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ABSTRACT 

 Previous studies have analyzed various atmospheric tornado parameters in a Tropical 

Cyclone (TC) environment. This study focuses on the evolution of these parameters through a 

TC landfall. The TCTOR dataset, which assigns all TC tornadoes to their respective TC, is used 

to group qualifying events from a pool of 1201 tornadoes during the period of 1995-2010 into 

eight time intervals relative to TC landfall. The environment is then analyzed using seven 

operationally used tornado parameters. A statistical, spatial, and sounding analysis is performed 

to determine how the tornadic environment evolves over time after landfall. Analysis shows that 

statistically significant differences in the mean value of each parameter are found between pre-

landfall, post-landfall, and various time interval comparisons. Composite field charts and case 

studies show that the wind shear parameters at different vertical layers help explain tornado 

concentrations in space at different time intervals. In addition, a comparison of composite field 

charts is made between the larger pool of 32 TCs in the ALL composite and the 10 TCs 

representing the lowest tercile, with respect to the total number of tornadoes produced. This 

comparison shows higher magnitudes of shear parameters in the ALL composite. Combined with 

model derived soundings of three prolific tornado producing TCs, this study shows that the 

increase in shear in the lowest layer (0-1 km) is the best diagnostic tool to explain the increase in 

tornado occurrences at TC landfall . This finding supports prior research, which showed that low 

level shear maxima coincided with tornado locations. The increase in shear in the 0-3 km and 0-6 

km layers at later time intervals is found to be the best diagnostic tool to explain the secondary 

increase in tornado occurrences after 24 hours past TC landfall. Additionally, 24 hours after TC 

landfall appears to be the critical time that separates weaker TC tornadoes at prior time intervals 

from stronger ones that resemble mid-latitude cyclone tornadoes that occur after, based on 

parameter values, hodograph analysis, and conceptual models. Lastly, the Significant Tornado 
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Parameter (STP), used with discretion, is shown to work well in diagnosing tornado occurrence 

in some time intervals but proves to be a poor tool in others. 
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CHAPTER ONE 

INTRODUCTION  

 Tropical Cyclones (TCs) have produced tornadoes from coastal areas to hundreds of 

miles inland. It is important to document any thermodynamic and wind shear changes in the 

environments that spawn these tornadoes. This can help explain the tornado occurrences during 

different time periods relative to TC landfall as well as aid in the forecasting of tornadogenesis in 

TCs based on time of occurrence relative to landfall. 

 During the period from 1995 through 2010, TCs have been responsible for at least 1201 

tornadoes (Edwards 2010). While many people are aware of the damage a landfalling TC can 

cause by itself, including storm surge, wind, and flooding, many may not consider the damage a 

tornado spawned from a TC can inflict. While usually brief, and weak (EF0-EF1), the wind 

damage associated with TC tornadoes can come as a surprise especially since most TC tornadoes 

occur away from the core (up to 250-450 km from the TC center, Baker et al. 2009), where most 

of the wind damage occurs and the reason for the standard Hurricane and Tropical Storm 

warnings. Residents in locations that dodge a direct hit from the TC itself may still be in danger 

of tornado damage associated with the TC circulation. 

 Unlike the typical mid-latitude supercell, TC tornadoes are spawned in a different 

environment with different values of atmospheric parameters (McCaul 1991). A typical mid-

latitude tornado feeds off an extremely unstable and buoyant air mass with Convective Available 

Potential Energy (CAPE, refer to Appendix A for acronyms used throughout this paper) values 

in the thousands (Markowski 2010). CAPE is the measure of energy available to an ascending 

parcel during convection. The more CAPE that is available to the parcel, the more vertical 

velocity the parcel will have. Thus, CAPE can be used to assess updraft strength. Typically, in a 
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mid-latitude supercell, a mid level jet streak is present to organize the convection developed in 

the highly buoyant environment into self-maintaining supercell thunderstorms. In addition, a 

Low Level Jet (LLJ) is often in place to provide increased wind shear (speed and directional) 

necessary to produce rotating updrafts. The LLJ acts to increase hodograph size and curvature, 

thus increasing the potential of cells to ingest streamwise vorticity, which enhances their chance 

to develop mesocyclones (Doswell 1991). Comparing mid-latitude tornadoes to TC tornadoes, 

McCaul (1991) points out that the CAPE in TC tornado cases is much smaller, although the 

magnitude of low level wind shear is actually larger. This reduced CAPE creates shallower 

supercells in a TC environment compared to its midlatitude counterpart (McCaul and Weisman 

1996). This argument implies an environment that is only able to sustain shallow supercells 

where updrafts are concentrated in the lower levels where the shear is maximized. Even if the 

CAPE is only on the order of a few hundred, having the majority of this CAPE in the low levels 

allows a storm cell to maximize CAPE within the shallow updraft to produce a tornado in the 

presence of strong low level shear. Gentry (1983) explains that tornadoes associated with TCs 

are more likely in areas of enhanced 850 mb winds. As the TC circulation moves closer to land, 

the rain bands associated with enhanced 850 mb flow that make it onshore suddenly experience 

an increase in low level vertical wind shear. This happens because friction from the ground 

causes the winds associated with the TC to slow down at the surface, while winds 1-3 km above 

the ground remain approximately unreduced, especially while the storm center is still over water. 

In the presence of an updraft, this increase in low level wind shear can be sufficient to produce a 

tornado. 

 Multiple studies have found that the majority of TC tornadoes occur in the northeast 

quadrant of the TC (Smith 1965; Novlan and Gray 1974; McCaul 1991; Verbout et al. 2007; 
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Schlutz and Cecil 2009). Using 1296 proximity soundings, McCaul (1991) shows how this 

spatial distribution of tornadoes aligns with the spatial distributions of enhanced values of some 

of the severe weather parameters used today. Specifically, he found that surface CAPE, 0-3 km 

Storm Relative Helicity (SRH), and Bulk Richardson Number (BRN) shear all have maxima in 

the northeast quadrant of the TC. In addition, the largest and most curved hodographs (high 

magnitudes of speed and directional shear) are also found in the northeast quadrant. With the 

most conducive thermodynamics to provide strong updrafts being collocated with the most 

favorable shear profiles for rotation, the northeast quadrant clearly shows a preference for 

tornadogenesis. With respect to composite parameters used in forecasting tornadoes such as 

Energy Helicity Index (EHI; Hart and Korotky 1991) and the Significant Tornado Parameter 

(STP; Thompson et al 2004), the combined effect of Òmaximum instability, maximum shearÓ  

favors tornado formation. However, recent research has shown that EHI and STP are not 

particularly good parameters to use for forecasting tornadoes in TC environments. More 

precisely, the maxima in EHI and STP do not coincide well in space with tornado locations in 

case studies that included some of the more prolific TC tornado producers such as Ike, Frances, 

and Cindy (Onderlinde and Fuelberg 2014). Instead, 0-3 km vertical wind shear and 0-3 km SRH 

are found to be the best predictors of tornado occurrences. In the study of environmental 

ingredients for Hurricane Ivan, Baker (2009) points out that STP is maximized in the northeast 

quadrant. So, while composite parameters (EHI, STP) may be maximized in the northeast 

quadrant, the maxima of these parameters may not be collocated with tornado cases in space. 

This may be a result of the CAPE maxima trailing the shear maxima, which is supported by 

McCaul (1991). He points out that the rear quadrants are significantly warmer, and thus more 

buoyant, given the moist nature of a tropical storm environment. Using McCaulÕs findings, it 
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seems plausible that storms may get their reflectivity cores in the higher CAPE areas, but attain 

tornadic characteristics later in time as these mature cells move into areas of enhanced low level 

shear. 

 Identifying tornado signatures on radar has become easier and more practical with the 

switch to WSR-88D radars and more recently, dual polarization. Comparing TC tornadoes to 

their mid-latitude counterparts, warning for TC tornadoes is more difficult because the rotational 

features are more subtle. In addition, velocity couplets in TC tornadoes can come and go from 

scan to scan, leading to shorter lead times for warnings (Spratt 1997). This makes the job more 

difficult for the radar operator to identify a cell with the potential to produce a tornado before it 

actually shows a rotational feature on radar.  

 To interpret changes in the environment that impact tornadogenesis through TC landfall, 

it is important to note how the TC itself evolves through landfall. First, after landfall, the TC no 

longer has available the diabatic heat energy from the warm water to use as a power source. As a 

result, the secondary circulation is disrupted (Elsberry 1995). The disruption of the diabatic heat 

source over land weakens convection and this in turn creates stronger subsidence in the core. 

Another important aspect of landfall to consider is the increase in surface friction. The roughness 

of the land surface is much greater than that over open water, causing the winds to decrease at 

the surface much faster than aloft, creating enhanced low level vertical shear. This vertical shear 

is the root of tornadogenesis in TCs. 

 This study builds on the foundations of prior work by examining the tornadic parameters 

that have been shown to be important variables in tornadogenesis in TC environments. Prior 

research has shown that low level wind shear increases as a TC makes landfall and that this 

increases in the wind shear causes an increase in tornado occurrences (Novlan and Gray 1974; 
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McCaul 1991). However, less is known about how tornado production evolves in connection to 

the evolution of the vertical wind shear after landfall as the TC weakens over land and becomes 

absorbed by the large-scale flow. The goal of this research is to document the evolution of 

tornadic parameters relative to time in a landfalling TC by segmenting the tornado occurrences 

into time intervals, which can be compared for statistical significance. It is important to be able 

to document how parameters may change, evolve, and trend in magnitude and spatial coverage 

as the TC interacts with land and large-scale weather systems such as troughs. The first 

hypothesis proposed is that the there exist distinguishable differences in parameters, both in 

magnitude and spatial distribution, among time intervals before and after landfall. The second 

hypothesis is proposed that there also exists a time interval that can be used to separate the 

typical weak TC tornadoes from the stronger mid-latitude cyclone types that evolve from a 

landfalling TC. It would be beneficial to forecasters to understand during which time interval(s) 

post-landfall, the TC will begin to resemble more of the mid-latitude cyclone with respect to 

ingredients related to tornadogenesis. In addition, it would be advantageous to see how the pre-

landfall tornado environment differs from the inland tornado environment. Finally, it would be 

valuable to be able to document any the trends in the parameters in hopes of aiding future 

guidance. 
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CHAPTER TWO 

DATA AND METHODOLOGY 

2.1 Data 

 The TCTOR dataset (1995-2010), created and maintained by Roger Edwards from the 

Storm Prediction Center (SPC) was used to create the dataset of events for this study. The 

TCTOR dataset was developed by selecting tornado events associated with TCs from the larger 

parent ONETOR dataset containing all tornado events, and assigning each tornado to their 

respective TC. In addition, the TCTOR incorporates HURDAT's best track information. This 

results in TC position and intensity data that is identified with each tornado to create a coherent 

dataset. TCTOR is more refined and consistent than some of the earlier attempts (Edwards 

2010). This dataset corresponds to the full nationwide deployment of the WSR-88D units. This 

timing ensures that the full scope of the TCTOR dataset is also within the scope of modern 

warning and verification practices.  

 The North American Regional Reanalysis (NARR) data from the National Centers for 

Environmental Prediction (NCEP) was used in order to analyze the environmental parameters 

associated with each tornado. The dataset is in near real time and goes back to 1979. NARR uses 

NCEP's Eta Model and its data assimilation system, resulting in 32 km horizontal grid spacing, 

45 vertical layers, and output every 3 hours. Boundary conditions are taken from NCEP/NCAR 

Global Reanalysis I. A big advantage of the NARR versus previous reanalyses is the successful 

assimilation of high quality and detailed precipitation observations into the analysis. As a result, 

the NARR improves in land hydrology and land-atmosphere interaction over the Global 

Reanalysis (Messinger et al. 2003, Grumm et al. 2006, Gensini et al. 2011). 
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 To account for the rapidly changing mesoscale environment, only those tornadoes that 

occurred within +/- 1 hr of NARR 3 hourly output are considered. In addition, certain TCs were 

eliminated because they did not meet the prescribed criteria, and thus were not consistent with 

the larger pool of TCs. The criteria used for this study is that a landfalling TC must have the 

northeast quadrant move over land and produce at least one tornado. These criteria are designed 

to eliminate track biases. TCs that never made landfall, but still produced tornadoes over land 

were also excluded from this study. This decision was made because the main focus of this study 

is to show how landfall leads to a modified environment through time. Finally, TCs that made 

landfall as tropical depressions were excluded from this study. The presumption is that these TCs 

lacked a true inner core and would produce statistics that are unrepresentative of the larger pool 

of TC tornado environments. Eliminating the mentioned TCs allows for a more consistent 

dataset. As a result, the environment can be examined with as few uncertainties as possible. 

Therefore, of the 1201 TC tornadoes included in TCTOR, 671 cases were used in this study. 

Refer to Table 2.2 for a complete breakdown of the number of tornado occurrences during each 

time interval. 

  The region of study covers the entire area of the United States impacted by TC tornadoes, 

from Florida, west through Texas, north through Indiana, and east through New Jersey. No 

tornadoes occurred north of Pennsylvania or west of Texas. Each tornado has a starting/ending 

geographic coordinate in the TCTOR dataset. The starting coordinates of each tornado are 

displayed on a map in Figure 2.1. These tornadoes are produced by 43 TCs that followed paths 

displayed in Figure 2.2. Note that 9 out of 43 TCs produce at least 20 tornadoes, while only 3 

produce zero.  
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Figure 2.1: From Edwards (2010). Tornado locations 
from TCs during 1995-2009. 

Figure 2.2: Paths of 43 TCs during 1995-2010, color 
coded by the number of tornadoes the TC produced. 
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2.2 Parameters 

 Previous studies dealing with tornado environments have considered many different 

atmospheric variables (TC and non-TC). This study focuses on the parameters that forecasters 

examine when considering potential tornadic environments (Blanchard 1998; Rasmussen and 

Blanchard 1998). A combination of buoyancy and vertical wind shear is required for 

tornadogenesis. Seven parameters are chosen for this study: one thermodynamic, five shear (at 

different layers), and one composite. Please refer to Table 2.1 for the units corresponding to each 

parameter. 

 The thermodynamic parameter examined is the Convective Available Potential Energy 

(CAPE), which is defined using a surface based parcel. It is the measure of the amount of energy 

available a buoyant parcel. Vertical shear in the 0-1 km, 0-3 km, and 0-6 km layers is considered, 

along with Storm Relative Helicity (SRH) in the 0-1 km and 0-3 km layers. Vertical shear is 

defined as the bulk vector wind difference between the top and bottom of the layer. Deep layer 

shear in the 0-6 km layer is used to discriminate storm modes. Low values (<20 kt) typically 

indicate single cell or pulse type storm mode. A pulse type storm lacks the necessary shear to 

maintain itself over a long period of time but can still become severe for a short amount of time. 

Values over the 35-40 kt range indicate supercellul potential, while multicell clusters are favored 

in the presence of 20-35 kt of 0-6 km vertical shear (Markowski 2010). The larger the value of 

deep layer shear, the better the chance of the storm being able to sustain itself over a long period 

of time, as the shear acts to position the downdraft away from the updraft, preventing the 

downdraft from undercutting the updraft and weakening the storm (Doswell 1991). Tornadoes 

are the most common in supercell thunderstorms, therefore it is important to have adequate deep 

layer shear. Tornadogenesis also requires sufficient low level shear in order to produce and 
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sustain rotating updrafts. SPC suggests at least 15-20 kt of shear in the 0-1 km layer when 

forecasting tornadic potential. Another variation of low level wind shear is SRH. It is the 

measure of the potential of having cyclonically rotating updrafts in right moving supercells 

(SPC). SRH factors in storm motion. In the calculation of SRH for this study, the Bunkers' 

hodograph technique for right moving storms is used (Bunkers 1999). Larger values of SRH 

(greater than 250 m2 s-2 in the 0-3 km layer and greater than 100 m2 s-2) indicate an increased 

threat of tornadoes. 

 A composite parameter is also examined in the evolution of tornadic environments of 

landfalling TCs. The Significant Tornado Parameter (STP) combines CAPE, 0-6 km shear 

(SRH6), 0-1 km SRH (SRH1), and LCL height. 
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Parameters Units 

CAPE J kg-1 

Shear (0-1 km, 0-1 km, 0-6 km) kt 

SRH m2 s-2 

STP No units 

 

2.3 Methods  

 The Grid Analysis and Display System (GrADS) is used to assemble a comprehensive 

statistical and spatial analysis of the tornado parameters for every tornado producing TC from the 

Table 2.1: Units corresponding to each parameter used in this study. 
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NARR dataset. Each tornado starting coordinate was input into a script to compute the values of 

the 9 parameters at that specific location and time, with the closest grid point to the tornado from 

the NARR dataset used to sample each parameter value at the specified location. The dataset was 

divided into eight time intervals, four before landfall and four after. Through the rest of this 

paper, -24 will be used to designate tornadoes occurring prior to 24 hours before TC landfall and 

24+ for tornadoes 24 hours or more after TC landfall. To help in further understanding the time 

interval assignments used in this study, please refer to Table 2.2. Due to different lengths of time 

in each interval, the number of tornadoes during each interval is normalized per TC per 6 hours 

(Table 2.3). Using a t-test with 90% confidence, the increase in tornadoes from -24 to 6-0 time 

intervals is deemed statistically significant, based on non-overlapping confidence intervals. The 

same can also be said for the 6-0 to 24+, as well as 0-6 to 24+ comparisons. A confidence of 

90% was chosen because the 95% confidence intervals showed a slight overlap. To make 

conclusions, the confidence had to be reduced. Thus, with 90% confidence, it can be concluded 

that the two substantial increases in tornado occurrences (at 6-0, and 24+) are statistically 

significant. Results from this section will be used in parameter analyses to assess whether or not 

changes in the environmental parameters coincide with the increases in tornado occurrences on a 

temporal scale.  

 The result attained from the comparison of tornado production across the time intervals 

should be used with some caution. The degrees of freedom used in the calculation stem from N 

(number of events) representing the number of tornado occurrences. In reality, N is actually 

closer to the number of individual TCs. The number of TCs is smaller; thus there are fewer 

degrees of freedom than what is used in the calculation of confidence intervals. This discrepancy 

in the degrees of freedom would indicate less than 90% confidence in the resulting statistic. 
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Time Intervals Explanation of Intervals 

-24 All tornadoes occurring before 24 hours prior to TC landfall 

24-12 All tornadoes occurring between 12 and 24 hours prior to landfall 

12-6 All tornadoes occurring between 6 and 12 hours prior to landfall 

6-0 All tornadoes occurring between TC landfall and 6 hours prior 

0-6 All tornadoes occurring between TC landfall and 6 hours after 

6-12 All tornadoes occurring between 6 and 12 hours after TC landfall 

12-24 All tornadoes occurring between 12 and 24 hours after TC landfall 

24+ All tornadoes occurring after 24 hours following TC landfall 

  

 

Time intervals Number of  

TCs 

Number of  

Tornadoes  

Normalized Number of 

Tornadoes  

-24 8 22 0.91 (0.19, 1.63) 

24-12 9 26 1.44 (0.68, 2.12) 

12-6 16 31 1.94 (1.52, 2.36) 

6-0 27 68 2.52 (2.10, 2.94) 

0-6 29 76 2.62 (1.90, 3.34) 

6-12 20 64 3.20 (2.53, 3.87) 

12-24 18 103 2.86 (1.84, 3.88) 

24+ 15 281 4.68 (3.42, 5.94) 

Table 2.3: Breakdown of the number of tornado occurrences during each time interval, 
scaled per 6 hours per TC. 90% confidence limits displayed in blue. 

Table 2.2: Explanation of time intervals used in this study. 
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The intervals in Table 2.2 and several variations of those intervals will be used frequently 

in the results section of this study, including tables and plot titles. The first number will always 

be the start of the interval. If the second number is lower, that means the interval is before 

landfall and if the second number is larger, the interval is after landfall (i.e 24-0 stands for the 24 

hour period leading up to landfall). The National Hurricane CenterÕs (NHC) Tropical Cyclone 

Reports archive was used to determine landfall times for each TC. After dividing the tornadoes 

into their respective time intervals, a statistical and spatial analysis of each parameter is 

performed during the following time intervals: -24, 24-12, 12-6, 6-0, 0-6, 6-12, 12-24, 24+, 12-0, 

0-12, 24-0, 0-24, before landfall, and after landfall.  

 After computing the means for each parameter in each time interval, a Student's t-test is 

used to assess the statistical significance of each parameter through the different time intervals. 

For example, it is important to determine if the 12-0 and 0-12 time intervals are significantly 

different from one another. Using an unpaired two sample Student t-test, p-values were obtained 

to compare the statistical significance of the difference in the means of parameter values among 

different time intervals, assuming an approximately normal distribution among the samples. In 

this study, this assumption holds true for each parameter (not shown). The null hypothesis is that 

the two intervals have equal means. The alternate hypothesis is that the data comes from 

intervals with unequal means. Using a two sample F-test (test to see if the variance is equal) for 

equal variance in the MATLAB function Òvartest2Ó, it is observed that some of the intervals used 

in this study contain equal variances, while others contain unequal variances. Assuming equal 

variance, the test statistic (t) is calculated as follows: 

(2) t =
x1 " x2

s2(
1
n1

+
1
n2

)
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(3) s2 =

(x j " x1)
2 + (xi " x2)

2

i=1

n2

#
j =1

n1

#
n1 + n2 " 2

 

where x1 and x2 are the sample means, s! is the pooled sample variance, n1 and n2 are the sample 

sizes, and t is the test statistic. Assuming unequal variance, the test statistic (d) is calculated as 

follows: 

(4) d =
x1 " x2

s1
2

n1

+
s2

2

n2

 

(5) df =

s1
2

n1

+
s2

2

n2
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2

s1
2 /n1
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+
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,  
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(6) s1
2 =

(x j " x1)
j =1

n1

#
n1 " 1

 

(7) s2
2 =

(xi " x2)
i =1

n2

#
n2 " 1

 

where x1 and x2  are the sample means, s! is the sample variance, n1 and n2 are the sample sizes, 

d is the Behrens-Welch test statistic, df is the number of degrees of freedom using Satterthwaite's 

approximation (Satterthwaite 1946). As a result of this study containing both unequal variance 

and equal variance pairings among the interval comparisons, the MATLAB Òttest2Ó function is 
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used with either an ÒequalÓ or ÒunequalÓ assignment, depending on the variance type to obtain 

the most accurate test statistic. 

 A p-value of 0.05, corresponding to a 95% confidence of the two time intervals being 

statistically different, is used to decide if the two intervals show a change in the environment that 

is statistically significant with respect to each parameter. In addition, the true p-value obtained 

from the MATLAB calculations using the built in function Òttest2Ó is used to find a true measure 

of the magnitude of the Òsignificant difference,Ó or lack thereof. The smaller the p-value, the 

higher the confidence in the analyzed statistic. For example, a p-value of 0.001 would imply 

more confidence in the statistic than a p-value of 0.1. 

 A spatial analysis of the parameters is performed for the eight time intervals: -24, 24-12, 

12-6, 6-0, 0-6, 6-12, 12-24, 24+. Composite field charts are put together: one for each parameter 

(CAPE, 0-1 km Shear, 0-3 km Shear, 0-6 km Shear, 0-1 km SRH, 0-3 km SRH, STP) for each of 

the eight time intervals. The composite analysis is done within a refined region (24.4-35.1¡ 

North, 78.5-94¡ West) for all the time intervals except 24+, which is defined in the region of 

29.5-39.8¡ North, 74.5-90.0¡ West. For the 24+ interval, the region is shifted north to account for 

the north shift in TC tracks and tornado locations. Along with creating a field view of the 

parameters for each time interval, triangles, representing tornado locations, are overlaid on the 

map. It is assumed that compositing the environments from different storms leads to a single 

well-represented environment for analysis of how tornadoes are distributed within an area 

corresponding to each parameter. This composite analysis presents a visual representation of the 

tornado concentrations with respect to each parameter maxima for the different time intervals. 

The averaging of non-collocated maxima over many time intervals naturally produces an 

underestimation of the actual parameter value. Therefore, the composite maps should not be used 
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for statistical guidance of each parameter's values in forecasting tornadoes, but only for guidance 

on locations of parameter maxima in space with respect to tornado locations during the various 

time intervals. 

 Figure 2.2 shows that 9 out of 43 TCs produced at least 20 tornadoes. In addition, 4 TCs 

produced more than 50 tornadoes, while 18 TCs produced 4 or less. Thus, the small number of 

TCs that produced a large number of tornadoes is weighted more in the composite maps. It is 

important to be able to see how composites of TC cases that produce a small number of 

tornadoes compare to the composites of all the cases. This illustrates the differences in the 

magnitude and spatial coverage of shear maxima in TCs that produce few tornadoes compared to 

those that produce many. TCs are divided into terciles, based on the total number of tornadoes 

produced. For the composites involving a small number of tornadoes (hereafter, FEW), the 

lowest tercile is used. 

 Case studies of three TCs: Opal (1995), Ivan (2004), and Katrina (2005) are presented as 

a supplemental tool to composite analysis. These storms were chosen because they produced 

tornadoes in at least 6 of 8 time intervals, followed a similar path, and made landfall at the same 

categorical intensity. This case-by-case analysis is performed in order to better understand which 

wind shear layer in the vertical profile of the atmosphere best explains the tornado statistics 

throughout the different time intervals. This analysis may increase the confidence in the 

conclusions derived from composite maps as well as allow for an examination of the true 

environment on a storm-by-storm basis. 

 The final part of the analysis involves NARR derived soundings. The same three TCs 

(Opal, Ivan, and Katrina) are used to create a composite skew-T and hodograph. The reason for 

using only three TCs is to be able to accurately represent hodograph shape and the storm motion 
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vector. Therefore, the TCs need to follow a similar track. Having a truly representative storm 

(cell) motion vector is important in order to identify how SRH may be modified through time 

after landfall by the change in storm motion. Having an over-representation of TCs following 

substantially different paths would produce an average vector that may not be representative of 

an expected storm motion. In addition, taking into account many different wind directions at the 

low levels in the proximity of the TC, would lead to an unrepresentative hodograph shape and 

size. The three TCs chosen for this part of the analysis follow approximately the same track from 

the northern Gulf through the mid-Atlantic, while producing tornadoes in essentially the same 

areas, spanning every time interval from 24-12 to 24+.  
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CHAPTER THREE 

RESULTS AND DISCUSSION 

 Results for this study are presented as follows: a statistical analysis of each parameter for 

the various time intervals through a TCs landfall, composite spatial analysis comprising of all the 

events within each time interval (ALL), composite spatial analysis comparing the ALL to the 

FEW (lowest tercile of TCs based on the number of tornadoes per TC), case studies of three TCs, 

and composited sounding analysis using the same three TCs. 

 

3.1. Statistical Analysis 

 The mean surface based CAPE among all events within a specified time interval 

generally decreases through the TCs landfall (Table 3.1, Figure 3.1). The maxima occurs in 

either of the 24+ or 24-12 time intervals based on non-overlapping 95% (0.05 level,p " 0.05) 

confidence intervals (Figure 3.1). The magnitude of the decrease in CAPE is roughly twofold 

from -24 to 24+. The greatest decrease in CAPE  is observed after the 24-12 time interval. 

Expanding the time intervals also shows a significant decreases in CAPE (Tables 3.2-3.4, 

Figures 3.2-3.4). P-values are less than 0.05 for each of the 12-0/0-12, 24-0/0-24, before/after, 

and 0-6/24+ interval comparisons, making those transitions between the intervals statistically 

significant at the 0.05 level. The 6-0/0-6 comparison has a p-value of 0.1039, which makes the 

difference of the means not statistically significant at the 0.05 level (Table 3.5). 

 Vertical shear in the 0-1 km layer shows an increase from the -24 to the 0-6 time interval, 

and a decrease from the 0-6 to the 24+ time interval after landfall (Table 3.1, Figure 3.1). This 

result agrees with the conceptual model of the TC core, which contains the strongest winds, 

coming ashore and creating the greatest vertical wind shear. The rather small difference (not 
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statistically significant) in the before/after interval is due to the bell curve shape of the 0-1 km 

shear trend, so the difference is minimized at the tails (Figure 3.4). P-values are greater than 0.05 

for 6-0/0-6, 12-0/0-12, and before/after interval comparisons, making those transitions between 

the intervals not statistically significant at the 0.05 level (Table 3.5). With a p-value of 0.036 

between 24-0/0-24, those intervals show a statistically significant difference of the means at the 

0.05 level. Thus, to achieve a statistically significant difference of the means due to TC landfall, 

the time intervals need to be expanded out to 24 hours on either side of landfall. In addition, the 

interval immediately after landfall, 0-6, proves to be statistically different from the 24+ interval 

at the 0.05 (Table 3.5). This is significant because it shows a modification in the post landfall 0-1 

km wind shear environment from landfall to 24 hours after landfall. After the initial spike at 

landfall, the magnitude of the vertical shear decreases and becomes comparable to the earlier 

intervals before landfall. Thus, wind shear in the lowest layer (0-1 km) is greatly impacted by 

surface friction at landfall. 

Vertical shear in the 0-3 km layer increases toward landfall, followed by a secondary 

increase after landfall (Table 3.1, Figure 3.1). The post-landfall maxima occur in either the 12-24 

or 24+ intervals (non-overlapping confidence intervals with the other time intervals after 

landfall). The 24-0/0-24 and before/after time interval comparisons have p-values less than 0.05, 

making the differences of their means statistically significant at the 0.05 level (Table 3.5). A p-

value of 0.008 between the 0-6 and 24+ intervals, shows that the 0-3 km shear environment 

shows a significant increase from the 0-6 to the 24+ interval, with over 95% confidence. This 

suggests that the wind associated with a TC circulation decreases more slowly with height as the 

storm is decaying after landfall. Therefore, the shear in the 0-3 km layer does not decrease after 

the initial spike at landfall and in fact reaches a maximum at 12-24 hour interval. Part of this 
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8 Time Intervals 

Time Intervals Relative to Landfall (hours) 

Parameters -24 24-12 12-6 6-0 0-6 6-12 12-24 24+ 

1638 1748 923 1073 896 794 645 728 
CAPE (J kg-1) 

1395 
1881 

 

1469 
2028 

703 
1143 

964 
1182 

797 
994 

707 
881 

597 
692 

684 
771 

20.06 19.01 20.18 21.51 24.11 22.19 22.70 19.98 
Shear 0-1 km (kt) 

17.39 
22.72 

16.95 
21.07 

17.49 
22.87 

20.06 
22.97 

22.69 
25.53 

20.92 
23.46 

21.59 
23.80 

19.31 
20.66 

25.51 28.69 29.70 26.44 29.74 30.71 33.81 33.14 
Shear 0-3 km (kt) 

22.87 
28.15 

26.26 
31.14 

26.87 
32.53 

24.50 
28.38 

27.64 
31.84 

29.28 
32.14 

32.72 
34.90 

32.32 
33.96 

16.00 29.11 30.05 29.29 31.02 31.43 34.86 34.98 
Shear 0-6 km (kt) 

14.10 
17.91 

25.82 
32.38 

26.88 
33.22 

26.88 
31.71 

28.77 
33.27 

29.66 
33.21 

33.29 
36.41 

34.08 
35.88 

93.8 110.8 141.9 143.3 179.9 137.2 142.1 164.6 
SRH 0-1 km (m2 s-2) 

76.8 
110.9 

86.2 
135.4 

119.0 
164.9 

129.0 
157.5 

162.8 
197.0 

127.2 
147.2 

131.2 
153.0 

158.2 
171.1 

147.1 211.1 243.0 227.8 288.7 232.7 299.5 305.5 
SRH 0-3 km (m2 s-2) 

131.1 
163.2 

182.3 
240.0 

216.7 
269.3 

204.9 
250.6 

257.4 
320.1 

218.4 
247.0 

281.3 
317.7 

295.9 
315.1 

0.277 0.604 0.362 0.589 0.610 0.371 0.357 0.359 
STP 

0.195 
0.358 

0.455 
0.753 

0.279 
0.445 

0.486 
0.692 

0.515 
0.704 

0.320 
0.422 

0.330 
0.384 

0.325 
0.394 

 

 

Table 3.1: Mean values (black) along with lower and upper bounds of the 95% 
Confidence Interval (blue) of each parameter (left column) corresponding to each 
time interval relative to TC landfall (top row). Values are calculated at +/- 1 hour and 
within the closest grid point of each tornado.  
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Figure 3.1: Graphical representation of Table 3.1. Each of the 6 plots contains 
just one parameter. STP is omitted. Each vertical bar represents the mean 
parameter value during each time interval. The error bars at the top represent 
the 95% Confidence Interval.  
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Within 12 Hours of Landfall  

Time Intervals Relative to Landfall (hours)   

Parameters 12-0 0-12 

1035 849 CAPE (J kg-1) 

935 
1136 

782 
916 

21.18 23.24 Shear 0-1 km (kt) 

19.88 
22.48 

22.26 
24.22 

27.35 30.23 Shear 0-3 km (kt) 

25.69 
29.01 

28.91 
31.55 

29.76 31.54 Shear 0-6 km (kt) 

27.77 
31.75 

30.07 
33.02 

142.9 160.4 SRH 0-1 km (m2 s-2) 

130.7 
155.2 

149.7 
171.1 

231.6 270.8 SRH 0-3 km (m2 s-2) 

213.2 
250.1 

252.0 
289.5 

0.531 0.501 STP 

0.450 
0.613 

0.443 
0.559 

 

Table 3.2: As in Table 3.1 except time intervals are 12 hours before and 12 
hours after TC landfall. 
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Figure 3.2: Graphical representation of Table 3.2. Each of the 6 plots contains 
just one parameter. STP is omitted. Each vertical bar represents the mean 
parameter value during each time interval. The error bars at the top represent 
the 95% Confidence Interval.  
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Within 24 Hours of Landfall  

Time Intervals Relative to Landfall (hours) 

Parameters 24-0 0-24 

1155 762 CAPE (J kg-1) 

1051 
1259 

718 
807 

20.82 23.01 Shear 0-1 km (kt) 

19.50 
22.13 

22.27 
23.74 

27.57 31.76 Shear 0-3 km (kt) 

26.13 
29.02 

30.84 
32.65 

29.82 32.96 Shear 0-6 km (kt) 

28.07 
31.58 

31.86 
34.04 

137.5 162.2 SRH 0-1 km (m2 s-2) 

126.3 
148.7 

154.5 
170.0 

228.2 284.7 SRH 0-3 km (m2 s-2) 

212.0 
244.4 

271.3 
298.1 

0.544 0.440 STP 

0.471 
0.616 

0.404 
0.476 

 

Table 3.3: As in Table 3.1 except time intervals are 24 hours before and 24 
hours after TC landfall. 
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Figure 3.3: Graphical representation of Table 3.3. Each of the 6 plots contains 
just one parameter. STP is omitted. Each vertical bar represents the mean 
parameter value during each time interval. The error bars at the top represent 
the 95% Confidence Interval.  
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Before/After Landfal l 

Time Intervals Relative to Landfall (hours)  

Parameters Before After 

1225 744 CAPE (J kg-1) 

1126 
1324 

712 
775 

20.70 21.38 Shear 0-1 km (kt) 

19.51 
21.90 

20.87 
21.88 

27.28 31.80 Shear 0-3 km (kt) 

25.97 
28.58 

31.18 
32.41 

27.84 33.05 Shear 0-6 km (kt) 

26.17 
29.49 

32.34 
33.77 

131.2 151.4 SRH 0-1 km (m2 s-2) 

121.1 
141.4 

146.4 
156.4 

216.5 276.5 SRH 0-3 km (m2 s-2) 

201.9 
231.1 

268.4 
284.6 

0.505 0.396 STP 

0.440 
0.570 

0.372 
0.421 

 

 

Table 3.4: As in Table 3.1 except time intervals before/after TC landfall. 
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Figure 3.4: Graphical representation of Table 3.4. Each of the 6 plots contains 
just one parameter. STP is omitted. Each vertical bar represents the mean 
parameter value during each time interval. The error bars at the top represent 
the 95% Confidence Interval.  
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CAPE P-values  SRH 0-1 km P-values 

6-0 0.104 0-6 6-0 0.033 0-6 

12-0 0.031 0-12 12-0 0.158 0-12 

24-0 <0.001 0-24 24-0 0.017 0-24 

Before landfall  <0.001 After landfall Before landfall  0.019 After landfall 

0-6 0.020 24+ 0-6 <0.001 24+ 

Shear 0-1 km P-values  SRH 0-3 km P-values 

6-0 0.088 0-6 6-0 0.023 0-6 

12-0 0.084 0-12 12-0 0.061 0-12 

24-0 0.036 0-24 24-0 0.001 0-24 

Before landfall  0.449 After landfall Before landfall  <0.001 After landfall 

0-6 <0.001 24+ 0-6 0.024 24+ 

Shear 0-3 km P-values  STP P-values  

6-0 0.129 0-6 6-0 0.840 0-6 

12-0 0.068 0-12 12-0 0.673 0-12 

24-0 <0.001 0-24 24-0 0.053 0-24 

Before landfall  <0.001 After landfall Before landfall  0.016 After landfall 

0-6 <0.001 24+ 0-6 <0.001 24+ 

Shear 0-6 km P-values  

6-0 0.337 0-6    

12-0 0.323 0-12    

24-0 0.037 0-24    

Before landfall  <0.001 After landfall    

0-6 <0.001 24+    

 

 

Table 3.5: P-values (red) corresponding to the statistical significance of the difference in 
the means of each parameter between the intervals relating to TC landfall. The p-values 
are boxed in yellow between the intervals that were subject to the Student's T-test. 
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postponed realization of the maximum value could be due to trough interaction becoming more 

pronounced in the latter time intervals after landfall. Although the wind maxima at the front side 

of a trough are typically considered at 500 mb, there still may exist a wind max at 700 mb in the 

general location of the 500 mb jet streak. 

 Vertical shear in the 0-6 km layer shows an increase from the -24 to the 24-12 interval, a 

steady state up through the 6-12 interval, followed by a secondary increase during the 12-24 

interval. A statistically significant maxima is achieved during either the 12-24 or 24+ intervals. 

Looking at the longer temporal scale, it is evident that 0-6 km shear difference becomes larger 

when expanding intervals on either side of landfall (Figures 3.2-3.4). This result agrees with the 

conceptual model of trough interaction playing a role in the extratropical transition of the TC 

over land after landfall. The higher mid level winds ahead of the trough work into the TC 

circulation, creating more intense deep layer (0-6 km) shear for the TC environment. P-values 

are similar to the 0-3 km case, with the difference in the means being statistically significant at 

the 0.05 level for 24-0/0-24, before/after, and 0-6/24+ intervals. With higher p-values in the 

expanded time intervals, compared to the 0-3 km layer, one can infer a more progressive increase 

in the vertical wind shear in the 0-6 km layer. A significant statistical difference (p value less 

than 0.001) occurs between the 0-6 and 24+ time intervals, which provides added evidence for 

trough interaction becoming more apparent after landfall, with storm cells likely taking on more 

supercell characteristics as the TC decays. 

 SRH in the 0-1 km layer shows a similar trend to 0-1 km shear until landfall. The big 

difference is that the 6-0/0-6 interval comparison shows a statistically significant increase at the 

0.05 level in SRH, with a p-value of 0.033. Looking at Figure 3.1, a statistically significant 

difference in the means at the 0.05 level is also noted between the 0-6/6-12 interval comparison, 
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based on non-overlapping confidence intervals. This result suggest that the initial interaction of 

the TC core with land significantly increases the potential for storm cells within the TC 

circulation to ingest streamwise vorticity. SRH in the 0-3 km layer shows a similar result. The 

fact that the difference in the means are statistically significant in 3 consecutive time intervals (6-

0, 0-6, 6-12) for both 0-1 km and 0-3 km layers, suggests that TC landfall has the biggest 

influence on SRH than any other parameter. Additionally, all of the other time interval 

comparisons from Table 3.5 for 0-1 km SRH, have p-values less than 0.05, except 12-0/0-12.

 The presence of CAPE in the STP calculation has a major impact on the trends of the 

STP mean values. Looking back at the statistical result attained for CAPE: larger values are 

realized in the time intervals before landfall, with smaller values after landfall. Mean values of 

the STP parameter in intervals at 6 and 12 hours around landfall are not statistically different. 

Thus short term impacts of landfall are not evident when looking at the STP parameter, unlike 

SRH. Overall, since multiple parameters with opposing effects are included in the calculation of 

the composite parameter such as STP, studying statistical significance does not seem practical, 

and one should instead focus on each parameter by itself when performing this type of analysis. 

 Overall, statistical analysis of the evolution of the chosen parameters for this study shows 

that in order to attain a statistically significant difference in parameter values at the 0.05 level 

between interval comparisons for this study, time intervals have to be expanded to at least 24 

hours on either side of TC. When comparing two temporal windows of 24 hours centered at 

landfall (24-0/0-24), the difference in the parameter magnitudes is successfully captured with 

95% confidence in the statistic. The lone exception to this is SRH, which shows a statistically 

significant difference in the mean values between adjacent 6 hour comparisons centered in time 

around landfall. Additionally, the 0-6/24+ interval comparison shows a statistically significant 
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difference at the 0.05 level in the values of all parameters chosen for this study. Therefore, this 

result shows that the tornadic environment is modified after landfall. 

 

3.2 Composites: ALL 

 Figures 3.6-3.13 show the evolution of each parameter through 8 time intervals. These 

are composite plots from 32 TCs that average the parameters over the entire analysis domain 

based on the parameter value at each tornado location during each time interval. It is important to 

note that different magnitudes represented by the colorbar are displayed for the same parameters 

across different time intervals in order to highlight the maxima of each parameter in space.  

During the -24 interval (Figure 3.6), all of the tornadoes occur in a rather concentrated 

area of Central and South Florida. CAPE is maximized on the Atlantic side of the peninsula and 

does not coincide with the location of tornadoes. The area of enhanced 0-1 and 0-3 km vertical 

shear, as well as 0-1 km and 0-3 km SRH all coincide well with the location of tornadoes. STP 

maxima also is coincident with the spatial distribution of the tornadoes. Based on this result, 

each of the 0-1 and 0-3 km shear and SRH, as well as STP could be used in forecasting where 

tornadoes are most likely to occur when the TC is more than 24 hours away from landfall.  

 During the 24-12 interval (Figure 3.7), tornadoes are distributed over a larger area. Areas 

of enhanced vertical shear in the 0-1 km and 0-3 km, SRH in those layers, and STP all coincide 

well with tornado locations in Central and South Florida. However, the tornadoes in the Florida 

panhandle and westward along the Gulf Coast fall well outside the area of enhanced values of the 

same parameters. For the Gulf Coast tornadoes, the STP Òbulls-eyeÓ remains offshore, where the 

0-6 km shear and 0-1 km SRH maxima are located. Since Florida sticks out into the ocean, any 

tornadoes affecting the peninsula are closer to the center of TC circulation than the Northern 
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Gulf Coast with TCs tracking north through the Gulf. This puts Florida closer to the TC core. 

Thus, wind shear values are larger over Florida, while the best shear remains offshore in the 

northern Gulf Coast states.  

 During the 12-6 interval (Figure 3.8), with the TCs having tracked further north, areas of 

enhanced low level shear move closer to the Northern Gulf Coast states. Shear in the 0-3 km 

layer and 0-1 km SRH maxima appear to best coincide with the majority of tornadoes in that 

region. The cluster of tornadoes in Southwest Georgia fall outside of the enhanced 0-1 km shear 

area, but are captured in the 0-1 km SRH. Thus storm motions of cells producing those tornadoes 

over Southwest Georgia could be creating the larger hodographs (larger area traversed from the 

surface to either 1 km or 3 km above ground with respect to the storm motion vector) despite the 

lesser bulk shear present. This increase in SRH would allow the cells to potentially ingest more 

streamwise vorticity. STP maxima are concentrated along the coast, lagging slightly behind the 

inland tornado locations in space. 

 During the 6-0 interval (Figure 3.9), 0-1 km shear best captures the majority of the 

tornadoes. The 0-1 km layer has the most concentrated region of enhanced values, compared 

with other layers of wind shear. As found during the 12-6 interval, STP maxima during the 6-0 

interval is again concentrated along the Northern Gulf coast. Thus the majority of tornadoes 

occurring in the Florida Panhandle, touch down along the gradient of elevated STP values. The 

second STP maxima along the Atlantic coast of Florida is collocated with locations of tornadoes 

in that region. Thus, STP is again shown to be an accurate tool in forecasting tornadoes in 

Central and South Florida prior to TC landfall. 

During the 0-6 interval (Figure 3.10), each of the parameter maxima in the 0-1 and 0-3 

km layers (vertical shear and SRH) coincide well with tornado locations. Since the area of 
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enhanced 0-1 km shear is the smallest, yet still the majority of tornadoes, it can be concluded 

from composite analysis that it is the most useful layer in the potential for forecasting tornadoes 

during this time interval. Much as the case during the 6-0 interval, the region of enhanced 0-6 km 

shear is very large and extends northeast out of the analysis domain into the Carolina's. The STP 

extends further inland during the 0-6 interval, allowing for more tornadoes to be captured within 

the maxima. However, many tornadoes still fall outside the elevated STP values as the locations 

of tornadoes themselves have also been displaced north with time.  

 During the 6-12 and 12-24 intervals (Figures 3.11 and 3.12), the 0-3 km shear and SRH 

appear to be best tools in diagnosing tornadic potential as the areas in the 0-1 km shear and SRH 

are not broad enough to capture tornadoes along their northern peripheries. In addition, the 0-6 

km shear enhancement is collocated with the tornado locations during the 12-24 interval, in a 

bow shape from Louisiana though the Carolina's. This is a new trend, leading to a conclusion 

that trough interaction becomes more apparent during the 12-24 interval. More on potential 

trough interaction and its effect on deep layer shear will be detailed in section 3.3. The enhanced 

area of STP during the 6-12 and 12-24 only captures the few furthest south tornadoes, with the 

majority of tornadoes located well to the north of the STP maxima. Thus, during the 6-12 and 

12-24 intervals, STP proves useless in attempting to forecast tornadoes.  

During the 24+ interval (Figure 3.13), it is evident that TCs are generally tracking 

northeast with enhanced values of each parameter residing in a southwest to northeast oriented 

corridor east of the Appalachians. The 0-3 km shear parameters (shear and SRH) capture the 

spatial layout of tornadoes better than the shear profiles in the 0-1 km layer. A large maxima in 

the 0-1 km layer extends west through Georgia and Alabama, where few tornadoes occurred, but 
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Figure 3.6: Composite field charts of 
parameters during the -24 hour time 
interval prior to TC landfall. From top 
to bottom, reading left to right Ð CAPE 
(J kg-1), Shear 0-1 km (kt), Shear 0-3 
km  (kt), Shear 0-6 km (kt), SRH 0-1 
km (m2 s-2), SRH 0-3 km (m2 s-2), 
STP. White triangles represent 
locations of tornadoes. 
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Figure 3.7: As in Figure 3.6, except during the 24-12 hour time interval prior to TC landfall. 
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 Figure 3.8: As in Figure 3.6, except during the 12-6 hour time interval prior to TC landfall. 
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Figure 3.9: As in Figure 3.6, except during the 6-0 hour time interval prior to TC landfall. 
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Figure 3.10: As in Figure 3.6, except during the 0-6 hour time interval after TC landfall. 
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Figure 3.11: As in Figure 3.6, except during the 6-12 hour time interval after TC landfall. 
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Figure 3.12: As in Figure 3.6, except during the 12-24 hour time interval after TC landfall. 
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  Figure 3.13: As in Figure 3.6, except during the 24+ hour time interval after TC landfall. 
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does not extend enough to the north to capture tornadoes in northern Virginia. As is the case 

during the 12-24 interval, enhanced values of 0-6 km shear coincide well in space with the 

tornado locations. Shear in the 0-6 km layer appears to best coincide with tornado locations. 

Trough interaction is apparent, which is again shown with added emphasis in section 3.3. STP is 

maximized near the Atlantic coast, with many tornado occurrences along a sharp gradient. 

However, still many tornadoes remain west of significant values of STP, largely due to the 

concentration of elevated CAPE near the coast, which increases the parameter values there. 

While compositing many environments is often a useful tool to attain a mean 

environment, not all members that are used to attain the composite agree with the mean. 

Therefore, it is unreasonable to expect every TC that produces tornadoes to have certain 

parameter maxima be collocated with every tornado case as suggested by the ALL composites. 

 

3.3 Composites: ALL vs FEW 

 The ALL group represent composites from 32 TCs within the refined region, while the 

FEW subset represents the lowest tercile composites (10 TCs), as discussed in Section 2.3. For a 

spatial reference of TC tracks, Figure 3.14 shows the TC tracks used in the FEW composites. 

Three vertical layers (0-1 km, 0-3 km, 0-6 km) are used. Three time intervals (-24, 0-6, 24+), 

effectively represent the wind shear environment before landfall, at landfall, and after TC 

landfall (Figures 3.15-3.17). During the -24 interval, the magnitudes of low level wind shear are 

considerably larger in the composites for ALL TCs than FEW TCs. Shear in the 0-1 km layer has 

a large area of 17+ kt over Florida in the ALL composite, while maxing out in the 14-15 kt range 

in a small area in the FEW composite. A similar pattern is seen for the 0-3 km shear, with a large 

area of 24+ kt shear for ALL and a small area of 20-22 kt maxima for FEW. On the contrary, 0-6 
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km shear shows slightly higher magnitude maxima in the FEW composite (22-24 kt) than ALL 

composite (18-20 kt). Thus, the low level shear (0-1 km and 0-3 km) can be attributed to the TC 

circulation while the 0-6 km shear is governed by the large-scale flow while the TCs are more 

than 24 hours away from landfall. Additionally, the difference in the magnitudes at the low 

levels between ALL and FEW cases can be attributed to stronger low level winds from the TC 

circulation coming ashore in ALL cases.   

 

 

Figure 3.14: Paths of 10 TC's (lower tercile) during 1995-2010, color coded by the number of 
tornadoes the TC produced. 
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Figure 3.15: Comparison of composite field charts from ALL TC's (left) and the lowest 
tercile of TC's, FEW (right), in terms of total tornadoes produced during the -24 time interval 
prior to TC landfall. First row is 0-1 km shear. Second row is 0-3 km shear. Third row is 0-6 
km shear. 
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Figure 3.16: As in Figure 3.15, except during the 0-6 hour time interval after TC landfall. 
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Figure 3.17: As in Figure 3.15, except during the 24+ hour time interval after TC landfall. 
500 mb geopotential heights are overlaid the last row of plots (0-6 km shear) in dashed lines, 
with the 5830 m contour displayed as a white dashed line. Black LÕs represent TC centers. 
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 During the 0-6 interval, a similar trend extends from the -24 interval. Low level shear 

maxima have larger magnitudes in the ALL composite than the FEW composite. This means that 

the low level shear environment is more conducive for tornadogenesis in the ALL composite. 

Additionally, with respect to low level shear, tornado locations coincide better spatially with 

shear maxima in ALL composites than FEW composites. Shear in the 0-6 km layer is of a similar 

magnitude in both composites. The areas of enhanced shear (in all layers) appear larger in the 

ALL composite. This is largely due to the greater western extent of TC tracks and not likely a 

product of larger areas of enhanced shear. 

 During the 24+ interval, magnitudes of 0-1 km shear are similar between the ALL and 

FEW composites. However, tornado locations coincide with shear maxima in the ALL 

composites, while remaining on the periphery in FEW composites. Shear in the 0-6 km layer has 

a large area of 26+ kt shear in the ALL composite, with a small area of 24-25 kt in the FEW 

composite. In addition, tornado locations coincide well with the shear maxima in ALL but not in 

FEW. Using a dashed white line to represent the 5830 m geopotential height and depict trough 

orientation on the 0-6 km composite plots, the ALL composite shows a much deeper and 

narrower trough, while the FEW composite shows a flatter trough within a more zonal flow 

regime. By overlaying the positions of TC centers (L's) on the map, this reveals larger magnitude 

and longer strip of 0-6 km shear that is stretched from the Carolina's in to Virginia is east of TC 

centers. This supports the collocation of the mid level speed max (0-6 km shear enhancement) at 

the front side of the trough where the tighter geopotential height gradient resides. This result 

suggests that during the 24+ interval, variability in tornado occurrences depends heavily on the 

large-scale flow. Additionally, the orientation of the trough and the higher values of 0-6 km 

shear in the ALL composite may just be a product of timing. Thus, while the higher values of 0-6 
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km shear could be the reason for increased tornado production during the 24+ interval in the 

ALL composite, it may be that the FEW composite contained TCs and troughs that were not in 

sink, timing wise, in order to attain the increased values of 0-6 km shear. This result might put 

more pressure on the forecaster to time the trough in order to correctly forecast a potential 

tornado event associated with a TC. 

It is worth noting that shear and SRH are both functions of TC strength. Stronger TCs 

would naturally produce higher magnitudes of low level shear and SRH. Therefore, to add more 

confidence to the ALL vs FEW composite results, a comparison of TCs of the same categorical 

strength would be useful. Additionally, the ALL composite includes all of the members that 

make up the FEW composite. Thus, it would be beneficial to remove the FEW members from the 

ALL composite to perhaps create a MANY composite that contains just the upper tercile of TCs 

with respect to tornado production. This comparison may strengthen the results and allow for 

more definite conclusions regarding the differences in shear magnitudes between the two 

composites. The reason for stronger results being possible is because lower values of shear 

associated with the FEW composite members would be removed from the ALL composite. 

 

3.4 Case Studies 

 Figures 3.18-3.26 show the evolution of vertical wind shear at 3 different vertical layers 

(0-1 km, 0-3 km, and 0-6 km) through time in an attempt to help conclude which layer is more 

useful in diagnosing the locations of tornadoes within different time intervals. This section is 

composed of case studies of three TCs: Opal (1995), Ivan (2004), and Katrina (2005). The 

addition of case-by-case analyses to this study is utilized to help resolve possible false maxima in 

the composites from section 3.2 and provide an examination of trends on a storm-by-storm basis, 
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representing a modification in the true environment, compared to a spatially averaged result 

attained in the composite analyses. In addition, a diagnosis of trough interaction is presented later 

in this section in an attempt to explain the increase in tornado occurrences during the latter time 

intervals. 

 The increase in the magnitude of 0-1 km shear is evident during the 6-0 hour time 

interval in Ivan and Katrina, and 0-6 interval in Opal, with values over 30 kt. At this time 

interval, tornadoes associated with Opal lagged behind the enhanced values, while tornadoes 

associated with Ivan and Katrina coincide well with the area of the 0-1 km shear maxima. During 

the 24+ time interval, tornadoes occurred on the eastern gradient of the 0-1 km shear maxima in 

all three TCs. This 24+ interval result suggests that perhaps 0-1 km shear is not the best layer to 

use in diagnosing where tornadoes will occur with respect to the 0-1 km shear maxima. 

 In Ivan and Katrina, the 0-3 km shear is a good diagnostic tool for all time intervals. 

Enhanced values of the 0-3 km shear parameter coincide with the locations of tornadoes in every 

interval of each TC except for the 12-6 interval in Katrina. This finding supports the research of 

Onderlinde and Fuelberg (2014), which showed that 0-1 and 0-3 km shear and SRH have the 

best correlations among various parameters with the number of tornado occurrences. However, 

in Opal, the tornadoes occur on the periphery of the shear maxima in all but the 24+ interval. 

More storms will have to be studied on a case-by-case basis to help explain why Opal did not 

behave the same way as Katrina and Ivan did with respect to the collocation of the 0-3 km shear 

maxima with the locations of tornadoes for any time interval. During the 24+ time interval, 

enhanced values of 0-3 km shear coincide well with the locations of tornadoes in all three TCs 

chosen for this analysis. 
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Figure 3.18: Field charts of the 0-1 km Shear parameter (kt) in Hurricane Opal (1995). Time 
intervals start at 12-6 (top left) and move right, then down to the 24+ interval (bottom right). 
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Figure 3.19: As in Figure 3.18, except for 0-3 km Shear. 
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Figure 3.20: As in Figure 3.18, except for 0-6 km Shear. 
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Figure 3.21: Field charts of the 0-1 km Shear parameter (kt) in Hurricane Ivan (2004). Time 
intervals start at 12-6 (top left) and move right, then down to the 24+ interval (bottom right). 
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Figure 3.22: As in Figure 3.21, except for 0-3 km Shear. 
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Figure 3.23: As in Figure 3.21, except for 0-6 km Shear. 
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Figure 3.24: Field charts of the 0-1 km Shear parameter (kt) in Hurricane Katrina (2005). Time 
intervals start at 24-12 (top left) and move right, then down to the 24+ interval (bottom right). 



 
 
 
 
 

 
 

57 

 

 

 

Figure 3.25: As in Figure 3.24, except for 0-3 km Shear. 
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Figure 3.26: As in Figure 3.24, except for 0-6 km Shear. 
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 Maxima in the 0-6 km shear during the 24+ interval coincide well with locations of 

tornadoes in all three TCs. This spatial relationship only occurs during the 24+ interval. Looking 

at Figure 3.27, it is evident that trough interaction plays a major role. In all three TCs, the 

circulation became absorbed by the large-scale trough, as evident from the 0-6 to 24+ time 

interval comparison. Both Opal and Katrina became open waves at 500 mb by the 24 hour mark, 

while Ivan still maintained a closed low circulation as part of a trough across the eastern part of 

the country. The shear pattern during the 0-6 interval shows TC induced 0-6 km shear 

concentrated in a small region in the northeast quadrant of the TC, with very little shear present 

on the left side of the circulation or anywhere else around the TC. However, during the 24+ 

interval, an elongated strip of enhanced mid level flow is stretched poleward from the base of the 

trough. This 24+ pattern is typical of a mid-latitude severe weather set-up. The enhancement in 

0-6 km wind shear available to tornadoes during the 24 hour time interval can help explain the 

increase in the percentage of tornadoes being at least EF-2 in strength (Table 3.6). The high 

values of deep layer shear lead to a preferred supercellular mode of organization, allowing for 

stronger and longer sustaining updrafts (Markowski 2010). 

 Some caution needs to be taken when looking at the results from these cases studies. The 

relationships found among the cases are likely to not be representative of every TC. Therefore, 

the results found in the three case studies may not uniformly apply to the greater population. 

These cases represent a TC of category 3 strength at landfall in the Northern Gulf Coast. The fact 

that all three TCs produced at least 20 tornadoes make each of them ideal cases to study what 

happens when many positive factors combine for the TC to become a prolific tornado producer 

over a lengthy time period. 
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Figure 3.27: Comparison of 0-6 and 24+ intervals in 3 TC's: Ivan, Katrina, Opal. 
Evolution of the trough interaction is examined through 0-6 km shear (shaded) and 500 mb 
heights (contoured). 
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Time intervals Percent (%) of tornadoes EF-2+ 

-24 0 

24-12 0 

12-6 5.1  

6-0 7.6 

0-6 7.5  

6-12 6.4  

12-24 8.8  

24+ 11.7  

 

 

3.5 Soundings 

 Figures 3.29-3.35 show the evolution of the skew-T and hodograph from the 24-12 

interval through the 24+ interval. No tornadoes occurred during the -24 interval in either Opal, 

Ivan, nor Katrina. Each time interval shows a fairly constant skew-T, with a moderately saturated 

column throughout. The mid levels become slightly drier with time. The 24-12 interval is the 

warmest in the low levels, explaining the elevated CAPE in the earlier time intervals prior to TC 

landfall. Low level lapse rates (1000-900 mb) are steep (close to dry adiabatic from 24-12 

through 6-0), with the 0-6 and 6-12 intervals exhibiting weaker low level lapse rates, before 

recovering to nearly dry adiabatic by 12-24 due to slightly cooler air around 900 mb. The 24+ 

interval is the most saturated in the low levels.  

Table 3.6: Shows the percentage of all analyzed TC tornadoes of at least a 
rating of EF-2. 
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 The hodograph trace from 0-6 km remains entirely in the northwest quadrant through the 

0-6 interval, then extends into the northeast quadrant in the subsequent intervals. The storm 

motion vector veers from 162¡ (from the southeast) during the 24-12 interval to 222¡ (from the 

southwest) during the 24+ interval. The overall hodograph shape begins to take on a more typical 

mid-latitude tornado form at the 6-12 interval, with the southeasterly surface winds created in 

response to the surface cyclone, veering to southwesterly at the mid levels at the front side of the 

trough. The hodograph size also increases. For a comparison to a typical mid latitude tornado 

hodograph, refer to Figure 3.28. During the earlier time intervals, the TC itself is responsible for 

the mid level flow, thus the easterly component. As it weakens and becomes extratropical, this 

mid level flow becomes dominated by the large-scale weather pattern of troughs and ridges. The 

southeasterly flow at 6 km implies the flow on the front side of a trough due to geostrophy. 

When the widely separated in time 24-12 and 24+ intervals are compared, the hodograph 

becomes much larger, with the storm motion vector further displaced from the hodograph trace. 

This combination leads to more streamwise vorticity being available to become ingested by the 

storm updrafts during the 24+ interval. In addition, 50+ kt mid level flow during the 24+ interval 

allows for better organization of thunderstorms and maintenance of updrafts, favoring 

exclusively the supercellular mode, than the 35 kt mid level flow during the 24-12 interval. In 

addition, the slightly drier air at the mid levels in later time intervals works to promote stronger 

downdrafts. In the presence of increased hodograph size and curvature (speed and directional 

wind shear, stronger downdraft potential helps to explain why more EF-2 tornadoes occur during 

the last two time intervals. Lastly, the hodograph during the 24+ interval resembles a typical 

hodograph associated with mid-latiude tornadoes (Rasmussen and Blanchard 1998), with a 

southerly 40 kt LLJ, southwesterly 50 kt speed max at 500 mb, and sufficient CAPE. These 
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hodograph characteristics are not found in earlier time intervals, and only appear during the latter 

intervals well after landfall. Therefore, these characteristics of the hodograph can be attributed to 

an environmental modification after TC landfall. 

 

 

  

 

 

Figure 3.28: Hodograph at 12Z April 16, 2011 from a RAOB in 
Greensboro, NC during the tornado outbreak in the Carolina's. This 
hodograph is used to show a typical mid-latitude environment for 
tornadogenesis. 
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Figure 3.29: Composite sounding from the closest grid point to the tornadoes produced by Opal 
and Katrina during the 24-12 hour time interval prior to TC landfall. Hodograph trace (green) is 
from surface to 500 mb (approximately 0-6 km). 
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Figure 3.30: As in Figure 3.29, except during the 12-6 hour time interval prior to TC landfall. 
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Figure 3.31: As in Figure 3.29, except during the 6-0 hour time interval prior to TC landfall. 
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Figure 3.32: As in Figure 3.29, except during the 0-6 hour time interval after TC landfall. 
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Figure 3.33: As in Figure 3.29, except during the 6-12 hour time interval after TC landfall. 
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Figure 3.34: As in Figure 3.29, except during the 12-24 hour time interval prior to TC landfall. 
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Figure 3.35: As in Figure 3.29, except during the 24+ hour time interval prior to TC landfall. 
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CHAPTER 4 

CONCLUSION 

Statistical analysis shows that as the TC makes landfall, its thermodynamic and wind 

shear environments get modified. Pre-landfall and post-landfall environments show different 

magnitudes of parameter values with varying levels of statistical significance between various 

time intervals. The parameters involved in tornadogenesis undergo changes, whether itÕs a 

change in magnitude, spatial coverage, or vertical profile of the atmosphere. Larger CAPE values 

are not significant in the number and/or strength of TC tornadoes as the weaker and less 

numerous tornado occurrences prior to landfall are associated with the highest CAPE values. 

This is largely due to the pre-landfall tornadoes being concentrated along the coast, where the 

higher shear is found in the TC environment.  

As the stronger winds from the TC circulation come ashore, the frictional force due to 

land interaction leads to an increase in low level wind shear (0-1, 0-3 km layers). Although a 

general increase in 0-1 km shear is seen through landfall, a statistically significant maxima 

cannot be claimed. However, expanding the intervals to 24 hours centered at landfall shows a 

statistically significant difference in the mean value. Additionally, a decrease in 0-1 km shear is 

seen after landfall. In the 0-3 km layer, a maxima is achieved during the 12-24 or 24+ intervals 

after landfall. This can be explained by the TCs wind field weakening close to the surface, but 

being able to maintain a stronger circulation for a longer period of time at 3 km above the 

surface. The maxima of deep layer shear in the 0-6 km layer is found in tornadoes during the 12-

24 or 24+ intervals after TC landfall. This may be attributed to trough interaction becoming more 

apparent after landfall, with the TC gradually getting absorbed by the large-scale flow. As the 
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trough combines with and takes over the TC circulation, the mid level flow maxima increases in 

magnitude and spatial coverage.  

In a composite analysis comparing ALL cases to FEW cases, it is found that TCs that 

produce more tornadoes have a higher magnitude low level shear environment (0-1 km, 0-3 km) 

than those TCs that produce fewer tornadoes. In case studies of three TCs, Opal and Katrina 

become open waves at 500 mb during the 24+ interval, while Ivan combines with a shortwave 

trough digging in from the northwest while maintaining a closed low. Shear maxima in the 0-6 

km layer coincide well with the locations of tornadoes in all three TCs during the 24+ time 

interval. Stronger wind shear in the 0-6 km layer creates a favorable environment for 

supercellular mode of thunderstorm organization. This implies the potential for persistent 

updrafts and stronger tornadoes, if the CAPE is sufficiently large. The increase in magnitude and 

collocation of the 0-6 km shear maxima with tornado locations helps explain not only the greater 

number of tornadoes in general during 24+ time interval, but also the largest percentage of 

tornadoes being at least EF-2 strength. The largest value of SRH in the 0-3 km layer, attained 

from hodograph analysis of the case studies occurs during the 24+ hour time interval. This 

suggests that during this interval, individual storm cells would have the greatest potential to 

acquire cyclonically rotating updrafts due to the higher amount of streamwise vorticity present in 

the environment. 

STP can be used with some discretion in attempting to diagnose tornado potentials. This 

composite parameter seems to give very good guidance in Florida before landfall. The tornado 

locations coincide well with the maxima in STP there. This may be attributed to the state 

Òsticking outÓ in the ocean, allowing the higher CAPE (part of STP calculation) value to be 

present. However, once the TCs move closer to the northern Gulf coast (12-6 hour interval 
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through 0-6)), STP maxima seem to be located south of the majority of tornado locations on the 

order of 100 miles. After the 0-6 hour time interval, with more inland tornadoes, STP becomes 

poor as a diagnostic tool. The lack of sufficiently large CAPE further inland keeps the higher 

values of STP close to the coast, independent of the location of areas of enhanced wind shear. 

Based on this research, an increase in wind shear in the lowest layer (0-1 km) best 

explains the influx of tornadoes at landfall. However, the magnitude of shear in the 0-3 km and 

especially the 0-6 km layer is more useful in explaining the increase in the number of tornado 

occurrences and strength 24 hours after landfall. This principle applies to both the magnitude of 

the shear parameters as well as the collocation of enhanced values relative to the spatial 

distribution of tornadoes. Additionally, sounding analysis shows that both speed and directional 

shear is maximized during the latter time intervals and the vertical profile of the atmosphere is 

noticeably drier in the mid levels. Using the findings of this research, 24 hours after landfall is 

suggested to be the critical time in separating the typical TC type tornadoes from those 

associated with mid latitude cyclones. When considering potential differences in TC 

environment with time relative to landfall, the findings in this study may be applied to assist 

future guidance and improve TC tornado forecasting. 
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APPENDIX 

TABLE OF ACRONYMS 

TC Tropical Cyclone 

CAPE Convective Available Potential Energy 

SRH Storm Relative Helicity 

EHI Energy Helicity Index 

STP Significant Tornado Parameter 

BRN Bulk Richardson Number 

LLJ Low Level Jet 

SPC Storm Prediction Center 

NCEP National Centers for Environmental Prediction 

GrADS Grid Analysis and Display System 

NARR North American Regional Reanalysis 

ALL  32 TCs used in the refined region for 

composite analysis 

FEW 10 TCs used in the refined region for 

composite analysis, representing the lower 

tercile of based on number of tornadoes 

produced. 

TCTOR Tropical Cyclone Tornado 

HURDAT Hurricane Database 

kt Knot 

km Kilometer 
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