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ABSTRACT

Tornado reports are combined with hurricane data to generate a dataset of tornadoes
associated with tropical cyclones affecting the coastal Gulf of Mexico and Florida’s East Coast
between 2000 — 2008. A pool of 28 potential predictors of tornado occurrence in tropical
cyclone environments is narrowed to 7 using classic stepwise regression. The resultis a
composite parameter for forecasting the number of tornadoes per cyclone quadrant during a 12 h
period. The equation is applied to five cases from the past nine years to qualitatively assess the
parameter and compare its performance with two composite indices developed for classical
severe storms (the Significant Tornado Parameter and the Energy Helicity Index). Results show
that our Tropical Cyclone Tornado Parameter (TCTP) has skill at identifying regions of tornadic
potential although its ability to quantify this potential remains uncertain. Tornadoes in some
tropical systems appear to be over predicted, but under predicted in other systems. Comparisons
with the classic severe parameters show that TCTP forecasts well, particularly for tropical
cyclones making landfall as hurricanes. The shear and instability terms in our guidance product
indicate that shear is larger in the northeast quadrant of tropical cyclones when tornadoes occur,
compared to when they do not occur. Similar to the results of previous studies, a small negative
correlation between instability and tornado occurrence is noted. TCTP is developed with the
goal of aiding forecasters in a time-limited forecast environment. In this way, TCTP can provide

a “quick look™ at regions where a forecaster could then conduct detailed analyses.

viii



CHAPTER 1
INTRODUCTION

Approximately 47 tropical systems have affected the Gulf of Mexico region since 2000,
including 26 that impacted the state of Florida. While the effects of tropical cyclone (TC) winds near
the storm center are widely known, the most damaging effects at locations farther from the center often
result from severe local storms (Schultz and Cecil 2009). These include tornadoes or high wind events
such as downbursts that can lead to substantial damage hundreds of kilometers from the cyclone’s center
of circulation. For example, the rainband in Hurricane Ivan (2004) that was responsible for widespread
tornadoes during landfall was located between approximately 250 and 450 km from the storm’s center
(Baker et al. 2009). The location of severe local storms has been found to vary with the time of TC
landfall. Schultz and Cecil (2009) noted that a greater number of tornadoes occurred farther from the
TC center with increasing time after landfall. They showed that the threat for severe storms may last as
long as three days after cyclone landfall, and as far as 500 km from the cyclone’s center. Thus, severe
local storms put locations at risk that might otherwise avoid damage from the TC. TC intensity also has
been related to tornado production. Specifically, strong TCs generally yield the most tornadoes (Novlan
and Gray 1974; McCaul 1991), although there are notable exceptions such as Tropical Storm Beryl
(1994) which produced 37 tornadoes (Vescio et al. 1996). Schultz and Cecil (2009) reported that
although TC tornadoes comprised only about 3.4% of the total number of reported tornadoes since 1950,
they contributed approximately $1.4 billion to the tornado damage total (~ 5% of all U.S. tornado
monetary damage).

When attempting to forecast TC-related severe local storms, it is important to consider both the
geographic and atmospheric conditions of the cyclone. For example, McCaul (1991) stated that
“consideration of the totality of factors — hurricane size, intensity and forward speed, hodograph helicity
and shear, presence of at least some buoyancy, location and timing of landfall — may yield improved
forecasts.” Not only do these variables vary from storm to storm, but considerable differences can occur
across different quadrants of the same storm. Climatologies have indicated a strong preference for
tornadoes to occur in the right front quadrant relative to storm motion or relative to true north (there is

often considerable overlap between these two quadrants) (Sadowski 1962; Smith 1965; Pearson and



Sadowski 1965; Hill et al. 1966; Novlan and Gray 1974; Gentry 1983; McCaul 1991; Verbout et al.
2007; Schultz and Cecil 2009).

An in-depth ingredients-based forecasting method is employed to analyze the various parameters
that are related to severe storm occurrence. For example, the National Weather Service (NWS) Storm
Prediction Center (SPC) in Norman, OK performs a careful diagnosis of the TC environment before any
prognostic guidance is issued. These forecasts have evolved from climatology and pattern recognition
which often yielded long-lasting tornado watches for the northeast quadrant of the storm (Edwards
2008).

Recent studies have explored the utility of using composite parameters such as the Energy-
Helicity Index (EHI; Hart and Korotky 1991; Rasmussen 2003) and the Significant Tornado (STP;
Thompson et al. 2004) Parameter in the tropical cyclone environment. The STP composite index
indicated the potential (or lack thereof) for an outbreak of strong supercells and tornadoes during the
landfalls of lvan (2004) and Jeanne (2004) (Baker et al. 2009). Not only can these indices provide
insight into the probability of tornado occurrence, they are easily computed. This is important since
forecasters often have little time to make important decisions about severe weather probability (Doswell
2006). These multi-input parameters can focus a forecaster under time constraints by highlighting
regions that require detailed examination. Nonetheless, a composite index certainly should not be a
forecaster’s sole reference since this can lead to large forecast errors (Doswell 2006) and a lack of
understanding of the atmospheric conditions leading to tornadoes. As long as composite parameters are
used with an understanding of their inherent limitations, they can add insight and confidence to a
forecast. The flexibility and utility of continental indices motivated this research to develop a composite
parameter tuned specifically to the tropical cyclone environment.

The conditions in which tornadoes develop near tropical cyclones are somewhat different from
the very unstable and highly sheared tornado environments of the Great Plains (e.g., McCaul 1991;
Edwards 2008). Although atmospheric conditions such as wind shear and instability probably are
crucial to tornado development in either environment, subtle differences do exist. For example, TCs
typically exhibit highly sheared environments but with only modest instability (Novlan and Gray 1974;
McCaul 1991; Bogner et al. 2000; Baker et al. 2009). Even though measures of instability such as
Convective Available Potential Energy (CAPE) typically are small, supercells (rotating thunderstorms)
appear to be the most common mechanism for tornadogenesis (e.g., McCaul 1987; Spratt et al. 1997;
Suzuki et al. 2000; McCaul et al. 2004; Edwards 2008). These TC-related supercells often are shallower



and smaller than their mid-latitude counterparts (McCaul and Weisman 1996). These differences and
other factors must be considered when forecasting tropical cyclone-related tornadoes.

Although instability (e.g., CAPE) probably plays a role in TC tornadogenesis, it appears to be far
less important than in mid-latitude scenarios. Not only may CAPE be less critical to TC tornadogenesis,
but different techniques may be needed to properly calculate it in the TC environment. Low level mean
layer CAPE (e.g., 1000-950 hPa CAPE) may be a more accurate way of defining the instability that is
available for developing thunderstorms because of the well-mixed nature of the TC boundary layer
(Davies 2006). However, it is important to note that model data near the surface may be underground or
underwater, particularly near strong TCs, leading to inaccurate values at these levels.

Another difference in forecasting mid-latitude versus TC-related tornadoes is the timing of TC
landfall. Such a variable is highly relevant to tornadoes in TCs, but is irrelevant to mid-latitudes
tornadoes. Although the timing of TC landfall is not physically related to tornado occurrence, it does
represent a proxy to physical relationships which are not yet fully understood. Thus, the variable has
predictive ability. A goal of the current study is to determine those variables, both environmental (TC
intensity, time of landfall, etc.) and atmospheric (wind shear, instability, etc.) that play important roles in
the development of TC tornadoes.

Related to the forecasting problem is the public’s perception of risk during a tropical cyclone
event. Forecasters often are faced with the problem of forecasting what they believe will occur versus
what will generate the appropriate response from the public. TC-related severe local storms, especially
tornadoes, pose a unique threat to the public since they often occur at large distances from where the
main TC damage occurs. Peacock et al. (2004) noted that “hurricane risk perception has been found to
be an important predictor of storm preparation, evacuation, and hazard adjustment undertaken by
households.” While the effects of storm surge and high winds may be well accepted and understood by
the public, the risk of severe local storms at large radii may be less recognized. For this reason, it is
critical to provide accurate forecasts of all hazards related to TCs, both direct (surge, storm core high
winds, etc.) and indirect (severe local storms at large radii).

The objective of this study is to develop a statistical guidance product to forecast the frequency
of tornadoes during a landfalling tropical cyclone. We hypothesize that a composite parameter similar
to those derived for forecasting tornadoes in classical severe storms could be developed for the tropical
cyclone environment and would produce more accurate forecasts of tornado occurrence. This

hypothesis assumes that the classic parameters do not adequately consider the conditions that lead to



tornado formation in TCs. Stepwise multiple linear regression is used to develop the composite
parameter because of its ability to determine the variables most pertinent to tornadogenesis. We expect
that the regression process will produce a parameter that outperforms classic parameters such as the
Significant Tornado Parameter. A second expectation is that the analysis and selection of potential
variables involved in TC tornadogenesis will lead to physical insights into the processes that control TC
tornado development. Finally, we do not expect that a composite parameter can outperform human

forecasters, but that it can be used a tool in a time-restricted forecast environment.



CHAPTER 2
DATA AND METHODOLOGY

2.1 Data

We used a combination of two quality controlled data sets from the NWS as well as Rapid
Update Cycle (RUC) model data (Benjamin et al. 2002; Benjamin et al. 1994) from the National Centers
for Environmental Predictions (NCEP). The first NWS dataset was the National Hurricane Center’s
(NHC) best track data (Jarvinen et al. 1984). It is called “best track” data because it is the “best” track
and intensity estimates of tropical cyclones determined from a post-analysis of all available data over the
North Atlantic. We used data from 2000 through 2008 because of changes in the RUC model that will
be described later. The best track data document at 6 h intervals the position, maximum sustained winds
(kt), and minimum central pressure of all tropical cyclones identified by the NHC. We added a binary
variable indicating whether the TC was over land or water. This variable was derived from the best
track data and linearly interpolated to 10 min intervals to indicate better the time of landfall. While
maximum winds and minimum pressures in the best track data typically are estimates, the NHC
performs careful quality control on a storm by storm basis to ensure accuracy. Data sources such as
satellites, ships, and coastal observations are employed to obtain the best estimates possible (Jarvinen et
al. 1984).

Our second data source was SPC’s ONETOR tornado reports. The SPC compiles storm reports
for the United States on a daily basis; however, the initial reports are highly prone to error and multiple
reporting (multiple reports of the same tornado). To alleviate this issue, the SPC and National Climate
Data Center (NCDC) perform a careful post-analysis to obtain the most accurate final dataset.
ONETOR contains extensive information about each tornado, including path length, F-scale rating,
starting and ending location, etc. Even with these careful quality control measures, the data still contain
errors and limitations. For example, damage from tornadoes that form in isolated regions may never be
witnessed or surveyed. Doswell and Burgess (1988) and Wilke and Anderson (2003) noted that tornado
reports often are submitted by untrained witnesses; however, detailed site surveys of tornado reports

now are conducted more frequently to verify that damage was indeed caused by a tornado. It is



important to note that we assume that all ONETOR tornado reports indeed represent tornado
occurrences, which almost certainly is not correct.

A specific issue with tornado reports during tropical cyclones is discriminating between tornadic
damage and damage due to the TC’s own winds. Schultz and Cecil (2009) defined tornadoes occurring
inside a 200 km radius as “core tornadoes” and noted that approximately 25% of TC-tornadoes occur
inside of this range. We did not consider tornado reports within 200 km during the statistical analysis
described in subsequent sections because of the difficulty in discerning between TC wind and tornado
damage in the core region. Another issue with TC tornado reporting is the limited observer network that
is available during TC conditions. Not only are observers less likely to be available, but the tornadoes
often are obscured by rolling terrain and heavy rainfall (Schulz and Cecil 2009). A final important
consideration is the absence of tornado reports over the ocean. Radar data may suggest the existence of
supercells capable of producing offshore tornadoes during TCs, but direct observation of the tornadoes
is nearly impossible (Baker et al. 2009; Schulz and Cecil 2009; Spratt et al. 1997). This produces large
uncertainties in TC tornado statistics, particularly for variables such as tornado time relative to the time
of TC landfall. Without a comprehensive TC tornado observation network, statistics about tornado
occurrence must be considered estimates.

The NHC best track data were combined with the SPC ONETOR data to consolidate all of the
variables relevant to TC tornadogenesis. The consolidation consisted of two steps. First, a subsetted
region was selected to restrict the analysis to TC-related tornadoes that were relatively close to the time
of TC landfall. This region encompassed the area between 24.1 - 35.6°N and 79.1 - 101.4°W,
incorporating all of the northern Gulf of Mexico and east coast of Florida (Fig. 1). The second step was
to locate all tornadoes between 200 and 750 km of TCs in the subset region and within 3 h of a best
track TC time. The 750 km value, as used by Schultz and Cecil (2009), helped alleviate the problem of
determining whether a tornado report outside of this range was due solely to the TC. Two TCs
sometimes existed simultaneously in the subset region. In these cases, a tornado report was associated
with the nearest TC. Subjective (hand) analysis was done on several cases to determine to which TC a

tornado report should be assigned.



Figure 1. Region of the study.

Several important issues regarding the subset region should be noted because of their statistical
implications. For example, tornadoes could occur in the study area even though the parent TC had
exited the region. These tornadoes were not counted in the final data. Because most TCs in the region
during the 2000 - 2008 study period moved generally toward the north, this issue is less critical since
most TC tornadoes occur in the forward right quadrant. Conversely, tornadoes could develop outside
the subset region although the TC remained in the region. These reports also were not included in the
final data set. Since only tornadoes within 3 h of a best track TC time were considered, we estimate that
less than ten percent of the total number of TC tornadoes in and near the study region were missed and
left out of the final data set. A total of 30 TCs entered the study region when adequate RUC data were
available. From these 30 TCs, 483 tornado reports met the selection criteria defined above.

Along with geographic variables such as distance from a TC and azimuth angle with respect to a
TC, model-derived atmospheric variables were analyzed at the location of each tornado report. We used
analysis data from the RUC model (Benjamin et al. 2002; Benjamin et al. 1994). The RUC underwent
several changes during our nine year study period, including changes in horizontal resolution. From
2000 through April 2002, RUC was run at 40 km horizontal resolution with 40 vertical levels.
Afterwards, it was upgraded to 20 km horizontal resolution and 50 vertical levels. Numerous other

modifications were made during April 2002, including improved moist physics, assimilation of



additional satellite data, improved land-surface physics, etc. (Benjamin et al. 2002). RUC was further
modified during the later years of this study but remained at 20 km resolution. Although there were
differences in model physics between the different versions of the RUC, there was no way to account for
them in our research. To utilize the RUC data at both resolutions, a spatial averaging scheme was
employed for each tornado report. Specifically, data at all RUC grid points within 1° latitude/longitude
of each tornado report were averaged.

Multiple tornado reports sometimes occurred in close proximity to one another, both spatially
and temporally. These cases may have introduced serial correlation in data averaged around these
reports. We assume that because a cross validation scheme was used, and the 483 tornado reports were
spread across 30 storms covering nine years, the serial correlation produced limited effects on the

derived statistics.

2.2 Methods

The method by which azimuth angles of TC tornadoes are calculated relative to TC motion has
been discussed considerably in previous publications. Hill et al. (1966), Novlan and Gray (1974), and
Weiss (1987) showed that tornadoes are most likely to develop in the northeast quadrant of a TC relative
to true north. However, another common way to describe TC tornado azimuth is relative to the TC’s
motion (e.g., McCaul 1991). While both methods generally yield similar results (partly because many
TCs considered in past climatologies have moved nearly northward), azimuths relative to true north
seem to correlate somewhat better with tornado occurrence than those relative to storm motion (Gentry
1983; Schultz and Cecil 2009). We considered both methods, with north-relative azimuths producing
slightly better correlations with the TCs. Therefore, the north-relative method was used in the
regression procedures described later. Specifically, the azimuth angles of tornado reports were
calculated as the angle between the north-south line through the TC and the line connecting the tornado
report with the TC. Thirty degrees then was added to this angle to account for the relatively large
number of tornadoes that occur between 330 and 360 deg. That is, the azimuth term was included to
emphasize that most tornadoes occur in quadrant 1 (330-60°). Finally, the sine of the azimuth angle was
computed as a potential statistical forecast parameter of tornado occurrence. Figure 2 is a schematic

showing how north-relative azimuth angles were defined.
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Figure 2. Schematic showing the north-relative azimuth angle (0) and distance (d) for a tornado during
Hurricane Dennis (2005).

The time of a tornado report relative to the time of TC landfall is another important variable
when considering TC tornado occurrence (McCaul 1991; Schultz and Cecil 2009). As mentioned earlier,
the best track data were linearly interpolated to 1 h intervals to obtain a more specific time of landfall.
Each tornado report then was compared to the best track landfall data, and the nearest landfall time was
assigned to the report. Care was taken when two TCs were located simultaneously in the study region to
ensure that the correct TC landfall was assigned to each tornado report. This was necessary since
landfall times for some non-parent TCs were closer in time to a tornado report than the actual parent
TC’s landfall, particularly if the parent TC’s motion paralleled the coastline. Some TCs had multiple
landfalls in the study area. An example is Hurricane Ivan (2004) which made first landfall along the
northern Gulf Coast on September 16. Then, after making a loop over the southeastern U. S. Atlantic
coastline, Ivan reemerged over the Gulf of Mexico and made a second landfall six days later near the
Texas/Louisiana border. In these cases, the tornado reports were examined to ensure that the proper TC

landfall time was assigned.



TC intensity also has been related to tornado production (Novlan and Gray 1974; McCaul 1991).
Specifically, stronger TCs generally have been found to yield greater numbers of tornadoes. While
parameters such as minimum central pressure and Accumulated Cyclone Energy (Bell et al. 2000) have
been used to define intensity, we chose maximum sustained wind (as done in NHC advisories) to
describe TC intensity. Thus we assumed that tornadoes are more related to the wind shear of the TC
environment than the strength of the low pressure (though these two variables are highly related). We
defined the TC intensity associated with each tornado report as the maximum sustained wind of the
nearest TC in time and space, taking care if two TCs were in the study region.

An important issue when using model-derived data to describe TCs is the degree to which the
model can accurately resolve small scale processes. We assumed that RUC poorly resolves TCs since
errors in minimum central pressure typically are many hPa (Ramstrom; unpublished manuscript). Large
errors also may exist in other meteorological parameters because of this analysis bias. Improperly
representing the dry air intrusion that has been related to TC tornado occurrence is one example of a
potential error (Hill et al. 1966; Novlan and Gray 1974; McCaul 1987; Curtis 2004; Baker et al. 2009).
We believe it is unlikely that RUC will adequately analyze the dry air, thereby reducing the model’s
effectiveness in providing insights into tornado occurrence. While issues of this nature hinder our
ability to understand and forecast tornadogenesis in TCs, models such as RUC do contain useful
information that can be used to provide statistical guidance regarding the probability of tornado
occurrence. Thus, we expected that reasonable correlations would exist between RUC-derived fields
and tornado occurrence (Davies 2006).

It is critical to differentiate between causation and correlation when analyzing relationships
between RUC-derived variables and tornado occurrence. For example, although large values of storm
relative helicity correlate highly with tornado occurrence, this should not necessarily be considered a
physical (causal) relationship. Instead, the correlation simply implies that RUC tends to analyze large
values of storm relative helicity in environments that lead to TC-related tornadoes regardless of what the

actual storm relative helicity may be. In any event, there is forecast skill.

2.3 Statistical Methods

We used multiple linear regression to forecast the formation of TC tornadoes. As a first step, we

defined the dependent variable, which in this study was the number of tornadoes occurring in each
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quadrant of a TC during a 12 h interval (T_REPS). This time interval includes tornadoes occurring 6 h
before to 6 h after the forecast time. By using this interval, we assumed that tornadoes during the entire
period are related to conditions at the forecast time (the center of the 12 h interval). Each reported
tornado that met these criteria and was located between 200 — 750 km of the TC’s center was tallied.
All subsequent variables (described below) then were tested for their correlation with this dependent
variable. Units of the dependent variable are the number of tornadoes between 200 - 750 km of the TC
in the given quadrant per 12 h period.

Each independent variable was evaluated based on its physical and statistical relevance to
T_REPS. The first group of independent variables described the location and timing of the TC and
tornado report. Examples are hours from landfall and distance from the TC to the tornado report. The
first of these parameters, the hour when the tornado occurred, was rounded down to the nearest hour.
We found that most tornadoes occurred between 1200 and 2100 UTC, with a peak between 1300 and
1700 UTC, consistent with the results of Schultz and Cecil (2009). This afternoon peak most likely is
related to decreased atmospheric stability during these hours. The second variable was the azimuth
angle between the tornado report and the TC (described above). Variables three and four were TC
intensity and hours since landfall (defined above). The distance from the tornado report to the TC center
(D2CEN) was variable five. Figure 1 below shows a bar graph of the distance from the tornado report
to the center of the TC. Since the y-axis is the average of T_REPS over all storms, each bar represents
the average number of tornadoes that occur in that distance range. For example, at a range of 400 to
420 km, the average number of tornadoes in the same quadrant during a 12 h period is 7.1. One should
note (Fig. 1) the wide range of distances over which tornadoes are relatively evenly located. This
distribution, with only a slight positive slope, made D2CEN unsuitable for use as statistical predictor.
Although we attempted several transformations to fit D2CEN to a normal distribution, they were not
very successful, and D2CEN was not used in the final regression since it added little skill to the TC
tornado forecasts.

The remaining variables that were considered were atmospheric parameters derived from the
RUC analyses. First was Convective Available Potential Energy (CAPE) which was defined using three
different surface-based layers, RUC-defined (see below), 1000-950 hPa, and 1000-900 hPa. These three
versions were designed to determine which set of low level conditions best related to tornado occurrence
as suggested by Davies (2006). RUC-defined CAPE (Benjamin et al. 2002; Hamill and Church 2000) is

the energy available to the most buoyant parcel within 300 hPa of the surface. The two other layers used
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to determine CAPE considered parcels averaged between 1000 and 950 (900) hPa. RUC-defined CAPE
was found to exhibit the best correlation with T_REPS (Table 1), correlating weakly negatively with
tornado occurrence, consistent with McCaul (1991). This negative correlation may be related to a bias
in how RUC represents TCs. Specifically stronger TCs have been shown to produce more tornadoes
even though RUC typically analyzes less CAPE as TC intensity increases.

Vector wind shear was the second atmospheric variable considered. Three layers of shear were
calculated, 0-1 km, 0-3 km, and 0-6 km above ground level. We hypothesized that although 0-6 km
shear is a good measure of supercell potential in the middle latitudes (e.g., the STP uses 0-6 km shear),
lower level shear may correlate better with tornado occurrence in TCs. The results (Table 1) indeed
show that 0-3 km shear correlates better with T_REPS than its 0-6 km counterpart, which correlated

slightly better than 0-1 km shear.

Distance from TC vs. Number of Tornadoes
15 T ; .

10

Number of tornadoes

0 200 400 600 800
Distance from TC center (km)

Figure 3. Bar graph of the number of tornadoes in the same quadrant during a 12 h period vs. distance
to the center of the TC (D2CEN). The leftmost bin represents 200-218 km from the TC center, and the
rightmost bin represents 732-750 km.
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Storm relative helicity (SRH) was the third atmospheric variable considered. We calculated
SRH using the Bunkers method (Bunkers et al. 2000) for estimating the motion of supercells since it was
assumed that supercells in a TC environment will deviate less from the mean wind than in mid-latitude

cases (i.e., less than 30 deg to the right of the mean wind). In this method,

22
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1)
where Uy, Vi, Uz and Vz represent the u and v components of the wind at the bottom and the top of the

layer. Um and Vm are the u and v components of storm motion defined as :
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Sh; (3)
where Umean and Vmean are the mean 0-6 km u and v wind components, Skz represents the shear over
a depth from 0-Z km, and Sk and Skv represent the difference between u and v at 2 m and Z km. We
anticipated that the lowest-layer measure of SRH would correlate best with tornado occurrence in
tropical cyclones; however, 0-3 km SRH was found to give best results (Table 1).

Mid-level temperature and relative humidity also were considered. RUC-derived temperature
(K) and relative humidity (%) were averaged over 50 hPa layers from 800 to 500 hPa at each tornado
location. The temperatures were found to correlate poorly (Table 1) with tornado occurrence
(coefficients of ~ 0.015), perhaps because of their small range of values. For example, all tornadoes
occurred with 700 hPa temperatures between 277 and 286 K. Results showed that RUC-derived mid-
level relative humidity correlated slightly better, with correlation coefficients ranging from 0.04
(800 hPa) to 0.32 (500 hPa). Table 1 shows correlation coefficients for all variables considered in the
study. These coefficients were derived using standard multiple linear regression to determine the

relative significance of how each term relates to T_REPS.

13



Table 1. Correlation coefficients (derived from multiple linear regression) between the number of
tornado reports in the same quadrant of a TC in a 12 h interval vs. each of the indicated geographic and
atmospheric parameters.

Parameter Correlation Parameter Correlation
Hour of report 0.27 Temp 500 -0.01
Hours after landfall 0.16 Temp 550 -0.03
Hur. Wind Speed 0.17 Temp 600 0.00
CAPE sfc -0.21 Temp 650 0.03
CAPE 1000-900 -0.14 Temp 700 0.00
CAPE 1000-950 -0.16 Temp 750 0.01
RH 500 0.32 Temp 800 0.02
RH 550 0.30 Shear 0-1 km 0.47
RH 600 0.25 Shear 0-3 km 0.51
RH 650 0.15 Shear 0-6 km 0.48
RH 700 0.16 SRH 0-1 km 0.49
RH 750 0.11 SRH 0-3 km 0.50
RH 800 0.04 Sin az angle wrt flow 0.47
Sine az angle wrt N 0.48

In addition to the 483 tornado reports associated with the 30 TCs, we defined 240 null cases in
which no tornadoes occurred. A null case was defined to be a location where no tornadoes occurred
within a 12 h interval, and no tornadoes occurred in the entire TC quadrant containing the null location
during this 12 h interval. The null cases were evenly distributed between the 30 storms so each storm
contributed 8 cases. Null cases were randomly located around the TC, taking care not to select locations
in quadrants where tornadoes were reported during the same 12 h interval. This procedure generated the

following distribution of null events in the four quadrants defined with respect to true north:

Quadrant 1 (330 to 60 deg): 99 Quadrant 3 (150 to 240 deg): 27
Quadrant 2 (60 to 150 deg): 26 Quadrant 4 (240 to 330 deg): 88.

Similarly, for tornadoes the distribution was:

Quadrant 1 (330 to 60 deg): 287 Quadrant 3 (150 to 240 deg): 20
Quadrant 2 (60 to 150 deg): 170 Quadrant 4 (240 to 330 deg): 6.
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This approach placed null events in quadrants having no tornadoes even when other quadrants did
contain them, as well as null events when the TC produced no tornadoes in any quadrant during a 12 h
period. A relatively large number of null cases was placed in the first (northeast) quadrant since it was
desirable to determine the factors distinguishing when tornadoes did and did not occur. Quadrant four
(northwest) has a large number of cases because most TCs exhibit few or no tornadoes in that quadrant.

We used stepwise multiple linear regression to analyze and select the variables related to
tornadoes in the TC environment. However before using regression, inter-correlations between the
potential independent variables were examined to insure that the final equation would not be over-fit to
the data. One can increase the goodness of a regression equation by accepting as many predictors as
possible until all or most of the variance is explained. While this improves the fit to the dependent data,
it may not add predictive skill when applied to independent data, and may actually reduce the skill
(Wilks 2006). Therefore, no two “duplicate” predictors (i.e., shear from multiple levels) were allowed
in the final regression equation. The most highly inter-correlated variables allowed to remain in variable
pool were 0-3 km shear and 0-3 km SRH which had an inter-correlation coefficient of 0.725. Both were
retained because of their large correlation with T_REPS and their physical relevance to tornado
occurrence. Inter-correlation between TC variables such as TC intensity (maximum sustained winds)
and the RUC-derived variables (shear, SRH, etc.) also was a concern. For example, the magnitudes of
shear parameters should be related to the intensity of TCs. Since correlation coefficients between TC
intensity and 0-3 km shear and 0-3 km SRH were found to be relatively small (0.314 and 0.141
respectively), we assumed that the predictive skill added by retaining these variables outweighed the
inter-correlations that were introduced.

Each potential variable also was scrutinized to determine if it had physical relevance and a
correlation sign (positive vs. negative) that was appropriate. In some cases, such as the three versions of
CAPE, the correlations were negative when positive correlations seemed more intuitive. However,
CAPE was accepted based on the similar findings of McCaul (1991). After performing these tests on
the potential variables, nine remained.

Stepwise multiple linear regression is a powerful statistical technique for deriving relationships
between a set of independent variables and the dependant variable. The procedure is described in detail
by Wilks (2006). Briefly stated, it evaluates all independent variables for their individual relationships
with the dependent variable. The variable with the strongest relationship is selected as the first

predictor, with each remaining variable evaluated based on the additional value it adds to the overall
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relation (correlations are derived for the residual relationships). The method rejects variables that
contribute little or no value to the final regression equation. By evaluating all of the relevant
independent variables with the number of tornadoes that occurred (dependent variable), a regression
equation is generated that forecasts tornadoes in the TC environment.

Thirty passes were made through the data, with stepwise regression used to generate an equation
from the 29 storms of each pass. Thus, each storm was omitted once in the total procedure. The
variables that were accepted or rejected based on their significance (p-value < 0.05) could vary from run
to run so that different passes could yield different sets of variables. After completing the cross
validation procedure, the final variables were selected based on the frequency that they were significant
during the 30 passes. With only two exceptions, the variables selected by cross validation were the
same, and only small variations were noted between the coefficients of the different passes. Therefore,
seven “final” variables were retained. They are listed and discussed in Section 1 of the results. Then,
the coefficients from the 28 passes in which the significant variables were the same were averaged to
yield the final coefficients for the equation (see Section 1 of Results). This final equation defines our
Tropical Cyclone Tornado Parameter (TCTP).

We wanted to compare results from our linear TCTP equation with those from classic non-linear
composite indices such as the Significant Tornado Parameter (STP, Thompson et al. 2004) and the
modified Energy Helicity Index (EHI; Hart and Korotky 1991; Rasmussen 2003). STP is defined as:

STP = (MLCAPE / 1500 J kg™) (SFC effective shear / 20 m s™) * (4)
(effective SRH / 150 m?s™) ((2000 - MLLCL) / 1500 m) *
((250 + MLCIN) / 200 J kg™

where the surface-based (SFC) effective shear term is set to zero for values less than 10 m s, and is 1.5
for values greater than 30 m s, MLCAPE is mean parcel CAPE within 100 hPa of the surface, and
MLCIN is the 100 hPa mean parcel CIN (convective inhibition). Note that the MLCIN term and the

value of STP becomes zero when the magnitude of MLCIN is less than -250 J kg™. EHI is defined as:

EHI = (CAPE x 0-1 km SRH) / 160,000. (5)
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Values of STP and EHI were calculated from the RUC analyses used in the study. As mentioned
earlier, we hypothesized that a composite parameter tuned to the TC environment would outperform
classic indices applied to TC environments. For example, STP and EHI place considerable emphasis on
instability (CAPE) which is far less important in TCs. STP and EHI were computed and plotted for the
TCs examined in the results sections to make qualitative comparisons with our TCTP. The continuity of
each parameter also was considered. By comparing our TC based parameter with its classical

counterparts, an initial evaluation of each could be made.
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CHAPTER THREE
RESULTS

Statistical Summary

Table 2 shows the seven final predictors that comprise our Tropical Cyclone Tornado Parameter
(TCTP), along with their correlations with the number of tornadoes (T_REPS), coefficients in the
equation, means, and standard deviations. The predictors are ordered from largest to smallest
correlation with T_REPS to indicate the relative importance of each term. The means and standard
deviations were calculated without including the null cases; therefore, the statistics represent only the
TC-related tornado events. The greatest inter-correlation between any two predictors (0.725) is between
0-3 km shear (SHEARO03) and 0-3 km storm relative helicity (SRH03). The next largest inter-
correlation (0.567) is between SRHO3 and the sine of tornado azimuth (SAZIM). All remaining inter-
correlation coefficients are less than 0.5. Since SHEARO03 and SRHO3 have the greatest correlation with
T_REPS, they are the most influential in the final TCTP equation. The importance of wind shear to TC-
related tornado development is consistent with the findings of McCaul (1987, 1991). TC-related
parameters such as TC intensity and hours after and before landfall proved to be of less importance, but
still were statistically significant. The mean number of tornadoes per TC was 16.1, with a maximum of
78 in Hurricane Frances (2004) and a minimum of one (7 different TCs).

Statistics for tornado reports in the northeast quadrant were calculated (Table 3) to compare
conditions when tornadoes did or did not occur (the null cases). Most values for the tornado cases are
considerably different from those of the null cases. For example, shear and helicity are considerably
larger when tornadoes occur, and only 19 of the 287 northeast quadrant tornadoes are associated with
RUC-derived 0-3 km shear less than 20 kt. Conversely, CAPE is larger for the null cases than the
tornado cases, consistent with the results of McCaul (1991). In fact, only 60 of the 287 tornadoes
exhibit RUC-derived CAPE greater than 1000 J kg™. There are smaller differences between variables
such as TC intensity. The mean TC intensity of the null cases is only 13 kt less than the tornado cases.

These results suggest that tornadoes are more related to shear and stability than TC intensity.
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Table 2. The seven final predictors and their correlation with T_REPS, their regression coefficient,
mean, and standard deviation.

Correlation

with Regression Standard
PREDICTOR T REPS Coefficient | Mean Deviation
0-3 km shear (kt) 0.508 0.1439 30 8.3
0-3 km storm relative helicity (m? s°) 0.501 0.0198 127 83.5
Sine azimuth angle 0.478 4.3721 0.83 0.28
Hour of the day 0.270 0.3193 12.1 51
RUC-defined CAPE (J kg™) -0.209 -0.0014 782 567
TC max sustained winds (kt) 0.169 0.0312 54.3 29.8
Hours after (before) landfall 0.159 0.0218 5.0 175
Constant — -3.5587 — —

Five individual TCs are described in detail in the following sections. Hurricanes Ike (2008) and
Charley (2004) were selected for their relative sizes. lke was a large TC, while Charley was fairly
small. It also was desirable to cover a wide range of TC intensities in the five cases. Charley was a
category 4 storm at landfall, Ike a category 2, Cindy (2005) a minimal category 1, and Barry (2007)
peaked in the tropical storm range. Barry also was considered because of its lack of tornado production.
While some tropical storms in the final data set contributed 15 or more tornadoes, Barry contributed
only two. Finally, Hurricane Jeanne (2004) was considered since it produced the most tornadoes (78) in
the study. The number of tornadoes contributed by each storm is provided, along with its number of

strong tornadoes (EF2 or stronger).

Table 3. Mean values for tornado reports vs. the null cases in the northeast quadrant. There were 287
tornado reports and 99 null cases in the northeast quadrant.

Mean of Tornado
Parameter Cases Mean of Null Cases
0-3 km Shear (kt) 31.3 16.4
0-3 km SRH (m? s%) 135 50
RUC CAPE (J kg™?) 650 1090
TC max sustained wind (kt) 65 52
Hours after landfall 4.5 -8.2
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Case 1 — Hurricane lke (2008)

Hurricane Ike began as a depression in the tropical Atlantic on 2 September 2008. After passing
through the Caribbean, it emerged into the Gulf of Mexico before making landfall along the northeast
coast of Texas on 13 September. Ike was a large, annular hurricane as it passed through the Gulf and at
landfall, allowing the effects of the system to extend outward to large radii. After making landfall, Ike
turned northward and passed east of Dallas, TX before weakening and becoming extra-tropical over
northern Arkansas. During the morning hours of 14 September, Ike gradually was absorbed into a
trough which extended southwestward from the Great Lakes. Instability remained small in regions of
the tornadoes, with CAPE less than 700 J kg™. However, SHEARO3 was near 60 kt in the northeast
quadrant at the time of landfall and decreased to around 50 kt by early on 14 September. SRHO03 in
Ike’s northeast quadrant ranged from approximately 240 to 400 m? s at landfall, decreasing to 150 to
250 m? s by 0000 UTC 14 September. Ike contributed 32 of the 483 tornadoes in the study, including
one EF2 tornado. The first tornado associated with Ike was near Key Largo, FL at approximately
1100 UTC 9 September as the storm passed over western Cuba. The last reported tornado was at 1900
UTC 13 September near Gansville, LA. Thus, 29 of the 32 tornadoes occurred between landfall
(0600 UTC) and 1900 UTC 13 September. NHC reported that Ike contained maximum sustained winds
of 95 kt approximately 6 h before landfall at 0000 UTC 13 September. These winds decreased to 35 kt
by 0000 UTC 14 September as Ike neared the border of Texas and Arkansas.

TCTP forecasts a large region of greater than 14 tornadoes per quadrant per 12 h (Fig. 2) at
1800 UTC 13 September (period of peak tornado production), when Ike was approximately 100 km
southeast of Dallas, TX. During this period, 22 tornadoes were observed in Ike’s northeast quadrant.
The forecasts generally show good spatial agreement with observed tornado locations. TCTP is greatest
over northern Louisiana and southern Arkansas, in Ike’s northeast quadrant, where the tornado reports
are most dense. While the verification generally is spatially consistent with the observations, large
regions of 2-6 tornadoes are forecast, including locations in the climatologically unfavorable northwest
quadrant. Thus, the RUC-based TCTP appears to accurately forecast the maximum region of tornadic

potential, but over-forecasts large regions in surrounding areas.
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Figure 4. TCTP for Hurricane Ike at 1800 UTC 13 September 2008. Tornado reports between 1200
UTC 13 September and 0000 UTC 14 September are denoted by blue triangles. 23 tornadoes were
reported in Ike’s northeast quadrant during this period. The units of TCTP are the number of tornadoes
in a quadrant (200-750 km radius) per 12 h, in this case from 1200 UTC 13 September to 0000 UTC 14
September. Ike’s location at 1800 UTC is indicated.

Another way to analyze the utility of TCTP is to examine a time series of the forecast images.
Figure 3 shows TCTP forecasts at 6 h intervals from 1200 UTC 12 September to 1800 UTC 13
September. The time series shows that TCTP exhibits good spatial continuity, with only small changes
in magnitude noted during the period. However, TCTP over-forecasts the number of tornadoes near the
time of landfall (0600 UTC 13 September). Specifically, a maximum value of 16.3 is forecast in
southern Louisiana where no tornadoes are observed. However, it is possible that weak tornadoes did
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occur between the overnight hours of 0000 and 0600 UTC 13 September. Radar data from this time
period (not shown) indicate several strong storm cells moving through central Louisiana in an outer
band. The area of greatest tornado expectation moves slowly northward, consistent with Ike’s forward
motion and remaining in the climatologically favored right front quadrant. The maximum forecast value
at 1200 UTC 12 September is 12.2 which increases to 16.9 at 1800 UTC 13 September. Although the
general trend is to over-forecast the number of tornadoes (e.g., ~14.1 at 1800 UTC 12 September when 4
are observed, ~16.5 at 0600 UTC 13 September when 8 are observed), there is a slight under-forecast at
1800 UTC 13 September when 16.9 tornadoes are forecast but 23 are observed. TCTP is largest over
land areas where shear is largest, even when Ike is offshore. These larger TCTP values are attributed to
low-level shear which increases due to boundary layer friction over land, consistent with the results of
Knupp et al. (2006).
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Figure 5. Time series of TCTP at 6 h intervals from 1200 UTC 12 September (upper-right) to

1800 UTC 13 September (lower right). Blue triangles represent locations of tornado reports from 6 h
before to 6 h after each forecast time. The units of TCTP are the number of tornadoes in a quadrant
(200-750 km radius) per 12 h. Ike’s locations are indicated.

TCTP performs well compared to the classic parameters STP and EHI. However, it is important

to note, particularly with STP, that these parameters forecast the likelihood of “significant” tornadoes
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(EF2 or greater). Since we considered all tornadoes regardless of intensity and most TC-related
tornadoes are below EF2 intensity, comparisons with TCTP are not fully justified. Nonetheless, it is
informative to make comparisons, keeping these differences in mind. We believe it is not uncommon
for forecasters to use STP and EHI when forecasting the likelihood of all tornadoes, weak or strong.
Also, since our TCTP was derived only for TC environments, the parameter has a built in trigger for
convection (low-level convergence due to the TC). The STP and EHI were derived for classical severe
storm environments in which a trigger is not necessarily assumed. Figure 4 shows the TCTP, STP, and
EHI parameters at 1800 UTC 13 September when Ike was located approximately 100 km southeast of
Dallas, TX and its tornado production was greatest. This is the same time as Fig. 2. Although STP and
EHI exhibit positive values near areas where tornadoes occurred, TCTP best contours the affected

regions, perhaps because it forecasts tornadoes of all intensities.
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Figure 6. Energy-Helicity Index (EHI), Significant Tornado Parameter (STP), and Tropical Cyclone
Tornado Parameter (TCTP) for Hurricane Ike at 1200 and 1800 UTC 13 September 2008. Blue
triangles represent locations of tornado reports from 6 h before to 6 h after both forecast times. The
units of TCTP are the number of tornadoes in a quadrant (200-750 km radius) per 12 h. Ike’s locations
are indicated.
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Case 2 — Hurricane Charley (2004)

Hurricane Charley began as a depression in the southeastern Caribbean on 9 August 2004. After
passing over western Cuba and approaching the Florida peninsula as a category 2 storm, Charley
intensified to category 4 status just before making landfall south of Tampa, FL at approximately
2000 UTC 13 August. The storm then quickly crossed the Florida peninsula and briefly re-emerged
over the Atlantic before making a second landfall south of the border between North and South
Carolina. Charley was a compact, intense storm at landfall with maximum sustained winds of 125 kt. It
maintained hurricane strength as it crossed Florida and was a minimum category 1 hurricane with winds
of 65 kt at second landfall. Charley contributed 17 tornadoes to the study, including 3 EF2 tornadoes.

RUC-derived CAPE plays an interesting role during Charley’s lifespan. Values exceeding
2500 J kg™ are common in regions not directly impacted by the long-duration rainfall in the northeast
quadrant. Several tornadoes occur 6 to 7 h before landfall (2000 UTC) between 1300 and 1400 UTC 13
August in areas where CAPE exceeds 1000 J kg™*. However, only one other tornado is associated with
CAPE greater than 1000 J kg™ outside of this 2 h interval. SHEARO03 and SRHO3 are modest during the
period, with SHEARO3 mostly less than 40 kt. However, a small maximum greater than 250 m?s? is
located over the central Florida peninsula in Charley’s northeast quadrant. SRHO3 is predominantly
between 50 and 200 m? s throughout Charley’s lifespan; however, these values are considered
sufficient to produce tornadoes outside of the TC environment (Thompson et al. 2007). Subjective
analysis shows that TCTP forecasts the number of tornadoes reasonably accurately throughout Charley’s
pass over the Florida peninsula.

Figure 5 is a time series of TCTP from 0000 UTC 13 August to 0600 UTC 14 August. The
greatest TCTP forecasts, from 1200 to 1800 UTC 13 August, correspond well with maximum tornado
production during these hours (12.1 tornadoes forecast with 14 reported from 0600 to 1800 UTC and
14.3 tornadoes forecast with 10 reported from 1200 to 0000 UTC). However, as observed with Ike,
large areas of 2-6 tornado forecasts are located where few or no tornadoes actually occur. We believe
that the large contribution from the term “sine of tornado azimuth” (coefficient of 4.372, Table 2)
produces these regions, particularly in the northeast and southeast quadrants where the term is largest.
TCTP values again peak over land areas, as observed in Ike, due to large low-level shear in the boundary

layer.
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Figure 7. Time series of TCTP from 0000 UTC 13 August 2004 (upper-right) to 0600 UTC 14 August
(lower right) during Charley. Blue triangles represent locations of tornado reports from 6 h before to 6 h
after each forecast time. The units of TCTP are the number of tornadoes in a quadrant (200-750 km
radius) per 12 h. Charley’s locations are indicated.

TCTP again forecasts well when compared to STP and EHI. Figure 6 compares EHI, STP, and
TCTP as done in Fig. 5. Compared to STP and EHI, maxima in TCTP correspond best with tornado
occurrence during Charley. The STP and EHI parameters highlight areas over South Florida at both
1200 and 1800 UTC 13 August where tornadoes do not occur. We hypothesize that the large influence
of CAPE in the formulae for STP and EHI produce this discrepancy (equations 4 and 5), particularly the
large values of CAPE at larger radii from Charley’s center. However, we note again that STP and EHI

were designed to forecast only strong tornadoes.
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Figure 8. Energy-Helicity Index (EHI), Significant Tornado Parameter (STP), and Tropical Cyclone
Tornado Parameter (TCTP) for Hurricane Charley at 1200 and 1800 UTC 13 August 2004. Blue
triangles represent locations of tornado reports from 6 h before to 6 h after both forecast times. The
units of TCTP are the number of tornadoes in a quadrant (200-750 km radius) per 12 h. Charley’s
locations are indicated.

Case 3 — Hurricane Cindy (2005)

Hurricane Cindy developed just east of the Yucatan Peninsula on 3 July 2005. Shortly after
formation, it passed over the Yucatan and into the Gulf of Mexico, briefly attaining hurricane status
before making landfall in south-central Louisiana with maximum winds of 65 kt. The storm remained
below hurricane status for all but the 3-6 h surrounding landfall. After landfall, Cindy recurved east-
northeastward in response to a mid-latitude trough approaching from the northwest. Cindy contributed
30 tornadoes (one EF2) to the study despite being a relatively weak TC.

Large values of CAPE, often exceeding 2000 J kg™, are located in Cindy’s northeast quadrant
during the afternoon hours of 6 and 7 July. However, 20 of Cindy’s 30 tornadoes occur during the pre-

dawn hours of 6 July when RUC-derived CAPE is only 200-700 J kg™. The greatest value of CAPE
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associated with a tornado is 1920 J kg™ at 0000 UTC 7 July; however, only 10 of the 30 tornadoes
correspond to CAPE greater than 1000 J kg™.

SHEARO3 plays an interesting role in the development of tornadoes during Cindy’s lifespan.
Values are weak when the storm makes landfall as a minimal category 1 hurricane, with a small
maximum of ~30 kt in the northeast quadrant. However, as the mid-latitude trough approaches, the
shear increases to greater than 40 kt with a large region of 30+ kt in the northeast quadrant. SRH03
exhibits similar behavior, increasing from less than ~ 60 m?s™ at 0000 UTC 6 July in the northeast
quadrant to greater than 300 m?s by 0000 UTC 7 July. The increase in tornadoes during this period
supports the theory that trough interaction can positively influence tornadic occurrence ina TC (Weiss
1987; McCaul 1991; Verbout et al. 2007).
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Figure 9. Time series of TCTP from 0000 UTC 6 July 2004 (upper-right) to 0600 UTC 7 July (lower
right) during Cindy. Blue triangles represent locations of tornado reports from 6 h before to 6 h after
each forecast time. The units of TCTP are the number of tornadoes in a quadrant (200-750 km radius)
per 12 h. Cindy’s locations are indicated.

Figure 7 is a time series of TCTP from 0000 UTC 6 July to 0600 UTC 7 July. TCTP generally
provides good forecasts of tornado development during Cindy. The exception is 0000 UTC 6 July when
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it under-forecasts the number of tornadoes. Once again, large regions of small tornado forecasts (2-6
tornadoes) are located where few or none occur. However, values of TCTP generally are greatest where

the most tornadoes actually occur, as observed earlier for Hurricanes Ike and Charley.

Case 4 — Tropical Storm Barry (2007)

Tropical storm Barry is examined because of its virtual lack of tornado production. While each
of the previous three cases exhibited numerous tornadoes, Barry produced only two (with none being
EF2 or greater), and none occurring on its day of landfall. Barry developed as a depression over the
eastern Gulf of Mexico and moved northeastward, making landfall near Tampa, FL at approximately
1400 UTC 2 June 2007 as a tropical storm with maximum sustained winds of 50 kt. Barry then crossed
the Florida peninsula and paralleled the Eastern Seaboard where it eventually was absorbed by the mid-
latitude westerlies.

CAPE remains small in Barry’s northeast quadrant throughout its lifespan, with values less than
700 J kg™. Similarly, SHEARO3 remains less than 40 kt during Barry’s pass over the Florida peninsula,
although it does peak at slightly greater than 40 kt just before and after crossing the peninsula. It is
important to note that these maxima remain over the ocean, which is different from the previous cases
and the results of Knupp et al. (2006) when SHEARO3 typically was greatest over land. Greatest values
of SRH03 exceeding 320 m?s™ are observed along Florida’s East Coast at 0000 UTC 2 June, suggesting
that strong directional shear is present. However, the only observed tornadoes during Barry occurred at
1000 and 1800 UTC 1 June, when SRHO3 values were smaller (120 — 180 m?s?). Maximum SRHO03
decreases to 200 m?s2 by 1200 UTC 2 June, but this value still is greater than those observed with many
of the tornadoes in the previous three cases.

Figure 8 is a time series of TCTP for Barry. TCTP significantly over-forecasts the number of
tornadoes, likely due to the large values of SRHO3 in the RUC data. The forecast number of tornadoes
often is 10 or more, despite no tornadoes being observed anywhere in its circulation after June 1. We
speculate that the RUC model produces values of SRH that are too large, leading to the over-forecasts.
However, without examining in situ data such as from dropsondes, it remains difficult to explain the

poor forecasts. Unfortunately, dropsondes are not released over land.
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Figure 10. Time series of TCTP from 1200 UTC 1 June 2007 (upper-right) to 1800 UTC 2 June (lower
right) during Barry. Blue triangles represent locations of tornado reports from 6 h before to 6 h after
each forecast time. The units of TCTP are the number of tornadoes in a quadrant (200-750 km radius)
per 12 h. Barry’s locations are indicated.

Although TCTP over-forecasts tornadic potential during Barry, STP and EHI produce more
accurate forecasts. Figure 9 compares EHI, STP, and TCTP during Tropical Storm Barry. Although
STP and EHI appear to accurately forecast the lack of tornadoes, their patterns are similar to those of the
previous cases (i.e., STP and EHI are greatest in regions outside of long-duration rainfall where
instability is greatest). In regions where CAPE is small, STP and EHI forecast small probabilities for
tornadoes. Term 1 in the STP equation (MLCAPE / 1500 J kg™*; Equation 4) shows that values of STP
are significantly reduced when MLCAPE is small. For example, MLCAPE of 500 J kg™, SFC effective
shear of 20 m s, SRH of 300 m? s, LCL Height of 500 m, and MLCIN of 0 J kg™ (i.e., conditions
common in TCs) yields a STP of only 0.83. Conversely, since TCTP is related primarily to wind shear,
with small influences from instability (CAPE), it forecasts the largest tornado potential in areas where it
does not occur. Due to RUC’s analysis of large helicity, moderate shear, and small values of CAPE, it

remains somewhat unclear as to why little tornadic activity occurs.
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Figure 11. Energy-Helicity Index (EHI), Significant Tornado Parameter (STP), and Tropical Cyclone
Tornado Parameter (TCTP) for Tropical Storm Barry at 1200 and 1800 UTC 2 June 2007. The units of
TCTP are the number of tornadoes in a quadrant (200-750 km radius) per 12 h. Barry’s locations are
indicated.

Case 5 — Hurricane Frances (2004)

Hurricane Frances is examined since it produced the most tornadoes of any storm comprising the
study (78 tornadoes of which 5 were EF2, and 1 was EF3). Frances developed from a tropical wave that
moved off the coast of Africa. After traveling west-northwestward across the Atlantic, Frances made its
first landfall at the southern end of Hutchinson Island, FL at 1800 UTC 6 September as a category 2
hurricane with maximum winds of 90 kt. After briefly emerging over the far northeastern Gulf, the
storm proceeded north-northeastward along the Appalachian Mountains, finally dissipating over the
Gulf of St. Lawrence on 10 September.

Although Frances produced 15 tornadoes on its day of landfall (6 September), tornado activity
peaked on 7 September when 52 of its 78 tornadoes occurred. CAPE remained modest during Frances,
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as in previous cases, with only 13 of the 52 tornadoes on 7 September exhibiting values greater than
1000 J kg™. SHEARO3 frequently peaked above 40 kt in Frances’ northeast quadrant on 7 September;
however, only 18 of 52 tornadoes were associated with values greater than 30 kt. Similarly, SRH03
often peaked above 300 m? s, although only 9 tornadoes were associated with SRHO3 greater than
200 m? s,

Figure 10 shows a time series of TCTP from 1800 UTC 6 September to 0000 UTC 8 September.
TCTP under-forecasts tornadoes during Frances’ peak production period of 0600 to 1800 UTC 7
September. However, it slightly over-forecasts outside of this time period (e.g., 16.2 forecast when 4 are
observed at 1800 UTC 6 September). Values less than 16 are forecast at 0600, 1200, and 1800 UTC
when 33, 34, and 21 tornadoes, respectively, are reported (from 6 h before to 6 h after each forecast
time). It again is difficult to explain the over-forecasts during Frances. The mean RUC-derived SRHO3
for Frances tornadoes was 130 m? s while for Ike, Charley, and Cindy it was 177, 81, and 111 m? s
respectively. Mean CAPE during Frances’ tornadoes was 890 J kg, while it was 350, 1240, and 730
for Ike, Charley, and Cindy. Although TCTP under-forecasts Frances’ peak production period, forecast
values are larger compared to previous cases when fewer tornadoes occurred. We believe that TCTP’s
under-forecasts are due to the statistical scheme used to derive the TCTP equation. The equation tends
to over-forecast anomalously unproductive TCs and under-forecast anomalously productive ones

because it was derived to forecast all ranges of TC-related tornado productivity.
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Figure 12. Time series of TCTP from 1800 UTC 6 September 2004 (upper-right) to 0000 UTC 8
September (lower right) during Frances. Blue triangles represent locations of tornado reports from 6 h
before to 6 h after each forecast time. The units of TCTP are the number of tornadoes in a quadrant
(200-750 km radius) per 12 h. Frances’ locations are indicated.
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CHAPTER FOUR
SUMMARY AND CONCLUSIONS

This study has developed a composite statistical parameter to use as guidance for forecasting the
occurrence of tornadoes in tropical cyclone (TC) environments. We hypothesized that a composite index
tuned specifically to the TC environment would outperform indices developed for classical severe
storms. A total of 483 TC related tornado reports from 30 storms occurring between the years 2000 to
2008 was used along with 240 null reports from the same storms. These cases comprised our dependent
variable. Geographic parameters described the locations and timing of the tornadoes with respect to the
parent TC. In addition, a pool of potential TC environment parameters was obtained from RUC model
analyses. They included measures of temperature, humidity, stability, and wind shear. Stepwise multiple
linear regression then was used to isolate the seven parameters that were best related to tornado
occurrence from an original pool of 28. The resulting equation comprised our final Tropical Cyclone
Tornado Parameter (TCTP).

TCTP was applied to five tropical systems that varied in size, intensity, and the number of
tornadoes that they produced. These storms included Hurricanes Ike (2008), Charley (2004), Cindy
(2005), and Frances (2004), as well as Tropical Storm Barry (2007). Forecast tornado occurrence was
compared with the number of tornadoes that actually occurred and with those from the Significant
Tornado Parameter (STP) and the Energy Helicity Index (EHI) that were designed by the Storm
Prediction Center for use in non-tropical environments.

The four TC cases suggest several general findings.

e TCTP appears biased to over-forecast the number of tornadoes that occur, especially when
values of SRHO3 exceed 250 m?®s™,

e The shear terms in TCTP (SHEARO3 and SRHO03) were the most correlated with tornado
occurrence. Instability (CAPE) was weakly negatively correlated with tornado
occurrence, consistent with McCaul (1991).

o Values of shear and helicity were much greater for tornado events than for null cases in the

northeast quadrant of the TCs comprising our dataset. Conversely, values of TC-related
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variables such as storm intensity and time from landfall were similar for both tornado and

null cases.

Values of RUC-derived shear and helicity were greatest over land areas during TC
landfall, leading to somewhat greater TCTP forecasts. This seems intuitive since
boundary layer friction over land is much greater than over water, leading to greater low-

level shear.

Subjective analyses of TCTP forecasts suggest that they adequately identified regions
where tornado potential was greatest, but their ability to quantify the number of tornadoes

that would occur in a given quadrant was not as good.

TCTP generally exhibited good continuity between 6 h periods, increasing during times

when tornado occurrence increases and decreasing otherwise.

TCTP consistently recognized the northeast quadrant of TCs as the region of maximum
tornado potential, agreeing with previous climatologies (Sadowski 1962; Smith 1965;
Pearson and Sadowski 1965; Hill et al. 1966; Novlan and Gray 1974; Gentry 1983;
McCaul 1991; Verbout et al. 2007; Schultz and Cecil 2009). However, TCTP also
consistently forecast large areas of much smaller number of tornadoes (2-6) in other
quadrants where they are not expected and did not occur. This was especially common in
quadrant 2 (azimuths of 120 to 210°).

e TCTP performs well compared to STP and EHI in tropical environments. These initial

results suggest that TCTP produced the best tornado forecasts for TCs that made landfall

as hurricanes. However, these SPC-derived parameters forecast the likelihood of

“significant” tornadoes (EF2 or greater), whereas we included all tornadoes in deriving

TCTP. Since most TC-related tornadoes are weaker than EF2 intensity, it could be argued

that the STP forecasts verify accurately in the five cases that we examined since Cindy

and Charley were the only storms that produced one EF2 tornado.

It is important to note that no statistical verification of our scheme has yet been performed to
quantify the ability of TCTP to forecast tornadoes. That will be the subject of future research.
Nonetheless, our subjective analysis of a small sample of TCs leads us to believe that TCTP does have

skill in assessing tornadic potential in landfalling TCs, particularly TCs of hurricane intensity.
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TCTP generally over-forecast the number of tornadoes in the first four cases examined.
However, it under-forecast the number of tornadoes in Frances (2004), the most prolific tornado
producer in our data set. While tornadoes generally were over-forecast in the first four cases examined,
several under-forecasts also occurred. Despite these short-comings, values of TCTP generally were
greatest in regions where most tornadoes were reported, the northeast quadrant of TCs.

Several modifications might improve the TCTP forecasts. First, developing separate regression
equations for each quadrant of the storm could significantly strengthen the relationships between the
component variables and tornadoes. We believe this could lead to a better quantification of tornadoes,
particularly in the northeast quadrant. Another potential improvement would be to examine
temperatures in the TC’s core. Since only the temperatures at tornado locations were examined, TC core
temperatures may add insight. Knowledge of the warm vs. cold core nature of the storm may enhance
TCTP’s forecast ability, particularly during times of extra-tropical transition. Finally, it would be
desirable to expand the dataset to include storms whose centers are outside of our subset region since
TCs sometimes continue to produce tornadoes days after landfall. With an adjustment or removal of the
time term from landfall, TCTP forecasts could be extended to cover TCs for longer periods after
landfall.

While the effects of tropical cyclone winds near the storm center are widely known, the most
damaging effects at locations farther from the center often are due to severe local storms, particularly
tornadoes. The aim of our research has been to develop a forecast parameter similar to classic
parameters but tuned to the TC environment. The TCTP was developed with the goal of aiding
forecasters in a time-limited environment. A composite index of this nature certainly cannot replace the
value of detailed human forecasting. Edwards (2008) explained that SPC forecasts have evolved from
climatology and pattern recognition which often yielded long-lasting tornado watches for the northeast
quadrant of the storm. Instead, detailed mesoscale analysis now is performed to identify regions of
tornadic potential. The TCTP is intended to forecast an envelope of tornadic potential, within which

these detailed analysis may be performed.
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