and rmax for all records 
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along the track of each of the five named hurricanes (Katrina, Ike, Gustav, Sandy, Joaquin) 

taken from the EBT data. 

(ii) The EBT data provides the information of radius of 34 knot winds in the four quadrants of 

the TC. We will average the radii of these 34 knot wind speeds for all four quadrants 

provided from the EBT data as r17observed. 

(iii)  Then we must create scatter diagrams of r17observed versus r17neutral using all of the track 

points for each of the five hurricanes, and also find the linear best fitting line between 

r17observed versus r17neutral: 

r17observed = (k × r17neutral + r0 )+ error        (23) 

where k is the slope of the linearly fitted relationship between r17observed and r17neutral, r0 is 

the constant of the fitting line, and error corresponds to the unexplained variance by the 

linearly fitted relationship between r17observed and r17neutral.  The explained variance is given 

by the square of the correlation between r17observed and r17neutral (R
2 value) and the variance 

of the error term is (1 – R2). From the statistics perspective, the success of using r17neutral for 

predicting r17observed can be measured by R2 value (provided that r17observed derived from the 

EBT dataset does not have substantial biases). From the physics perspective, the success of 

using r17neutral for predicting r17observed is measured by the three parameters (values of k, r0, 

and R2). Should the observed TCs follow the (barotropic) inertial instability neutral profile 

exactly, we would expect that k = 1, r0 = 0, and R2 = 1. 

(iv)  It would be very rare that the radial profile of observed TCs would follow the angular 

momentum conserving maximum wind speed, although many theoretical works evoke such 

assumption. For example, angular momentum can dissipate due to friction. We can use the 

slope information (k value) derived from the linear fitting to estimate if the radial profile of 

observed TCs would follow the angular momentum conserving wind speed. The situation of 

k > 1 implies that angular momentum dissipates as an air parcel converges towards the 

eyewall and that of k < 1 corresponds to a gain in angular momentum of the air parcel. Also, 

when considering the values of k, the magnitude of r0 must be examined. Additionally, when 

the magnitude of r0 is large, it is possible that conclusions cannot be drawn from strictly the k 

value. 

(v) Besides latitude, Vmax, and rmax, there are many other external factors that also affect 

r17observed. The strength of these external factors can be measured by the R2 value (as well as 
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the values of k and r0). We will also attempt to identify the situations where the other factors 

are extremely (or obviously) dominant. One example of such a situation is when r17observed of 

an observed TC varies but the Vmax and rmax remain constant (as well as latitude). Another 

example would be if r17observed of an observed TC is the same, but the Vmax or/and rmax are so 

different (so that the r17neutral would be different). These types of situations where variations 

of r17observed cannot explained solely by latitude, Vmax, and rmax can be identified manually 

from the scattering plots of r17observed versus Vmax and r17observed versus rmax, and the 

counterparts using r17neutral (namely, r17neutral versus Vmax and r17neutral versus rmax). The 

comparison of these four scattering plots would help to identify scenarios when variations of 

r17observed cannot be explained by Vmax, rmax, and latitude.  

 Using the case studies, we will examine how linear fitting between r17observed and r17neutral 

changes, after these points associated with these types of scenarios attributed to possible external 

factors are removed. The success of the r17neutral can be measured by the new R2, k, and r0 values.  
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Figure 3.1: Variations of r17neutral (shading and contours in units of km) of idealized azimuthally 
symmetric TCs, whose wind’s radial profile satisfies gradient wind balance and is inertial 
neutral, as a function of rmax (abscissa, in units of km) and Vmax (ordinate, in units of m/s) at 
latitude 15 ˚N. The red colored contour corresponds to r17neutral = 200 km. The dot line 

corresponds to the line of Vmax + 2.5(
m / s

km
)rmax = 330m / s whereas the dashed line corresponds to 

the line of Vmax +
2

5
(
m / s

km
)rmax = 138(m / s) . 
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Figure 3.2: As in Fig. 3.1 except for variations of r17neutral as a function of rmax (abscissa, in units 
of km) and latitude (ordinate) at Vmax = 60 m/s. 
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Figure 3.3: As in Fig. 3.1 except for variations of r17neutral as a function of Vmax (abscissa, in units 
of m/s and latitude (ordinate) at rmax = 80 km. 
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Figure 3.4: Scattering plots of r17neutral (km) versus Vmax (m/s) of 100 x 100 idealized 
azimuthally symmetric TCs at latitude 15 °N, whose wind’s radial profile satisfies gradient wind 
balance and is neutral inertial stability. These 100 x 100 idealized TCs rmax vary from 20 km to 
120 km besides their Vmax varying from 30 m/s to 130 m/s. 
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Figure 3.5: As in Fig. 3.4 except for the scattering plot of r17neutral (km) versus rmax (m/s) of the 
same 100 x 100 idealized azimuthally symmetric TCs at latitude 15 °N. 
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CHAPTER 4 

 

RESULTS 

 
In this chapter, we will study five TC cases taken from the EBT dataset. The main goal 

using our case studies is to compare r17neutral evaluated from formula (12) with the observed 

radius of roughly 17 m/s winds denoted by r17observed.  We will apply the theoretical approach 

described in Chapter 3 to each storm and compare the observed data r17observed to the calculation 

of the r17neutral to investigate if the relationships among r17neutral, maximum wind speed (Vmax), 

the radius of maximum wind speed (rmax), and latitude (f) determined from the analytical model, 

can capture the relationships among r17observed to Vmax, rmax, and f recorded in the EBT data. The 

line of best fit resulting in each case study will show the correlation between r17observed and 

r17neutral, as well as the variance explained by r17neutral. We will discuss the scenarios where 

r17observed would be independent from either f, rmax, and Vmax due to more of a dependence on 

other external factors not considered in the r17neutral algorithm (i.e., the theoretical model would 

not be able to explain r17observed), and show the linear fitting results before and after these points 

are removed from the comparison analysis. By applying the linear best fit between r17observed and 

r17neutral, conclusions will be drawn based off the following: the values of k value, r0, and R2. As 

stated in Chapter 3, instead of analyzing the results from a statistics perspective, a physics 

perspective will be considered where the success of using r17neutral for predicting r17observed is 

measured by the three parameters (values of k, r0, and R2).  When the relationship between 

r17observed and r17neutral indicates a small R2 value, this proves that other external factors are at 

times more dominant. Furthermore, we attempt to identify when these external factors are more 

dominant based on the relationship between rmax and Vmax for these data points within a sample 

set. 

 
4.1 Case Study: TC Gustav 

 

 The track of TC Gustav seen in Figure 4.1, originated just south of the Dominican 

Republic beginning on August 25th, 2008, before slowly tracking to the northwest, interfering 

with the southern peninsula of Haiti as a Category 1 hurricane. After making its first landfall, 

Gustav weakened slightly but quickly regained strengthened in the days following, before 

encountering both Jamaica and the Cayman Islands where it made landfall as a Category 2 
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hurricane. Gustav continued to intensify into a Category 4 hurricane on August 30th, as it 

slammed into the city of Isle of Youth Cuba, before entering the Gulf of Mexico on August 31st. 

Although Gustav does cross over land quite frequently throughout its lifecycle, the time it spent 

over land is very brief. The islands that it encountered were small in size, where Gustav only 

passed over land for a short period of time before being once again being fueled by the tropical 

oceans. TC Gustav increased in speed once inside the Gulf of Mexico and continued to move 

northwest, eventually making its final landfall in Louisiana near Category 2 strength, and 

weakened into a tropical storm on September 1st [Beven II, J. L. and Kimberlain, T. B., 2009].  

 Referencing Figure 4.2, the green points seen are representative of the r17neutral value 

(abscissa) and r17observed (ordinate), throughout the life cycle of the cyclone as shown in Figure 

4.1. When applying linear fitting to the original green data points and examining the line of best 

fit from Eq. (23), the k term in this case is 2.86 which represents the slope of the linearly fitted 

relationship between r17observed and r17neutral. Therefore, because k > 1 Gustav would be 

considered inertially stable because this value is larger than what would be considered a 

barotropic inertially neutral profile. This also means that the r17neutral calculation would 

underestimate the minimum size of this tropical system wind field at 17 m/s by a factor of 2.86. 

From a statistical perspective, a R2 value for Gustav of 64%, results in a correlation of 

approximately 0.8 between r17observed and r17neutral. Physically, because the slope of the linear 

best fit line is k=2.8578, we can assume that angular momentum would dissipate as the air parcel 

converges towards Gustav’s eyewall. When analyzing Figure 4.3, there were no situations found 

in this case where r17observed of an observed TC varies but their Vmax and rmax are constant. 

Therefore, although all the data points do depend on other external factors partial, these external 

factors are not dominant when compared to parameters f, rmax, and Vmax. This case study also 

provides the smallest error value of -22.87, that we will see throughout all five case studies. 

Therefore, Gustav is an example of a TC in which r17neutral can predict r17observed mostly due to 

its heavy dependence on Vmax and rmax, although the calculation of r17neutral underestimates the 

overall size of the 17 m/s wind field based on the three parameters of k, r0, and R2.  

 Case study Gustav provides essentially an example of how the r17neutral calculation 

predict r17observed, though underestimating the overall size of the TC. This will be the only case 

study throughout this analysis in which none of the green points in the scatter plot shown in 

Figure 4.2 could have been removed with physical backing as to why the data was not dependent 



23 

on either Vmax nor rmax. This means that based on the results shown in Figure 4.2, there is no 

suspicion to believe that any other externals factors could have dominantly influenced the overall 

size of Gustav throughout its lifetime, besides the dependent variables of r17neutral, specifically f, 

Vmax, and rmax. 

 
4.2 Case Study: TC Sandy 

 

 TC Sandy, spent a little more time over land than did TC Gustav. Its track began on 

October 21st, 2012, as seen in Figure 4.4, where Sandy originated approximately 200 nautical 

miles south of Jamaica in the center of the Caribbean Sea, before migrating slowly to the 

northeastward towards the Caribbean Islands. Sandy began its path of destruction by making 

landfall as a weak Category 1 hurricane in Jamaica on October 24th. Sandy underwent rapid 

intensification shortly after encountering the island of Jamaica, increasing to Category 3 

hurricane strength, before making landfall near Santiago de Cuba, Cuba. After passing over 

Cuba, the system weakened and began to encounter strong southwesterly shear. An upper-level 

trough aided in the large turn to the northwest where Sandy passed over the Bahamas on October 

25th, and eventually fell below hurricane force winds, while its overall tropical storm force winds 

radii increased drastically in size. Following its encounter with Cuba, the cyclone underwent an 

interesting change in tropical core, as a warm front began to form along the western side of 

Sandy’s center. The system increased in intensity enough to still be considered a hurricane by 

October 27th, while migrating from a tropical into a more continental air mass. As Sandy 

continued to propagate towards the northwest, encountering both cooler air and sea surface 

temperatures, the cyclone began to weaken in tropical nature, and was considered extratropical 

on October 29th. Sandy eventually made landfall later that day along the northeastern coast of the 

United States, in New Jersey [Blake, E. S., Kimberlain, T. B., Berg, R. J., Cangialosi, J. P., and 

Beven II, J. L., 2013]. 

 Overall, Sandy’s size varied quite frequently as it encountered land, specifically over the 

Caribbean. As it was cut off from its diabatic heat source, the warm tropical waters, we saw a 

variation in its observed rmax. In this case study, it was clear that there were possibly other factors 

associated with the variation in the minimum 34 knot radii, not dependent solely on f, Vmax, and 

rmax. Based on Figure 4.5 a, statistically the line of best fit results in a variance of approximately 

R2=50%. From a physical perspective, the slope in 4.5 a implies a k value of 1.7613. Therefore, 
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before any data has been removed, because k>1, TC Sandy was considered inertially stable, and 

the calculation of r17neutral would also underestimate the r17observed size. Also, like case study 

Gustav, we can conclude that angular momentum dissipated as the air parcel converged towards 

the eyewall in Sandy. 

 When considering Figure 4.5 a, we know slope of r17neutral versus r17observed is expected 

to be comparable and linear, for the r17neutral calculation to accurately reflect what was already 

observed using the r17observed data. The shape of this line when considering 4.5 a, has a noticeable 

bulge including data points 9-17. Therefore, the data points 9-17 immediate come into question 

when only examining Figure 4.5 a. 

Let us also consider the parameters in which r17neutral depends on, shown in Figure 4.6. 

We can easily regard all red points in Figure 4.6 as the points that are not captured by the 

relationships among r17neutral, maximum wind speed, and the radius of maximum wind speed.  

According to Figure 4.6 a, r17neutral of these red points tends to decrease with rmax, while in 

Figure 4.6 b, r17observed of these red points either decrease or increase with rmax. Figure 4.6 c 

indicates that r17neutral of these red points increase with Vmax, but Figure 4.6 d suggests that 

r17observed of these red points tends to decrease with Vmax. The patterns between how these 

specific red data points 9-17 vary amongst the green data points, are again inconsistent for panels 

4.6 c and 4.6 d, therefore implying other external factors besides f, Vmax, and rmax must influence 

the overall size of TC Sandy, and are more dominant. This would be an example of such a 

situation when r17observed cannot be explained by r17neutral, or when r17observed of these red points 

are mainly determined by other factors besides Vmax and rmax.   

 Figure 4.5 b shows the results of removing the red data points indicative of possible 

external factors. When considering only the deemed representative green data points for 

calculation of the line of best fit, after removing the red data we see a drastic improvement in the 

variance, which is now R2=66.6%. Another interesting factor to note, is the increase in k value 

indicative of the slope derived from the linear fitting. When considering only the green data 

points, the k value becomes 2.5765, similar to the k value determined in the case study of TC 

Gustav which was 2.8578. 
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4.3 Case Study: TC Katrina 

 

 TC Katrina originally formed into a tropical depression on August 23rd in the 

southeastern region of the Bahamas, as seen in Figure 4.7. A day later, and now centered over 

the Bahamas, the system intensified into a tropical storm. With the help of a region of high 

pressure, Katrina was pushed westward closer to south Florida, and only a few hours before 

landfall Katrina became a Category 1 hurricane before finally scooting over the southern tip of 

the peninsula on August 25th. Although the state of Florida weakened TC Katrina back into 

tropical storm strength, the warm waters of the Gulf of Mexico helped the cyclone quickly 

intensify back into a hurricane. Two more rounds of rapid intensification followed, increasing 

the cyclone into a Category 3 hurricane. A secondary eyewall replacement cycle also occurred, 

which drastically increased the overall size of the of the cyclone on August 27th. This process of 

the formation of a new smaller eye increased the intensity of the system into a Category 5 

hurricane. Due to some structural erosion that occurred within this newly formed eyewall shortly 

before landfall, Katrina moved onshore just southeast of New Orleans on August 29th as a 

Category 3 hurricane. Katrina’s large wind field weakened in intensity while overland, but it 

remained at hurricane status until it reached the state of Mississippi before finally dissipating on 

August 29th. To this day, Hurricane Katrina is still known to have been one of the five most 

intense and destructive hurricanes on record [Knabb, R. D., Rhome, J. R., and Brown, D. P., 

2005]. 

 Like case study Sandy, the size of TC Katrina also experienced times when its size was 

dominated by other factors that are not f, Vmax, and rmax. Katrina’s intensity and size transformed 

tremendously throughout its lifecycle. Possible dominance of these other external factors during 

these situations did influence the minimum size of the cyclone more than parameters f, rmax and 

Vmax. Considering Figure 4.8 a, the linear regression provides a variance of approximately 37% 

before any data was considered subject to external factors.  Statistically, a value of 81.6% 

variance between r17observed and r17neutral is not as high as the other previous case studies Sandy 

and Gustav, even before this questionable data was accounted for. Linear fitting including all the 

EBT data for Katrina also resulted in a slope of k=1.4771. Similar to the two previous cases, 

once again the r17neutral calculation proves TC Katrina to be inertially stable with k>1, and 

additionally would underestimate the values of r17observed. When analyzing the scatter plot seen 
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in Figure 4.8 a, it becomes obvious the potential outliers highlighted in red that do not fall along 

the line of best fit as well as some of the other data points shown in green. 

 Referencing the dependency factors of r17neutral shown in Figure 4.9 a-d, the irregularities 

in these red data points seen in Figure 4.8 a, again stand out. Specifically, analyzing points 1, 2, 

and 3 seen in Figure 4.9 a and b, in panel a, we notice that as the r17neutral values increase with 

Vmax, these same data points in panel b remain near constant along the r17observed axis. A similar 

discrepancy can be distinguished for points 12-15, also shown in red on both panels a and b in 

Figure 4.9. In panel b, it appears data points 12-15 all have closely comparable r17observed values 

and near similar rmax values, while in panel a, though points have again nearly the exact rmax, the 

r17neutral values vary. Data points 12 and 13 have similar values of r17neutral unlike when 

examining r17observed data points when all four points had close to the same values, data points 14 

and 15 have drastically different values of r17neutral.  Similar trends that seem to contradict each 

other can be noticed in panels c and d of Figure 4.9. Considering the relationship between rmax 

and r17observed seen in panel d, data point groups 1-3, as well as 12 and 13 seem to share nearly 

the exact same r17observed with one another. Referencing panel c, these points tend to increase in 

r17neutral value with rmax. A similar pattern can be seen for data points 14 and 15. Therefore, 

although there is some dependency on both Vmax and rmax in determining the overall r17observed 

values attempted to be represented by r17neutral, the differences in trends specifically with these 

questionable data points must also depend more heavily on these external factors not captured by 

the r17neutral algorithm.  

 Finally referencing back to Figure 4.8 b, when excluding the red data points and only 

calculating the line of best fit based off the green data points, we see a drastic increase in both 

variance and correlation between r17observed and r17neutral. After removing the red data that is 

more dependent other external factors and not as much on f, Vmax, and rmax, the variance becomes 

81.6% and correlation approximately 0.9. Therefore, this increase in variance and correlation that 

occurs once removing the data deemed to be more dependent on other external factors not used 

in the r17neutral calculation, provides insight as to when the data points are mostly dependent on 

parameters rmax and Vmax. Again, the k value indicative of the slope derived from the linear fitting 

also trends closer to the values seen in the previous two case studies, which for Katrina 

specifically is 2.5761.  
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4.4 Case Study: TC Joaquin 

 

 TC Joaquin is unique in the fact that most of its lifetime was not spent in the tropics, 

although it did intensify into a major hurricane. Joaquin formed into a tropical depression on 

September 28th, shown in Figure 4.10. before quickly transitioning into a tropical storm on the 

29th just to the northeast of the island of San Salvador. As a ridge of high pressure moved in from 

the west, Joaquin was forced to move to the southwest, into abnormally warmer waters which 

allowed the cyclone to rapidly intensify into a major hurricane by the 1st of October, still just to 

the east of San Salvador. Joaquin made landfall as a Category 4 hurricane after making a small 

loop due to the an upper-level trough that moved into the region, and crossed over the Bahamas 

the following day on October 2nd including Crooked Island and Long Island. Finally, on October 

3rd, the addition of a deep area of low pressure weakened the area of high pressure that was 

centered over the western Atlantic Ocean, which aided in the overall movement of the system to 

the northeast. After intensifying once more as it moved northeasterly, Joaquin was quickly 

sheared apart on October 4th, as it continue to move away from the United States being 

influenced by cooler sea surface temperatures and more wind shear [Berg, R., 2016]. 

 Case study Joaquin represents a very different example, in which the size seems to be 

more dependent on external factors that are not specifically rmax, Vmax, and f, especially as the TC 

originally began to spin up. Though Joaquin did indeed encounter multiple small island land 

masses, the cyclone essentially spent mostly of its time over water which is what one would refer 

to as a “fish storm.” Again, we notice possible external factors becoming more dominant in data 

points 1-11 during such situations when the dependency of f, rmax and Vmax were not as 

significant on the overall fluctuations of cyclone size. Considering Figure 4.11 a, the linear 

regression proves less linear than for any other previous case study. The variance and correlation 

are also significantly smaller in the “before” stage seen in panel a with a variance of 

approximately 7% and correlation of 0.23 representative of the relationship between r17observed 

and r17neutral. Therefore, it becomes obvious the weight of dependency the external factors have 

on the influence of the relationship between r17observed and r17neutral. 

 Statistically, this is also the first case study where the calculation of r17neutral indicates 

that the cyclone is inertially unstable because k<1, where k=0.5705. Because k<1, we would 

expect a gain in angular momentum as an air parcel converges towards the eyewall of TC 

Joaquin. This also means that r17neutral is expected to overestimate the values of r17observed, but 
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another factor must also be considered. We must take into consideration the magnitude of r0, 

which represents the constant line of fitting. In this case study when considering all the data 

points in Figure 4.11 a, the value of r0= 193.78. This r0 value is significantly larger than any 

other r0 seen in the previous case studies. In the prior case studies, the r0 values were smaller in 

magnitude which allowed conclusions to be drawn from only the k value. In this example, the r0 

value would be the determining value behind whether r17neutral would over or underestimate the 

values of r17observed. Therefore, the condition previously stated in Chapter 3 would apply, and 

because r0 is very large, we would assume that r17neutral would in fact underestimate r17observed. 

 Inconsistent trends visible in the data points again become distinguishable in TC Joaquin 

as seen in Figure 4.12. In Figure 4.12 a, specifically considering the red data points, as Vmax 

increases r17neutral decreases, but in Figure 4.12b, as Vmax increases r17observed increases. A similar 

situation occurs when comparing rmax to both r17neutral and r17observed. In Figure 4.12 c, the red 

points tend to increase in r17neutral as the rmax values increase, compared to Figure 4.12 d, there 

appears to be a slight decrease in r17observed as rmax increases and the points tend to have more of 

a cluster like pattern rather than the linear like trend seen in Figure 4.12 c.  

 Joaquin was an example of a TC in which its minimum size was heavily dependent on 

these external factors, rather than the parameters in which r17neutral depends on f, rmax and Vmax.  

Referring to Figure 4.11 b, once excluding the questionable points which appear to be more 

subject to a dependency on other external factors by performing the same process which we have 

done in the previous case studies, we do see an increase in the relationship statistically in the 

linear regression. With a new correlation of 0.71 and a new variance of 50.8%, the elimination of 

the data points which seem to rely more on these external factors, does show improvement in the 

relationship between r17observed and r17neutral.  It is still clear that there is some influence of these 

external factors on the green data, as the dependency of f, rmax and Vmax, does not yield in the 

comparable results of r17observed and r17neutral, that was previously seen in other case studies. 

Therefore, based off our established criteria, the new k value remains much lower with a value of 

0.7105, again indicating the cyclone as inertially unstable, but because of the value of r0 (223.74) 

is so large, this would indicate that r17neutral should underestimate the values of r17observed.  
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4.5 Case Study: TC Ike 

 

 Originally forming off the west coast of Africa, TC Ike formed on August 28, 2008, 

before making its way east across the Atlantic Ocean as shown in Figure 4.13. On September 1st 

Ike transformed into a tropical depression west of the Cape Verde Islands after a few days of 

consistent convectional development along the axis of the tropical wave. Once becoming better 

organized, Ike quickly transitioned from a tropical depression into a tropical storm only six hours 

later. A few days after battling dry air over the Atlantic, on the morning of September 3rd TC Ike 

intensified into a hurricane as it began to show to signs of eye formation as convective cloud tops 

began to thicken and cool around the center of the storm. At this time, Ike’s location was to the 

east of the northern most Leeward Islands. Ike westward path was guided by an area of low 

pressure that caused the weakening of the subtropical ridge over the Atlantic Ocean. On 

September 4th, Ike reached its peak intensity and was deemed a Category 4 hurricane. Ike’s cloud 

field began to become deformed and asymmetric due to shear associated with an upper-level 

high pressure system.  This upper-level system continued to influence the intensity of hurricane 

Ike and degraded the storm significantly, and eventually was no longer considered a major 

hurricane. After the strong northerly wind shear resided, Ike responded quickly and again 

intensified into a Category 4 storm, and began to interfere with the Southern Caicos and Grand 

Turk Islands, eventually weakening to a Category 3 on September 6th.  Ike made its first landfall 

as a Category 3 storm on September 7th over the southeastern Bahamas. Once over the warm 

tropical waters once more, Ike upgraded back into a Category 4 system and made landfall in 

Cuba on September 8th. Ike’s path continued westward, interacting with the coast of Cuba 

throughout the next day, before making a second official landfall near San Cristóbal and crossing 

over into the Gulf of Mexico. Due to the persistent interference with the island of Cuba, Ike’s 

wind field was dynamically disrupted, allowing for the inner core eyewall winds to be expanded 

horizontally. Ike was unique in this way, as it had an abnormally wide and asymmetric wind 

field, where the winds did not decrease in intensity with radius as a TC normally does. Both 

hurricane and tropical storm force winds were estimated to be felt approximately 240 and 100 

nautical miles away, respectively from what was the center of the storm [Berg, R., 2009]. While 

in the Gulf of Mexico, again a synoptic scale subtropical ridge influenced Ike. Ike began to 

contract its outer maximum wind speeds causing the inner eyewall to weaken, resulting in an 

abnormally large eye diameter within the already large wind field. This dynamic structure 



30 

prevented the overall intensification of the storm before making its final landfall in southeast 

Texas. On September 13th, Ike moved onshore Galveston, Texas with an eye diameter estimated 

to be approximately 40 nautical miles [Berg, R., 2009]. 

 Finally, TC Ike included the largest sample set of data points out of all five case studies, 

due to its rather long life span.  Therefore, there was more of a chance to see influences from 

external factors besides f, Vmax, and rmax. As already discussed, Ike’s wind field varied drastically 

in time as it encountered various synoptic scale features, increased in latitude, and moved over 

land. Evaluating Figure 4.14 a, the pattern seen on the scatter plot shows the green data points 

trending in a more linear like pattern with a positive slope; also notice the weak trend in the red 

data points with a negative linear slope. When considering the entire data set, the linear 

regression provides a correlation between r17observed and r17neutral of 0.2442, the lowest 

correlation out all of five case studies. Therefore, prior to removing any data points deemed more 

dependent on external factors, the variance was approximately 4.6%. It can be assumed that the 

external factors played a very large role in determining Ike’s minimum size, which we already 

know was abnormally large. 

Before removing any data points, the line of best fit also determined a k<1, with again a 

large r0 value of 216.17. As with case study TC Joaquin, although the criteria that was 

established in Chapter 3 of inertial instability proves this case to be inertially unstable since the k 

value is less than one, the large value of r0 would indicate that r17neutral should underestimate the 

values of r17observed. In an attempt to identify when size became more dependent on external 

factors not included in the r17neutral algorithm, the red data points that followed the questionable 

trend were further analyzed in Figure 4.15. Using the same concept as performed in the previous 

case studies, it is immediately apparent the differences in trends when considering the r17neutral 

versus r17observed with Vmax as well as r17neutral versus r17observed with rmax. When comparing 4.15 

panel a with panel b, in panel a the placement of the red data with regards to the green data is 

rather spread out and embedded throughout the green data points. Rather, in panel b most of the 

red data points are clustered and in the upper limit of values of r17observed compared to the green 

data points. Although, the trend in both panels a and b of r17neutral and r17observed appears to be 

increasing as Vmax increases. Similar discrepancies are also seen in Figure 4.15 panels c and d. In 

panel c, r17neutral appears to remain rather constant as rmax increases, alternatively in panel d, 

r17observed appears to decrease as rmax increases. Yet again although there is some dependency on 
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both Vmax and rmax in determining the r17observed values represented by r17neutral, it becomes 

apparent that the questionable data points depend more heavily on external factors from 

situations that are not captured by the r17neutral algorithm.  

To conclude, referring to Figure 4.15 b, once removing the points that are more 

dependent on external factors and less on f, Vmax, and rmax, it is clear the drastic improvement in 

the statistics behind the linear regression. Notice the drastic increase in the slope where k > 1, 

implying inertial stability, along with an r0 value that is much smaller than before. The variance 

also improved to a value of approximately 71.7% with a correlation of 0.85. Therefore, by 

applying the same procedure conducted in all of these case studies once again to TC Ike, we can 

determine which data points tend to rely more heavily on the parameters necessary in our 

r17neutral calculation, specifically rmax and Vmax. 
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Figure 4.1: Map of Gustav’s central track derived from location information (longitude and 
latitude) from the EBT dataset for Gustav. The sequence of numbers inside the circles are in 
chronological order starting on 0000 UTC, 2008, 8, 25 with 6 hours apart between two adjacent 
numbers. 
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Figure 4.2: Scattering plots of r17observed versus r17neutral in units of kilometers for Gustav. The 
best linear fitting for all data points is r17observed=2.86 r17neutral -22.88. This results in a 64% 
variance or the correlation between r17observed and r17neutral is about 0.8 for Gustav. Except 
r17neutral which is obtained from Eq. (12), all data values are obtained from the EBT dataset. The 
sequence of numbers next to data points is in the same order as in Figure 4.1. 
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Figure 4.3: Scattering plots of (a) r17neutral (km) versus Vmax (m/s), (b) r17observed (km) versus Vmax 

(m/s), (c) r17neutral (km) versus rmax (km), and (d) r17observed (km) versus rmax (km) for Gustav. 
Except r17neutral which is obtained from Eq. (12), all data values are obtained from the EBT 
dataset. The sequence of numbers next to data points is in the same order as in Figure 4.1. 
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Figure 4.4: Map of Sandy’s central track derived from location information (longitude and 
latitude) of the EBT dataset for Sandy. The sequence of numbers inside circles is in 
chronological order starting on 1800 UTC, 2012, 10, 21 day with 6 hours apart between two 
adjacent numbers. 
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Figure 4.5: Scattering plots of r17observed versus r17neutral in units of kilometers for Sandy with (a) 
the best linear fitting line using data of both the green and red dots and (b) the best linear fitting 
line using only the data of the green dots. The best linear fitting for all data points is  
r17observed =1.76 r17neutral +139 which explains 50% variance or the correlation between r17observed 

and r17neutral for all data points is about 0.71. Whereas, the best linear fitting only green data 
points is r17observed =2.58 r17neutral -70.91 which explains 66.6% variance or the correlation 
between r17observed and r17neutral for the green points is about 0.81. Except r17neutral which is 
obtained from Eq. (12), all data values are obtained from the EBT dataset.  The sequence of 
numbers next to data points is in the same order as in Figure 4.4. 
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Figure 4.6: Scattering plots of (a) r17neutral (km) versus Vmax (m/s), (b) r17observed (km) versus Vmax 
(m/s), (c) r17neutral (km) versus rmax (km), and (d) r17observed (km) versus rmax (km) for Sandy. 
Except r17neutral which is obtained from Eq. (12), all data values are obtained from the EBT 
dataset. The sequence of numbers next to data points is in the same order as in Figure 4.4. 
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Figure 4.7: Map of Katrina’s central track derived from location information (longitude and 
latitude) of the EBT dataset for Katrina. The sequence of numbers inside circles is in 
chronological order starting on 1800 UTC, 2005, 8, 23 day with 6 hours apart between two 
adjacent numbers. 
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Figure 4.8: Scattering plots of r17observed versus r17neutral in units of kilometers for Katrina with 
(a) the best linear fitting line using data of both the green and red dots and (b) the best linear 
fitting line using only the data of the green dots. The best linear fitting for all data points is  
r17observed =1.4771 r17neutral +50 which explains 37% variance or the correlation between 
r17observed and r17neutral for all data points is about 0.61. Whereas, the best linear fitting only green 
data points is r17observed =2.58 r17neutral -29.92 which explains 81.6% variance or the correlation 
between r17observed and r17neutral for the green points is about 0.9. Except r17neutral which is 
obtained from Eq. (12), all data values are obtained from the EBT dataset. The sequence of 
numbers next to data points is in the same order as in Figure 4.7. 
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Figure 4.9: Scattering plots of (a) r17neutral (km) versus Vmax (m/s), (b) r17observed (km) versus Vmax 
(m/s), (c) r17neutral (km) versus rmax (km), and (d) r17observed (km) versus rmax (km) for Katrina. 
Except r17neutral which is obtained from Eq. (12), all data values are obtained from the EBT 
dataset. The sequence of numbers next to data points is in the same order as in Figure 4.7. 
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Figure 4.10: Map of Joaquin’s central track derived from location information (longitude and 
latitude) of the EBT dataset for Joaquin. The sequence of numbers inside circles is in 
chronological order starting on 1800 UTC, 2015, 9, 26 day with 6 hours apart between two 
adjacent numbers. 
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Figure 4.11: Scattering plots of r17observed versus r17neutral in units of kilometers for Joaquin with 
(a) the best linear fitting line using data of both the green and red dots and (b) the best linear 
fitting line using only the data of the green dots. The best linear fitting for all data points is  
r17observed =0.57 r17neutral +194 which explains 7% variance or the correlation between r17observed 

and r17neutral for all data points is about 0.26. Whereas, the best linear fitting only  green data 
points is r17observed =0.71 r17neutral +223.74 which explains 50.8% variance or the  correlation 
between r17observed and r17neutral for the green points is about 0.71. Except r17neutral which is 
obtained from Eq. (12), all data values are obtained from the EBT dataset.  The sequence of 
numbers next to data points is in the same order as in Figure 4.10. 
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Figure 4.12: Scattering plots of (a) r17neutral (km) versus Vmax (m/s), (b) r17observed (km) versus 
Vmax (m/s), (c) r17neutral (km) versus rmax (km), and (d) r17observed (km) versus rmax (km) for 
Joaquin. Except r17neutral which is obtained from Eq. (12), all data values are obtained from the 
EBT dataset. The sequence of numbers next to data points is in the same order as in Figure 4.10. 
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Figure 4.13: Map of Ike’s central track derived from location information (longitude and 
latitude) of the EBT dataset for Ike. The sequence of numbers inside circles is in chronological 
order starting on 0600 UTC, 2008, 9, 1 day with 6 hours apart between two adjacent numbers. 
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Figure 4.14: Scattering plots of r17observed versus r17neutral in units of kilometers for Ike with (a) 
the best linear fitting line using data of both the green and red dots and (b) the best linear fitting 
line using only the data of the green dots. The best linear fitting for all data points is  
r17observed =0.24 r17neutral +216.17 which explains 4.6% variance or the correlation between 
r17observed and r17neutral for all data points is about 0.21. Whereas, the best linear fitting only green 
data points is r17observed =1.27 r17neutral -79.76 which explains 71.7% variance or the correlation 
between r17observed and r17neutral for the green points is about 0.85. Except r17neutral which is 
obtained from Eq. (12), all data values are obtained from the EBT dataset.  The sequence of 
numbers next to data points is in the same order as in Figure 4.13. 
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Figure 4.15: Scattering plots of (a) r17neutral (km) versus Vmax (m/s), (b) r17observed (km) versus 
Vmax (m/s), (c) r17neutral (km) versus rmax (km), and (d) r17observed (km) versus rmax (km) for Ike. 
Except r17neutral which is obtained from Eq. (12), all data values are obtained from the EBT 
dataset. The sequence of numbers next to data points is in the same order as in Figure 4.13. 
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CHAPTER 5 

 

SUMMARY AND CONCLUSIONS 

 
Threats to human safety and property are more severe specifically due to hurricanes that have 

stronger maximum wind speeds and/or are larger in size.  An intuitive perception is that hurricane 

intensity is positively correlated with size, namely that a larger hurricane that has stronger 

maximum wind speeds poses a more severe threat to both human life and property. Such perception 

is partially supported by the statistical evidence derived from a large pool of historical hurricane 

data, that hurricane size does tend to increase with intensity. However, there are ample instances 

where a hurricane at different times can have a similar size but differ in terms of intensity and vice 

versa. Therefore, predictions based on this intuitive “common sense” often fail for individual 

hurricanes. In this thesis research, we attempt to apply a theoretical model in conjunction with 

observational case studies to gain insight as to why this intuitive perception does not work all the 

time or even most of time, to explain the obscureness of the relationship between TC intensity and 

size.   

The theoretical model for TCs used in the thesis research is an isolated circular vortex in an f-

plane shallow water equation model under the condition that the vortex is in an equilibrium state 

in which (i) the radial wind is zero, (ii) the azimuthal velocity is in gradient wind balance with the 

radial gradient of pressure, and (iii) the radial profile the azimuthal wind satisfies the inertial 

neutral profile from the maximum wind speed (Vmax) at the radius of maximum wind speed (rmax) 

to a radius of 17 m/s (about 34 knots), referred to as r17neutral.  Therefore, this simple theoretical 

model, which is adopted in many theoretical studies for hurricane dynamics, would allow us to 

illustrate why Vmax can be positively correlated with r17neutral in some cases and what make this 

positive correlation obscured in other instances.    

To validate the simple-model based on theoretical explanation of the obscureness of the 

relationship between hurricane intensity and size, we need to confirm if the r17neutral algorithm 

obtained from the theoretical model, can capture the observational counterparts (i.e., the radius of 

34-knots wind in observations (denoted as r17observed), or whether r17neutral and r17observed would 

have a statistical significant large positive correlation with one another. For this purpose, we 

considered five selected TCs derived from the Extended Best Track (EBT) dataset, namely Katrina 
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(2005), Ike (2008), Gustav (2008), Sandy (2012), and Joaquin (2015) as case studies to compare 

r17observed versus r17neutral throughout the phases of each TC’s life cycle. 

The analytical analysis of the theoretical model in Chapter 3 revealed that the relationship 

between r17neutral and Vmax is not unique, because r17neutral also depends on rmax strongly, as well 

as latitude (but weakly unless near the equator). Thus, r17neutral and Vmax can be either positively 

or negatively correlated depending on the characteristics of each hurricane in the dataset from 

which such correlation is obtained. In particular, one should be able to find a robust positive 

correlation between r17neutral and Vmax from a dataset that only includes hurricanes whose values 

of rmax, are (nearly) identical and not too close to the equator.  However, such a positive 

correlation would become much less robust, disappear or even become negative from a dataset 

that includes hurricanes whose values of rmax vary greatly (even if they are all not close to the 

equator). Therefore, the main conclusion derived from the analytical analysis of the theoretical 

model is that r17neutral does not necessarily have to be positively correlated with Vmax because 

r17neutral is also related to rmax. 

In Chapter 4, we have compared r17observed with r17neutral throughout the life cycle of each of 

the five selected TCs individually. Figure 5.1 summarizes the comparison of r17observed and 

r17neutral using all data points of these five hurricanes derived from the EBT dataset. The following 

are the main conclusions: 

(i) r17neutral obtained from the barotropic inertial instability neutral radial profile of  the azimuthal 

wind underestimates the size of observed hurricanes by a factor of 2-2.5, as either the slope of 

the regression line of r17observed against r17neutral (i.e., the value of k) is greater than 1, the 

interception point of the regression line (i.e., the value of r0) has a very large positive value, or 

both (in Figure 5.1 a, which includes all the data, shows that k = 1.58 and r0 = 90 km with the 

explained variance of 46.3% and a correlation of 0.68. In Figure 5.1 b, which only includes the 

green data points that are dependent on both rmax and Vmax, shows k = 2.02 and r0 = 34 km and 

the explained variance goes up to 71.5% with a correlation as high as 0.85). 

(ii) The implication of the conclusion (i) is that observed hurricane wind radial profile does not 

follow angular momentum conservation. The substantial underestimate of r17observed using 

r17neutral means that an air parcel’s angular momentum would dissipate as it converges towards 

the eyewall from the radius of 34-knots wind, due to surface drag and eddy-mixing processes. 
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(iii)  The results of linear fitting completed for each case study with and without removing the 

dependent on external factors data points have an explained variance (values of R2) that is less 

than 1. This implies that there are other factors besides these three factors f, Vmax, and rmax that 

influence an individual TC’s size, which makes the relationship between Vmax, and r17observed 

more obscured than that predicted by the simple theoretical model.  

(iv) The fact that the R2 values of the linear regression line between r17observed and r17neutral on 

average is about 46% without removing red data points and 71% after removing the red data 

points, indicate that the three factors f, Vmax, and rmax are the main factors that influence 

r17observed. Specifically, the parameter rmax plays an important role in obscuring the relationship 

between Vmax and r17observed. 

(v) The conclusion (ii) already indicates that other external factors could include surface drag and 

eddy-mixing. Although it is obvious that other factors play a role when considering all the data 

points seen in r17observed, this research attempts to identify where external factors become more 

dominant in comparison to f, Vmax, and rmax. The questionable data points are distinguishable 

in the five different case studies by evaluating the patterns in each relationship with rmax and 

Vmax to r17observed and r17neutral. In the cases where red data points, are determined to depend 

more on these external factors, there are clearly discrepancies in these relationships. Therefore, 

this thesis has developed a way to determine the data points deemed more dependent on 

external factors based on the theoretical model, rather than a purely statistical perspective. 

According to this “physics-guided” detection, the number of external dependent data points is 

48 (red points in Figure 5.1), out of 174 of total data points (the sum of red and green points in 

Figure 5.1). Based on this, we conclude that there are about 28% of instances (total of 174 

instances) in which r17observed are strongly influenced by other external factors. 

(vi)  Determining which points could identify with being more dependent on these external factors 

helps us to draw conclusions as to when these external factors become more important. When 

examining the locations of these red data points, it is recognized that most these points are 

located over periods of land interference or during times of extreme TC transition. One 

example of this is when the cyclone is first spinning up, or while a tropical storm is 

transitioning into a weak hurricane. Another example is when the cyclone is drastically 

weakened due to an encounter with land.  
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(vii) Throughout the evaluation of these case studies, it became more evident that these times 

when the cyclone was weak or encountered land, frequently corresponded with the red data 

points indicating more dependence of r17observed on other external factors. It is also noted that 

when the more intense cyclones encountered land (usually when considered a major hurricane, 

Category 3 or stronger), the intensity of the cyclone would not vary as much because it was 

already so strong, and therefore the data points were still more dependent on the factors 

included in the calculation of the r17neutral algorithm. Even in these situations, we find that the 

theoretical model still can explain r17observed, meaning dependence of r17observed on other 

external factors is weak. An example of this would be when hurricane Ike was a Category 4 

hurricane and first made landfall in the southeastern Bahamas. As Ike first crossed over land, 

the data appeared to still be more dependent on parameters f, Vmax, and rmax, but eventually as 

the cyclone weakened due to its interaction with the islands, the data was considered 

questionable and less dependent on these r17neutral factors and more dependent on external 

factors.  

An example of when the data became more dependent on external factors than the 

r17neutral parameters was when the cyclone was weaker in intensity. This usually occurred 

when the cyclone was first forming into a hurricane, which can be seen in the Joaquin case 

study. While Joaquin was still weak and transitioning into a Category 1 hurricane before 

making a loop in its track early in its lifecycle, the algorithm of r17neutral behaved less like 

r17observed, possibly due to more of a dependence on these external factors. 

 



51 

 
Figure 5.1: Scattering plots of r17observed versus r17neutral in units of kilometers for all of the 
representative case studies (Gustav, Sandy, and Katrina) with (a) the best linear fitting line using 
data of both the green and red dots and (b) the best linear fitting line using only the data of the 
green dots. The best linear fitting for all data points is r17observed =1.5769 r17neutral +89.97 which 
explains 46.3% variance or the correlation between r17observed and r17neutral for all data points is 
about 0.68. Whereas, the best linear fitting only green data points is r17observed =2.0242 r17neutral 
+34.47 which explains 71.5% variance or the correlation between r17observed and r17neutral for the 
green points is about 0.85. Except r17neutral which is obtained from Eq. (12), all data values are 
obtained from the EBT dataset. 
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