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ABSTRACT

A STATISTICAL AND SYNOPTIC CLIMATOLOGY OF TROPICAL CYCLONE

TORNADO OUTBREAKS

by

Todd W. Moore, B.S., M.S.

Texas State University-San Marcos

May 2013

SUPERVISING PROFESSOR: RICHARD W. DIXON

Tropical cyclones are capable of producing tornadoes prior to landfall as their
outer rainbands move ashore through several days after landfall as they track inland.
These tornadoes do not occur uniformly throughout a tropical cyclones' lifespan but,
rather, occur in spatio-temporal clusters. This study sought to identify synoptic patterns
associated with these spatio-temporal clusters, or tropical cyclone tornado outbreaks.
Tropical cyclone tornado outbreaks are defined as three or more tornadoes in a six hour
period centered about a primary synoptic hour and were identified using the Tropical

Cyclone Tornado Database produced by Roger Edwards of the Storm Prediction

XV



Center. One-hundred and thirty-three outbreaks were identified over the 1995-2010
period in association with East and Gulf Coast landfalling tropical cyclones. Statistical
descriptions of the outbreaks are provided to highlight their typical severity and their
temporal and spatial characteristics. Synoptic plots depicting 500 hPa geopotential height
contours and 500 hPa wind vectors that temporally correspond to each identified outbreak
were obtained from the National Centers for Environmental Prediction-North American
Regional Reanalysis project to represent the outbreaks' synoptic environment. Using the
synoptic climatology paradigm of pattern recognition, this study categorized 97% of the
identified outbreaks into one of five synoptic patterns; the synoptic environments of four
outbreaks did not reasonably fit the criteria of any of the five patterns. Outbreaks
categorized as Pattern 1, 2, or 3 are produced by tropical cyclones that are beginning to
interact with, or are embedded within, the midlatitude westerlies whereas those
categorized as Pattern 4 or 5 are produced by tropical cyclones that are isolated from the
westerly flow. Various degrees of synoptic scale forcing are likely to be present in
Pattern 1-4 outbreaks. The results of this study suggest that tropical cyclone tornadoes
can occur in spatio-temporal clusters of relatively high tornadic activity over relatively
short time periods and that those tropical cyclones interacting with or located within the

midlatitude westerlies are most likely to produce outbreaks.
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CHAPTER |

INTRODUCTION

1.1 Overview

Tropical cyclones (TCs) are capable of producing tornadoes (TCTORS) prior to
landfall as their outer rainbands move ashore, while they make landfall, and up to several
days after landfall as they track inland (see Appendix A for a list of acronyms). Because
of their potential to negatively impact both human and economic sectors of society, and
because of their intriguing origin within TCs, these phenomena have received substantial
attention from the research community (e.g. Pearson and Sadowski 1965; Hill, Malkin,
and Schulz 1966; Orton 1970; Novlan and Gray 1974; Gentry 1983; Weiss 1987; McCaul
1991; Spratt et al. 1997; Curtis 2004; McCaul et al. 2004; Schneider and Sharp 2007;
Verbout et al. 2007; Edwards 2008 and 2010a; Baker, Parker, and Eastin 2009; Belanger,
Curry, and Hoyos 2009; Schultz and Cecil 2009; Cecil and Schultz 2010; Cohen 2010;
Edwards et al. 2010; Agee and Hendricks 2011; Moore and Dixon 2011a and 2011b).
The overarching goal of this body of research is to better understand TCTORS, with the
hope that this understanding will advance our ability to detect, forecast, and warn people
who are potentially at risk.

This study aims to complement and contribute to this body of research by
identifying and analyzing temporally clustered TCTORs, or TCTOR outbreaks,

associated with Gulf Coast and East Coast landfalling TCs in the United States over the



period 1995-2010, and by analyzing the synoptic environments that correspond to the
identified outbreaks in search of recurring synoptic patterns. This study defines a
TCTOR outbreak as three or more TCTORSs in a six hour period centered about a primary
synoptic hour (i.e., 0000, 0600, 1200, 1800 Universal Coordinated Time (UTC)). The six
hour periods are centered about primary synoptic hours to synchronize the TCTORs in an
outbreak and the synoptic plots used to represent the atmosphere during that outbreak.
The identified outbreaks and their temporal and spatial characteristics were statistically
analyzed. This study employs the synoptic climatology paradigm of pattern recognition
to examine the synoptic environments corresponding to each outbreak. The 500 hPa
geopotential height and vector wind pots corresponding to each outbreak were manually
classified into five discrete synoptic patterns. Because TCs are mobile and dynamic, this
study examines the synoptic scale 500 hPa features in a TC-relative framework (i.e., the
synoptic scale features are spatially examined relative to the location of their associated
TC).

The identification and analysis of TCTOR outbreaks and their corresponding
synoptic environments may provide insight into the associations between the synoptic
scale environment that a TC is embedded within and the occurrence of TCTOR
outbreaks. Further, this insight may contribute to the establishment of analogs to use
when assessing the potential for future outbreaks, which may improve our ability to issue
outlooks for TCTORs up to a couple of days in advance (Shafer et al. 2009).

1.1.1 Dissertation Organization
The remainder of this chapter discusses the various motivations for the current

dissertation and presents research questions and objectives. Chapter two reviews



pertinent background information and literature. Chapter three provides a discussion on
data sources, the method used to identify TCTOR outbreaks, the method employed to
classify the synoptic environment associated with TCTOR outbreaks, and the statistical
methods employed to analyze outbreak characteristics. Chapter four presents the results
of the classification and statistical analyses. Chapter five provides a discussion of the
results and places them in the context of previous literature. Lastly, chapter six provides
a summary of the current dissertation and discusses additional research inspired by this
dissertation. All figures and tables in this dissertation are located at the end of their
respective chapter unless otherwise noted.
1.2 Research Motivations

This study has been motivated by several issues regarding TCTORs in the United
States. These include the tendency for TCTORS to spatially cluster, their potential to
negatively impact society, forecasting and warning difficulties, and the geographic nature
of a TCTOR synoptic climatology.
1.2.1 Tropical Cyclone Tornado Clusters

During a previous study (Moore and Dixon 2011a) it was observed that the spatial
distribution of the TCTORs produced by a TC often exhibits clusters at various scales.
This tendency is illustrated by TCs Ivan (2004) and Cindy (2005) and their associated
TCTORs (Figure 1.1). Ivan and Cindy produced 118 and 48 TCTORs, respectively, but,
rather than producing these TCTORs at an equal rate through time and across space, they
produced somewhat discrete groups of relatively high TCTOR activity interspersed with
regions of relatively low activity. Several studies have noted the tendency for TCTORs

to cluster (e.g., Orton 1970; Curtis 2004; McCaul 1987; McCaul et al. 2004; Baker,



Parker, and Eastin 2009) but none have sought to identify and analyze the occurrence of
these clusters in a large sample of TCs.

Why do TCs produce TCTORs at different rates? What are potential causes of
this variable TCTOR production? Does the ambient environment in whicha TC is
located influence TCTOR potential? Research has shown that TCs are not independent
of the ambient environment in which they form and track (Gray 1998; Arnott, Evans, and
Chiaromonte 2004; Wang and Wu 2004; Molinari et al. 2006; Emanuel 2007; Ritchie and
Elsberry 2007; Hendricks et al. 2010; Matyas 2010; Molinari and Vollaro 2010a and
2010b), thus it is plausible to hypothesize that changes in a TC's ambient environment,
whether the ambient environment is changing or a TC's relative location within its
environment is changing, may be associated with TCTOR variability through time and
across space. In an attempt to isolate TCTOR clusters, this study defines, identifies, and
analyzes temporally clustered TCTORs (i.e., TCTOR outbreaks). It also will assess
possible associations between TCTOR outbreaks and the larger-scale environment
surrounding TCs by identifying and analyzing synoptic patterns that correspond to the
identified outbreaks.

1.2.2 Societal Impacts and Anticipation

TCTORs have the potential to negatively impact communities along coastlines
and far inland. The potential threat is perhaps greatest at distances of 200—-500 km from
the TC center where TC-related hazards and, therefore, awareness and preparedness, may
be low (Weiss 1987; McCaul 1991; Schultz and Cecil 2009). In addition, inland

residents located on the periphery of a TC’s projected trajectory may be aware of



impending threat, but they may be unprepared because they are not yet expecting TC-
related severe weather (Spratt et al. 1997; McCaul et al. 2004).

Previous studies have provided quantitative data that illustrate the potential for
impacts. For example, Moore and Dixon (2011b) reported that fourteen of the TCTORs
produced by TC Ivan (2004) were responsible for a reported forty-eight casualties and a
single TCTOR produced by TC Bonnie (2004) was responsible for thirty-two reported
casualties. Other studies (Rappaport 2000; Czajkowski, Simmons, and Sutter 2011) have
reported that TCTORs account for 4-5% of TC-related fatalities. In addition to being
hazardous to humans, TCTORs also have been shown to be capable of causing a
substantial economic loss. Stewart (2006) reported that TCTORs associated with TC
Cindy in 2005 caused $40+ million in economic losses.

Mitigating the economic loss associated with TCTORs may be a difficult task
given the surge in economic development to accommodate increasing population in
coastal and near-coastal regions, in addition to economic inflation. Human casualties
(fatalities and injuries) can, however, be mitigated with improvements to TCTOR
outlook, watch, and warning practices. A better physical understanding of TCTORs and
the environment in which they occur may help foster such improvements. In addition,
knowledge gained through continued study can be communicated to emergency managers
and the general public to promote education and raise awareness of TCTORSs.

Considerable attention has been given to the forecasting and detection of
TCTORs because of their potential to negatively impact society and because of their
unique association with TCs. Much of the previous and current research has focused on

mesoscale and storm-scale processes such as atmospheric instability and wind shear



parameters, similar to the ingredients-based approach taken with non-TC tornadoes (e.g.
McCaul 1991; McCaul and Wiseman 1996; Baker, Parker, and Eastin 2009; Edwards
2010a). Operational forecasting of TCTORs focuses on the juxtaposition of instability
and shear parameters in addition to other lifting mechanisms within the TC envelope
(Edwards 2008). These forecasting and detection techniques may not be as efficient with
TCTORs, however, because the TC environment is vastly different from the environment
in which most non-TC tornadoes develop, and because TC supercells are relatively small
and shallow (Spratt et al. 1997; Schneider and Sharp 2007). In addition to forecasting
and detection problems, relatively short-term watches and warnings may not be
effectively communicated to the public because of power outage and the overall chaotic
conditions associated with TCs. These factors, along with the relatively small size and
short time-span of TCTORSs, are likely to exacerbate the already difficult process of
issuing tornado warnings and have likely contributed to the disproportionately high
number of tornadoes with negative lead time warnings or no warnings in the Gulf Coast
and East Coast regions of the United States (Brotzge and Erickson 2009 and 2010),
where TCTORs are most common (Schultz and Cecil 2009; Moore and Dixon 2011a).
Root et al. (2007) assert that a synoptic climatology approach, which seeks
relationships between the synoptic scale environment and the corresponding smaller-
scale surface environment (Yarnal 1993), can provide insight into extreme weather events
that may not recognized by other forecasting and modeling techniques. The pattern
recognition paradigm of synoptic climatology is one of the three tornado forecasting
approaches employed by the Severe Local Storm (SELS) unit of the National Severe

Storms Forecast Center (NSSFC), along with meteorological parameter assessment



(ingredients-based) and climatology (Doswell, Weiss, and Johns 1993). Previous
synoptic climatology studies have identified recurring synoptic patterns that are favorable
for non-TC tornadoes in certain regions (e.g., Leathers 1993; Davis, Stanmeyer, and
Jones 1997) and a more prominent synoptically evident pattern that often is associated
with substantial tornado outbreaks in the United States (Miller 1972; Doswell, Weiss, and
Johns 1993). Surprisingly few efforts have been directed towards advancing our
understanding of the synoptic environment corresponding to TCTOR outbreaks.

Additional study is needed to provide a better understanding of the synoptic
environment associated with TCTOR outbreaks. Given its limited application to
TCTORSs and the need to explore additional methods of anticipating TCTORS, synoptic
pattern recognition is a reasonable approach. Cohen (2010) asserts that synoptic pattern
recognition can provide a framework for understanding the complex relationship between
large-scale synoptic patterns and TCTOR outbreaks and, further, that it should be used by
operational forecasters when determining the likelihood of TCTORs. Shafer et al. (2009)
have demonstrated the utility of synoptic scale processes in distinguishing tornado
outbreak and non-outbreak cases up to three days prior to an event.

If recurring synoptic patterns are found to be associated with TCTOR outbreaks,
outlooks could be issued up to several days in advance when similar patterns are
emerging. Outlooks are particularly valuable for TCTORs given that shorter-range
watches and warnings may not be effectively communicated to the public. Furthermore,
because outlooks can foster awareness of potential TCTOR activity days in advance, they
might mitigate TCTOR-related casualties through heightened public awareness and

emergency preparedness.



1.2.3 Geographic Nature

Synoptic climatology and Geography share several core concepts. Both
disciplines have inherent interest of the concepts of space, time, region, and surface
environment (Yarnal 1993). Furthermore, synoptic climatology arguably shares interest
in the four traditions (i.e., spatial, area studies, man-land, and earth science), or themes,
common to geographic inquiry identified by Pattison (1964). Spatial scale is another
fundamental geographic concept that is common to the synoptic climatology approach.
Because of the discipline's breadth, geographers often are concerned with phenomena at
various scales and cross-scale dynamics (Harvey 1969; Abler, Adams, and Gould 1971).
Synoptic climatology is likewise concerned with phenomena at multiple scales and cross-
scale dynamics (Harman and Winkler 1991; Yarnal 1993). By applying the synoptic
climatology framework to TCTORS, this study explores the interconnectedness between
planetary and synoptic scale atmospheric circulation patterns, mesoscale or synoptic scale
TCs embedded within the larger-scale environment, and small scale or microscale
TCTORs embedded within larger-scale TCs (Figure 1.2).
1.3 Research Goals, Questions, Objectives, and Assumptions

The overall goals of this study are (1) to gain a better understanding of TCTOR
outbreaks and the environment in which they occur and (2) to identify recurring synoptic
patterns associated with TCTOR outbreaks using easily observable and physically
meaningful atmospheric variables. Doing so may provide guidance to forecasters when
determining the potential for TCTORs. Note, it is not recommended here that forecasters
use only synoptic analogs when determining the likelihood of TCTORS but, rather, that

this approach be used in conjunction with other approaches.



The following research questions guide this study:
1. What are the statistical characteristics of TCTOR outbreaks?
2. What recurring synoptic patterns are associated with TCTOR outbreaks?
3. How do the identified synoptic patterns vary in terms of the atmospheric
variables of which they are composed?
4. What are the statistical characteristics of TCTOR outbreaks within each
identified synoptic pattern?
5. Do the statistical characteristics of TCTOR outbreaks differ among the
identified synoptic patterns?
To address the above questions, primary objectives of this study are:
1. Define, identify, and statistically analyze TCTOR outbreaks.
2. ldentify the synoptic pattern corresponding to each identified TCTOR
outbreak.
3. Describe the identified synoptic patterns in terms of the atmospheric
variables of which they are composed.
4. Statistically analyze TCTOR outbreaks within each identified synoptic
pattern.
5. Compare the statistical characteristics of TCTOR outbreaks among the
identified synoptic patterns.
The discipline of synoptic climatology rests upon certain assumptions. Yarnal
(1993) provides a list of eight assumptions that are fundamental to all synoptic
climatology studies. Below is a list of the assumptions of this study which is adapted

from Yarnal's (1993) list.
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. The larger-scale atmospheric circulation is a critical determinant of
TCTOR outbreaks.

. The Bergen school conceptual model of the structure and evolution of
midlatitude synoptic scale cyclones is essentially correct.

. The atmosphere can be categorized into mutually exclusive synoptic
patterns.

. The classification process identifies all important synoptic patterns.

. The temporal scales of the TCTOR outbreaks and the atmospheric
circulation processes involved in the synoptic patterns match.

. TCTOR outbreak variability within the identified synoptic patterns is not a

significant problem.



1.4 Chapter One Figures
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FIGURE 1.1. TCTORs associated with TCs lvan (2004) and Cindy
(2005). Black and gray ellipses illustrate the suggested tendency for
TCTORSs to cluster. No spatial or temporal parameters were used in the
definition or identification of these illustrative examples.
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FIGURE 1.2. Conceptualization (A) and spatial scaling (B) of
atmospheric phenomena involved in a synoptic climatology of
TCTORs. Spatial scale adapted from Barry and Carleton

(2001).
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CHAPTER I

BACKGROUND AND LITERATURE REVIEW

Big whirls have little whirls that feed on their velocity, and
little whirls have lesser whirls and so on to viscosity
(Richardson 1922, 66).
2.1 Introduction and Background
This study concerns atmospheric vortices and patterns at various spatial scales:
atmospheric circulation patterns and other atmospheric fields such as specific humidity at
the planetary and synoptic scales, TCs at the synoptic and meso- scales, and tornadoes at
the micro-scale (Figure 1.2). The atmosphere is a dynamic fluid in which phenomena
acting over different spatial scales interact and influence one another. This cross-scale
interaction often results in an energy transfer, or cascade, from larger- to smaller-scale
phenomena, as governed by physical laws such as the Law of Conservation of Angular
Momentum (Eagleman 1983). The existence of such cross-scale interactions through the
atmosphere and their influence on boundary layer conditions is an underlying assumption
of synoptic climatology (Yarnal 1993).
2.1.1 Atmospheric Circulation
Latitudinal variations in the receipt of solar radiation induce thermal and pressure

gradients that drive the general circulation of the atmosphere (Barry and Carleton 2001,
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Lockwood 2005). Once in motion, secondary factors such as Earth’s rotational rate and
topographic relief influence and shape the global circulation (Barry and Carleton 2001;
Lockwood 2005). Myriad other factors influence atmospheric motion on various scales
smaller than the planetary scale circulation, but these are beyond the scope of this
discussion.

Following a simplified model, the general circulation of the atmosphere displays a
tripartite structure of prevailing winds in the northern and southern hemispheres
(Lockwood 2005; Figure 2.1). The Hadley Cell is a thermally induced circulation located
roughly between the equator and thirty degrees north and south latitude that consists of
northeasterly surface winds in the Northern Hemisphere/southeasterly surface winds in
the Southern Hemisphere (trade winds), ascending motion near the equator,
southwesterly winds aloft in the Northern Hemisphere/northwesterly winds in the
Southern Hemisphere (anti-trade winds), and descending motion near thirty degrees north
and south latitude (Nieuwolt 1977). From both, the North and South, Poles to
approximately sixty degrees north and south latitude are another set of thermally induced
cells known as the Polar Cells that consist of easterly surface winds, ascending motion
near sixty degrees north and south latitude, westerly winds aloft, and descending motion
near the North and South Poles (Lockwood 2005).

Regions of predominately westerly winds known as the westerlies are located
within the midlatitudes between the Hadley and Polar Cells of the northern and southern
hemispheres (Harman 1991; Barry and Carleton 2001). In the middle and upper altitudes
of the midlatitude troposphere, the westerly flow generally creates a circumpolar vortex.

This circumpolar vortex is, however, disrupted in the lower portion of the midlatitude
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troposphere by baroclinic instability-induced cyclonic vortices, land/sea contrasts, and
orographic and frictional effects on atmospheric flow (Barry and Carleton 2001,
Lockwood 2005).

The circumpolar vortex in the middle and upper altitudes of the midlatitude
troposphere can assume various flow regimes, or patterns, two most general of which are
zonal and meridional flow (Figure 2.2). Zonal patterns are dominated by west-to-east
flow whereas meridional patterns are dominated by north-to-south or south-to-north flow
(National Weather Service (NWS) 2009). The predominant cross-latitudinal flow of
meridional patterns is accomplished through wave trains with superimposed waves of
various wavelength and amplitude that progress (west to east movement) or retrograde
(east to west movement) through the midlatitude region (Bluestein 1993). Thorough
reviews of the various midlatitude flow patterns and their dynamics are provided by
Harman (1991), Bluestein (1993), and Barry and Carleton (2001).

2.1.2 Tropical Cyclones

Embedded within the larger-scale atmospheric general circulation are smaller-
scale vortices such as TCs. TCs are cyclonic synoptic scale non-frontal systems with a
warm core, organized deep convection, and closed wind circulation at the surface that
originate over tropical or subtropical waters (NWS 2009). TCs are termed hurricanes
when they are located over the Atlantic and Northeast Pacific Oceans, Caribbean Sea,
and Gulf of Mexico, typhoons when located over the Northwest Pacific Ocean, and
cyclones when located over the Indian Ocean. The Saffir-Simpson Scale can be used to
further subdivide TCs based on their maximum one minute sustained wind speed

(Appendix B).
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TCs are tropical or subtropical-born systems composed of multiple structural
elements and meteorological phenomena, and these systems have the potential to impact
society within and beyond the Tropics. The general structural model of a TC includes an
eye, eye wall, and spiral rainbands. The eye is a relatively calm circular area in the center
of a TC with partly cloudy to clear skies whereas the eye wall is an organized band of
cumulonimbus clouds encircling the eye (NWS 2009). Beyond the eye wall and region
of relatively continuous, dense cloud cover, the convective rain clouds organize into
bands that spiral out from the TC center (Elsner and Kara 1999). The eye wall and spiral
rainbands consist of various modes of convection including individual convective towers,
mesoscale convective systems, quasi linear convective systems, and supercells (Barnes et
al. 1983; May 1996; Edwards et al. 2010; Houze 2010). The severe convective storms of
which a TC is composed are capable of producing meteorological hazards such as
extreme rainfall, extreme straight-line winds, and tornadoes (TCTORS).

The origin of a TC is generally confined to tropical or subtropical water bodies
because they require a source of heat and moisture, but they do not develop within
approximately eight degrees latitude of the equator as they require a sufficient Coriolis
parameter to induce rotation (Gray 1998). The vast majority of Atlantic Basin TCs form
and reach hurricane strength between ten and thirty-five degrees north latitude (Elsner
and Kara 1999). Over their lifecycle, TCs do not remain immobile over their region of
origin but, rather, track over extratropical waters and landmasses (Figure 2.3). In the
North Atlantic Basin, the majority of TC tracks assume a general parabolic shape (Elsner
and Kara 1999) in which they are initially steered in a westward direction under the

influence of the prevailing northeasterly-to-easterly trade winds of the southern portion of
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the North Atlantic subtropical anticyclone. While assuming this westward track, TCs
also drift northward under the influence of the Coriolis Effect. Eventually, TCs
encounter the western portion of the North Atlantic subtropical anticyclone where they
assume a more northerly track and are steered more directly towards the midlatitudes.
Once located within the midlatitudes, TCs typically are steered northeastward-to-
eastward by the predominant westerly flow. Note that not all TC tracks in the North
Atlantic Basin assume this general parabolic shape; some assume erratic tracks
(Brettschneider 2008).

As TCs are steered through the larger-scale atmospheric circulation, they
encounter ambient environments differing in terms of environmental humidity, vorticity,
vertical motion, and wind shear, among others, and these environmental parameters
influence various TC attributes such as their development, structure, intensity, track,
geometric size, and precipitation field (Gray 1998; Arnott, Evans, and Chiaromonte 2004;
Wang and Wu 2004; Molinari et al. 2006; Emanuel 2007; Ritchie and Elsberry 2007; Hill
and Lackmann 2009; Hendricks et al. 2010; Matyas 2010; Molinari and Vollaro 2010a
and 2010b). More exhaustive reviews of the physical attributes and societal impacts of
TCs, particularly those of the North Atlantic Basin, are given by Pielke and Pielke
(1997), Elsner and Kara (1999), and Keim and Muller (2009).

2.1.3 Tornadoes

Tornadoes are local scale violently rotating, either cyclonically or
anticyclonically, columns of air that extend from a severe thunderstorm’s cumulonimbus
cloud base to Earth’s surface (NWS 2009). The severe convective thunderstorms that

produce tornadoes range from relatively small scale and isolated cells to convective
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systems and supercells embedded within larger-scale midlatitude and tropical cyclonic
systems (McCaul 1993; Rasmussen et al. 2000; Davies-Jones, Trapp, and Bluestein 2001;
Baker, Parker, and Eastin 2009; Edwards et al. 2010; Grams et al. 2012).

Tornadoes have been documented across the globe, with the exception of
Antarctica, but are most common in the United States (Brooks and Doswell 2001;
Grazulis 2001; Brooks, Lee, and Craven 2003). The unique combination of geographic
features in the United States often leads to the confluence of tornado-favorable
ingredients, including instability, moisture, vertical wind shear, and a lifting mechanism
(Eagleman 1983; Johns and Doswell 1992). Bates (1962, 242) states that “nowhere else
in the world are the controls of the general circulation, geography, orography, and the jet
stream more ideally related for the production of the tornado.” In general, the
longitudinally oriented Rocky Mountains, Gulf of Mexico, and semi-permanent North
Atlantic subtropical anticyclone off of the East Coast lead to a confluence of relatively
warm and humid air near the surface transported by southerly winds and relatively cool
and dry air aloft transported by westerly-to-northwesterly winds (Eagleman 1983).
Incursion of the midlatitude westerly jet stream into this environment provides wind
shear and synoptic scale upward vertical motion that can bring about a change from
stable to conditionally unstable conditions (Bates 1962).

Within the United States, because of the same geographic reasons previously
discussed, tornadoes are not uniformly distributed but are, rather, considered to be most
common in a region known as Tornado Alley that spans generally from northwest Texas
northeastward through central Minnesota and North Dakota, and from central Colorado

and Wyoming eastward to northwest lowa and east Kansas and Oklahoma (Brooks,
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Doswell, and Kay 2003). Tornadoes in this region are predominately associated with
severe storms embedded within midlatitude cyclonic systems and other more localized
severe convective storms. TCTORs, on the other hand, are most common in another
relatively tornado-prone region of the southeast United States known as Dixie Alley
(Ashley 2007; Dixon et al. 2011), which is to the south and east of Tornado Alley; i.e., in
the Gulf Coast, Appalachian, and East Coastal Plains regions (Novlan and Gray 1974;
Shultz and Cecil 2009; Moore and Dixon 2011a).

2.2 Tropical Cyclone Tornadoes

2.2.1 Definition and ldentification

Severe convective storms embedded within TCs are capable of producing
TCTORs over a several day period spanning from before landfall as their outer rainbands
come ashore through several days after landfall as the system tracks over land.
Conceptually, TCTORs are simple to define: TCTORs are tornadoes produced by severe
convective storms embedded within TCs. Operationally, however, defining and
identifying TCTORs becomes more complicated. Spatial and temporal parameters are
required to link individual tornadoes with TCs. Otherwise, TCTORs must be manually
identified and linked to a TC using sources such as radar, satellite imagery, and synoptic
weather maps.

Various spatial buffers and temporal parameters have been used to link tornadoes
with their associated TC. Spatial buffers that have been used include 360 km (Cohen
2010), 400 km (Verbout et al. 2007; Moore and Dixon 2011a), 650 km (Belanger, Curry,
and Hoyos 2009), 750 km (Schultz and Cecil 2009), and 800 km (McCaul 1991). Cohen

(2010) used a 360 km parameter because it best captured the synoptic scale influence of
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the TCs in his study. This radius also is approximate to the mean radius (352 km) of the
outermost closed isobar of TCs reported by Kimball and Mulekar (2004). The 400 km
parameter used by Verbout et al. (2007) and Moore and Dixon (2011a) also is
approximate to the 352 km mean radius of the outermost closed isobar and is consistent
with the distance at which TCTOR activity begins to decrease (Schultz and Cecil 2009).
A radial distance of 360 km or 400 km may, however, result in an undercount of
TCTORs, especially with large TCs. Using a larger search radius such as Belanger,
Curry, and Hoyos (2009), McCaul (1991), and Schultz and Cecil (2009) reduces the
likelihood of underestimating the number of TCTORSs, but is likely to introduce
tornadoes that are produced by surrounding disturbances rather than the TC. This is
especially true for compact TCs.

Temporal parameters that have been used include the day before landfall through
the day after landfall (Moore and Dixon 2011a), three days before landfall through three
days after landfall (Schultz and Cecil 2009), and two days before landfall through four
days after landfall (Verbout et al. 2007). The days prior to landfall account for TCTORs
associated with outer rainbands moving ashore prior to landfall. The day of landfall and
those following account for TCTORs produced by the system as it moves inland and
begins to dissipate or undergo extratropical transition (ET).

According to the above discussion on spatial and temporal parameters, the
following sample of operational definitions can be extracted:

= TCTORs are those tornadoes located within 400 km of TC center that occur two

days prior to landfall through four days after landfall (Verbout et al. 2007).
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= TCTORs are those tornadoes located within 750 km of TC center that occur three
days prior to landfall through three days following landfall (Schultz and Cecil
2009).
= TCTORs are those tornadoes located within 400 km of TC center that occur the

day before landfall through the day after landfall (Moore and Dixon 2011a).

Other methods, using weather maps, satellite imagery, and radar, have been used
to identify TCTORs. For instance, the TCTOR dataset created by Roger Edwards of the
Storm Prediction Center (SPC; Edwards 2010b) uses surface maps, upper air maps, and
archived satellite imagery to manually verify that TCTORs are located within the
cyclonic envelope of their associated TC. Schulz and Cecil (2009) used a similar
approach, but only for those TCTORSs that met one or more of the following criteria: (1)
the TCTOR is located at distances greater than 500 km from their associated TC center,
(2) the TCTOR s located at distances greater than 500 km from the coast, and/or (3) the
TCTOR occurred more than three days from their associated TC's landfall. Manual
verification is more time consuming than using pre-determined temporal and spatial
parameters, but it does lead to the development of a more accurate TCTOR dataset that
minimizes over- and under-counting. One-time-use datasets that employ different
TCTOR identification criteria lead to varying TCTOR counts among studies, as shown
by Moore and Dixon (2011a). Because of such inconsistencies, an annually updated and
quality controlled dataset such as the TCTOR dataset (Edwards 2010b) should be adopted
as the standard for TCTOR analyses. Manual verification also simplifies the definition of
a TCTOR to a tornado produced by a severe storm embedded within a TC because it does

not rely on spatial and temporal parameters.



22

2.2.2 Climatology

In an attempt to better understand the physical characteristics and occurrence of
TCTORs, researchers have aggregated multiple events into large databases, or
climatological records. Some of the first TCTOR climatologies appeared in the mid-
1960s (e.g., Pearson and Sadowski 1965; Smith 1965; Hill, Malkin, and Schulz 1966).
Throughout the years, climatological research has maintained an inductive approach,
using TC and tornado observational records to create joint TCTOR databases.

Relatively long periods of record are required to generalize and to capture the
inherent variability associated with TCTORs. One of the earliest extensive
climatological studies examined twenty-five years (1948—1972) of data (Novlan and
Gray 1974). Gentry (1983) followed this study with an examination of the next nine
years (1973—1981). More recent studies have benefitted from the availability of a longer
period of record, which allows for the examination of more events, and thus the capture
of more variability. For example, McCaul (1991) examined the period 1948—1986 and
Verbout et al. (2007) examined the period 1954-2004. Two of the most recent studies
have examined the longest time periods, 1950—2007 (Schultz and Cecil 2009) and
1950—2005 (Moore and Dixon 2011a). All of the above climatological studies have
considered North Atlantic Basin TCs that made landfall along the East Coast or Gulf
Coast of the United States with the exception of Moore and Dixon (2011a), who focused
specifically on Gulf Coast landfalls. In all, these studies have provided valuable
information on TCTOR climatology, including statistics on normal and extreme TCTOR

frequency and their temporal and spatial distributions.
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2.2.2.1 General Frequency

Continued study throughout the years has shown that TCTORs are fairly
common. An early study by Novlan and Gray (1974) reported that only 25% of the TCs
in their study period (1948—1972) produced TCTORs. Later, Gentry (1983) reported that
70% of their examined TCs produced TCTORs. Most recently, Moore and Dixon
(2011a) reported that 83% of their TCs produced TCTORs. Thus, studies have reported
an increasingly large percentage of TCs that produce TCTORs over the years.

The typical number of TCTORs per TC, according to a statistical mean or
median, has likewise increased through the years. Novlan and Gray (1974) reported an
average of ten TCTORs per TC whereas Moore and Dixon (2011a) reported an average
of twenty, and median of thirteen. Similar to that reported by Moore and Dixon (2011a),
Belanger, Curry, and Hoyos (2009) reported a median of fifteen TCTORs per TC. These
increases, however, do not imply that TCTORs are becoming more common. Rather, the
more plausible inference is that advancements in tornado detection technology and
increased public awareness have increased the number of reported TCTORs.

Unlike typical TCTOR activity, the variability from TC to TC has been more
consistent through time. Studies have consistently reported that TCs have a 100+ range,
with some TCs producing no TCTORs while others produce more than 100 (Novlan and
Gray 1974; Verbout et al. 2007; Schultz and Cecil 2009; Moore and Dixon 2011a).

2.2.2.2 Temporal Distribution

Various temporal aspects of TCTORs have been examined including seasonality,
diurnal distribution, and time of occurrence relative to TC landfall. TCTORs have a

distinctly marked seasonal distribution, with the majority occurring in September (Smith
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1965; Novlan and Gray 1974; Moore and Dixon 2011a). However, Moore and Dixon
(2011a) showed that the median number of TCTORs produced by Gulf Coast landfalling
hurricanes does not significantly vary between months. Rather, the seasonality of
TCTORs is likely associated with the seasonality of TC landfalls (i.e., more (less) TC
landfalls leads to more (less) TCTORS). Moreover, intense TCs, which have been shown
to be more likely to produce larger numbers of TCTORs (Smith 1965; Hill, Malkin, and
Schulz 1966; Novlan and Gray 1974; McCaul 1991; Verbout et al. 2007; Moore and
Dixon 2011a), are more common in August and September.

TCTORs occur most often during afternoon hours (local time). Studies have
reported peak activity at varying times in the afternoon including 1700 UTC (Novlan and
Gray 1974), 2100-2400 UTC (Gentry 1983; McCaul 1991), 2000-2300 UTC (Schultz
and Cecil 2009), and 2000—2200 UTC (Moore and Dixon 2011a). The similarity
between these reported trends supports the hypothesis that solar heating and subsequent
atmospheric instability increase the likelihood of TCTORs (Edwards 2010a). McCaul
(1991), however, reported that values of convective available potential energy (CAPE) at
0000 and 1200 UTC are not significantly different and suggested that a diurnal
observation bias may be responsible for the greater number of TCTORs reported during
daytime hours. Whether this diurnal tendency is caused by increased solar heating or an
observation bias is yet to be conclusively determined.

TCTOR activity is greatest near the time of landfall (Novlan and Gray 1974;
Gentry 1983; McCaul 1991; Schultz and Cecil 2009; Moore and Dixon 2011a). In
general, TCTOR activity rapidly increases approximately twelve hours before landfall

and peaks shortly after landfall where it begins to gradually decrease (McCaul 1991;
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Schultz and Cecil 2009; Moore and Dixon 2011a). Elevated TCTOR activity near the
time of landfall is likely related to surface friction-induced vertical wind shear (Novlan
and Gray 1974; Gentry 1983; McCaul 1991; McCaul and Weisman 1996; Suzuki et al.
2000; McCaul et al. 2004; Verbout et al. 2007). Even though TCTORs are most common
near the time of landfall, it is important to note that they have been reported up to
seventy-two hours before and after landfall (Schultz and Cecil 2009).

2.2.2.3 Spatial Distribution

TCTORSs are spatially dispersed phenomena, although clusters of dense TCTOR
activity are apparent when climatological datasets are plotted. These clusters typically
are associated with individual TC landfalls. TC Beulah's (1967) TCTORs, for instance,
account for a large number of TCTORs that have occurred in south Texas. TCTORs are
most prevalent in the Gulf Coast region. According to Novlan and Gray (1974) and
Gentry (1983), Gulf Coast-landfalling TCs are more likely than East Coast-landfalling
TCs to produce tornadoes, likely because of differences in TC/land orientation. This led
Moore and Dixon (2011a) to examine Gulf-Coast landfalling hurricanes exclusively.
Their study showed that TC landfalls along the eastern section of the Gulf Coast typically
have larger TCTOR outbreaks than landfalls in the central and western section of the
Gulf Coast.

The spatial distribution of TCTORs is most dense near the coastline and becomes
sparser farther inland (Novlan and Gray 1974; Gentry 1983; Schultz and Cecil 2009;
Moore and Dixon 2011a). Moore and Dixon (2011a) reported that approximately 54%
(78%) of tornadoes associated with Gulf Coast-landfalling hurricanes were located within

200 km (400 km) of the Gulf Coastline. Likewise, Schultz and Cecil (2009) reported that
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approximately 80% of the TCTORs along the East and Gulf coastlines were located
within 200 km of the coastline and that 94% were within 400 km. The predominance of
near-coastline TCTORs is likely associated with a combination of increased vertical wind
shear (Novlan and Gray 1974; Gentry 1983) and increased low-level convergence
(Schultz and Cecil 2009), both of which increase as a TC encounters the rougher surface
of land.

Research also has examined the spatial distribution of TCTORs within the TC
environment. TCTORs have been reported at distances up to 800 km from the TC center
(McCaul 1991). TCTORs have, however, been shown to cluster in two regions with
respect to distance from TC center: (1) inner core TCTORs located within the eyewall
and inner rainbands and (2) outer rainband TCTORs generally located between 200 and
400 km from TC center (Gentry 1983; Weiss 1987; Schultz and Cecil 2009). McCaul
(1991) reported an observed maximum in TCTOR frequency at 300 km from TC center.
In addition to the favored distance intervals from TC center, TCTORSs have been shown
to cluster in the right-front quadrant of TCs (Pearson and Sadowski 1965; Smith 1965;
Hill, Malkin and Schulz 1966; Orton 1970; Novlan and Gray 1974; Gentry 1983; McCaul
1991; Edwards 2008; Schultz and Cecil 2009; Edwards 2010a). Wind shear (Novlan and
Gray 1974; Gentry 1983; McCaul 1991; Bogner, Barnes, and Franklin 2000) and helical
flow (McCaul 1991) also are elevated in the right-front quadrant, thus creating a distinct
region of TCTOR-favorable conditions.

2.2.3 Case Studies
Detailed accounts of individual TCTOR events have been around for nearly a

century (e.g., Gray 1919), and have continued throughout the years (Barbour 1924; Hills
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1929; Malkin and Galway 1953; Sadowski 1962; Rudd 1964; Orton 1970; McCaul 1987;
Snell and McCaul 1993; Suzuki et al. 2000; Baker, Parker, and Eastin 2009). Many of
these case studies have focused on some of the most prolific TCTOR-producing TCs.
For instance, Orton (1970) provided an account of the tornado frequency, spatial
distribution, and human and economic losses associated with Hurricane Beulah (1967).
Baker, Parker, and Eastin (2009) examined Hurricane lvan (2004) in search of
environmental parameters that may support supercell formation, and thus TCTORSs,
within TC environments. Some of the more recent case studies have proven beneficial to
the verification of supercell structures within and near TC environments (Suzuki et al.
2000; Baker, Parker, and Eastin 2009), in turn contributing to our understanding of
TCTOR genesis and advancing detection abilities. A primary weakness of these case
studies, however, is that they do not facilitate generalization because they do not capture
case-to-case variability.
2.2.4 Formation, Forecasting, and Detection

Various meteorological variables, such as moisture, instability, lift, and wind
shear, are proposed to be linked to TCTOR formation (Edwards 2008; Edwards et al.
2010). Multiple indices and parameters have been developed to operationalize these
variables (Doswell and Schultz 2006). McCaul (1991) provides a summary of specific
environmental vertical motion and shear parameters that correlate with TCTOR
occurrence. He reported that the bulk Richardson number (BRN), storm relative helicity
(SRH), and various measures of vertical wind shear are positively correlated with
TCTOR activity and that CAPE is weakly negatively correlated; McCaul et al. (2004)

suggested that earlier measurements of CAPE might be biased low, indicating that



28

convective instability may be more important to TCTOR genesis than previously
reported. Of the above parameters, the presence of vertical wind shear is perhaps the
oldest and most well supported parameter linked to TCTORs (Novlan and Gray 1974;
Gentry 1983; McCaul 1991; McCaul and Weisman 1996; Suzuki et al. 2000; McCaul et
al. 2004; Verbout et al. 2007). Gentry (1983) proposed that vertical wind shear is created
when surface friction reduces the velocity of low-level winds but not the velocity of
higher-level winds. Studies also have shown that mini-supercells often are located within
TC rainbands and that these mini-supercells often spawn TCTORs (McCaul 1987;
McCaul 1993; McCaul and Weismann 1996; Spratt et al. 1997; Suzuki et al. 2000;
McCaul et al. 2004).

Synoptic scale variables have, likewise, been associated with TCTORs. These
include dry air intrusion into the TC environment (Novlan and Gray 1974; Vescio, Weiss,
and Ostby 1996; Curtis 2004; Cohen 2010), the presence and proximity of a 500 hPa
trough in the midlatitude westerlies (Verbout et al. 2007; Baker, Parker, and Eastin
2009), the relative location of a 200 hPa jet (Cohen 2010), and the location of baroclinic
(frontal) zones (Edwards and Pietrycha 2006).

Forecasters often utilize many of the meteorological variables and parameters that
have been shown to be associated with TCTOR formation when determining the
likelihood that a TC will spawn TCTORs. This ingredients-based approach typically
concentrates on the concurrent appearance and juxtaposition of instability, lift, and
vertical wind shear (Doswell 1987; Johns and Doswell 1992; Doswell, Weiss, and Johns
1993; Edwards 2008; Edwards et al. 2010); moisture is typically not a focus with

TCTORs because the TC environment is moisture rich (Edwards and Pietrycha 2006;
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Edwards 2008, 2010a, and 2012; Edwards et al. 2010). Schneider and Sharp (2007)
provide a list of meteorological parameters and threshold values to distinguish between
low and high TCTOR threat.

Other forecasting approaches have been used to assess the likelihood of TCTOR
genesis. For instance, Belanger, Curry, and Hoyos (2009) and Cecil and Schultz (2010)
employed empirical models to forecast the threat of TCTORs (Belanger, Curry, and
Hoyos 2009; Cecil and Schultz 2010). Pattern recognition and analogs also have been
proposed as methods of assessing the potential for TCTORs (Cohen 2010). Root et al.
(2007) point out that major and extreme weather events may not be recognized in model
outputs by even experienced forecasters and, therefore, proposed the use of synoptic
pattern recognition and forecast analogs when predicting major and extreme weather
events. Similarly, Cohen (2010) recommends the use of synoptic pattern recognition in
the forecast process when identifying the likelihood of TCTORs.

The NWS has developed an experimental project known as the Tropical Cyclone
Tornado Threat Product to assess and communicate the potential threat of TCTORs
(NWS n. d.). Such a product has the potential to advance warning capabilities and
increase public awareness of the TCTOR threat. The Tropical Cyclone Tornado Threat
Product implements multiple forecasting approaches by considering regional scale
environmental conditions and local scale parameters that enhance the potential for
TCTORSs. Local weather forecast offices (WFOs) issue a threat index ranging from zero
(no threat) to five (extreme threat) once a TC watch or warning has been issued for a
region. The threat level is based on the likelihood of TCTOR occurrence and the

anticipated intensity of the most intense TCTORs.
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Despite advances in our understanding of the meteorological variables and
parameters that are conducive to TCTORs, forecasting TCTORs, especially those not
associated with supercells, remains a difficult and imprecise task (Edwards et al. 2010).
Because of forecasting difficulties, TCTOR detection is an important task to the
mitigation of TCTOR impacts. Weather radar is the primary tool for operational TCTOR
watches and warnings because intense rainfall, low cloud bases, fast translational speeds,
and the short-lived nature of TCTORs make visual detection by storm spotters difficult
(Edwards 2008). Given its importance, continuous research efforts have been directed
towards recognizing and interpreting TCTOR radar signatures (e.g., McCaul 1987; Snell
and McCaul 1993; Spratt et al. 1997; McCaul et al. 2004; Schneider and Sharp 2007).
This line of research has provided unique insight into the near-TCTOR environment,
including their association with mesocyclones and other traditional tornadic radar
signatures such as hook echoes.

Weather radar analysis is not without its drawbacks. For instance, the TCTOR-
related inflow notches and hook echoes observed by Spratt et al. (1997) were often less
apparent than those seen with non-TC tornadoes. In addition, TC supercells, which are
responsible for the majority of TCTORs (Edwards et al 2010), are notably different (i.e.,
smaller and shallower with slower rotational velocity) than non-TC supercells (McCaul
1991). Spratt et al. (1997) argue that, in addition to continued use of advanced weather
radar (i.e., weather surveillance radar-88 Doppler (WSR-88D)) technology, model
simulations of the structure and evolution of TCTORs and case studies may increase

detection and warning capabilities.
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2.2.5 General Conclusions from the Literature

The investigation of TCTORs from various perspectives has provided insight into

their occurrence. The following bulleted list summarizes general outcomes from the

body of TCTOR research that has accrued over the years. This list is not exhaustive and

there is no particular ordering.

TCTORSs are most common near the coastline. The clustering of TCTORS near
the coastline is most likely associated with the increased vertical wind shear and
low-level convergence induced by the differential effect of surface friction.
TCTORs are most common in the right-front quadrant of TCs, but are possible at
any location within the storm environment and within surrounding non-related
disturbances.

A large portion of TCTORS are associated with mini-supercell structures within
the deep convection of the eyewall and surrounding rainbands.

TCTORSs have occurred in all months of hurricane season; however, the
climatological record indicates maximum activity in September.

Intense TCs are more likely to produce TCTORs, especially large outbreaks.
TCTORs have, however, been reported with tropical systems of all strengths.
TCTORSs are most common near the time of their associated TC's landfall, likely
because of the same reason for elevated TC activity near the coastline (see the
first bullet).

A significant diurnal signal is yet to be justified because of potential data bias.
TCTORSs are more common with Gulf Coast landfalls than with East Coast

landfalls.
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= Elevated levels of SRH, vertical wind shear, and dry air intrusion are indicators
of potential TC tornadic activity.
= Various forecasting approaches should be used in conjunction with Doppler radar
technology during the detection, forecasting, and warning procedures.
2.3 Synoptic Climatology
2.3.1 Definition

Multiple definitions of synoptic climatology have been given over the years. The

bulleted list below provides a sample of these definitions.
= Synoptic climatology relates atmospheric circulation to the surface (Court 1957).
= Synoptic climatology is the study of the relationship between atmospheric

circulation and local or regional climate (Barry and Perry 1973).

= Synoptic climatology is the study of the relationship between the atmospheric

circulation and the surface environment, where surface environment refers to a

particular meteorological phenomenon, the overall weather conditions in the

planetary boundary layer, or a non-direct meteorological phenomenon such as air

pollution occurring in a region (Yarnal 1993).

= Synoptic climatology studies the relationship of local and regional climate

conditions to the atmospheric circulation (Barry and Carleton 2001).

From this sample of definitions it can be concluded that the most distinctive
theme of synoptic climatology is its attempt to relate the larger-scale atmospheric
circulation to the smaller-scale surface environment. Note that Yarnal (1993) makes the
distinction that the surface environment includes meteorological and non-meteorological

phenomena. No distinction is made by any of these definitions regarding which
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atmospheric variables to use when classifying the atmospheric circulation. However, in a
discussion of synoptic and dynamic climatology, Court (1957) commented that synoptic
climatology should utilize synoptic scale variables such as pressure patterns, air masses,
and map patterns when categorizing atmospheric circulation. A review of the synoptic
climatology literature reveals that studies often have utilized the synoptic scale variables
suggested by Court (1957) and, furthermore, that they often have utilized variables that
are theoretically or empirically linked to the surface environment or phenomenon of
interest.
2.3.2 Historical Developments

Humans have long been aware of the link between large scale atmospheric
motions and surface weather conditions. Some of the earliest examples of this awareness
linked wind direction with typical weather conditions. Barry and Perry (1973), for
instance, highlight Biblical references that illustrate knowledge of the link between wind
direction and associated surface weather. Another illustration of this awareness is the
Tower of the Winds in Athens, Greece, constructed in the second century AD, which
associates wind from each cardinal direction with characteristic weather conditions
(Karapiperis 1951). Weather lore and adages in many regions of the world provide many
more examples that illustrate the awareness of the influence of common large scale
atmospheric motions on surface weather (e.g., Inwards 1950; Freier 1992).

In the mid-nineteenth century, the work of William Ferrell and Christophorus
Buys-Ballot established the relationship between wind and horizontal pressure gradients.
This discovery provided the foundation for synoptic analysis (Leighly 1949) and, as soon

as synoptic weather maps were produced in the late nineteenth century, investigators
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began manually classifying and analyzing synoptic weather maps, noting commonly
recurring synoptic patterns (Barry and Carleton 2001). For instance, Wladimir Koppen
studied the influence of pressure patterns and the resultant airflow on weather in St.
Petersburg, Russia, using six atmospheric circulation patterns: (1) straight; (2)
anticyclonically curved isobars; (3) cyclonically curved isobars; (4) anticyclone center;
(5) cyclone center; and (6) intermediate conditions (Barry and Perry 1973). This study
has been said to be the beginning of synoptic climatology (Stringer 1972), although the
term synoptic climatology was not proposed until the mid-twentieth century. Other
influential studies in the early progress of synoptic climatology are those by Ralph
Abercromby and Ernest Gold. In the latter half of the nineteenth century, Abercromby
analyzed weather conditions over the British Isles in terms of wind vectors using the four
cardinal directions (Abercromby 1883 and 1887). Later, in the early twentieth century,
Gold classified pressure patterns over England and then related them to local weather
conditions (Gold 1920).

The term synoptic climatology was proposed during the Second World War by
Woodrow C. Jacobs in the United States and by Charles S. Durst in Great Britain (Hare
1955). Intentions for synoptic climatology at this time were to aid military operations by
providing long range weather forecasts (Court 1957; Barry and Perry 1973). Synoptic
climatology remained focused on relating synoptic patterns to the corresponding surface
weather for the next few decades (Yarnal 1993). Also, prior to the 1980s, many synoptic
climatology studies and projects focused on classification methods and schemes (Yarnal

et al. 2001). Two highly regarded manually-derived synoptic classifications (Yarnal
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1993) were developed in the 1970s: The Lamb Weather Types (Lamb 1972) and The
Muller Classification (Muller 1977).

Beginning in the late 1970s, synoptic climatologists expanded their attention from
surface weather and began applying the pattern recognition approach to a variety of
environmental problems such as air pollution, pollen density, biological stress, crop
yields, and water quality and quantity (Kalkstein and Corrigan 1986, Yarnal 1993). Also
at this general time, emphasis shifted away from classification methods and schemes and
towards their application (Yarnal et al. 2001). To date, the synoptic climatology
approach has been applied to various environmental problems and weather phenomena
including air pollution (e.g., Comrie and Yarnal 1992; Davis and Gay 1993; Comrie
1994), precipitation (e.g., Keim and Muller 1992; Sweeney and O’Hare 1992; Keim and
Faiers 1995; Keim 1996; Konrad 1997), severe winter weather and snowfall (e.g.,
Leathers and Ellis 1996; Ryan 2009), solar radiation regimes (Suckling and Hay 1978),
and non-TC tornadoes, TCTORS, and other severe storms (e.g., Davis and Rogers 1992;
Leathers 1993; Davis, Stanmeyer, and Jones 1997; Bentley, Mote, and Byrd 2000; Cohen
2010). A more comprehensive discussion of the application of synoptic climatology to
non-TC tornadoes and TCTORs is provided in section 2.4.

The ability of synoptic climatology to simplify a multitude of complex
meteorological variables by categorizing them into discrete groups has attracted many
researchers focused on a variety of problems (Kalkstein 1979; Perry 1983).
Classification, or the systematic grouping of events into classes based on shared
properties or relationships (Abler, Adams, and Gould 1971), is perhaps the most basic

procedure by which scientists impose order and coherence upon the large amount of
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complex information from the real world; classification reveals patterns that often are
obscured in raw data, aids in the formulation of hypotheses, and guides further
investigations (Harvey 1969; Abler, Adams, and Gould 1971). Classification is a
necessity of scientific endeavor because, as put by Abler, Adams, and Gould (1971, 149),
“If every object and event in the world were taken as distinct and unique — a thing in
itself unrelated to anything else — our perception of the world would disintegrate into
complete meaninglessness.” This is especially true for synoptic climatology, with its
attempt to find links between surface phenomena and common modes, or patterns, in the
ever-changing atmospheric circulation. Because of the inherent need for synoptic
climatologists to simplify the atmospheric circulation, a primary concern of theirs has
become to classify the atmosphere into discrete groups (Yarnal 1993).
2.3.3 Approaches and Methods

All synoptic climatology studies share certain steps and characteristics.
According to Barry and Perry (1973), all synoptic climatology studies consist of two
basic steps: (1) atmospheric circulation classification; and (2) the assessment of the
relationship between the atmospheric circulation categories and a given location's or
region's weather elements. Later, Yarnal (1993) provided a similar list of commonalities
among synoptic climatology studies: (1) they classify the atmospheric circulation; (2)
they link two or more scales of analysis: the large-scale atmospheric circulation and the
smaller-scale surface environment; (3) they examine the effect of climate variability on
the surface environment; and (4) they focus on the spatial unit of region.

Two general methodological approaches exist by which a synoptic climatology

study can be designed: (1) circulation-to-environment or (2) environment-to-circulation
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(Yarnal 1993). The circulation-to-environment approach proceeds first with the
classification of the atmospheric circulation. The surface environment is related to the
atmospheric circulation after the classification process. The classification of the
atmospheric circulation is, therefore, independent of the corresponding surface
environment. For instance, considering TCTOR outbreaks, a circulation-to-environment
approach would first proceed with the classification of the atmosphere for a given spatial
unit and time period. The classification would identify synoptic patterns that are based
on predetermined criteria that favor TCTOR development. After the classification is
complete, the surface environment would be categorized as TCTOR outbreak or non-
outbreak and then each of the outbreaks and non-outbreaks would be related to its
corresponding synoptic pattern.

According to the environment-to-circulation approach, the surface environment
controls the classification process. That is, the atmospheric circulation is only classified
when a particular surface environment or phenomenon is present. The classification of
the atmospheric circulation is, therefore, dependent on the corresponding surface
environment. For example, considering TCTOR outbreaks, the initial step would be to
identify TCTOR outbreaks. Once the outbreaks are identified, the atmospheric
circulation corresponding to each outbreak would be classified.

Multiple classification methods may be used to classify the atmospheric
circulation into discrete groups. Yarnal (1993) identified and thoroughly discussed
several classification methods including compositing, correlation-based map patterns,
eigenvector-based synoptic patterns and map patterns, and manual synoptic patterns, that

are commonly used in modern synoptic climatology. Compositing, correlation-based,
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and eigenvector-based methods are collectively known as computer-assisted methods
(Yarnal 1993). Compositing involves the averaging of synoptic maps that correspond to
a specific surface environment. Yarnal (1993) suggests that it is a useful method for
taking an initial look at the link between a specific surface environment and the
associated atmospheric circulation, but that the averaging of maps induces a false
impression of the typical, or normal, synoptic pattern and reduces pattern variability. By
reducing pattern variability, an analyst may omit critical, but infrequent, synoptic
patterns. Compositing, therefore, should not be used as the sole classification method in
an analysis. Correlation-based and eigenvector-based methods utilize algorithms to
determine the synoptic map patterns and to sort the data into these patterns (Yarnal
1993). These methods gained popularity in the 1970s and 1980s because they were
viewed as being easier to perform and time efficient, and because they were regarded as
more objective than manual classification (Barry 1980). Although computer-assisted
methods are easier and more time efficient, it is now realized that all methods of
classification, including computer-assisted methods, require subjective decisions to be
made in the research design process (Yarnal 1993).

Manual synoptic classification involves manually classifying synoptic maps into
categories, or synoptic patterns (Yarnal 1993). Manual classification dates back to the
development of the synoptic weather map in the late nineteenth century (Barry and
Carleton 2001), thus it has withstood the test of time as a viable classification method.
Many analysts prefer manual classification techniques because they allow the analyst to
become thoroughly aware of, and familiar with, the linkages between the large scale

synoptic environment and the surface environment, they allow the analyst to tailor the
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classification to their data, and they allow the analyst to completely control the
classification process (Yarnal 1993). Computer-assisted methods, on the other hand,
have a black-box element regardless of an analyst's knowledge of the method's
mathematical foundation and parameters (Yarnal 1993). Barry and Carleton (2001)
affirm that persistent examination of synoptic weather maps allows an analyst to gain
familiarity with commonly recurring synoptic patterns. Manual classification also
ensures that the identified synoptic patterns have meteorological significance (Cannon,
Whitfield, and Lord 2002) and its flexibility allows analysts to consider the synoptic
patterns occurring several days before and after the surface environment of interest rather
than individual days in isolation (Jones, Hulme, and Briffa 1993). Manual classification
is, however, not without its limitations. It is a labor and time intensive process and,
because of its subjective nature, is difficult to replicate because the classification process
will differ between analysts and even with a single analyst (Key and Crane 1986; Yarnal
1993; Barry and Carleton 2001).
2.4 Synoptic Climatology of Tropical Cyclone Tornadoes

In the past, synoptic pattern recognition has been applied to the creation of
specialized tornado forecasting techniques (Doswell, Weiss, and Johns 1993). Johns and
Doswell (1992) propose that pattern recognition may be valuable to the identification of
tornado outbreak potential, but that uncertainty exists concerning the links between
synoptic scale processes and tornado outbreaks. In a more recent study, Shafer et al.
(2009) demonstrated the utility of synoptic scale variables in distinguishing tornado
outbreak and non-outbreak cases up to three days prior to the event and advocate the

potential of synoptic scale predictability of tornado outbreaks. Similarly, Mercer et al.
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(2012) reported differences in the patterns of 500 hPa and 850 hPa geopotential height
composites associated with tornado outbreak and non-outbreak severe weather events.

Synoptic pattern recognition has been extensively applied to non-TC tornadoes in
the United States. Certain synoptic patterns, such as those identified by Miller (1972),
have successfully described the general environments in which tornado outbreaks tend to
occur. Miller's Type B pattern, which is characterized by the concurrence and
juxtaposition of a surface midlatitude cyclone, an upper-level trough, a strengthened
polar jet stream, and a low-level jet from the south, typifies a "classic™ tornado outbreak
setting in the United States (Johns and Doswell 1992; Doswell, Weiss, and Johns 1993).
Throughout the years, synoptic studies often have reported tornado-favorable patterns
similar to Miller's Type B Pattern (e.g., Fujita, Bradbury, and Van Thullenar 1970; Agee
et al. 1975; Leathers 1993; Roebber, Schultz, and Romero 2002; Corfidi et al. 2010;
Mercer et al. 2012).

Other, often localized, tornado outbreaks are associated with atypical synoptic
patterns. Such atypical patterns have led some researchers to focus on synoptic patterns
associated with tornado outbreaks in specific geographic regions. Leathers (1993), for
example, examined the synoptic conditions associated with tornadoes in the northeastern
United States. He reported that the most common synoptic features present during the
initiation of tornadic storms were a strong surface cyclone, a mid-tropospheric short wave
trough, and a frontal boundary. Davis, Stanmeyer, and Jones (1997) identified five
recurring synoptic categories, and a sixth TC category, that are associated with tornadoes

in Virginia.
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Only a few studies have analyzed synoptic conditions associated with TCTOR
outbreaks. Verbout et al. (2007) noted the propensity for recurving TCs to produce
TCTOR outbreaks and, thus, examined synoptic conditions in search of recurring patterns
in association with TC recurvature. They compared synoptic composites for outbreak
and non-outbreak cases associated with TC landfalls in Texas and found that 500 hPa
geopotential height and wind shear between the surface and 850 hPa best distinguished
between outbreak and non-outbreak landfalls. Outbreak landfalls were associated with a
500 hPa trough in the north-central United States whereas non-outbreak landfalls were
associated with a 500 hPa ridge in the north-central United States placing the jet stream
farther poleward of the landfalling TC. Further, outbreak landfalls were associated with a
relatively high mean low-level wind shear of 4-8 m s whereas the wind shear associated
with non-outbreak landfalls was only half as strong. From these results, they
hypothesized that the 500 hPa trough situated over the north-central United States
enhanced deep-layer shear in recurving TCs, which increased the likelihood of
mesocyclogenesis and, therefore, TCTORs.

Cohen (2010) examined the synoptic scale environment associated with TCs, with
the intent of distinguishing between TCs that are likely to produce TCTORs and those
that are not. He created synoptic composites of 200 hPa flow, 850 hPa flow, mean sea
level (MSL) pressure, 500 hPa geopotential height, 200 hPa temperature, and 600 hPa
relative humidity for substantially tornadic TCs (four or more tornadoes) and non-
substantially tornadic TCs (no more than one tornado). Several of these composites were
successful in distinguishing between TCs that produced TCTORs and those that did not.

Substantially tornadic TCs were associated with (1) an enhanced 200 hPa jet streak to the
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northwest of the TC, (2) an organized, relatively large, and directionally symmetric 850
hPa cyclonic wind field with the strongest flow in the northeast semicircle of the cyclonic
envelope, (3) a distinct, organized, and symmetric MSL cyclonic pattern, and (4) a 600
hPa wedge of dry air cyclonically enveloping the TC and intruding into its eastern half.

Belanger, Curry, and Hoyos (2009) examined the usefulness of synoptic scale
variables in explaining TCTOR frequency. Rather than using a traditional synoptic
classification method such as the compositing technique used by Verbout et al. (2007)
and Cohen (2010), they developed two multiple regression models with synoptic scale
parameters serving as the independent variables. They hypothesized that TCTOR
frequency is dependent upon TC intensity at landfall (maximum one-minute sustained
wind speed), TC horizontal size (radius of the outer-most closed isobar), mid-level dry air
entrainment (500 hPa specific humidity gradient within 5° from TC center), and TC
recurvature (defined as the difference between twelve-hour averaged storm heading at
landfall and the twelve-hour averaged storm heading at the time of the last tropical
advisory). Their model that included all four predictors, called Recon, explained 70% of
the variability in observed TCTOR frequency.

Other studies have analyzed or speculated on the importance of synoptic scale
variables to TCTOR outbreaks. For instance, multiple studies have noted the importance
of the interaction with, and/or entrainment of, a reservoir of mid-tropospheric dry air into
the TC environment (Novlan and Gray 1974; McCaul 1987; Curtis 2004). Curtis (2004)
examined thirteen TCTOR outbreak cases, eleven of which showed signs of dry air
intrusion. He identified two distinct patterns when considering relative humidity at the

500 hPa, 700 hPa, and 850 hPa levels: (1) a region of dry air to the north or northwest of
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a TC, which gradually divides into two lobes, one to the northwest and another to the
northeast of a TC as it advances; (2) a region of dry air to the east of a TC is entrained
into the TC’s circulation. Similar to Verbout et al. (2007), Baker, Parker, and Eastin
(2009) noted the importance of enhanced vertical wind shear associated with an
approaching midlatitude trough to the TCTOR outbreaks produced near the time of TC
Ivan’s (2004) landfall. Surface baroclinic zones, whether pre-existing boundaries
merging with a TC or boundaries developing within the TC environment, also have been
linked to TCTORSs (Pietrycha and Hannon 2002; McCaul et al. 2004; Edwards and
Pietrycha 2006). The origin of these boundaries may be midlatitude frontal cyclones
migrating across the United States or, as pointed out by Schultz and Cecil (2009), cloud-
free regions produced by mid-tropospheric dry air entrainment can induce differential
surface heating and baroclinic boundaries within a TC.
2.5 Concluding Remarks

TCTORs have received substantial attention from the research community to
satisfy basic research interests and to address practical issues such as forecasting,
warning, and casualty mitigation. Case studies have provided information about
TCTORs associated with a single TC landfall. Although these studies do not capture
TCTOR variability, in terms of their frequency, intensity, or genesis, they are practical
for detailed weather radar studies that provide insight into the mesoscale TCTOR
environment. Climatological studies, especially more recent studies, have captured the
TCTOR variability missed by case studies and have provided various temporal and
spatial generalizations. These studies have essentially provided insight into when and

where TCTORs are most prevalent. Other studies have analyzed mesoscale and synoptic
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scale environments associated with TCTORsS in search of potential variables to
distinguish between TCTOR-favorable and non-favorable environments.

The ambient environment in which TCTORs occur is different than that of non-
TC tornadoes (McCaul and Weisman 1996). Because of this difference, traditional
tornado forecasting and detection procedures, such as the ingredients-based forecasting
approach and weather radar detection, may not be as competent with TCTORSs.
Furthermore, there are inherent difficulties in the dissemination of TCTOR watches and
warnings. It therefore seems practical to explore additional approaches that may be
useful to the understanding and anticipation of TCTORs. These additional approaches
should not replace existing methods but should, rather, be used in conjunction with other
methods.

Root et al. (2007) emphasize that major weather events, such as TCTOR
outbreaks, often are associated with recurring synoptic patterns, making pattern
recognition a practical approach. Also, according to Doswell, Weiss, and Johns (1993),
tornado outbreaks are typically associated with certain synoptic patterns, or synoptically
evident patterns. More recently, Shafer et al. (2009) demonstrated that synoptic scale
variables are capable of distinguishing tornado outbreak and non-outbreak cases up to
three days in advance.

A few studies have had success in identifying synoptic patterns associated with
TCTOR outbreaks and, therefore, have provided empirical links between multiple
synoptic scale variables and TCTORs that provide insight and guidance to future studies.
The two previous traditional synoptic studies (Verbout et al. 2007; Cohen 2010) have

applied the compositing method, which is a valuable method for taking an initial look at
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generalized synoptic patterns (Yarnal 1993). Because of its averaging process, however,
a drawback of compositing is that variability is reduced or even lost. It, therefore, seems
practical to use another synoptic classification method to investigate synoptic patterns
associated with TCTORs. Applying another classification method to TCTORs may
verify the previous TCTOR outbreak composites produced by Verbout et al. (2007) and
Cohen (2010) and may even provide additional insight overlooked by the compositing
process.

Given the limited application of the pattern recognition paradigm to TCTORs, it
seems reasonable to manually classify the ambient environment associated with TCTOR
outbreaks. Manual classification provides perhaps the most in-depth insight into the
relationship between synoptic patterns and the surface environment because of its
thorough and iterative process (Yarnal 1993; Barry and Carleton 2001). The
identification of synoptic patterns that favor TCTOR outbreaks will provide insight into
synoptic scale forcings conducive to TCTORs and may provide forecasters with analogs

that can be used to better anticipate TCTORs (Cohen 2010).
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2.6 Chapter Two Figures

Polar Easterlies at surface and
westerly return flow aloft
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Midlatitude Westerlies

A 30°N Subtropical High
Hadley{“ / 7 / I / Y / /’/ NE Surface Trade Winds
Cell \ & / . Y and SW retumn flow aloft
- 0 Equatorial Low

FIGURE 2.1. Simplified model of global atmospheric circulation cells and prevailing
winds in the northern hemisphere.
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FIGURE 2.2. Illustration of zonal (A) and meridional (B)
midlatitude westerly flow patterns.
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CHAPTER 111

DATA AND METHODS

3.1 Data
3.1.1 Tropical Cyclone Tornado Data

Tornado data were obtained from the TCTOR dataset developed by Roger
Edwards of the SPC in Norman, OK (Edwards 2010b). The TCTOR dataset is compiled
from the SPC’s ONETOR database and the National Hurricane Center’s (NHC's)
HURDAT records. The TCTOR dataset provides information about TCTORs produced
by TC landfalls along the East Coast and Gulf Coast of the United States over the period
1995-2010. Edwards (2010a) provides a detailed description of the TCTOR dataset,
including the criteria used in TCTOR selection, the procedures used to create new
variables, and a statistical analysis of the overall dataset.

The TCTOR dataset was chosen for three primary reasons. First, the beginning of
its period of record (1995) corresponds with the NWS modernization, specifically the
deployment of WSR-88D units, which should minimize data inhomogeneities caused by
changes in the warning and verification practices associated with the modernization,
while still providing an adequate sample size (Edwards 2010a). In agreement, Agee and
Hendricks (2011), in a recent assessment of Florida TCTORs, concluded that the
Doppler-era (1996—2010) TCTOR records are more accurate than the pre-Doppler-era

(21979-1993) records, which underestimate TCTOR occurrence in Florida. Second,
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surface maps, upper air maps, and archived satellite imagery have been used to manually
verify that each TCTOR is located within the cyclonic envelope of their respective TC
(Edwards 2010a). Third, variables have already been computed that link TCTORS with
their associated TC, both temporally and spatially. These include the distance between
each TCTOR and their associated TC center and the azimuth of each TCTOR relative to
north. Table 3.1 provides a list of the information provided by the TCTOR dataset.

3.1.2 Synoptic Data

The most common data for manual synoptic classification are surface weather and
upper-air maps (Yarnal 1993). Reanalysis projects produce retroactive, homogenous
records of atmospheric fields (Skaggs 2004; Giles 2005) in the form of raw data and
gridded outputs (plots, or maps) and, as a result, have led to significant advancements in
the field of synoptic climatology (Sheridan and Cameron 2010). Reanalysis projects,
originating in the 1990s, evolved from previous assimilated datasets to address problems
associated with their continual progression and with other operational changes such as
time of observation (Giles 2005). Multiple reanalysis projects have been developed since
the 1990s, with primary differences in their temporal and spatial coverage, temporal and
spatial resolution, and vertical layers (Table 3.2).

National Centers for Environmental Prediction-North American Regional
Reanalysis (NCEP-NARR) plots (Mesinger et al. 2006) were obtained for the synoptic
classification. The NCEP-NARR project is a follow-up to the National Centers for
Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
Global Reanalysis and is intended to improve upon earlier global reanalysis datasets in

resolution and accuracy by providing a long-term, consistent, high-resolution climate
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dataset for the North American domain (Mesinger et al. 2006). NCEP-NARR plots are
gridded at the highest spatial resolution (32 km) of any of the reanalysis projects and the
National Operational Model Archive and Distribution System (NOMADS) provides a
built-in grid analysis and display system (GrADS) plotting application that is available
for the NCEP-NARR daily dataset (NCDC 2011). Plots also are obtainable through the
National Oceanic and Atmospheric Administration’s (NOAA's) Earth System Research
Laboratory (ESRL) Physical Sciences Division (NOAA n.d.). Given the localized nature
of TCTORs, the high spatial resolution of the NCEP-NARR output seems to be the
logical choice. NCEP-NARR plots are available every third hour beginning at 0000
UTC. Along with NCEP-NARR plots, daily surface weather maps were obtained from
the NOAA’s Daily Weather Map series (NOAA 2007) to locate baroclinic zones (Table
3.3).

The synoptic variables and TCTOR outbreaks need to be temporally synchronized
to ensure that the identified synoptic patterns are representative of the atmospheric
conditions during their corresponding outbreak. The TCTOR outbreak definition used by
this study, specifically its requirement that the six hour windows be centered about
primary synoptic hours (i.e., 0000, 0600, 1200, and 1800 UTC), was designed to facilitate
this synchronization. The NCEP-NARR plots were collected for the primary synoptic
hour of their corresponding outbreak. For instance, TC Frances (2004) produced an
outbreak on 5 September 2004 during the 1800 UTC period (1500—2059 UTC). The
synoptic plots obtained from NCEP-NARR (Table 3.3) were collected for 1800 UTC on
5 September 2004 to represent the atmospheric conditions during this outbreak. NOAA's

daily surface weather maps are available once daily at 1200 UTC. For a given outbreak,
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therefore, the surface weather map closest to the outbreak’s primary synoptic hour was
collected. For the previous TC Frances (2004) outbreak, the 5 September 2004 weather
map was collected. For those outbreaks with a primary synoptic hour of 0000 UTC, two
weather maps were collected, one twelve hours prior to the outbreak and another twelve
hours after.

The initial atmospheric plots collected for the synoptic classification process were
200 hPa vector wind, 500 hPa geopotential height and vector wind, 600 hPa specific
humidity, 0—180 hPa above surface CAPE, 0—3 km above surface SRH, 900 hPa
horizontal convergence, and surface weather analysis maps. These specific plots were
chosen because the variables which they represent have either been hypothesized to
promote TCTOR genesis or they have been empirically linked to TCTORs (Table 3.3).
The classification process is intended to explore these plots and identify physically
meaningful synoptic patterns that consist of a single variable or some combination of
multiple variables.

The 200 hPa vector wind plots were used to identify the presence and relative
location of an upper-tropospheric jet streak. If a TC is located near the favorable right
entrance region of a jet streak, it may experience dynamic forcing that enhances TCTOR
production. Cohen (2010) created mean composite plots of the 200 hPa vector wind field
associated with substantially tornadic (4+ TCTORs) and non-substantially tornadic (<1
TCTOR) TCs and found that substantially tornadic TCs often are located to the southeast
of an upper-level jet streak, placing them proximate to the jets streak's favorable right

entrance region with positive vorticity advection and upper level divergence. Jet streaks
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have likewise been shown to support severe storms and non-TC tornadoes (Beebe and
Bates 1955; Rose et al. 2004; Clark et al. 2009).

The 500 hPa geopotential height and vector wind plots were used to identify the
general midlatitude westerly trough/ridge pattern. As a TC approaches the midlatitude
westerly flow, especially a trough elongated to the south, it begins to encounter increased
wind shear (Jones et al. 2003; Molinari and Vollaro 2010). In addition to increased wind
shear, a TC located downstream of a trough axis also would experience positive vorticity
advection and upper-level divergence (Harman 1991). TCs may also intensify when they
begin to interact with the midlatitude westerlies downstream of a trough axis (Hart and
Evans 2001; Jones et al. 2003; Ritchie and Elsberry 2007; Molinari and Vollaro 2010).
Verbout et al. (2007) and Baker, Parker, and Eastin (2009) reported 500 hPa troughs
extending equatorward over the central United States in TCTOR outbreak cases; Verbout
et al. (2007) also reported that ridges typically were located over the central United States
in non-outbreak cases. Cohen (2010) reported a 500 hPa trough over the western United
States and a ridge over the Central Plains region in association with TCTOR outbreaks.

The 600 hPa specific humidity plots were used to identify the general pattern of
mid-tropospheric moisture. Mid-tropospheric dry air intrusion may locally increase the
environmental lapse rate through evaporative cooling aloft, in turn leading to increased
convective instability (McCaul 1987; Vescio, Weiss, and Ostby 1996). The decrease in
cloud cover associated with dry air intrusion also may lead to convective instability
through enhanced surface heating (Curtis 2004). Curtis (2004) and Cohen (2010)

reported mid-level dry air entrainment in association with TCTOR outbreaks and Cohen
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(2010), in addition, speculates that dry air intrusion may enhance rear flank downdrafts
associated with TC supercells along with potential instability.

CAPE and SRH plots were used to represent potential instability and cyclonic
updraft rotation, respectively, in the vicinity of TCTOR outbreaks. Relatively high
values of these parameters signify the potential for severe storms and tornadoes (NWS
2009). Previous studies (McCaul 1991; Edwards et al. 2010) have analyzed these
parameters in the TC environment surrounding TCTORs and have reported relatively
high values of SRH, compared to non-TC tornado environments, but relatively low
CAPE values, again compared to non-TC tornado environments. Based on McCaul's
(1991) study, Schneider and Sharp (2007) created a table of parameter thresholds,
including CAPE and SRH, to distinguish between high and low TCTOR threat. CAPE
values greater than 500 J kg™ and SRH values greater than 100 m® s indicate high
TCTOR threat whereas values below these threshold values indicate low threat.

The 900 hPa horizontal convergence plots were used to represent low-level
convergence. Gentry (1983) proposed that surface winds slow upon landfall as a result of
increased surface friction whereas winds aloft remain relatively unchanged and that this
differential friction increases low-level vertical wind shear. Schultz and Cecil (2009),
further, proposed that this different friction also may lead to low-level speed convergence
near the coastline, in turn creating a TCTOR-favorable environment with upward
acceleration, vorticity tilting (from a horizontal to vertical axis), and stretching.

Surface weather maps were used to identify the presence and relative location of
baroclinic zones (fronts) near and within the TC environment. Fronts may provide

localized forced convection, they may enhance vorticity within the TC environment
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(Spratt et al. 1997), and they may aid in the formation and intensification of
mesocyclones (Markowski, Rasmussen, and Straka 1998; Rasmussen et al. 2000), all of
which can lead to the development and strengthening of TC supercells. Pietrycha and
Hannon (2002) reported that nearly all of TC Floyd’s (1999) TCTORs developed along a
surface warm front and McCaul et al. (2004) reported that many of TC Beryl’s (1994)
TCTORs that occurred in South Carolina were within proximity to a low-level frontal
boundary. Using a larger sample of TCs, Edwards and Pietrycha (2006) also showed that
TCTOR potential is heightened when fronts merge with, or develop within, TCs.
3.2 Methods

This study follows the environment-to-circulation approach to synoptic
classification. This approach is taken rather than the circulation-to-environment
approach because the primary goal of this study is to identify synoptic patterns associated
with TCTOR outbreaks rather than the synoptic patterns associated with every six hour
time step of a TC. According to the environment-to-circulation approach, TCTOR
outbreaks were identified prior to the collection of synoptic plots and the synoptic
classification process. Once the outbreaks were identified, synoptic and surface analysis
plots corresponding to each outbreak were collected; thus, only synoptic environments
corresponding to TCTOR outbreaks were classified and analyzed. The synoptic
environments corresponding to each of the outbreaks were manually classified because
the process of manual classification is likely to provide in-depth insight into the linkages
between the synoptic environment and TCTOR outbreaks that would perhaps be
overlooked with a computer-assisted classification (Yarnal 1993; Barry and Carleton

2001).
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3.2.1 Tropical Cyclone Tornado Outbreaks: Definition and Identification

Before TCTOR outbreaks can be identified and analyzed, they must be defined.
Multiple definitions of a tornado outbreak have been proposed, but a single definition has
not yet been adopted (Table 3.4). Galway (1977) points out that the term tornado
outbreak can assume various meanings, depending on long-term regional and local
tornado activity. One of the earliest definitions proposed by Galway (1975) consists
primarily of tornado frequency thresholds (i.e., the number of tornadoes beyond which is
considered an outbreak). It is also noted from Galway's (1975) definitions that the
tornadoes in an outbreak must be associated with a single weather system but an explicit
spatial parameter is not included. Galway's (1977) definition includes a tornado
frequency threshold in addition to various spatial scales and configurations over which
tornado outbreaks occur. The spatial characteristics reported by Galway (1977),
however, were not used to identify tornado outbreaks but were, rather, used to describe
the typical spatial characteristics of already-identified outbreaks. The American
Meteorological Society (AMS) provides a more general definition by excluding an exact
tornado frequency threshold; although they do express that the tornadoes must be
associated with a single synoptic scale system (Glickman 2000). Thus, previous tornado
outbreak definitions have utilized various tornado frequency thresholds and have not
included a spatial parameter for the purpose of tornado outbreak identification. The only
similar component within each definition is the requirement that all tornadoes be
associated with a single weather system.

Multiple definitions and categorization schemes also have been used to define and

analyze TCTOR outbreaks (Table 3.5). All of the definitions of TCTOR outbreak



S7

include a TCTOR frequency threshold of which the values have varied, ranging from a
few TCTORs (Cohen 2010) to nearly fifty (Moore and Dixon 2011a). The method by
which the frequency threshold value is decided has, likewise, varied. McCaul (1991), for
instance, categorized outbreaks by severity and based his threshold values on the
frequency distribution of TCs across a range of TCTOR frequencies. Moore and Dixon
(2011a) took a similar approach by using the same categorization scheme but, rather than
arbitrarily setting the threshold values, they set their threshold values at the 80th and 95th
percentiles of the frequency distribution of TCs across a range of TCTOR frequencies
(i.e., minor outbreaks are < 80th percentile, major outbreak fall between the 80th and
95th percentiles, and severe outbreaks are > 95th percentile). Verbout et al. (2007) based
their threshold value on the expected annual number of all tornadoes in a given year.
Curtis (2004) and Cohen (2010) arbitrarily chose threshold values. The temporal
component of these definitions typically spans a several day period, or the lifespan of the
TCs analyzed, although none explicitly include a temporal parameter in their definition.
This study defines TCTOR outbreaks as three or more TCTORS in a six hour
window centered about a primary synoptic hour (i.e., 0000, 0600, 1200, and 1800 UTC).
The TCTOR frequency threshold of three is intended to distinguish between temporally
isolated and temporally clustered TCTORSs. This threshold is arbitrary but is thought to
adequately distinguish between time periods when an isolated one or two TCTORs occur
and those when a larger number, or an outbreak, occurs. The threshold value of three is
smaller than that used by previous TCTOR outbreak definitions, but this is reasonable
given that this study considers TCTORs over a six hour window rather than a several day

period. A six hour window is used because a longer period would likely reduce the
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variability of observed synoptic environments and a shorter period would reduce the
number of identified outbreaks, given that the temporal parameter remains at three. The
centering of the six hour windows (Table 3.6) about primary synoptic hours ensures that
all TCTORs within a given outbreak occur within three hours of the synoptic snapshot
used to represent the environment during that outbreak.

Most outbreak definitions require that tornadoes, or TCTORs, be associated with
the same synoptic scale weather system, but strict spatial parameters have rarely been
used. The TCTOR outbreak definition used in this study does not include a spatial buffer
because measures have already been taken to ensure that the tornadoes included in the
TCTOR dataset were produced by the same weather system (i.e., their parent TC).

A benefit of the TCTOR outbreak definition used in this study promotes the use
of a systematic and consistent process to identify outbreaks. The identification process
consisted first of sorting the TCTOR dataset by date and time. The sorted dataset was
then separated into six hour windows, each centered about a primary synoptic hour. The
six hour windows with three or more TCTORs were extracted to create a new dataset of
TCTOR outbreaks. A limitation of this definition is that it may exclude TCTOR
outbreaks that are split between two adjacent six hour windows. For instance, consider
the following situation: four TCTORs occur at 1440 UTC, 1455 UTC, 1515 UTC, and
1530 UTC. These four TCTORs occur within six hours of one another, but are split
between the 1200 UTC and 1800 UTC windows and, as a result, would not be identified
as an outbreak. It could, likewise, partition particularly long-lasting outbreaks into two or

more outbreaks. Using a moving temporal window or considering TCTOR outbreaks
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over multiple temporal scales would, however, introduce inconsistencies into the synoptic
analysis.
3.2.2 Synoptic Classification Process

3.2.2.1 Classification Goals

Synoptic classifications must seek a balance between the number of identified
synoptic patterns, the sample size within each pattern, and the variability of individual
environments within each pattern (Barry 2005). If numerous patterns are identified, the
within-group variability will likely be small, but the sample size of each pattern also will
likely be relatively small unless the period of record is suitably long. Conversely, if only
a few groups are identified, the sample size within each pattern will be relatively large,
but so will the within-group variability. This study sought to optimize the classification
scheme by setting goals to minimize within-group variability, to maximize between-
group variability, and to ensure adequate sample sizes for statistical analysis.
Furthermore, this study sought to identify and define synoptic patterns such that the
classification scheme is exhaustive, mutually exclusive, and based on the synoptic
environment surrounding a given TC rather than the overall map pattern.

To accomplish the above goals, this study developed a manual classification
scheme specifically for TCTOR outbreaks rather than using a generic classification
scheme. A TC-relative framework was used in the development of the classification
scheme, meaning that emphasis was placed on the general synoptic scale interactions
between TCs and their ambient environment, rather than on the overall map pattern.

As an example of the TC-relative framework, consider the 500 hPa geopotential

heights associated with two TCTOR outbreaks in which their associated TCs are closed
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short wave troughs embedded within a longer-wave trough (Figure 3.1). In one outbreak,
the 500 hPa trough, TC, and TCTOR outbreak are located over the south-central United
States (Figure 3.1A) whereas they are situated over the east-central United States in the
other outbreak (Figure 3.1B). A classification scheme based on the overall map pattern
would likely classify these two outbreaks differently because the absolute locations,
wavelength, amplitude, and orientation of the synoptic features are different. Ina TC-
relative framework, however, these two situations are considered to be the same because
they represent a similar synoptic situation; i.e., in each situation the TC is a closed short
wave trough embedded within a longer-wave 500 hPa trough downstream of the longer-
wave trough axis (Figure 3.1C).

3.2.2.2 Classification Process

Manual classification is an iterative process in which an analyst, or group of
analysts, become familiar with the range of synoptic situations during a given study
period, identify and define recurring synoptic patterns (i.e., if a generic classification
scheme is not used), and partition individual cases into the synoptic pattern of which they
are most characteristic (YYarnal 1993). The classification process performed in this study
was completed in six iterations.

The first iteration involved an examination of all six synoptic variables associated
with each TCTOR outbreak (Table 3.3). During this stage, characteristics such as the
presence and relative location of a 500 hPa trough, 200 hPa jet streak, 600 hPa dry air
entrainment region, and surface fronts were recorded. Also recorded during this stage
were the minimum, mid-point, and maximum values of CAPE, SRH, and low-level

convergence to capture the range of values present in the outbreak region. At the end of
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this stage, it was decided that CAPE, SRH, and low-level convergence are too variable
over relatively small spatial areas to be considered in the identification of synoptic
patterns. Other studies too have found that thermodynamic and wind shear parameters
are highly variable over relatively small spatial areas (e.g. Markowski et al. 1998; French
and Parker 2008).

The second iteration re-examined 500 hPa geopotential height and vector wind,
200 hPa vector wind, 600 hPa specific humidity, and surface analysis plots to determine
if some combination of these variables could be used to create distinct, physically
meaningful synoptic patterns. During this stage it became clear that the use of multiple
synoptic variables would create too many synoptic patterns with too few outbreaks within
each pattern for statistical analysis. Also during this stage, a marked dichotomy between
TCs interacting with the midlatitude westerlies and those not interacting with the
midlatitude westerlies was observed in the 500 hPa geopotential height and vector wind
plots. This dichotomy is noteworthy and merits further investigation because previous
research has documented the role of TC-westerly interaction in altering TC strength and
internal structure (Hart and Evans 2001; Arnott, Evans, and Chiaromonte 2004; Jones et
al. 2003; Molinari et al. 2006; Molinari and Vollaro 2010a and 2010b), both of which
may affect TCTOR potential.

Favorable trough interaction may provide mid- and upper-level dynamic forcing
to support TCTOR outbreaks. Previous studies have examined TC-westerly interaction,
specifically trough interaction, and reported mixed results. For instance, Verbout et al.
(2007) found that TCTOR outbreaks produced by Texas landfalls were associated with a

500 hPa trough situated over the north-central United States and suggested that trough
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interaction may enhance vertical wind shear and possibly lead to TC intensification.
Alternatively, Cohen (2010) found that substantially tornadic Gulf Coast landfalls are
associated with a 500 hPa trough over the western United States and a 500 hPa ridge over
the Central Plains, which suggests little TC-trough interaction with the exception of
landfalls in the far-western portion of the Gulf Coast region. Because of these somewhat
disparate results, the classification developed in this study is based on 500 hPa
geopotential height and vector wind plots.

During the third iteration, the TCTOR outbreaks were partitioned into two groups
based on whether their associated TC is interacting with the midlatitude westerlies at the
500 hPa level: (1) TC interacting with midlatitude westerlies (TC-westerly interaction);
and (2) TC not interacting with midlatitude westerlies (no TC-westerly interaction).
While doing so, several subcategories were noted within each of these two primary
groups.

The fourth iteration involved recording the various patterns in which the TCs did
or did not interact with the westerlies. Five synoptic patterns, three TC-westerly
interaction and two no TC-westerly interaction, were extracted from these notes. A
classification tree (Figure 3.2), similar to the decision tree method employed by Gamble
and Meentemeyer (1997) and Ashley and Ashley (2008), was created to illustrate the
hierarchy of synoptic patterns, to aid in the final iterations, and to keep the classification
as objective as possible.

The fifth iteration involved partitioning each of the TCTOR outbreaks into one of
the five synoptic patterns and the creation of a sixth, other, category for outbreaks that

did not reasonably fit the criteria of one of the five patterns. The classification scheme
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and its five patterns account for 97% (129 out of 133 outbreaks) of the identified
outbreaks. Four outbreaks were classified as other.

The sixth iteration involved a re-partitioning of the 129 previously classified
outbreaks; the four outbreaks classified as other were not included in the sixth iteration.
The classifications in the fifth and sixth iterations had a 95% match rate (i.e., 123 of the
129 outbreaks were classified the same in both iterations). The remaining 5%, or six
outbreaks, that were not identically classified in the fifth and sixth iterations were
partitioned into the category of which they were most characteristic.

The five synoptic patterns identified during the classification process could be
further subdivided to account for such characteristics as 500 hPa wavelength, wave
amplitude, wave tilt, distance between TC center and wave axis, and strength of the flow
in which the TC is located. Further refinement would reduce within-group variability,
but it also would increase the number of patterns and reduce the sample size of some or
all of the patterns. This classification scheme stops after the second subdivision to retain
an adequate number of outbreaks in each synoptic pattern.

3.2.2.3 Tropical Cyclone-Westerly Interaction Patterns

Patterns 1, 2, and 3 are subdivisions of the TC-westerly interaction class; i.e.,
these outbreaks are produced by TCs that are beginning to interact with, or are embedded
within, the midlatitude westerlies. Pattern 1 outbreaks are produced by TCs with closed
circulation at 500 hPa that are located in the predominately westerly flow of the northern
portion of the subtropical ridge (Figure 3.3). A 500 hPa midlatitude trough often is

embedded within the westerlies to the north or northwest of the TC.
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In the Pattern 1 outbreaks, TCs, the midlatitude westerlies, and the troughs
embedded within the westerlies (if existent) are distinct synoptic features. Given the
relative positioning of the synoptic features, Pattern 1 show signs of proto-interaction
between well-developed TCs and the midlatitude westerlies. The proto-westerly
interaction is illustrated by 500 hPa wind vectors from the southern portion of the
westerly flow that cyclonically envelop the TC (Figure 3.3).

Pattern 2 outbreaks are produced by TCs that are closed shortwave troughs
embedded within the midlatitude westerlies, often downstream of a longer-wave 500 hPa
trough axis and upstream of the successive ridge axis (Figure 3.4). Pattern 2 outbreaks
are similar to Pattern 1 outbreaks in that both are produced by TCs with closed
circulation at the 500 hPa level. The discriminating feature between the two patterns is
that Pattern 2 TCs are enveloped by a single, or multiple, circumpolar isoheight(s), giving
TCs the appearance of closed shortwave troughs, whereas Pattern 1 TCs are to the south
of the southern-most circumpolar isoheight in the westerlies.

Pattern 3 outbreaks are produced by TCs that are open shortwave troughs
embedded in the midlatitude westerlies, often downstream of a longer-wave 500 hPa
trough axis and upstream of the successive ridge axis (Figure 3.5). Pattern 3 outbreaks
are similar to Pattern 2 outbreaks in that they both are produced by TCs that are
shortwave troughs embedded within westerlies. The two are different in that Pattern 3
TCs are open shortwave troughs whereas Patterns 2 TCs are closed shortwave troughs.

All outbreaks in Patterns 1—3 meet the criteria of their respective pattern. There is

variability, however, in the absolute location of the synoptic features and in the
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wavelength, wave amplitude, and wave tilt of any long-wave trough embedded within the
westerlies.

3.2.2.4 No Tropical Cyclone-Westerly Interaction Patterns

Patterns 4 and 5 are subdivisions of the no TC-westerly interaction class; i.e.,
these outbreaks are produced by TCs that are isolated from the midlatitude westerlies.
Pattern 4 outbreaks are produced by TCs without closed circulation at the 500 hPa level
that are located in the southerly or southwesterly flow of the North Atlantic subtropical
anticyclone (Figure 3.6). The location of Pattern 4 TCs relative to the westerlies is
similar to the relative location of Pattern 1 TCs. The primary differences are that Pattern
4 TCs do not have closed circulation at the 500 hPa level, whereas Pattern 1 TCs do have
closed circulation, and Pattern 4 TCs are dominated by a much more

Pattern 5 outbreaks are produced by TCs with closed circulation at the 500 hPa
level that are located in the southern portion of a well-developed subtropical ridge
(Figure 3.7). These TCs, therefore, are isolated from the westerlies by a region of
relatively high geopotential heights and unorganized 500 hPa flow.

Similar to the first three patterns, all outbreaks in Patterns 4 and 5 meet their
respective classification criteria, but they vary in terms of the absolute location of the
synoptic features and the 500 hPa midlatitude flow regime.

3.2.3 Statistical Analysis

The TCTOR outbreak dataset was analyzed as a whole and also was re-organized
many ways to create different subsets, or samples, for analysis. Various descriptive and
inferential statistical techniques were used to analyze the TCTOR dataset and its subsets.

For example, the TCTOR outbreak dataset was subdivided into five groups, each
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representing one of the five synoptic patterns identified during the synoptic classification
process. These five patterns and the TCTOR outbreaks from which they are comprised
were treated as individual and independent samples during the statistical analysis.
Descriptive statistical metrics were used to summarize the TCTOR outbreaks within each
of the synoptic patterns. Inferential techniques were used to test for statistically
significant differences across the synoptic patterns. The descriptive metrics and
inferential tests were computed using the predictive analytics software PASW Statistics,
version 18 by SPSS Inc. (SPSS 2009).

Descriptive statistics are useful metrics for describing the central tendency and
variability of a distribution of data. Measures of central tendency describe the average, or
typical, value of a given dataset whereas measures of variability describe the spread, or
dispersion, of values within a given dataset (Burt, Barber, and Rigby 2009). Descriptive
metrics were used to summarize the central tendency and variability of the TCTOR
dataset and its subsets. Other descriptive metrics, such as skewness, were used to
describe the shape of distributions and to determine whether the majority of values are
greater than or less that the mean value (Burt, Barber, and Rigby 2009). These metrics
are used to describe data at the interval and ratio scale, such as the number of TCTOR
outbreaks per TC, the number of TCTORs per outbreak, and the time difference between
each TCTOR outbreak and their respective TC landfall. Frequency and relative
frequency counts were used to describe the nominal and ordinal scale data, such as the
number of outbreaks per month, per primary synoptic hour, and per synoptic pattern.

Frequency counts also were used to analyze the number of TCTORs per F/EF rating.
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Spatial statistical metrics were used to summarize spatial characteristics of the
TCTOR outbreaks. For instance, azimuth (from north) and range (from their respective
TC center) values are provided by the TCTOR dataset that spatially place the TCTORSs
relative to their respective TC center. The azimuth and range values for each TCTOR
within an outbreak were averaged to determine the mean center of that outbreak. The
mean center values, therefore, describe the center of their respective TCTOR outbreak
relative to their respective TC center and are represented by an azimuth (°) and a range
(km). In addition to mean center, standard distance was computed for each TCTOR
outbreak. The standard distance of an outbreak describes the dispersion of TCTORs in
that outbreak (Burt, Barber, and Rigby 2009). Standard distance was computed using
ArcMap, version ten (ESRI 2010), geographic information software. The standard
surface area over which each outbreak was spread also was computed by squaring the
standard distance and multiplying by the constant value pi (=) (standard surface area =
standard distance? x ).

Visual examination of the spatial distribution of the outbreaks revealed that they
generally conform to one of the following spatial configurations: linear, single-cluster,
multi-cluster, or dispersed. The TCTOR outbreaks were manually classified into one of
these categories. Descriptive statistical metrics were used to summarize the standard
surface area of TCTOR outbreaks for each of the identified spatial configurations. The
Euclidean, or straight-line, distance of the dominant linear feature in the linear outbreaks
is provided in addition to the standard surface area because it is unlikely that the area of a
circle is the best description of a the linear outbreaks. Euclidean distance values were

determined with the use of ArcMap, version ten (ESRI 2010).
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Inferential statistical tests were used to generalize results obtained from a sample
to the larger population (Burt, Barber, and Rigby 2009). They were used to determine
whether observed frequency distributions conform to a particular theoretical distribution,
such as a uniform distribution. They also were used to determine whether descriptive
metrics such as the mean and median significantly differ across two or more samples or
whether the observed difference was caused by sample bias (i.e., the observed difference
does not indicate a real difference in the distributions but rather indicates that the
difference is the result of chance variation between the samples). Unless otherwise
noted, all inferential tests were assessed at the 95% confidence level (i.c., a = 0.05),
meaning that any calculated probability values (p-value) less than or equal to 0.05 led to a
rejection of the null hypothesis and an acceptance of the alternate hypothesis. Also note
that another interpretation of the calculated p-value is that it is the lowest value at which
a may be set and still reject the null hypothesis (Burt, Barber, and Rigby 2009). Thus,
the lower the p-value, the more certainty exists in the rejection of the null hypothesis.

The Chi-square (X?) goodness-of-fit test is useful when comparing an observed
distribution to a theoretical distribution of nominal values (Burt, Barber, and Rigby 2009)
and was, thus, used to determine whether the TCTOR outbreaks are evenly distributed
among the five synoptic patterns. The X? test was used because the data for this
particular analysis are nominal level. If the TCTOR outbreaks are evenly distributed
among the patterns, the frequency distribution should not be significantly different than a
uniform distribution. The null hypothesis for this analysis states that the TCTOR
outbreaks are uniformly distributed among the five synoptic patterns and the alternate

hypothesis is that they are not uniformly distributed among the five synoptic patterns. If
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the calculated p-value is less than or equal to 0.05, the null hypothesis is rejected and the
conclusion is that TCTOR outbreaks are not uniformly distributed among the synoptic
patterns.

Levene’s test for homogeneity (equality) of variance is an inferential test that is
useful in determining whether multiple groups, or samples, have equal variance (Meyers,
Gamst, and Guarino 2006) and was, thus, performed to determine whether the variance of
TCTOR outbreak severity (i.e., the number of TCTORs in an outbreak) is equal across
the five synoptic patterns. The null hypothesis is that the variance of TCTOR outbreak
severity is equal across the synoptic patterns and the alternate hypothesis is that the
variance is not equal across the synoptic patterns. If the calculated p-value is less than or
equal to 0.05, the null hypothesis is rejected and the conclusion is that the five synoptic
patterns have different variance in terms of TCTOR outbreak severity. The coefficient of
variation also was compared subjectively across the synoptic patterns to assess the
difference in TCTOR outbreak severity variability. The coefficient of variation provides
a measure of the relative variability of distributions and is a better indicator than variance
or standard deviation when comparing variability across multiple samples with different
mean values and sample size; it is defined as the ratio of the standard deviation to the
mean (Burt, Barber, and Rigby 2009).

The Shapiro-Wilk test is an inferential test to determine whether an observed
distribution significantly departs from normality (Burt, Barber, and Rigby 2009). This
test was used to determine whether TCTOR outbreak severity values are normally
distributed within each of the five synoptic patterns and within the higher-level groups of

TC-westerly interaction and no TC-westerly interaction. Statistical significance for these
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tests was assessed at the 0.01 level of significance. These tests employ an o more
stringent than 0.05 because normality tests are typically evaluated at the 0.01 or 0.001
significance levels to minimize the likelihood of committing a type | error, which occurs
when a true null hypothesis is rejected (Burt, Barber, and Rigby 2009). The null
hypothesis for these tests is that TCTOR outbreak severity is normally distributed in the
samples and the alternate hypothesis is that TCTOR outbreak severity is not normally
distributed in the samples. If the calculated p-value is less than or equal to 0.01, the null
hypothesis is rejected and the conclusion is that TCTOR outbreak severity is not
normally distributed. These tests are performed because they allow statistically
significant conclusions to be stated about the shape of the distributions and, more
importantly, knowledge of the underlying distributions is needed for additional inferential
tests regarding differences in typical (mean or median) TCTOR outbreak severity across
the samples.

The Mann-Whitney U test is useful when determining whether two populations
have equal mean ranks; although mean ranks are computed and compared, the hypotheses
typically are stated in terms of the median (Burt, Barber, and Rigby 2009). A one-tailed
Mann-Whitney test was used to determine whether the median TCTOR outbreak severity
for TC-westerly interaction outbreaks is greater than that of the no TC-westerly
interaction outbreaks. The null hypothesis is that the median outbreak severity for TC-
westerly interaction outbreaks is less than or equal to that of the no TC-westerly
interaction outbreaks and the alternate hypothesis is that the median outbreak severity for
TC-westerly interaction outbreaks is greater than that of the no TC-westerly interaction

outbreaks. If the calculated p-value is less than or equal to 0.05, the null hypothesis is
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rejected and the conclusion is that the median outbreak severity for TC-westerly
interaction outbreaks is greater than that of the no TC-westerly interaction outbreaks.
This nonparametric test was used rather that its parametric counterpart, the two sample t-
test, because a Shapiro-Wilk test indicated that TCTOR outbreak severity values are not
normally distributed within either of the samples, and because the two samples have
different sample size.

The Kruskal-Wallis test is an inferential test used to determine whether multiple
populations have equal central locations (Burt, Barber, and Rigby 2009). Similar to the
Mann-Whitney U test, the Kruskal-Wallis test compares the mean rank of multiple
samples, but the hypotheses presented here are stated in terms of the median. Again, this
nonparametric test was used rather that its parametric counterpart, the analysis of
variance (ANOVA), because a Shapiro-Wilk test indicated that TCTOR outbreak severity
values are not normally distributed within any of the five synoptic patterns and because
the sample size of the patterns are different. This study employed the Kruskal-Wallis test
to determine whether the five synoptic patterns have equal median TCTOR outbreak
severity values. The null hypothesis is that synoptic patterns have equal median outbreak
severity and the alternate hypothesis is that the synoptic patterns do not have equal
median outbreak severity. If the calculated p-value is less than or equal to 0.05, the null
hypothesis is rejected and the conclusion is that median outbreak severity is not equal
across the five synoptic patterns.

If the null hypothesis is rejected in a Kruskal-Wallis test, the next task is to
determine between which pattern-pairs the significant difference exists. In the case of a

rejected null hypothesis, this study employs the Mann-Whitney U test with Bonferroni



adjustment to address this question. The Bonferroni adjustment allows the overall level
of significance to remain 0.05 by adjusting the significance level at which each pattern-
pair comparison is assessed (Rice 2007). The adjustment requires the overall level of
significance (0.05) to be divided by the number of comparisons to be made (10), thus
giving a significance level of 0.005 (i.e., 0.05/10=0.005) for each comparison. If the p-
value for any of the pattern-pair comparison is less than or equal to 0.005, the two

patterns are deemed to be significantly different.
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TABLE 3.1. List of information provided about TCTORSs in the TCTOR dataset

(Edwards 2010b).

TC Information

Tornado Information

Derived Information

e TC name and year

e Linearly interpolated TC
latitude/longitude
coordinate

e Intensity®

e Maximum wind speed at
previous 6-hourly
observation

e Minimum barometric
pressure at previous 6-
hourly observation

Year

Month

Day of month

Time of day

State(s) impacted
Number of states
impacted

Estimated intensity”
Number injured
Number killed
Estimated property loss
Estimated crop loss
Begin latitude/longitude
End latitude/longitude
Path length

Path width

e TCTOR azimuth
relative to true north

e Distance of TCTOR
from TC center

e a. TC intensity is rated by SS Scale; or they are categorized as TSs, TDs, or as post
landfall systems (including extratropical, remnant lows, no longer classified, etc.).
See Appendix B for wind speed estimates for the SS Scale.

e Db. TCTOR intensity is rated by the F or EF Scale, depending on the year of
occurrence. The F Scale was used prior to 1 February 2007. See Appendix B for
wind speed estimates for each F/EF Scale category.
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TABLE 3.2. Selected list of reanalysis projects and their basic temporal and spatial

properties.
Reanalysis Temporal Spatial Temporal Spatial Vertical
Projects Coverage Coverage Resolution Resolution  Layers
NCEP-NARR? 1979—present  North 8 per day, every  ~32 km 45
America 3 hours
NCEP-NCAR"  1948—present  Global 4 per day, every  ~200 km 28
6 hours
NCEP-DOE® 1979—present  Global 4 per day, every  ~200 km 28
6 hours
NCEP-CFSRY  1979—present  Global 4 per day, every  ~38 km 64
6 hours

a. NCEP-NARR (Mesinger et al. 2006)
b. NCEP-NCAR (Kalnay et al. 1996)
c. NCEP-Department of Energy (DOE) (Kanamitsu et al. 2002)

d. NCEP-Climate Forecast Reanalysis System (CFSR) (Saha et al. 2010)



TABLE 3.3. List of conceptual and operational variables and sources supporting their link to TCTORS.

Conceptual Variable Operational Variable Supporting Literature
Relative location of upper- *200 hPa vector wind [m s7] Cohen (2010)
tropospheric jet streak
Relative location of mid- *500 hPa geopotential height [m] and Verbout et al. (2007); Baker, Parker, and
tropospheric trough *500 hPa vector wind [m s] Eastin (2009)
Mid-tropospheric dry air *600 hPa specific humidity [kg kg™] Curtis (2004); Cohen (2010)
entrainment
Instability *0—180 hPa above surface CAPE [J kg™] McCaul et al. (2004); Edwards et al. (2010)
Lift **Surface fronts Pietrycha and Hannon (2002); McCaul et al.
(2004); Edwards and Pietrycha (2006)
Rotation *0—3 km above surface SRH [m? s7%] McCaul (1991); Edwards et al. (2010)
Low-level convergence *900 hPa horizontal convergence Gentry (1983); Schultz and Cecil (2009)
[100,000 5]

*source: NCEP-NARR (Mesinger et al. 2006)
**source: NOAA Daily Weather Map Series (NOAA 2007)
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TABLE 3.4. Sample of tornado outbreak definitions.

Source Definitions

Galway (1975) a small outbreak consists of 6—9 tornadoes that are
associated with a weather system on a given day
= a moderate outbreak consists of 10—19 tornadoes
that are associated with a weather system on a given
day
= alarge outbreak consists of 20+ tornadoes that are
associated with a weather system on a given day

a local outbreak consists of 10+ tornadoes that

typically occur over a temporal period of less than

seven hours and are confined to a roughly 10,000 n

mi? circular region

= aprogressive outbreak consists of 10+ tornadoes
that occur over a temporal period of approximately
nine hours are progressively spread from west to
east over a region approximately 54,000 n mi? in
area; the distance between the first and last tornado
is typically longer than 350 n mi

= aline outbreak consists of 10+ tornadoes that occur

over a temporal period of approximately eight hours

in a line along a north-south oriented axis and cover

an area of approximately 59,000 n mi?

Galway (1977)

Glickman (2000)

tornado outbreaks consist of multiple tornado
occurrences associated with a particular synoptic
scale system
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TABLE 3.5. Sample of TCTOR outbreak definitions.

Source Definitions

McCaul (1991) » aminor outbreak consists of <8 TCTORs
* amajor outbreak consists of 9—24 TCTORs
= asevere outbreak consists of > 24 TCTORs

Curtis (2004) » TCTOR outbreaks consist of 20+ TCTORs
Verbout et al. (2007) = aTCTOR outbreak is an event with > 1.5% of
the annual expected tornado frequency for a

given year with at least eight F1+ tornadoes

Cohen (2010) = substantially tornadic TCs produce 4+
TCTORs

a minor outbreak consists of <21 TCTORs
* amajor outbreak consists of 22—48 TCTORs
= asevere outbreak consists of 49+ TCTORs

Moore and Dixon (2011a)

TABLE 3.6. Primary synoptic hours and six hour windows centered on these synoptic
hours used to identify TCTOR outbreaks.

Primary Synoptic Hour (UTC) Six Hour Window (UTC)?
0000 2100 p.d. —0259c. d.
0600 0300 c. d. — 0859 c. d.
1200 0900 c. d. —1459c. d.
1800 1500 c. d. —2059 c. d.

a. p. d. denotes previous day and c. d. denotes current day.



3.4 Chapter Three Figures
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FIGURE 3.1. Schematic illustrating a TC-relative
framework for classifying similar synoptic situations.
A illustrates a TC as a closed shortwave trough
embedded within the westerlies over the central United
States. B illustrates a TC as a closed shortwave trough
embedded in the westerlies just off the East Coast of the
United States. C highlights that both A and B illustrate
similar synoptic environments; i.e., both illustrate a TC
as a closed shortwave trough embedded in the
westerlies. A basemap of the United States is not
illustrated in C because the geographic location of the
synoptic environment is not considered in the TC-
relative framework employed by this study.
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TC has closed TCis TCis TC does not TC has closed
circulation at embedded embedded have closed circulation at
500 hPa and is within the within the circulation at 500 hPa and is
located in the westerliesas a westerliesas a 500 hPa and is cut-off from
northern 500 hPa 500 hPa open located on the the westerlies
portion of the closed short- short-wave western flank by a region of
subtropical wave trough trough of the high pressure
ridge Bermuda High

FIGURE 3.2. Classification tree illustrating the hierarchy of synoptic patterns based on 500 hPa geopotential height and vector wind

plots.
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FIGURE 3.3. Simplified illustration of an idealized Pattern 1 TCTOR
outbreak environment. Note the closed TC circulation just to the south of
the midlatitude westerly flow and the southern-most wind vectors of the
westerly flow cyclonically enveloping the TC.

5800m
—>
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—> 500 hPa Vector Wind }/

FIGURE 3.4. Simplified illustration of an idealized Pattern 2 outbreak
environment. Note the TC embedded within the midlatitude westerly flow
as a closed shortwave trough.
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FIGURE 3.5. Simplified illustration of an idealized Pattern 3 outbreak
environment. Note the TC embedded within the midlatitude westerly flow
as an open short wave trough.

— 3500 hPa Geopotential Height Contours N
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FIGURE 3.6. Simplified illustration of an idealized Pattern 4 outbreak
environment. Note the TC without closed circulation embedded within
the southwesterly flow of the subtropical ridge.
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FIGURE 3.7. Simplified illustration of an idealized Pattern 5 outbreak
environment. Note the closed TC circulation cut-off from the midlatitude
westerly flow to the north by a region of high pressure.
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CHAPTER IV

RESULTS

Over the period 1995-2010, sixty-five TCs were responsible for a reported 1163
TCTORs (Appendix C). TCTORs were reported in all years of the record except 2009.
Forty-two of the sixty-five TCs (65%) produced one outbreak or more, with a total of 133
outbreaks. The 133 identified outbreaks account for 930 TCTORs, meaning that 80% of
all TCTORs over the period 1995-2010 occurred in an outbreak, as defined in this study.

Of the TCs that produced an outbreak, approximately 75%, on average, of their
TCTORs occurred in an outbreak (Appendix C). Nearly all of lvan's (2004) and Rita's
(2005) TCTORs were included in outbreaks (Figure 4.1). Ivan (2004) had only three
isolated TCTORs, one of which occurred on 17 September 2004 at 1005 UTC
approximately twenty-one hours after Ivan’s previous TCTOR and approximately five
hours prior to the next TCTOR. Ivan’s other two isolated TCTORs occurred at 0740 and
0800 UTC on 18 September 2004, which is approximately six hours after the previous
TCTOR. Rita (2005) had only a single isolated TCTOR that occurred on 24 September
2005 at 1415 UTC, which is two hours prior to the first TCTOR in Rita’s first outbreak.
At the other extreme, of Alberto’s (2006) TCTORs, only 35% occurred in an outbreak
(Figure 4.1). Note that isolated TCTORs are temporally isolated but they often are

spatially proximate to other TCTORS.
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The remainder of this chapter provides results for the statistical analysis of the
TCTOR outbreaks. First, results of the descriptive statistical analysis are discussed for
the entire sample of TCTOR outbreaks. Second, results of the descriptive and inferential
statistical analyses are discussed for the five synoptic patterns.

4.1 Statistical Description of Tropical Cyclone Tornado Outbreaks
4.1.1 Frequency and Severity

The mean number of outbreaks per TC is 2.06 = 0.64 (mean + 95% confidence
interval), but half of the TCs produced no outbreaks or only one. The mean increases to
3.2 when considering only TCs that produced at least one outbreak. Several examples
illustrate the capability of TCs to produce a large number of outbreaks. TCs lvan (2004)
and Gustav (2008), for instance, each produced eight outbreaks and TC Frances (2004)
produced twelve. Understandably, the number of outbreaks a TC produces is strongly
associated with the total number of TCTORSs produced (Figure 4.2).

The mean number of TCTORs in an outbreak is 6.99 + 0.96 (mean = 95%
confidence interval), but a skewness of +2.4 indicates that most outbreaks consist of
fewer TCTORSs than this mean value. The median of 5.0 is likely more representative of
typical outbreak severity (the number of TCTORs in a given outbreak). The most
common outbreak severity is three TCTORs, followed by outbreaks with four then five
TCTORs (Figure 4.3). Outbreaks in the middle 50% of the outbreak severity distribution
have more than three TCTORS but less than nine. The ten severest outbreaks consisted of
more than fifteen TCTORs. These outbreaks were produced by TCs Lili (2002), Frances
(2004), Ivan (2004), Katrina (2005), Rita (2005), and Ike (2008) (Figure 4.4). The two

most severe outbreaks consisted of thirty-three TCTORs and were produced by TCs Ivan
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(2004) and Rita (2005). These outbreaks are particularly notable when considering that
the period over which they occur is only six hours; these TCs were producing TCTORs at
a rate of 5.5 TCTORs per hour for a six hour period during these outbreaks.

When considering the total number of TCTORS produced by a TC over its life-
span, hurricane-strength storms at the time of landfall, specifically major hurricanes
(Saffir-Simpson Category 3, 4, and 5), have been shown to produce a relatively large
number of TCTORSs (Hill, Malkin, and Schulz 1966; Novlan and Gray 1974; McCaul
1991; Verbout et al. 2007; Moore and Dixon 2011a). Few TCTORSs, however, occur
while their parent TC is at hurricane strength; the majority of TCTORSs occur while TCs
are weakening after landfall (Novlan and Gray 1974). Only 19% of the outbreaks in this
study were produced by hurricane-strength TCs (Figure 4.5). The remaining 81% were
produced by TCs that never reached hurricane strength or by those that were hurricane
strength but subsequently weakened prior to or during the outbreak.

According to the Fujita (F) and Enhanced Fujita (EF) tornado damage scales
(Appendix B), the 930 individual TCTORs that compose the 133 outbreaks range in
strength from F/EFO to F/EF3, but show an overwhelming tendency to be relative weak
(Figure 4.6). Approximately 63% of the 930 individual TCTORs are rated F/EFO and
another 30% are rated F/EF1. Only three TCTORs attained F3 rating (all three of these
TCTORSs are rated by the original F-scale because they occurred prior to 2007).

4.1.2 Temporal Characteristics

The monthly frequency distribution of TCTOR outbreaks is markedly non-

uniform, with over half (52%) occurring in September (Figure 4.7). This September peak

is consistent with the climatological peak reported by previous studies (Novlan and Gray
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1974; Moore and Dixon 2011a). TCs in the North Atlantic Basin also are most common
in September (NHC 2012b), which essentially provides more opportunity for TCTOR
outbreaks to occur. Also noteworthy is the tendency for more severe outbreaks to occur
in mid-hurricane season, particularly September. Eight of the ten most severe outbreaks
occurred in September (see Figure 4.4). The TCTOR outbreaks, likewise, did not occur
uniformly throughout the day. Rather, they occurred most frequently during mid-day and
night hours, local time (1800 UTC and 0000 UTC; Figure 4.8).

Relative to their parent TC’s landfall time, the TCTOR outbreaks occurred as
early as thirty-two hours prior to, and as late as 141 hours following, landfall, with
approximately 75% occurring after landfall (Figure 4.9). Note, landfall time most
proximate to a given TCTOR outbreak is used in the case of multiple TC landfalls. The
densest cluster, which accounts for 61% of the outbreaks, is located in the forty hour
period spanning between twenty hours before and after landfall. The most severe
outbreaks tended to occur between landfall and approximately forty hours after landfall.

The outbreaks occurring long before landfall are those produced by outer
rainbands coming ashore prior to landfall. Hurricane Dennis' (2005) only outbreak, for
example, occurred thirty-two hours before Dennis made landfall along the Florida
panhandle and was located approximately 418 km north-northeast of Dennis' center.
More outbreaks occurred long after landfall as the TCs tracked inland than long before
landfall. Five outbreaks occurred more than 100 hours after landfall. Three of these
were produced by TC Katrina [(2005) 127 hours, 121 hours, and 103 hours] as she

tracked northward along the East Coast, producing TCTORs as far north as Ohio and
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Pennsylvania. TCs Danny (1997) and Fay (2008) also produced TCTOR outbreaks more
than 100 hours after landfall (141 hours and 108 hours, respectively).
4.1.3 Spatial Characteristics

The mean center of each outbreak was calculated by determining the mean
azimuth and range of all TCTORs in a given outbreak. An overwhelming majority of the
outbreak mean centers are located to the east of TC center (Figure 4.10A). Ninety-six
percent are located in the northeast (59%) and southeast (37%) quadrants, relative to
north (Figure 4.10B). With respect to distance from TC center, the mean centers ranged
from 31.35 km to 626.06 km, with half located in the 200—400 km range (Figure 4.10C).
The distribution of outbreak mean centers about their TC center is to be expected given
that the individual TCTORs that compose these outbreaks have similar spatial
distributions (see Edwards 2010a).

Visual observations of the TCTOR outbreaks revealed a particularly intriguing
aspect about their spatial distributions. They appear to conform to several general spatial
configurations that are similar to Galway’s (1977) local, progressive, and line outbreaks.
Subjective examination and classification of the outbreak configurations, which is similar
to the approach taken by Grams et al. (2012) to classify the convective mode associated
with significant tornado events, shows that the outbreaks generally conform to one of the
following configurations (Figure 4.11A-D):

A. Linear: distinct linear feature with at least three TCTORs linearly aligned

without a substantial gap; a few isolated TCTORs may accompany the linear

feature.
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B. Single-cluster: distinct cluster with at least three TCTORS; a few isolated
TCTORs may accompany the single cluster.

C. Multi-cluster: multiple distinct clusters with at least three TCTORS; a few

isolated TCTORs may accompany the clusters.

D. Dispersed: no distinct linear feature or cluster(s).

Rather than being uniformly distributed amongst these configurations, the
outbreaks tended towards the dispersed and single-cluster configurations. Whereas all of
the TCTOR outbreaks in this study are equally clustered temporally, per their definition,
they are not equally clustered spatially (Table 4.1). The linear and single-cluster
configurations have the smallest mean and median standard areas (note, statistics
describing the one-dimensional length in kilometers of the dominant linear feature of the
linear outbreaks are also provided in Table 4.1). Multi-cluster outbreaks have the largest
minimum, mean, and median standard area metrics; dispersed outbreaks have the largest
maximum standard area. It is not surprising that multi-cluster outbreaks were dispersed
over relatively large surface areas because they typically include a larger number of
TCTORs than the other configurations (Table 4.1). The dispersed outbreaks did not have
the largest standard surface area metrics, as might have been expected, because they were
relatively small outbreaks (i.e., they had the smallest mean and median outbreak severity
metrics). The dispersed outbreaks did, however, have the largest maximum standard area
metric.

4.2 Synoptic Patterns Associated with Tropical Cyclone Tornado Outbreaks
The hierarchical classification scheme developed in this study is two-tiered (see

Figure 3.2). The first partitioning created two classes: (1) TC-westerly interaction and
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(2) no TC-westerly interaction. The second partitioning further subdivided these two
classes into five synoptic patterns, three of which are TC-westerly interaction patterns
and two that are no TC-westerly interaction patterns (Table 4.2). Both tiers of the
classification scheme are based on 500 hPa geopotential height and vector wind plots.
The two classes, TC-westerly interaction and No TC-westerly interaction, account for all
outbreaks. The five synoptic patterns account for 97% of the 133 TCTOR outbreaks.
The remaining 3% (four outbreaks) did not reasonably fit the criteria of any of the five
synoptic patterns and were, thus, excluded from the statistical analysis. There are,
therefore, 129 classified TCTOR outbreaks and a total of 917 individual TCTORSs that are
discussed in sections 4.2.1-4.2.5.

4.2.1 Description and Within-Group Analysis of Synoptic Patterns

4.2.1.1 Pattern 1 Tropical Cyclone Tornado Outbreaks

Pattern 1 outbreaks are produced by TCs with closed circulation at 500 hPa that
are located in the predominately westerly flow to the north of the subtropical ridge, with a
500 hPa midlatitude trough often embedded within the westerlies to the north or
northwest of the TCs (Figure 4.12). TCs and midlatitude troughs are distinct synoptic
features in Pattern 1 cases. Given the relative positioning of the synoptic features, Pattern
1 cases show signs of proto-interaction between closed circulation TCs and the
midlatitude westerlies. The proto-interaction is illustrated by the 500 hPa wind vectors
that extend from the southern portion of the westerly flow and cyclonically envelop the
TCs. Pattern 1 cases vary in terms of the absolute location of the synoptic features, the
distance between the TCs and their corresponding 500 hPa trough, and the wavelength,

amplitude, and tilt of the 500 hPa trough/ridge complex.
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Twenty-eight percent (thirty-six outbreaks) of the outbreaks were classified as
Pattern 1 (Table 4.2). Pattern 1 outbreaks range in severity from three to thirty-three
TCTORs per outbreak, but a skewness of +2.1 indicates that they tend towards the lower
end of this range (Table 4.3). The outbreaks in Pattern 1 have a mean severity of 7.9
TCTORs per outbreak and a median of 5.0. The standard deviation and coefficient of
variation are 6.6 and 0.8, respectively. The middle 50% of Pattern 1 outbreaks have more
than four TCTORSs but less than eleven. The thirty-six Pattern 1 outbreaks account for
285 individual TCTORs, the majority of which are rated F/EF 0 or F/EF 1 (Figure 4.13).

Pattern 1 outbreaks occurred in all months of the North Atlantic Basin hurricane
season except July and November (Figure 4.14). The outbreaks are not, however,
uniformly distributed throughout these months. Twenty-six of the thirty-six Pattern 1
outbreaks (72%) occurred in September. The outbreaks also are non-uniformly
distributed amongst the primary synoptic hours (Figure 4.15). Twenty-four of the thirty-
six Pattern 1 outbreaks (67%) occurred in the 1800 UTC and 0000 UTC windows.
Relative to their associated TC landfall, Pattern 1 outbreaks occurred as early as thirteen
hours before landfall and as late as 103 hours after landfall, giving them a range of 116
hours about landfall (Table 4.4). The middle 50% of Pattern 1 outbreaks occurred within
a twenty-one hour period spanning from forty-five minutes prior to landfall to just over
twenty hours after landfall. Spatially, Pattern 1 outbreaks are distributed primarily
throughout the southeast United States, in Louisiana, Arkansas, Mississippi, Alabama,

Florida, Georgia, and the Carolinas (Figure 4.16).
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4.2.1.2 Pattern 2 Tropical Cyclone Tornado Outbreaks

Pattern 2 outbreaks are produced by TCs that are closed shortwave troughs
embedded within the midlatitude westerlies, often downstream of a longer-wave 500 hPa
trough axis and upstream of the successive ridge axis (Figure 4.17). Pattern 2 cases share
many synoptic features with Pattern 1 cases, including closed TC circulation at 500 hPa
and proximity between TCs and 500 hPa midlatitude westerlies. The discriminating
feature between the two patterns is that TCs in Pattern 2 are north of the subtropical ridge
and are encompassed by a single, or multiple, circumpolar isoheight(s), hence their
appearance as shortwave troughs. Pattern 2 cases vary in terms of the absolute location
of the synoptic features, the distance between the closed shortwave trough and the longer-
wave trough axis, and the wavelength, amplitude, and tilt of the longer-wave 500 hPa
trough/ridge complex.

Seventeen percent (twenty-two outbreaks) of the outbreaks were classified as
Pattern 2 (Table 4.2). Pattern 2 outbreaks range in severity from three to thirty-three
TCTORs per outbreak, but a skewness of +1.6 indicates that they tend towards the lower
end of this range (Table 4.3). The outbreaks in Pattern 2 have a mean severity of 10.7
TCTORs per outbreak and a median of 9.0. The standard deviation and coefficient of
variation are 7.4 and 0.7, respectively. The middle 50% of Pattern 2 outbreaks have more
than six TCTORs but less than ten. The twenty-two Pattern 2 outbreaks account for 235
individual TCTORs, the majority of which are rated F/EF 0 or F/EF 1 (Figure 4.18).

Two of the three observed F/EF 3 TCTORs occurred in Pattern 2 outbreaks.
Pattern 2 outbreaks occurred in all months of the North Atlantic Basin hurricane

season except June and November (Figure 4.19). Similar to Pattern 1 outbreaks, Pattern
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2 outbreaks did not occur uniformly throughout these months but, rather, occurred most
frequently in September, when sixteen of the twenty-two observed Pattern 2 outbreaks
(73%) occurred. Also similar to Pattern 1, rather than being uniformly distributed
amongst the primary synoptic hours, Pattern 2 outbreaks were most frequent during the
1800 UTC and 0000 UTC windows when seventeen of the twenty-two outbreaks (77%)
occurred (Figure 4.20). Relative to their associated TC landfall, Pattern 2 outbreaks
occurred as early as four hours before landfall and as late as fifty-seven hours after
landfall, giving them a range of sixty-one hours about landfall (Table 4.4). The middle
50% of Pattern 2 outbreaks occurred within a roughly thirty-one hour period spanning
from eleven to nearly forty-two hours after landfall. The spatial distribution of Pattern 2
outbreaks is similar to that of Pattern 1 in that they are both distributed primarily
throughout the southeast United States (Figure 4.21). The northern edge of the Pattern 2
distribution, however, extends farther north throughout the Virginias, Maryland,
Washington D.C., and Pennsylvania.

4.2.1.3 Pattern 3 Tropical Cyclone Tornado Outbreaks

Pattern 3 cases are similar to pattern 2 cases in that they both are produced by TCs
that are north of the subtropical ridge and are shortwave troughs embedded within the
midlatitude westerlies, often downstream of a longer-wave 500 hPa trough axis and
upstream of the successive ridge axis (Figure 4.22). The difference between the two
patterns is that TCs in Pattern 2 cases are closed shortwave troughs whereas those in
Pattern 3 are open shortwave troughs. Pattern 3 cases vary in terms of the absolute

location of the synoptic features, the distance between the closed shortwave trough and
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the longer-wave trough axis, and the wavelength, amplitude, and tilt of the longer-wave
500 hPa trough/ridge complexes.

Thirty-one percent (forty outbreaks) of the outbreaks were classified as Pattern 3,
making this the most abundant of the outbreak patterns (Table 4.2). Pattern 3 outbreaks
range in severity from three to twenty-four TCTORs per outbreak, but a skewness of +3.0
indicates that they tend towards the lower end of this range (Table 4.3). The outbreaks in
Pattern 3 have a mean severity of 5.9 TCTORs per outbreak and a median of 4.5. The
standard deviation and coefficient of variation are 3.9 and 0.7, respectively. The middle
50% of Pattern 3 outbreaks have more than four TCTORS but less than eight. The forty
Pattern 3 outbreaks account for 235 individual TCTORSs, the majority of which are rated
F/EF 0 or F/EF 1 (Figure 4.23). One of the three observed F/EF 3 TCTORSs occurred in a
Pattern 3 outbreak.

Pattern 3 outbreaks occurred in all months of the North Atlantic Basin hurricane
season (Figure 4.24). Again, September experienced the most frequent outbreak activity,
but rather than having a markedly non-uniform monthly distribution like Pattern 1 and 2,
Pattern 3 outbreaks were more evenly distributed throughout hurricane season months.
Pattern 3 is the only pattern to have an outbreak in November. Pattern 3 outbreaks are
non-uniformly distributed amongst the primary synoptic hours like Patterns 1 and 2
(Figure 4.25). Thirty-one of the forty Pattern 3 outbreaks (78%) occurred in the 1800
UTC and 0000 UTC windows. Relative to their associated TC landfall, Pattern 3
outbreaks occurred as early as fifteen hours before landfall and as late as 141 hours after
landfall, giving them a range of 156 hours about landfall (Table 4.4). The middle 50% of

Pattern 3 outbreaks occurred within a roughly thirty-eight hour period spanning from
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approximately three to forty-one hours after landfall. The spatial distribution of Pattern 3
outbreaks, especially its western edge, is shifted east from that of Patterns 1 and 2 (Figure
4.26). Pattern 3 outbreaks are generally distributed throughout the East Coastal Plains
from Florida to Pennsylvania.

4.2.1.4 Pattern 4 Tropical Cyclone Tornado Outbreaks

Pattern 4 outbreaks are produced by TCs without closed circulation at 500 hPa
that are located in the southerly or southwesterly flow of the North Atlantic subtropical
anticyclone (Figure 4.27). Pattern 4 outbreaks vary in terms of the absolute location of
the synoptic features and the 500 hPa midlatitude westerly flow regime.

Ten percent (thirteen outbreaks) of the classified outbreaks are characteristic of
Pattern 4, making this the least abundant of the outbreak patterns (Table 4.2). Pattern 4
outbreaks range in severity from three to fourteen TCTORSs per outbreak, but a skewness
of +1.1 indicates that they tend slightly towards the lower end of this range (Table 4.3).
The outbreaks in Pattern 4 have a mean severity of 6.3 TCTORS per outbreak and a
median of 4.0. The standard deviation and coefficient of variation are 4.0 and 0.6,
respectively. The middle 50% of Pattern 4 outbreaks have more than three TCTORS but
less than ten. The thirteen Pattern 4 outbreaks account for eighty-two individual
TCTORs, nearly all of which are rated F/EF 0 or F/EF 1 (Figure 4.28).

Pattern 4 outbreaks occurred in all months of the North Atlantic Basin hurricane
season except the late months of October and November (Figure 4.29). The majority of
Pattern 4 outbreaks (77%) occurred in August and September, with peak activity in
August rather than September as seen with Pattern 1-3. The distribution of Pattern 4

outbreaks amongst the primary synoptic hours is non-uniform (Figure 4.30). Ten of the
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thirteen Pattern 4 outbreaks (77%) occurred during the 1800 UTC and 0000 UTC
windows. Relative to their associated TC landfall, Pattern 4 outbreaks occurred as early
as one hour before landfall and as late as eighty-nine hours after landfall, giving them a
range of ninety hours about landfall (Table 4.4). The middle 50% of Pattern 4 outbreaks
occurred within a fifty-eight hour period spanning from five to sixty-three hours after
landfall. Similar to Pattern 3, Pattern 4 outbreaks are primarily distributed throughout the
East Coastal Plains region (Figure 4.31). A few of spatial outliers are located in northern
Texas and south-central Oklahoma. These two outbreaks were associated with TCs Erin
(2007) and Hermine (2010). Both synoptic environments exhibited a well-developed
North Atlantic subtropical anticyclone located over the southeast Unites States and Gulf
of Mexico regions, placing their region of southerly or southwesterly flow generally over
the south-central United States.

4.2.1.5 Pattern 5 Tropical Cyclone Tornado Outbreaks

Pattern 5 outbreaks are similar to Pattern 1 cases in that both are produced by TCs
with closed circulation at 500 hPa. Unlike Pattern 1, however, the Pattern 5 TCs do not
exhibit signs of proto-interaction with the midlatitude westerlies because they are located
in the southern portion of a distinct subtropical ridge (Figure 4.32). Pattern 5 cases vary
in terms of the absolute location of the synoptic features and the 500 hPa midlatitude
flow regime.

Fourteen percent (eighteen outbreaks) of the outbreaks were classified as Pattern
5 (Table 4.2). Pattern 5 outbreaks range in severity from three to nine TCTORS per
outbreak, but a skewness of +1.3 indicates that they tend slightly towards the lower end

of this range (Table 4.3). Note that Pattern 5 has the smallest mean, median, and
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maximum outbreak severity metrics. The outbreaks in Pattern 5 have a mean severity of
4.4 TCTORSs per outbreak and a median of 3.5. The standard deviation and coefficient of
variation are 1.9 and 0.4, respectively. The middle 50% of Pattern 5 outbreaks have more
than three TCTORs but less than six. The eighteen Pattern 5 outbreaks account for eighty
individual TCTORs, all of which are rated F/EF 0 or F/EF 1 (Figure 4.33).

Pattern 5 outbreaks occurred in the same months as Pattern 4 outbreaks, June
through September (Figure 4.34). As with Patterns 1—4, the monthly distribution of
Pattern 5 outbreaks is non-uniform, with the frequency at which outbreaks occur
increasing from June to a peak September when 55% of the outbreaks occurred. Pattern
5 outbreaks also were most common during the 1800 UTC and 0000 UTC windows when
61% occurred, but the distribution for Pattern 5 outbreaks is not as markedly non-uniform
as that of the previous four patterns (Figure 4.35). Relative to their associated TC
landfall, Pattern 5 outbreaks occurred as early as thirty-two hours before landfall and as
late as thirty-three hours after landfall, giving them a range of sixty-five hours about
landfall (Table 4.4). The middle 50% of Pattern 5 outbreaks occurred within a roughly
eighteen hour period spanning from nine hours prior to landfall to just over eight hours
after landfall. Spatially, Pattern 5 outbreaks are distributed primarily in two near-coast
regions in south Texas and in the Florida peninsula (Figure 4.36).

4.2.2 Synoptic Pattern Persistence and Variability

By examining the sequence of synoptic patterns for each TC (Appendix D), it can
be determined how many pattern-pairs are persistent (i.e., sequential outbreaks with the
same pattern classifications) and how many are variable (i.e., sequential outbreaks with

different pattern classifications). Seventy percent of the sequential patterns were
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persistent and 30% were variable. Some cases also included more than two persistent
sequential patterns. TCs lvan (2004), Katrina (2005), and Gustav (2008), for example,
each had five Pattern 1 outbreaks in sequence; and, these were the first five outbreaks for
all three TCs. TC France’s (2004) pattern sequence is a unique in that three different
patterns showed persistence; Frances produced twelve outbreaks, four Pattern 5’s
followed by four Pattern 1’s then four Pattern 2’s.

4.2.3 Between-Group Analysis of Synoptic Patterns

4.2.3.1 Qutbreak Frequency

A X? goodness-of-fit test for uniformity was used to test whether TCTOR
outbreaks are equally common to the five synoptic patterns. If the outbreaks are equally
common to the five patterns, the frequency distribution should not significantly differ
from a uniform distribution. The results of the test indicate that the frequency
distribution does significantly differ from a uniform distribution (X2 =21.12,df=4,p<
0.001; Figure 4.37). The outbreaks occurred most frequently with synoptic Patterns 1
and 3, both of which are TC-westerly interaction patterns. The two synoptic patterns in
which TCs are not interacting with the westerlies, Patterns 4 and 5, have the least number
of outbreaks.

4.2.3.2 Outbreak Severity

Levene’s test for homogeneity of variance was used to test for disparity in terms
of the variance of outbreak severity within each of the five patterns. The test indicates
that the five patterns do not have equal variance in terms of outbreak severity (Levene's
statistic = 5.01, dfl = 4, df2 = 124, p-value = 0.001). This disparity is clearly displayed

by the ranges illustrated in Figure 4.38. Outbreak severity range and variance are greatest
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in Patterns 1 and 2. All patterns have the same minimum outbreak severity (3 TCTORS),
therefore the range and variance of Pattern 1 and 2 are enlarged by the upper end of their
distributions (note the whiskers and extreme values for Patterns 1 and 2). The two most
severe outbreaks with thirty-three TCTORs were classified as Pattern 1 and Pattern 2.
Whereas the range and variance of outbreak severity differs across the patterns, their
coefficients of variation indicate that their relative variability is more consistent across
the patterns (Table 4.3).

The positive skewness of the TCTOR outbreak severity distributions implies that
none of the synoptic patterns are normally distributed about their mean. The Shapiro-
Wilk test of normality verifies that the distribution of outbreak severity does not conform
to a normal distribution in any of the five patterns (Table 4.5).

Because TCTOR outbreaks are not normally distributed about their respective
mean outbreak severity in any of the patterns, and because the patterns have different
sample sizes, the nonparametric Kruskal-Wallis test was used to test for statistically
significant differences in median outbreak severity across patterns. The results indicate
that median outbreak severity does significantly differ in at least one pair of the patterns
(X* = 16.92, df = 4, p-value = 0.002). The nonparametric Mann-Whitney U test with a
Bonferroni adjustment to a was used to determine which pattern pairs are significantly
different. Statistical significance was assessed at a = 0.05 in the Kruskal Wallis test,
thus, according to the Bonferroni adjustment, each pattern comparison is assessed at o =
0.005. Results indicate that significant differences in median outbreak severity exist
between Patterns 2 and 3 and between Patterns 2 and 5 (Table 4.6). It is not surprising

that the typical Pattern 2 outbreak was found to be significantly larger than at least one of



99

the remaining patterns', given that Pattern 2 had the largest median outbreak severity
(Figure 4.38; Table 4.3). No significant differences were found between the remaining
pattern pairs.

4.2.3.3 Tropical Cyclone Tornado Strength

Weak TCTORs (F/EF 0 and 1) comprise an overwhelming majority of the
TCTORs in each of the five synoptic patterns (Table 4.7). Approximately 90% or more
of the TCTORs in Pattern 1—4 are rated F/EF 0 or 1 and 100% of Pattern 5 TCTORSs are
F/EF 0 or 1. Moreover, more than half of the TCTORs in each of the five synoptic
patterns are rated F/EF 0. Patterns 4 and 5 (especially 5) are comprised of a
disproportionately large number of weak F/EF 0 TCTORS, relative to Patterns 1-3. F/EF
0 TCTORs comprise 71% and 89% of Pattern 4 and 5 TCTORsS, respectively, whereas
they comprise 65%, 59%, and 52% of Pattern 1, 2, and 3 TCTORSs, respectively.

4.2.4 Seasonality of Synoptic Patterns

Each of the five synoptic patterns, except Pattern 4, were most common in
September. Pattern 4 was most common in August (Table 4.8). Ninety-five percent of
Pattern 1 and 2 outbreaks occurred in August, September, and October. Approximately
90% of Pattern 4 and 5 outbreaks occurred in July, August, and September. Compared to
the other synoptic patterns, Pattern 3 outbreaks are much more evenly distributed
throughout the North Atlantic Basin hurricane season and, furthermore, Pattern 3 is the
only one to be associated with an outbreak in November.

Each month in the North Atlantic Basin hurricane season except August has a
dominant synoptic pattern that accounts for a rather distinct peak in TCTOR outbreak

activity for that given month (Table 4.8). Pattern 3 accounted for the modal frequency in
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all months except September, when Pattern 1 dominated. The below bulleted list

discusses the distribution of TCTOR outbreaks by synoptic pattern for each month of the

North Atlantic Basin hurricane season.

June — Seven TCTOR outbreaks occurred in June (Figure 4.39). These outbreaks
were associated with Patterns 1, 3, 4, and 5. No Pattern 2 outbreaks occurred in
June. Pattern 3 accounts for 57% of all June outbreaks. The remaining 43%
(three outbreaks) were evenly distributed across Patterns 1, 4, and 5.

July — Fifteen TCTOR outbreaks occurred in July (Figure 4.40). These outbreaks
were associated with Patterns 2, 3, 4, and 5. No Pattern 1 outbreaks occurred in
July. Similar to June, Pattern 3 accounts for over half of all July outbreaks.
August — Twenty-six TCTOR outbreaks occurred in August (Figure 4.41).
Outbreaks from all five synoptic patterns occurred in August and the outbreaks
were more evenly distributed across the patterns than seen in June and July.
Patterns 1, 3, and 4 each account for 23—31% of all August outbreaks. There is a
slight maximum associated with Pattern 3 and distinct minimum with Pattern 2 in
August.

September — Patterns 1, 2, and 5 outbreaks had seasonal peaks in September and
Pattern 3 had a slight peak in September (see Figures 4.14, 4.19, 4.24, and 4.34).
Consequently, September had the greatest number of TCTOR outbreaks with
sixty-seven (Figure 4.42). As in August, outbreaks from all five synoptic patterns
occurred in September. Unlike the remaining months, peak activity in September

is associated with Pattern 1 rather than Pattern 3.
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= QOctober — Thirteen TCTOR outbreaks occurred in October, all of which were
associated with Pattern 1, 2, or 3 (Figure 4.43). Similar to June—August, peak
October activity is associated with Pattern 3.
= November — One Pattern 3 outbreak occurred in November.
4.2.5 Tropical Cyclone-Westerly Interaction VS No Tropical Cyclone-Westerly
Interaction Outbreaks

4.2.5.1 Tropical Cyclone-Westerly Interaction (Patterns 1, 2, and 3)

Seventy-six percent (ninety-eight outbreaks) of the classified outbreaks were
produced by TCs that were interacting with, or embedded within, the midlatitude
westerlies (Table 4.9). These TC-westerly interaction outbreaks range in severity from
three to thirty-three TCTORS per outbreak. A skewness of +2.2 indicates that they tend
towards the lower end of this range. The outbreaks associated with TC-westerly
interaction cases have a mean severity of 7.7 TCTORs per outbreak and a median of 5.0.
The standard deviation and coefficient of variation are 6.1 and 0.8, respectively. The
middle 50% of these outbreaks have more than four TCTORS but fewer than ten. The
ninety-eight TC-westerly interaction outbreaks account for 755 individual TCTORs, the
majority of which are rated F/EF 0 or F/EF 1 (Figure 4.44). Three TC-westerly
interaction outbreaks produced the only three F3 TCTORsS in the record.

TC-westerly interaction outbreaks occurred in all months of the Atlantic Basin
hurricane season (Figure 4.45). The outbreaks are not uniformly distributed throughout
hurricane season months. They were most frequent in September, when fifty-three of the
ninety-eight TC-westerly interaction outbreaks (55%) occurred. The outbreaks also are

non-uniformly distributed amongst the primary synoptic hours (Figure 4.46). Seventy-
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two of the ninety-eight TC-westerly interaction outbreaks (73%) occurred in the 1800
UTC and 0000 UTC windows. Relative to their associated TC landfall, TC-westerly
interaction outbreaks occurred as early as fifteen hours before landfall and as late as 141
hours after landfall, giving them a range of 156 hours about landfall (Table 4.10). The
middle 50% of TC-westerly interaction outbreaks occurred within a roughly thirty-six
hour period spanning between three and thirty-nine hours after landfall.

4.2.5.2 No Tropical Cyclone-Westerly Interaction (Patterns 4 and 5)

Twenty-four percent (thirty-one outbreaks) of the classified outbreaks were
produced by TCs that were isolated from the midlatitude westerlies (Table 4.9). These no
TC-westerly interaction outbreaks range in severity from three to thirteen TCTORSs per
outbreak. A skewness of +1.6 indicates that they tend slightly towards the lower end of
this range. The no-TC-westerly interaction outbreaks have a mean severity of 5.2
TCTORs per outbreak and a median of 4.0. The standard deviation and coefficient of
variation are 3.1 and 0.6, respectively. The middle 50% of these outbreaks have more
than three TCTORs but less than eight. The thirty-one no TC-westerly interaction
outbreaks account for 162 individual TCTORs, the majority of which are rated F/EF 0 or
F/EF 1 (Figure 4.47).

Outbreaks without TC-westerly interaction occurred in the early (June and July)
and middle (August and September) months of the Atlantic Basin hurricane season, but
not in the late months (October and November) (Figure 4.48). The outbreaks are not
uniformly distributed throughout the early and middle season months. Rather, they were
most common in September, when fourteen of the thirty-one no TC-westerly interaction

outbreaks (45%) occurred. The outbreaks also are non-uniformly distributed amongst the
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primary synoptic hours (Figure 4.49). Twelve of the thirty-one no TC-westerly
interaction outbreaks (39%) occurred during the 1800 UTC window. Moreover, 68%
were split between the 1800 UTC and 0000 UTC windows. Relative to their associated
TC landfall, no TC-westerly interaction outbreaks have occurred as early as thirty-two
hours before landfall and as late as eighty-nine hours after landfall, giving them a range
of 121 hours about landfall (Table 4.10). The middle 50% of no TC-westerly interaction
outbreaks occurred within a twenty-three hour period spanning from three hours prior to
landfall to twenty hours after landfall.

4.2.5.3 Outbreak Severity

Table 4.3 and Figure 4.32 show that mean and median TCTOR outbreak severity
differs across the synoptic patterns. A Kruskal-Wallis test verified that the difference in
median outbreak severity is statistically significant with at least one pattern pair. In
general, especially for median values, the TC-westerly interaction outbreaks (Patterns 1,
2, and 3) have larger central tendency metrics than the no TC-westerly interaction
outbreaks (Patterns 4 and 5). A one-tailed Mann-Whitney U test was used to determine
whether the median outbreak severity for TC-westerly interaction outbreaks is larger than
that of no TC-westerly interaction outbreaks. The nonparametric Mann-Whitney U was
used because the sample size of these two groups is vastly different and because a
Shapiro-Wilk test indicates that neither of the groups is normally distributed in terms of
outbreak severity (Table 4.11). The results indicate that the median outbreak severity for
TC-westerly interaction outbreaks is significantly larger than that of no TC-westerly

interaction outbreaks (Mann-Whitney U = 1071.5, one-tailed p-value = 0.006).
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4.2.5.4 Outbreak Seasonality

Because of low monthly frequencies (see Table 4.8), the seasonal distribution is
examined with TCTOR outbreaks aggregated into the following groups: early (June and
July), middle (August and September), and late (October and November) hurricane
season (Table 4.12). Both, TC-westerly interaction and no TC-westerly interaction,
outbreaks are most common during the middle season months. By aggregating the data
this way, however, it also is shown that TC-westerly interaction outbreaks account for an
increasingly large proportion of early, middle, and late season totals as the season
progresses, whereas no TC-westerly interaction outbreaks become less common later in

the season.
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TABLE 4.1. Descriptive statistics for TCTOR outbreak severity and the standard area over which TCTOR outbreaks occur for each
spatial configuration. Note, bottom italicized row provides statistics describing the length of the dominant linear feature in the linear
outbreaks in kilometers. [M=mean, Mdn=median, SD=standard deviation, Min=minimum, Max=maximum, CV=coefficient of

variation]
Outbreak Severity Standard Area (km?)
M Mdn SD Min Max CV M Mdn SD Min Max CVv
Linear 82 60 70 3 33 08 24,291.8 13,076.2 41,7485  2,036.2  185,324.9 1.7

Single-cluster 6.8 50 4.0
Multi-cluster 151 125 6.9
Dispersed 42 35 23
Linear (km)

3 24 06 23,524.7 10,725.3  35,703.5 532.4 170,235.3 1.5
6 33 05 60,232.6 46,3825  49,684.7 20,303.9 225,875.2 0.8
3 15 05 31,221.2 21,4511  43,119.8 2,434.5  264,314.7 1.4

119.3 96.8 56.9 62.1 259.6 0.5

TABLE 4.2. Description of the five identified synoptic patterns and the frequency at which they occur.

Pattern Frequency® (%0)

Descriptive Name

1 36 (28)
2 22 (17)
3 40 (31)
4 13 (10)
5 18 (14)

TC-westerly interaction: 500 hPa closed TC circulation north of subtropical ridge axis,
typically with 500 hPa midlatitude trough to north or northwest of TC

TC-westerly interaction: 500 hPa closed shortwave trough embedded within
westerlies, typically downstream of a longer-wave 500 hPa trough

TC-westerly interaction: 500 hPa open shortwave trough embedded within westerlies,
typically downstream of a longer-wave 500 hPa trough

No TC-westerly interaction: 500 hPa open TC circulation embedded within southerly
or southwesterly flow of the North Atlantic subtropical anticyclone

No TC-westerly interaction: 500 hPa closed TC circulation cut-off from midlatitude
westerly flow by region of relatively high pressure

a. Four outbreaks did not meet the criteria of the classification scheme and were placed in a sixth other category that is
excluded from the statistical analysis of the synoptic patterns.

SOT
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TABLE 4.3. Descriptive statistics summarizing TCTOR outbreak severity for the five
identified synoptic patterns. [N=number of outbreaks, Min=minimum, Max=maximum,
Sk=skewness, Mdn=median, M=mean, Q1=first quartile, Q3=third quartile, SD=standard
deviation, CV=coefficient of variation]

N Min Max Sk Mdn M Q1 Q3 SD  CV

Pattern1 36 33 2.1 5.0 7.9 40 105 6.6 0.8
Pattern2 22 33 1.6 9.0 10.7 5.8 9.0 74 0.7
Pattern3 40 24 3.0 4.5 5.9 4.0 7.8 3.9 0.7
Pattern4 13 14 11 4.0 6.3 3.0 9.5 4.0 0.6
Pattern5 18 9 1.3 3.5 4.4 3.0 5.3 1.9 0.4

Wwwww

Table 4.4. Statistics describing the distribution of TCTOR outbreaks about their
associated TC landfall, in hours, for each synoptic pattern. [M=mean, Mdn=median,
SD=standard deviation, CV=coefficient of variation, Min-minimum, Max=maximum,
Q1=first quartile, Q3=third quartile]

M Mdn  SD CV Min Max Q1 Q3
Pattern 1 19.0 7.5 33.0 1.7 -13.0 103.0 -0.8 20.3
Pattern 2 26.7 260 17.6 0.7 -4.0 57.0 11.0 41.8
Pattern 3 28.7 215 381 1.3 -15.0 1410 3.3 415
Pattern 4 32.6 18.0 325 1.0 -1.0 89.0 5.0 63.0
Pattern 5 0.4 0.0 151 378 -32.0 33.0 -9.0 8.5

TABLE 4.5. Result of the Shapiro-Wilk test assessing the normality of
TCTOR outbreak severity distributions within each of the five synoptic
patterns. The null hypothesis is that the distribution of TCTOR outbreak
severity is normal.  Statistical significance is assessed at o = 0.01.
Distributions within all patterns are significantly different than normal.

Synoptic Pattern Shapiro-Wilk Statistic df p-value
1 0.73 36 <0.001
2 0.85 22 0.004
3 0.68 40 <0.001
4 0.80 13 0.008
5 0.78 18 0.001
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TABLE 4.6. Results of the post hoc Mann-Whitney U test with Bonferroni
adjustment to determine which pattern-pairs have significantly different median
TCTOR outbreak severity. The null hypothesis is that the five patterns have equal
median TCTOR outbreak severity scores. Statistical significance was assessed with
a = 0.05 in the Kruskal-Wallis test thus, according to the Bonferroni adjustment,
each individual comparison is assessed at 0.05/10=0.005. Statistically significant
differences are italicized.

Synoptic Pattern Comparison Mann-Whitney U Statistic p-value

1and 2 272 0.046
1and 3 620 0.289
1 and 4 199 0.415
land5 203 0.023
2and 3 224 0.001
2and 4 84 0.043
2and 5 64 < 0.001
3and 4 260 0.992
3and5 262 0.090
4and5 88 0.242

Table 4.7. TCTOR outbreak frequency cross-tabulated by synoptic pattern and F/EF
scale.

F/EF O F/IEF 1 F/IEF 2 F/EF 3 Total
Pattern 1 184 79 22 0 285
Pattern 2 138 80 15 2 235
Pattern 3 122 87 25 1 235
Pattern 4 58 21 3 0 82
Pattern 5 71 9 0 0 80
Total 573 276 65 3 917

TABLE 4.8. TCTOR outbreak frequency cross-tabulated by synoptic pattern and
month.

JUN JUL AUG SEP OCT NOV Total
Pattern 1 1 0 7 26 2 0 36
Pattern 2 0 1 1 16 4 0 22
Pattern 3 4 9 8 11 7 1 40
Pattern 4 1 2 6 4 0 0 13
Pattern 5 1 3 4 10 0 0 18
Total 7 15 26 67 13 1 129
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TABLE 4.9. Descriptive statistics summarizing TCTOR outbreak severity. The five
synoptic patterns are aggregated into TC-westerly interaction and no TC-westerly
interaction groups.  [N=number of outbreaks, Min=minimum outbreak severity,
Max=maximum outbreak severity, Sk=skewness of the outbreak severity frequency
distribution, Mdn=median outbreak severity, M=mean outbreak severity, Q1=first
quartile, Q3=third quartile, SD=standard deviation of outbreak severity, CV=coefficient
of variation for outbreak severity]

N Min Max Sk Mdn M Q1 Q3 SD CV
Westerly 98 3 33 2.2 5.0 7.7 4.0 9.0 6.1 0.8
interaction*
No interaction** 31 3 14 1.6 4.0 5.2 3.0 7.0 3.1 0.6
*Patterns 1, 2, and 3
**Patterns 4 and 5

Table 4.10. Statistics describing the distribution of TCTOR outbreaks about their
associated TC landfall, in hours. [M=mean, Mdn=median, SD=standard deviation,
CV=coefficient of wvariation, Min=minimum, Max=maximum, Q1=first quartile,
Q3=third quartile]

M Mdn SD CV Min Max Q1 Q3

Westerly 247 150 326 13 -150 1410 3.0 393
interaction*
No interaction** 139 60 285 20 -320 89.0 -3.0 20.0

*Patterns 1, 2, and 3
**Patterns 4 and 5

TABLE 4.11. Result of the Shapiro-Wilk test assessing the normality of TCTOR
outbreak severity distributions for TC-westerly interaction and no TC-westerly
interaction outbreaks. The null hypothesis is that the distribution of TCTOR outbreak
severity is normal. Statistical significance is assessed at a = 0.01. Distributions within
both groups are significantly different than normal.

Shapiro-Wilk df p-value
Statistic
Westerly 0.74 98 <0.001

interaction
No interaction 0.76 31 <0.001
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TABLE 4.12. Distribution of TC-westerly (Patterns 1, 2, and 3) and no TC-westerly
interaction (Patterns 4 and 5) outbreaks through the early (June and July), middle (August
and September), and late (October and November) months of the Atlantic Basin
hurricane season. Left value is the frequency and the value in parentheses is the relative
frequency of early, middle, and late season totals.

Early Middle Late

Westerly 15 (0.68) 69 (0.74) 14 (1.0)
interaction
No interaction 7 (0.32) 24 (0.26) 0 (0.0)
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4.4 Chapter Four Figures
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FIGURE 4.1. Outbreak and isolated TCTORs for TCs Ivan, Rita, and Alberto.
Individual outbreaks are indicated with separate color triangles and isolated
TCTORs are marked with black triangles. Nearly all of Ivan’s and Rita’s

TCTORs were in an outbreak whereas only 35% of Alberto’s TCTORs where in
an outbreak.
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FIGURE 4.12. 500 hPa geopotential height (A) and vector wind (B)
plots illustrating a synoptic environment characteristic of Pattern 1
(NCEP-NARR plots obtained from NOAA ESRL's Physical Science
Division (NOAA (n. d.)). Note the closed TC circulation just to the
south of the midlatitude westerly flow and the southern-most wind
vectors of the westerly flow cyclonically enveloping the TC.
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FIGURE 4.14. Pattern 1 TCTOR outbreak frequency distribution stratified by month.
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FIGURE 4.15. Pattern 1 TCTOR outbreak frequency distribution stratified by synoptic
hour.
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FIGURE 4.16. Spatial distribution of TCTORs within Pattern 1 outbreaks.
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FIGURE 4.17. 500 hPa geopotential height (A) and vector wind (B)
plots illustrating a synoptic environment characteristic of Pattern 2
(NCEP-NARR plots obtained from NOAA ESRL's Physical Science
Division (NOAA (n. d.)). Note the TC embedded within the
midlatitude westerly flow as a closed shortwave trough.
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FIGURE 4.19. Pattern 2 TCTOR outbreak frequency distribution stratified by month.
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FIGURE 4.20. Pattern 2 TCTOR outbreak frequency distribution stratified by synoptic
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FIGURE 4.21. Spatial distribution of TCTORs within Pattern 2 outbreaks.
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FIGURE 4.22. 500 hPa geopotential height (A) and vector wind (B) plots
illustrating a synoptic environment characteristic of Pattern 3 (NCEP-
NARR plots obtained from NOAA ESRL's Physical Science Division
(NOAA (n. d.)). Note the TC embedded within the midlatitude westerly
flow as an open short wave trough.
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FIGURE 4.24. Pattern 3 TCTOR outbreak frequency distribution stratified by month.
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FIGURE 4.25. Pattern 3 TCTOR outbreak frequency distribution stratified by synoptic
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FIGURE 4.26. Spatial distribution of TCTORs within Pattern 3 outbreaks.
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FIGURE 4.27. 500 hPa geopotential height (A) and vector wind (B) plots
illustrating a synoptic environment characteristic of Pattern 4 (NCEP-
NARR plots obtained from NOAA ESRL's Physical Science Division
(NOAA (n. d.)). Note the TC without closed circulation embedded within
the southwesterly flow of the subtropical ridge.
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FIGURE 4.29. Pattern 4 TCTOR outbreak frequency distribution stratified by month.
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FIGURE 4.31. Spatial distribution of TCTORs within Pattern 4 outbreaks.
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FIGURE 4.32. 500 hPa geopotential height (A) and vector wind (B)
plots illustrating a synoptic environment characteristic of Pattern 5
(NCEP-NARR plots obtained from NOAA ESRL's Physical Science
Division (NOAA (n. d.)). Note the closed TC circulation cut-off from
the midlatitude westerly flow to the north by a region of high
pressure.
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FIGURE 4.35. Pattern 5 TCTOR outbreak frequency distribution stratified by synoptic
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FIGURE 4.38. Boxplots illustrating the distribution of TCTOR outbreak severity,
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FIGURE 4.39. Relative frequency distribution of June TCTOR outbreaks stratified by
synoptic pattern. No Pattern 2 outbreaks occurred in June over the period of record.
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FIGURE 4.40. Relative frequency distribution of July TCTOR outbreaks stratified by
synoptic pattern. No Pattern 1 outbreaks occurred in July over the period of record.
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FIGURE 4.41. Relative frequency distribution of August TCTOR outbreaks stratified
by synoptic pattern.
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FIGURE 4.42. Relative frequency distribution of September TCTOR outbreaks
stratified by synoptic pattern.
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FIGURE 4.43. Relative frequency distribution of October TCTOR outbreaks stratified

by synoptic pattern. No Pattern 4 or 5 outbreaks occurred in October over the period of
record.
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FIGURE 4.44. TCTOR frequency distribution stratified by F/EF Scale for cases
exhibiting TC-westerly interaction (Patterns 1, 2, and 3).
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FIGURE 4.45. TCTOR outbreak frequency distribution stratified by month for cases
exhibiting TC-westerly interaction (Patterns 1, 2, and 3).
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FIGURE 4.46. TCTOR outbreak frequency distribution stratified by synoptic hour for
cases exhibiting TC-westerly interaction (Patterns 1, 2, and 3).
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FIGURE 4.47. TCTOR frequency distribution stratified by F/EF Scale for cases
exhibiting no TC-westerly interaction (Patterns 4 and 5).
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FIGURE 4.48. TCTOR outbreak frequency distribution stratified by month for cases
exhibiting no TC-westerly interaction (Patterns 4 and 5).
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FIGURE 4.49. TCTOR outbreak frequency distribution stratified by synoptic hour for
cases exhibiting no TC-westerly interaction (Patterns 4 and 5).



CHAPTER V

DISCUSSION OF RESULTS

5.1 Tropical Cyclone Tornado Outbreaks: Definition Concerns

The results of this study suggest that TCTORs cluster over multiple temporal and
spatial scales. This, in turn, suggests that different definitions, utilizing different TCTOR
frequency thresholds and temporal and spatial parameters, also could be used to identify
and analyze TCTOR outbreaks. Sixty-eight percent of the outbreaks identified in this
study, for example, occurred in a six hour window adjacent to another outbreak. Multiple
temporal strings of outbreaks occurred, ranging from two to six consecutive outbreaks.
All of TC Rita’s (2005) six outbreaks occurred in consecutive six hour windows from 24
September 2005 at 1800 UTC to 26 September 2005 at 0000 UTC. Consecutive
outbreaks such as these could be considered one longer-lasting outbreak with a longer
temporal parameter. The exploration of TCTOR outbreaks using multiple temporal
scales, and the development of a TCTOR outbreak classification scheme that accounts for
outbreaks with different temporal scales, would be an insightful addition to the current
single-definition approach.

In addition to the observed temporal strings, the spatial overlap observed with
many TCTOR outbreaks (see Figure 4.1A, B, and C) also suggests that some of the
outbreaks identified in this study may be considered to be a segment of a larger outbreak,

especially those outbreaks that occurred in consecutive temporal windows. Post hoc

140



141

visual examination of the spatial distribution of the outbreaks revealed that they tend to
conform to particular spatial configurations. Similar to the aforementioned multi
temporal scale approach, spatial dispersion and configuration can be taken into account
when developing an outbreak classification scheme that not only considers outbreaks
over multiple temporal scales but also over multiple spatial scales and configurations.
The development of a posteriori definition based on a data-derived spatio-temporal
classification scheme may reduce the bias that accompanies subjective definitions
developed a priori.
5.2 Tropical Cyclone Tornado Outbreak Climatology

The results of this study are generally consistent with those of previous TCTOR
climatology studies. Previous studies that examined individual TCTORs have reported a
climatological peak in September (Smith 1965; Novlan and Gray 1974; Moore and Dixon
2011a). This study, likewise, found that the majority of TCTOR outbreaks occurred in
September. Individual TCTORs also have been shown to occur most frequently during
afternoon and evening hours of the day (Novlan and Gray 1974; Gentry 1983; McCaul
1991, Schultz and Cecil 2009; Edwards 2010a; Moore and Dixon 2011a). TCTOR
outbreaks were similarly shown to be most common during the 1800 UTC and 0000 UTC
windows, which span local afternoon, evening, and night hours. TCTOR outbreaks also
were shown to be most common after their associated TC landfall, especially in the forty
hour period directly after landfall in which the most severe outbreaks tended to cluster
(see Figure 4.9), which is in general agreement with the landfall-relative temporal trend

reported by McCaul (1991), Schultz and Cecil (2009), and Moore and Dixon (2011a).
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The examination of outbreaks rather than individual TCTORs has provided a
unique perspective to complement these previous findings. In essence, outbreaks are
temporal periods when TCs are producing TCTORs at a relatively high rate, and
identifying when outbreaks are most common allows one to ascertain when TCs are most
likely to produce a relatively large number of TCTORs. As an example, consider the
diurnal distribution of TCTOR outbreaks. An afternoon or evening climatological
maximum indicates that TCTORs have occurred most often during these hours, but there
also is the possibility that this maximum is induced by a single or a few extreme
outbreaks. By examining the frequency distribution of outbreaks, this study has verified
that TCs produce TCTORs at a relatively high rate during local afternoon, evening, and
night hours. The relatively high frequency of TCTOR outbreaks during afternoon hours
supports the previously noted importance of surface heating-induced buoyant forcing
(e.g., Schultz and Cecil 2009; Edwards 2010a), especially when combined with mid-level
dry air intrusion (McCaul 1991; Curtis 2004). However, a diurnal observation bias
cannot be ruled out as a potential contributing factor (McCaul 1991).

The spatial distribution of outbreak mean centers within the TC environment is
consistent with that reported by previous climatological studies (e.g., McCaul 1991;
Schultz and Cecil 2009; Edwards 2010a). In addition to this corroboration, subjective
examination of the spatial distribution of individual outbreaks revealed that TCTOR
outbreaks tend to occur in somewhat distinct configurations: linear, single-cluster, multi-
clustered, and dispersed. The observed linear, single-cluster, and multi-cluster
configurations are particularly noteworthy because they represent TCTOR outbreaks that

are clustered, both temporally and spatially. As a result, these outbreaks are particularly
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hazardous to life and property. The dispersed configuration represents outbreaks that are
temporally clustered but have spatially-isolated TCTORs.

Caveats must be kept in mind when considering the identified spatial
configurations, primarily concerning the subjective and descriptive nature of the analysis.
One caveat is related to the cartographic scale at which the visual analysis was
conducted. This classification is based on plots at a scale of 1:19,500,000. Re-
examination and classification at a smaller or larger scale would likely result in a
different classification for several outbreaks and perhaps the identification of
configurations not identified at the current scale. The linear outbreak in Fig. 4.11A, for
instance, appears as a relatively broad linear swath of TCTORs at this scale but
examination at a larger scale reveals multiple linear outbreaks, as defined by this study.
Several outbreaks also displayed characteristics of multiple configurations. Some
dispersed outbreaks displayed linear features with substantial gaps between the TCTORSs.
Because of the gaps, these outbreaks were classified as dispersed. Several of these
outbreaks could be considered linear if gaps were not an exclusionary factor.

Analytical methods, such as spatial cluster analysis for point data in a geographic
information system (e.g., average nearest neighbor analysis, Ripley's k-function analysis,
directional distribution analysis, and central feature analysis), may provide an easily
reproducible and optimized classification scheme with less within-group variability and,
overall, less subjectivity. However, because the spatial configuration analysis presented
here was based on observations of already-identified outbreaks and is descriptive in
nature, the exploration of these analytical methods and the establishment of a quantitative

classification scheme are beyond the scope of this study.
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5.3 Synoptic Patterns Associated with Tropical Cyclone Tornado Outbreaks:
Forcing Mechanisms

This study identified five synoptic patterns that correspond to TCTOR outbreaks.
The next logical question is: Why are these recurring patterns associated with TCTOR
outbreaks? Prior to discussing potential synoptic scale forcings associated with the
synoptic patterns, it must be acknowledged that other sub-synoptic scale forcings that are
favorable to TCTOR genesis, such as convective outflow, baroclinic boundaries, and
low-level moisture convergence (Bluestein 1993; Markowski, Rasmussen, and Straka
1998; Rasmussen et al. 2000; Gilmore and Wicker 2002), are also likely to be present
within the TC environment.

Water-to-land transition, and the resulting increase in surface friction, also is a
likely source of vertical wind shear and lift within the TC environment, both of which are
favorable conditions for TCTOR genesis. Orographic elements and their influence on air
flow also may produce environments conducive to TCTOR genesis. Varying amounts of
low-level speed convergence and forced lift are possible during landfall as a TC’s surface
winds encounter increasingly high elevations and increased roughness (increased
friction). Elevated land surfaces create more opposing friction to surface winds than
lower, flat land surfaces.

The coastal plains and Appalachian region along the east coast provide a source
of substantial orographic lift (relative to the Gulf Coastal Plains), low-level speed
convergence-induced lift, and surface friction-induced wind shear. These topography-
related forcings may enhance the TCTOR potential not only for East Coast landfalls but

also for Gulf Coast landfalls that track northward through the East Coastal Plains to the
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east of the Appalachian Mountains. Figure 5.1 illustrates the spatial distribution of
individual TCTORs that occurred in an outbreak over the study period along with the
topography of the eastern half of the United States; note the general clustering of
TCTORs to the east of the Appalachian Mountains.

The following proposed synoptic scale dynamic processes are thought to act in
conjunction with, and perhaps enhance, forcings at different scales and levels of the
atmosphere. For instance, synoptic scale dynamic processes downstream of a midlatitude
trough (i.e., upper-level divergence and upward vertical motion) may reduce convective
inhibition, which makes it easier for an air parcel to reach the level of free convection,
ultimately enhancing widespread convection (Bluestein 1993; Doswell and Bosart 2001).

There are several plausible synoptic scale mid-to-upper tropospheric dynamic
processes associated with Patterns 1—4 that are favorable for TCTORs. Pattern 1
outbreaks are produced by TCs with closed circulation at 500 hPa, typically with a 500
hPa midlatitude trough to the north or northwest (Figures 3.3 and 4.12). In this synoptic
situation, a TC is tracking into an environment of ever-increasing vertical wind shear and
varying degrees of cyclonic vorticity advection and upward acceleration. Pattern 2 and 3
outbreaks both are produced by TCs that are embedded within the midlatitude westerlies
as shortwave troughs, but differ with respect to whether their associated TC circulation is
closed (Figures 3.4, 3.5, 4.17, and 4.22). Thus, similar to Pattern 1 but perhaps more
evidently, Pattern 2 and 3 TCs are located within sheared environments with varying
degrees of cyclonic vorticity advection and upward acceleration. The ambient wind shear
in which Pattern 1-3 outbreaks are located is provided by the midlatitude westerly flow

and is especially enhanced when the TC is interacting with a mid-to-upper level
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midlatitude trough (Molinari et al. 2006; Ritchie and Elsberry 2007; Molinari and Vollaro
2010a and 2010b). In addition to providing wind shear, troughs also provide ample
relative vorticity, especially near their axes where maxima are located, and cyclonic
vorticity advection, which induces upward vertical motion over a synoptic scale (Figure
5.2; Bluestein 1993).

Another dynamic synoptic scale forcing perhaps at work, especially in Pattern 2
outbreaks, is mid-to-upper tropospheric diffluent flow. Diffluence is a wind flow pattern
in which air spreads laterally outward from a central axis that is oriented parallel to the
overall direction of wind flow; and because diffluence aloft is essentially horizontal
divergence, it may induce upward acceleration and often is considered to be favorable for
severe thunderstorm development (NWS 2009). Varying degrees of diffluent flow are
observable in Pattern 2 outbreaks where gradient wind flow fans out downstream and to
the north of the closed TC isoheight (Figure 5.3).

Pattern 4 outbreaks, which are produced by TCs located within the western
portion of the North Atlantic subtropical anticyclone, are located in a region of synoptic
scale upward vertical motion. Because of their asymmetric structure (i.e., the surface
high is to the east of the upper-level high), upward vertical motion is typical within the
western half of subtropical high pressure cells which, in turn, leads to often unstable and
humid conditions (Nieuwolt 1977). In addition, the southwesterly-to-southerly flow
within which these TCs are embedded steer them towards the midlatitude westerlies. It
is, therefore, plausible that they experience ever-increasing amounts of ambient wind
shear, cyclonic vorticity, and upward vertical motion, especially if tracking towards the

downstream side of a trough.



147

No apparent synoptic scale processes are evident with Pattern 5 outbreaks. Given
that the spatial distribution of Pattern 5 outbreaks is along the southeast Texas coastline,
the east coastlines of Georgia and Florida, and in the Florida peninsula (Figure 4.36),
they are likely contingent on topography-related forcings (i.e., friction-induced vertical
wind shear and surface convergence-induced lift) along with additional sub-synoptic
scale forcing. Verbout et al. (2007), similarly, noted that mesoscale and storm scale
processes can produce environments favorable for TCTOR outbreaks in atypical synoptic
environments, as might have been the case with TC Beulah (1967).

The presence of synoptic scale forcing mechanisms is likely to increase the
chance for relatively severe TCTOR outbreaks. TCTOR outbreaks in Patterns 1-4 occur
in environments that are known to support synoptic scale upward acceleration. These
patterns also had the four largest mean and median outbreak severity metrics (Table 4.3).
Pattern 1-3 outbreaks occur in environments with relatively strong ambient wind shear
associated with the midlatitude westerlies in addition to the synoptic scale ascension.
The presence of these forcings may have contributed to relatively large mean, median,
and maximum outbreak severity metrics found with Patterns 1-3 (Tables 4.3 and 4.9).
Pattern 2 outbreaks, in addition to the above mentioned synoptic scale forcings, occur in
environments that exhibit diffluent flow at 500 hPa, which would likely enhance the
already-present upward acceleration. Pattern 2 outbreaks are, therefore, associated with
the most proposed synoptic forcing mechanisms and also have the largest mean and
median severity metrics (Table 4.3). Pattern 5 outbreaks, which occur in environments
that do not exhibit any clear signs of synoptic forcing like Pattern 1—4 outbreaks, had the

smallest mean, median, and maximum outbreak severity metrics (Table 4.3).
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5.3.1 Importance of the Midlatitude Westerlies

Pattern 1-3 outbreaks are produced by TCs that are beginning to interact with, or
are embedded within, the midlatitude westerlies, often with a midlatitude longer-wave
trough to the north or northwest. Previous studies of the ET stage of TCs have reported
that trough interaction can lead to a reintensification stage of the TC life cycle (Harr and
Elsberry 2000; Hart and Evans 2001; Klein, Harr, and Elsberry 2002; Ritchie and
Elsberry 2003 and 2007; Molinari and Vollaro 2010b). An increase in ambient wind
shear associated with trough interaction also has been linked to increased low-level
convergence and widespread upward vertical motion in the downshear half of the TC
environment (Black et al. 2002; Braun, Montgomery, and Pu 2006; Reasor, Eastin, and
Gamache 2009). Ambient wind shear has likewise been linked to elevated CAPE, SRH,
and local vertical wind shear, in addition to severe convection in the downshear half
(especially the downshear left quadrant) of the TC environment (Molinari and Vollaro
2008 and 2010a; Molinari et al. 2012).

The documented changes to the internal structure and dynamics of a TC
environment brought upon by interaction with midlatitude wind shear, including TC
intensification, low-level convergence, upward vertical motion, enhanced CAPE, SRH,
and local vertical wind shear, and severe convective activity, can hypothetically increase
TCTOR potential and lead to TCTOR outbreaks. Many of these changes have been
shown to occur in preferred locations within the TC environment, much like TCTORs
favor the right-front quadrant. The preferred locations where the aforementioned changes
tend to occur (i.e., the downshear half and downshear left quadrant) vary depending on

the direction of the ambient shear vector (Figure 5.4). Given southwesterly ambient
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shear, as might be found with a TC located downstream of a midlatitude trough axis and
upstream of the succeeding ridge axis, the downshear half of a TC generally corresponds
to the region of greatest TCTOR occurrence. Ambient wind shear from the west-
northwest, as might be found near the base of a midlatitude trough or just upstream of its
axis, generally aligns the downshear left quadrant with the right-front quadrant of the TC
relative to north. The downshear left quadrant and the north-relative right-front quadrant
are absolutely aligned with a westerly ambient shear.

The physical cause of the downshear enhancement to these parameters is the
focus of active research (e.g. Jones 2000; Reasor et al. 2000; Frank and Ritchie 2001;
Molinari et al. 2012). Frank and Ritchie (2001) propose that the enhancements arise to
counter vortex tilting caused by westerly shear. They suggest that moderate westerly
shear tilts the TC vortex and that internal dynamics of the TC work to balance the tilt
with the development of deep convective circulation in the downshear portion of the TC.
Essentially, the updrafts of the downshear convective circulation act to force the TC
vortex back towards a vertical orientation. They also propose that the updrafts rise in a
helical motion. Corbosiero and Molinari (2002) provide a more thorough discussion of
Frank and Ritchie’s (2001) hypothesis along with alternative hypotheses. These
hypotheses have potential application to TCTORS in that they may provide a physical
reason for the marked spatial distribution of TCTORs within the TC environment.

Not only may the midlatitude westerlies alter the internal dynamics of a TC, they
also may induce a change to the entire TC structure from a tropical to an extratropical
system through ET. The various stages of interaction between TCs and the midlatitude

westerlies illustrated in Patterns 1—3 are reminiscent of Klein, Harr, and Elsberry's (2000)
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conceptual framework for ET, particularly their transformation stage, which begins when
the outer circulation of a TC begins to interact with the baroclinic midlatitude
environment and ends when a TC is embedded within this environment as an open short
wave trough. Pattern 1 outbreaks occur within a synoptic scale environment suggestive
of the onset of TC transformation and Pattern 3 outbreaks occur within synoptic scale
environments similar to the end of the transformation stage. Pattern 2 outbreaks occur in
a synoptic scale environment that likely emerges in the middle of the transformation
stage.

Key physical processes occur during the transformation stage identified by Klein,
Harr, and Elsberry (2000) that might promote TCTOR-favorable environments. For
instance, relatively cold, dry air is entrained into the western half of the TC environment
whereas relatively warm, moist air is entrained into the eastern half of the TC
environment, which is, coincidentally, where nearly all TCTORSs are produced. Another
transformation process noted by Klein, Harr, and Elsberry (2000) is downshear tilting of
the TC's warm core aloft. This downshear tilt is similar to Frank and Ritchie's (2001)
shear-induced vortex tilt hypothesis for the development of severe convection and
helicity in the downshear half of the TC environment. It is possible that both correspond
to the same physical processes. It also is possible that the downshear enhancement of
CAPE, SRH, localized wind shear, and severe convection observed during previous
investigations (Corbosiero and Molinari 2002; Black et al. 2002; Braun, Montgomery,
and Pu 2006; Molinari and Vollaro 2008 and 2010a; Reasor, Eastin, and Gamache 2009;
Molinari et al. 2012) temporally correspond to the transformation stage of ET. Continued

research into the transformation stage of ET, and especially into the corresponding
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structural changes occurring within the TC environment, may reveal possible internal
dynamics associated with ET that are conducive to TCTORSs.
5.3.2 Seasonality of the Midlatitude Westerlies

TCTOR outbreaks that occur within the sheared midlatitude westerlies (i.e.,
Patterns 1, 2, and 3) were shown to become increasingly common as the North Atlantic
Basin hurricane season progresses whereas those isolated from this sheared environment
were shown to become less common (Table 4.12). This is likely related to the southward
expansion and strengthening of the midlatitude westerly wind belt during the northern
hemisphere fall and winter (Harmon 1991), which roughly corresponds to the latter half
of the North Atlantic Basin hurricane season. A general southward trend is observed by
tracing the location of the 5850 m isoheight in monthly composites throughout the North
Atlantic Basin hurricane season (Figure 5.5). The southward expansion of the westerlies
provides more time over which northward tracking TCs can interact with an ambient
environment with ample vertical wind shear. Cyclonic vorticity advection and synoptic
scale upward vertical motion likewise extend southward when midlatitude troughs
propagate eastward through the extended westerly wind belt.

Assuming that increased ambient wind shear (and the associated enhancements to
CAPE, SRH, localized wind shear, and severe convection within the TC environment),
cyclonic vorticity advection, and synoptic scale upward vertical motion enhance TCTOR
potential, the southward expansion of the westerly wind belt may provide insight into
why September and October TCTOR outbreaks are slightly more severe, on average, than
those in earlier months and why the most severe outbreaks have occurred primarily in

these months (Figure 4.4; Appendix C). Nine of the ten most severe outbreaks over the
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period of record occurred in September or October; one of the ten occurred in August.
Even though they may have a greater likelihood of being relatively severe when they
occur, decreased late season TC activity reduces the likelihood for TCTOR outbreaks of
any severity. The westerly wind belt is extended farthest south in November, for
example, but there are few opportunities for TCTOR outbreaks because there are so few
TCs; there are only three recorded November or later TCs in the TCTOR data set (Mitch
1998, Michelle 2001, and Olga 2007) and only one TCTOR outbreak in November
associated with TC Mitch (1998).

5.3.3 Comparison of Results with Previous Findings

Two previous studies (Verbout et al. 2007; Cohen 2010) examined the association
between TCTORs and 500 hPa geopotential height patterns. Both of these studies used
map compositing techniques to differentiate between outbreak and non-outbreak cases,
and their definitions of outbreak differ from that used in this study (see Table 3.5 for their
definitions).

Verbout et al. (2007) found a direct association between TC recurvature and
TCTOR frequency. As a result, they searched for potential causes of recurvature, and
therefore TCTOR outbreaks, with a sample of TC landfalls in Texas. They found that
500 hPa geopotential height composites differentiate between outbreak and non-outbreak
TCs, reporting an outbreak composite with a 500 hPa midlatitude trough over the north-
central United States whereas a 500 hPa midlatitude ridge is situated over the
northOcentral United States with the jet stream far poleward of the TC feature in the non-
outbreak composite. They also reported that all five of the outbreaks used to develop the

outbreak composite were associated with a 500 hPa midlatitude trough, verifying the
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composite. The general characteristics of Pattern 1 outbreaks identified in this study (i.e.,
closed circulation TC at 500 hPa with a midlatitude 500 hPa trough to the north or
northwest) are consistent with the 500 hPa geopotential height outbreak composite
produced by Verbout et al. (2007).

Verbout et al. (2007) also composited seven non-outbreak TCs that recurved over
the eastern United States to further assess the role of midlatitude troughs in recurvature,
and thus TCTOR outbreaks, and reported that the 500 hPa composite depicts a trough
located to the northwest of the TC feature at landfall. From this they concluded that
interaction with midlatitude troughs often results in recurvature, but that whereas this
interaction appears to promote TCTOR genesis in Texas, it does not promote TCTOR
outbreaks in east coast-recurving TCs because their right-front quadrant, which is the
quadrant in which the majority of TCTORs occur, often is situated offshore. This may be
true for TCs straddling the East Coastline, especially if the TC quadrants are defined
relative to TC heading rather than absolute north. Not all TCs, however, straddle the East
Coastline as they track north or northeastward. Some of the TCs examined in this study
tracked through the East Coastal Plains between the Appalachian Mountains and the East
Coastline where they produced many TCTOR outbreaks (Figure 5.5).

Unlike Verbout et al. (2007), Cohen (2010) did not report a direct association
between 500 hPa midlatitude troughs and recurvature or TCTOR outbreaks. Cohen
(2010) composited five geopotential height plots associated with TCTOR outbreaks in
the west Gulf Coast region; he repeated this procedure for the central and eastern Gulf

Coast regions as well. He also repeated this procedure for non-outbreak cases. The
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outbreak composites for each region depict a 500 hPa midlatitude trough situated
generally over the western United States.

Cohen’s (2010) 500 hPa outbreak composite for the western Gulf Coast depicts a
trough axis just off of the northwest coast of the United States and a TC feature just to the
southeast of Texas in the Gulf. No indication of interaction between the TC feature and
the trough exists because the TC appears to be located in the southern portion of a well-
developed subtropical ridge. This western Gulf Coast outbreak pattern is most similar to
the Pattern 5 outbreaks identified in this study.

Cohen’s (2010) 500 hPa composite for central Gulf Coast outbreaks depicts a
similar trough position to that shown in the western Gulf Coast composite, but the TC
feature in the central Gulf Coast composite is located farther north and east and is also
within the northern portion of the subtropical ridge. This composite is most similar to the
Pattern 1 outbreaks identified in this study but also is reminiscent of a Pattern 2 outbreak.

Cohen’s (2010) 500 hPa composite for eastern Gulf Coast outbreaks depicts a
midlatitude trough in a position similar to that of the western and central Gulf Coast
composites, but also depicts a shorter-wave trough embedded within the longer-wave
trough; the shorter-wave trough appears to be transitioning to a cut-off low. The TC
feature is located to the south of Louisiana, Mississippi, and Alabama. The general
features, and their relative location, of this composite are similar to those of both Pattern
1 and 5 outbreaks identified in this study; the 500 hPa vector wind flow would be
assessed to determine whether the TC is interacting with, or isolated from, the westerlies.

Cohen’s (2010) 500 hPa non-outbreak composites for the central and eastern Gulf

Coast regions are similar to the Pattern 3 outbreaks identified in this study. Both depict a
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TC embedded within the midlatitude westerlies as an open shortwave trough located
downstream of a longer-wave trough axis. This is interesting, and perplexing, because
Pattern 3 had the largest number of outbreaks in this study whereas Cohen (2010) reports
composites similar to Pattern 3 to be associated with non-outbreak TCs. It is possible
that Cohen’s (2010) composites are unrepresentative because they consist of only five
outbreaks. Forty TCTOR outbreaks were classified as Pattern 3 in this study (i.e., TCs
embedded within the midlatitude westerly flow as open shortwave troughs, often located
downstream of a longer-wave trough axis), which is seemingly contrary to Cohen’s
(2010) central and eastern Gulf Coast non-outbreak composites. It also is possible that
the presence or absence of additional variables, which are not accounted for by this study
or Cohen (2010), allow similar synoptic patterns to produce TCTOR outbreaks in some
cases whereas no outbreaks are produced in others. The disparity also may relate to the
design of each respective methodology, including the use of different classification
methods and temporal parameters.

Previous studies, such as Verbout et al. (2007) and McCaul (1991), have
discussed the potential importance of midlatitude ambient wind shear to TCTOR
outbreaks. Verbout et al. (2007) noted that EI Nino years are associated with
anomalously strong westerly shear located over the western North Atlantic Ocean and
Caribbean Sea and found that TCs during these years have a higher chance of producing
a TCTOR outbreak, even though the number of TCs during these years is reduced,
ironically, by the same enhanced shear that may favor TCTOR production. McCaul
(1991) suggested that entrainment into the westerlies and the associated across-TC

ambient shear may enhance localized shear and helicity within TCs and, thus, enhance
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TCTOR development, typically in their right-front quadrant. The results of this study
support these conclusions by showing that TCs that are interacting with, and embedding
within, the midlatitude westerlies have produced more, and more severe, TCTOR
outbreaks.

In addition to confirming the important of westerly wind shear to TCTOR
outbreaks, the results of this study indicate that it is during the early stages of interaction
with the westerlies that a TC is most likely to produce an outbreak. The largest outbreaks
identified in this study, as indicated by the mean, median, and maximum outbreak
severity metrics, were produced in Pattern 1 and 2 environments, which represent TCs
that are beginning to interact with the westerlies and those that are embedded in the
westerlies as closed shortwave troughs.

Frances (2004) well illustrates the tendency for a TC to produce its most severe
outbreaks during the early-to-mid stages of westerly interaction (i.e., Pattern 1 and 2).
Frances produced twelve outbreaks, which ranged in severity from three to twenty-one
TCTORSs (Figure 5.6). The first seven outbreaks, which occur while Frances is isolated
from the midlatitude westerlies (the four Pattern 5 outbreaks) and during the earliest
westerly-interaction stages (the first three Patterns 1 outbreaks), do not exceed a severity
of five TCTORs. However, as Frances' interaction with the sheared westerlies continues,
the outbreaks become generally more severe. The two most severe outbreaks occurred
during the last Pattern 1 outbreak and the first Pattern 2.

Additional studies not focused on TCTORs have examined the effect of
midlatitude westerly shear on TC intensity and internal structure (e.g. Black et al. 2002;

Braun, Montgomery, and Pu 2006; Molinari and Vollaro 2008; 2010a, and 2010b;
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Reasor, Eastin, and Gamache 2009; Molinari et al. 2012). These studies have provided
insight into the spatial distribution of TCTORSs within the TC environment by showing
that environmental parameters such as CAPE, SRH, local vertical wind shear, and severe
convection are enhanced in the same general region of the TC environment where
TCTORs occur most frequently. The hypothesis proposed by Frank and Ritchie (2001;
see section 5.3 for a synopsis of their hypothesis) to explain enhanced severe convection
in the downshear quadrants of a TC may also explain why TCTORs are most common
when their associated TC is located in the sheared westerlies and why TCTORs occur
predominately in the right half of the TC environment relative to north.

It also must be noted that Patternl, and especially Patterns 2 and 3, generally
resemble the classic tornado outbreak setting (Miller 1972; Johns and Doswell 1992;
Doswell, Weiss, and Johns 1993; Mercer et al. 2012) in that the TCs, and the TCTOR
outbreaks, are located in the synoptically-favorable region to the east or southeast of a
progressive 500 hPa midlatitude trough. Although the general synoptic scale features of
TCTOR outbreaks in Patterns 1-3 are similar to those of this classic setting, there is
variability in terms of TC circulation (i.e., whether circulation is closed at 500 hPa), TC
location relative to the 500 hPa midlatitude trough (all TCs in these patterns were located
downstream of the trough axis and upstream of the successive ridge axis, but their precise
location varies), wavelength and amplitude of the 500 hPa midlatitude trough, and the tilt,
if any, of the 500 hPa midlatitude trough. Within-pattern variability is not unique to
these results. Mercer et al. (2012), for instance, reported that the individual events used
to develop their 500 hPa composites for tornado outbreaks shared the same general

features but varied in terms of wavelength, wave amplitude, and trough tilt.
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5.4 Chapter Five Figures

FIGURE 5.1. Map illustrating the distribution of TCTORSs that occurred in an
outbreak over the period 1995-2010 along with topography and bathymetry.
The basemap depicting topography and bathymetry was obtained from ESRI
(2008). TCTOR touchdown coordinates were obtained from the TCTOR
database (Edwards 2010b).
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A:Region of anticyclonic vorticity advection and
downward vertical motion.

B: Region of cyclonic vorticity advection and upward
vertical motion.

FIGURE 5.2. Schematic of midlatitude westerly meridional flow
aloft. Regions of anticyclonic (A) and cyclonic (B) vorticity advection
and the resultant downward (A) and upward (B) vertical motion are
labeled.
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FIGURE 5.3. Schematic of an idealized Pattern 2 outbreak
illustrating a potential region of diffluent flow. Note the
lateral divergence of the isoheights and wind vectors
characteristic of diffluent flow.
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FIGURE 5.4. Conceptual diagram illustrating the geometry between an
ambient wind shear vector (bold red and blue arrows) and a hypothetical
TC environment. The two figures on the left depict a southwesterly shear
vector. The top-left figure conceptualizes the ambient shear-relative
quadrants. The bottom-left figure depicts the mean centers of the
TCTOR outbreaks identified in this study (black squares) relative to TC
center with the ambient shear-relative quadrants overlain. The two
figures on the right are the same but for a west-northwesterly ambient
shear vector. Range circles in the bottom figures are in kilometers.
[USL=upshear left, USR=upshear right, DSL=downshear left,
DSR=downshear right]
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FIGURE 5.5. 500 hPa geopotential height [m] monthly composite plots over the period 1995-2010. Note the general
southward progression of the 5850 m isoheight, which is emphasized with the black dashed line in each plot, from early
to late hurricane season. The midlatitude westerly flow often extends south of this circumpolar isoheight, as indicated
by 500 hPa vector wind plots, but tracing the 5850 m isoheight allows direct comparison of the relative location of the
southern-most extent of the westerlies in each monthly composite. NCEP-NARR plots obtained from NOAA ESRL's
Physical Science Division (NOAA (n. d.)).
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FIGURE 5.6. 500 hPa geopotential height [m] plots corresponding to TC Frances' (2004) TCTOR outbreaks in
sequential order from the first (top-left) to the last (bottom-right). The four outbreaks in the top row are all Pattern 5s,
the four in the middle row are Pattern 1s, and the four in the bottom row are Pattern 2s. NCEP-NARR plots obtained
from NOAA ESRL's Physical Science Division (NOAA (n. d.)).
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CHAPTER VI

CONCLUSION

6.1 Summary

This study identified and analyzed TCTOR outbreaks and their corresponding
synoptic environments. TCTOR outbreaks were defined as three or more TCTORs in a
six hour window centered about one of the following synoptic hours: 0000 UTC, 0600
UTC, 1200 UTC, and 1800 UTC. The TCTOR dataset (Edwards 2010b) produced by
Roger Edwards of the SPC was used to identify outbreaks.

One hundred and thirty-three TCTOR outbreaks were identified over the period
1995-2010 in association with East and Gulf Coast landfalling TCs. The outbreaks
ranged in severity from the minimum frequency threshold of three to an observed
maximum of thirty-three. Seventy-five percent of the outbreaks consisted of nine or
fewer TCTORSs and half of five or fewer. The maximum outbreak severity, however,
demonstrates that TCs are capable of producing TCTORs at relatively high rates (i.e.,
thirty-three TCTORS in six hours).

The temporal and spatial analysis revealed when and where TCs produce the
greatest numbers of TCTORs. The temporal distributions show that TCs produce the
greatest number of TCTORs during afternoon and night hours (local time), during the
middle and latter half of the North Atlantic Basin hurricane season, and near the time of

landfall out to approximately forty hours after landfall. The spatial distributions show
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that TCTOR outbreaks are most common in the right half of the TC environment relative
to north, with modal frequencies observed in the right-front quadrant and between 200
km and 400 km from TC center. Over a larger area, TCTOR outbreaks are most common
in the eastern portion of the Gulf Coast Region and along the East Coast between the
Appalachian Mountains and the East Coastline. Visual examination of the outbreak’s
spatial distribution revealed that they conform generally to four spatial configurations:
linear, single-cluster, multi-cluster, and dispersed. The linear and single-cluster
outbreaks, and to a lesser extent the multi-cluster outbreaks, are clustered both temporally
and spatially. The dispersed outbreaks, on the other hand, are temporally clustered but
have spatially-isolated TCTORSs.

Synoptic plots of 500 hPa geopotential height and wind vectors were obtained
from the NCEP-NARR project (Mesinger et al. 2006; NCDC 2011; NOAA n.d.) to
analyze the synoptic environments in which TCTOR outbreaks most often occur. The
synoptic plots for a given outbreak correspond to that outbreak’s central synoptic hour so
that all TCTORSs in a given outbreak occur within three hours of the synoptic plots. The
manual classification of these plots identified five synoptic patterns based on 500 hPa
geopotential height and vector wind plots (Table 6.1). One hundred and twenty-nine of
the 133 identified outbreaks fit the criteria of one of the five patterns; four outbreaks were
classified as other because they did not reasonably fit the criteria of any of the patterns.

Thirty-six outbreaks were classified as Pattern 1. Pattern 1 outbreaks are
produced by TCs with closed circulation at 500 hPa that are located in the northern
portion of the subtropical ridge and exhibit signs of proto-interaction with the midlatitude

westerlies. Twenty-two outbreaks were classified as Pattern 2. These outbreaks are
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produced by TCs that are embedded within the midlatitude westerlies as closed
shortwave troughs and often are located downstream of a longer-wave trough axis. Forty
outbreaks were classified as Pattern 3. The synoptic environment of these outbreaks is
similar to that of Pattern 2, except the TCs in Pattern 3 are open rather than closed
shortwave troughs. Thirteen outbreaks were classified as Pattern 4. These outbreaks are
produced by TCs that do not have closed circulation at 500 hPa that are embedded within
the southerly or southwesterly flow of the western portion of the North Atlantic
subtropical anticyclone. Eighteen outbreaks were classified as Pattern 5. Pattern 5
outbreaks are produced by TCs with closed circulation at 500 hPa that are cut off from
midlatitude westerlies by a region of relatively high geopotential heights and unorganized
flow.

The five synoptic patterns can be aggregated into two general groups: (1)
outbreaks produced by TCs that are beginning to interact with, or are embedded within,
the sheared midlatitude westerlies and (2) outbreaks produced by TCs that are isolated
from the sheared midlatitude westerlies. Patterns 13 illustrate the various stagesa TC
may encounter when tracking into the midlatitude westerlies, from 500 hPa closed
circulation TCs beginning to interact with the westerlies to TCs fully embedded within
the westerlies as 500 hPa open shortwave troughs.

The TCs in Patterns 1-4 are located within synoptic environments that are known
to have TCTOR-favorable synoptic scale forcing. Pattern 1—4 outbreaks are located
within regions of synoptic scale ascension. In addition to ascension, Pattern 1-3
outbreaks are located in environments with relatively strong ambient wind shear because

they are beginning to interact with, or embedded within, the westerlies. Pattern 2
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outbreaks also show signs of upper-level diffluent flow, which may further enhance
upward vertical motion.

The results of this study allude to a link between the number of synoptic scale
forcing mechanisms and the severity of TCTOR outbreaks. Pattern 2 outbreaks occur in
an environment exhibiting signs of the most proposed synoptic scale forcing mechanisms
(synoptic scale ascension, relatively strong ambient wind shear, and upper-level diffluent
flow) and, as a result, had the largest median and mean outbreak severity metrics. Pattern
1 and 3 outbreaks occur in environments with two evident synoptic scale forcing
mechanisms (synoptic scale ascension and ambient wind shear) and had the second and
third largest median outbreak severity metrics, respectively. Pattern 4 outbreaks occurred
in environments with one evident synoptic scale forcing (ascension associated with the
western portion of the North Atlantic subtropical anticyclone) and, as a result, this pattern
had the fourth largest median outbreak severity. Pattern 5 outbreaks occurred in
environments without evident signs of any synoptic scale forcing and had the smallest
median and mean outbreak severity.

The three synoptic patterns in which TCs are interacting with, or embedded
within, the westerlies (Patterns 1-3) had the greatest outbreak activity in terms of
frequency, typical severity, and extremes (Table 6.1). Coincidentally, research on the
interaction between TCs and their ambient environment has shown that interaction with,
and entrainment into, the sheared westerly flow of the midlatitudes may bring upon
internal changes to the TC environment (e.g., Klein, Harr, and Elsberry 2000 and 2002;
Frank and Ritchie 2001; Corbosiero and Molinari 2002; Molinari and Vollaro 2010a and

2010b; Molinari et al. 2012). It is proposed here that these changes may promote
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TCTOR genesis. In essence, this is an example of synoptic scale TCTOR forcing (i.e.,
ambient wind shear associated with midlatitude westerly flow) working in conjunction
with, or perhaps even inducing, smaller scale TCTOR forcings (severe convective cells,
local wind shear, and helical flow).

Moderate to strong ambient wind shear has been linked to high values of CAPE,
SRH, localized wind shear, and severe convection in the downshear quadrants of the TC
environment (Corbosiero and Molinari 2002; Black et al. 2002; Braun, Montgomery, and
Pu 2006; Molinari and VVollaro 2008 and 2010a; Reasor, Eastin, and Gamache 2009;
Molinari et al. 2012). The hypotheses proposed to explain the downshear enhancements
of these parameters may also provide a physical explanation for the observed spatial
distribution of TCTORs within the TC environment. In general, severe convective
storms develop in the downshear quadrants of a TC to counter vortex tilting created by
westerly wind shear. Given that the ambient shear vector typically has a moderate to
strong westerly component while a TC is embedded within the westerlies, the downshear
quadrants are in general alignment with the right half, relative to north, of the TC, which
is where nearly all TCTORs occur (Figure 5.4). 1t is possible that the severe convective
storms produced in the downshear quadrants to counter vortex tilting are responsible for a
large portion of TCTORs.

Expansion and strengthening of the midlatitude westerly wind belt during the
Northern Hemisphere fall and winter may be associated with the observed increase in
TCTOR activity in the middle and latter half of the North Atlantic Basin hurricane
season. In general, TCs encounter the expanded westerly wind belt sooner in their life

span, allowing the ambient wind shear associated with the westerlies to impact the TC
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environment for a longer period of time. Moreover, the ambient wind shear, in general,
strengthens during these seasons as the equator-to-pole temperature gradient increases.
Convective updrafts may also strengthen in the downshear quadrants of TCs to counter
the amplified vortex tilt caused by the enhanced westerly shear. The expansion and
strengthening of westerly wind shear, and the resulting convective enhancements, may be
associated with the observed increase in typical outbreak severity observed in September
and October.
6.2 Future Research

This study defined a TCTOR outbreak as three or more TCTORs in a six hour
period centered about one of the primary synoptic hours: 0000 UTC, 0600 UTC, 1200
UTC, or 1800 UTC. Because this study also analyzed the synoptic environments
corresponding to TCTOR outbreaks, the outbreak definition had to ensure that the
outbreaks and synoptic plots were temporally synchronized; this is why the outbreak’s
temporal windows are centered about synoptic hours. Other outbreak definitions could
have been used, and some would likely better fit the observed TCTOR clusters, but they
would not have facilitated a consistent identification process nor would they have
synchronized with the synoptic plots. Research focused on the spatial and temporal
clustering of TCTORs could lead to the development of a data-derived, posteriori
outbreak definition. Such research would be an insightful addition to the current spatio-
temporal understanding of TCTORs.

This study manually classified the synoptic environment corresponding to the
identified TCTOR outbreaks. Dayan, Tubi, and Levy (2012) suggest that comparing

different synoptic classification methods may lead to additional insight on the interaction
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between synoptic scale atmospheric circulation and the surface environment that may be
missed when using only one method. It would be insightful to apply other classification
methods, such as correlation-, PCA-, and cluster-based classification, to the study of
TCTOR outbreaks. These methods may reveal patterns in the synoptic variables included
in the initial iteration of this study’s classification process but not included in the final
synoptic patterns (i.e., 200 hPa vector wind, 600 hPa specific humidity, 900 hPa
horizontal convergence, and low-level baroclinic zones). They also might have success
in identifying patterns that include some combination of multiple variables rather than the
use of only a single variable.

TCTOR outbreaks within the five synoptic patterns identified in this study share
common characteristics, but they often vary in terms of TC circulation (i.e., open or
closed circulation), location of the TC relative to a midlatitude trough, wavelength of the
trough, amplitude of the trough, and tilt of the trough. Within-pattern variability such as
this is not unique to this study or to the manual classification method. Mercer et al.
(2012), for instance, used a PCA method and reported that the individual events used to
develop their 500 hPa composites for tornado outbreaks shared the same general features
but varied in terms of wavelength, wave amplitude, and tilt of the trough feature.

Relative vorticity and vertical motion are influenced by the wavelength and amplitude of
upper tropospheric waves. Shorter wavelengths and higher amplitude waves force the
midlatitude westerly flow to follow a more tightly curved path and, as a result, are
associated with greater amounts of cyclonic vorticity and upward vertical motion
(Harmon 1991). Similarly, negatively tilted midlatitude troughs often are associated with

upper-level diffluent flow and synoptic scale ascension downstream of their axis
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(Harmon 1991). If these synoptic scale forcings are directly related to TCTOR potential,
as proposed here, then this line of investigation would benefit from a classification that
accounts for the wavelength, amplitude, and tilt of midlatitude troughs. Further
partitioning of the synoptic patterns in this study based on some of the above
characteristics would reduce the number of outbreaks in most patterns, and would
therefore hinder statistical analysis, but would nonetheless be useful for descriptive
analysis and would contribute well and even expand the results of this study. A larger
dataset is needed for this additional partitioning if statistical analysis is to be conducted.
It was noted during the first iteration of the classification process that the TCTOR
outbreaks identified in this study tend to occur near the left-exit region of a curved jet
streak at the 500 hPa level. This tendency was prominent in most outbreaks in all
patterns, thus it was not a distinguishing factor between patterns and was not a criteria for
any of the patterns. These wind maxima are observable in Figures 4.12B, 4.17B, 4.22B,
4.27B, and 4.32B; especially the first three of these figures. The TCTOR outbreaks
corresponding to these 500 hPa vector wind plots are proximate to the left-exit region of
the wind maxima within the TC environment. Cohen (2010), likewise, noted that the
outbreaks examined in his study were proximate to wind maxima at the 850 hPa level in
the northeast portion of the TC environment. Previous studies (e.g., Kloth and Davies-
Jones 1980; Harnack and Quinlan 1989; Rose et al. 2004) have empirically linked non-
TC tornadoes to select regions of mid- and upper-level jet streaks. Rose et al. (2004)
showed that tornadoes occur primarily in the exit regions (primarily the left-exit region)
of jet streaks but, also, that they can occur in the entrance regions, although far less often.

An examination of jet streaks at multiple levels of the atmosphere, and their association
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with TCTORSs, would compliment previous non-TC tornado studies and contribute to the
previous TCTOR studies.

Previous studies have plotted the location of TCTORSs within the TC environment
with the azimuth defined relative to north and relative to TC heading. Given the link
between the ambient shear vector and TCTOR-favorable parameters such as CAPE,
SRH, local vertical wind shear, and severe convection, it would be interesting to examine
the location of TCTORSs in an ambient shear vector-relative framework. The fact that the
downshear quadrants of the TC environments generally align with the quadrants of
maximum TCTOR activity warrants additional investigation into possible connections
between these bodies of literature.

Lastly, research on the ET of TCs, specifically the transformation stages and the
associated internal changes a TC may undergo (Klein, Harr, and Elsberry 2000), may
prove applicable to the study of TCTORs. Additional efforts should be dedicated
towards understanding the possible connections between ET and TCTOR production.
Bridging these bodies of literature may provide further physical insight into the link
between the ambient environment in which a TC is located, internal dynamics of a TC,
and TCTOR activity.

6.3 Concluding Statement

TCs encounter various ambient environments as they track from the tropics and
subtropics to the middle latitudes. Previous research has shown that these environments
influence a TC's track and internal structure (e.g., Gray 1998; Klein, Harr, and Elsberry
2000 and 2002; Frank and Ritchie 2001; Arnott, Evans, and Chiaromonte 2004; Wang

and Wu 2004; Molinari et al. 2006; Emanuel 2007; Ritchie and Elsberry 2007; Hill and
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Lackmann 2009; Hendricks et al. 2010; Matyas 2010; Molinari and Vollaro 2010a and
2010b). Moderate to strong ambient wind shear, for instance, has been shown to enhance
severe convection, CAPE, SRH, and localized wind shear in the downshear quadrants of
the TC environment (Black et al. 2002; Braun, Montgomery, and Pu 2006; Molinari and
Vollaro 2008 and 2010a; Reasor, Eastin, and Gamache 2009; Molinari et al. 2012).

Pattern 1-3 outbreaks are produced by TCs that are beginning to interact with, or
embedded within, the sheared midlatitude westerlies. The aforementioned downshear
enhancements may, therefore, be occurring during Pattern 1-3 outbreaks. An
enhancement to these variables could hypothetically lead to TCTOR-favorable
environments, and thus more TCTORs. One might, therefore, postulate that TCs
interacting with, or embedded within, the midlatitude westerlies will produce more
TCTORSs than those isolated from this sheared environment and that these TCTORSs will
be most common in the downshear quadrants of the TC environment.

Other TCTOR-favorable synoptic scale forcing mechanisms, in addition to
ambient wind shear, also are known to be present in environments similar to those
represented by Patterns 1—4, including cyclonic vorticity advection, upward vertical
motion, and diffluent flow. The presence and magnitude of these forcings are contingent
on the circulation patterns of the midlatitude westerly flow. For instance, a relatively
short wavelength, high amplitude midlatitude trough with downstream diffluent flow that
exceeds the associated speed convergence would be associated with greater cyclonic
vorticity advection and upward vertical motion downstream of the trough axis than a long
wavelength, low amplitude trough with downstream confluent flow. The presence of

these synoptic scale forcings does not guarantee TCTOR genesis, nor is it mandatory.
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Additional research is needed to determine how often the synoptic patterns identified in
this study emerge when TCTOR outbreaks do not occur. This study shows that TCTOR
outbreaks can occur in atypical synoptic settings with few, if any, synoptic scale forcing
mechanisms. Sub-synoptic scale and topography-related forcing mechanisms are,
perhaps, sole factors responsible for the TCTOR-favorable environments in these
outbreaks, whereas synoptic scale forcing mechanisms enhance these factors in the more

typical TCTOR-favorable synoptic patterns (i.e., Patterns 1-3).



6.4 Chapter Six Tables

Table 6.1. Summary of the five synoptic patterns, their verbal description, and their descriptive statistics.

Outbreak Severity Descriptive Statistics

Synoptic
Pattern

TC-Westerly
Interaction

Distinguishing Synoptic
Features at 500 hPa

M

Mdn

SD

Cv

1

Yes

Yes

Yes

No

No

Closed circulation TC located
in the northern portion of the
subtropical high

TC is a closed shortwave
trough embedded within the
westerlies

TC is an open shortwave
trough embedded within the
westerlies

Closed circulation TC located
within the southerly or
southwesterly flow of the
North Atlantic subtropical
anticyclone

TC is an open wave in the
southern portion of the
subtropical high

36

22

13

18

7.9

10.7

5.9

6.3

4.4

5.0

9.0

4.5

4.0

3.5

6.6

7.4

3.9

4.0

1.9

0.8

0.7

0.7

0.6

0.4

QLT



APPENDIX A

LIST OF ACRONYMS

AMS: American Meteorological Society

ANOVA: ANalysis Of VAriance

BRN: Bulk Richardson Number

CAPE: Convective Available Potential Energy

CFSR: Climate Forecast Reanalysis System

DOE: Department Of Energy

ESRL: Earth System Research Laboratory

ET: Extratropical Transition

GrADS: Grid Analysis and Display System

MSL: Mean Sea Level

NARR: North American Regional Reanalysis

NCAR: National Center for Atmospheric Research

NCDC: National Climatic Data Center

NCEP: National Centers for Environmental Predication
NOAA: National Oceanic and Atmospheric Administration
NOMADS: National Operational Model Archive and Distribution System
NHC: National Hurricane Center

NSSFC: National Severe Storms Forecast Center
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NWS: National Weather Service
SELS: SEvere Local Storms

SPC: Storm Prediction Center

SRH: Storm Relative Helicity

TC: Tropical Cyclone

TCTOR: Tropical Cyclone TORnado
UTC: Universal Coordinated Time
WFO: Weather Forecast Office

WSR: Weather Surveillance Radar



APPENDIX B
SAFFIR-SIMPSON HURRICANE WIND SCALE AND FUJITA/ENANCED

FUJITA TORNAOD DAMAGE SCALE

The Saffir-Simpson Hurricane Wind Scale ranks TCs by their
one minute sustained wind speed at a height of ten meters
(NHC 2012a). Category one is minimum intensity and
Category five is maximum intensity. Category three, four, and
five TCs often are referred to as major hurricanes.

Saffir-Simpson Category  Sustained Wind Speed

TD <61 km/h; <38 mph

TS 62—118 km/h; 39—73 mph
Category 1 119—153 km/h; 74—95 mph
Category 2 154—177 km/h; 96—110 mph
Category 3 178—208 km/h; 111-129 mph
Category 4 209-251 km/h; 130—156 mph
Category 5 252+ km/h; 157+ mph

(source: NHC 2012a and 2012b)

The Fujita Tornado Damage Scale (F-Scale) and the Enhanced Fujita Tornado Damage
Scale (EF-Scale) estimate tornado wind speeds using observed damage indicators. The
EF-Scale was implemented in the United States on 1 February 2007 (SPC 2011).
Category zero is minimum intensity and Category five is maximum intensity for both
scales.

F-Scale Estimated Wind Speed EF-Scale Estimated Wind Speed

0 <117 km/h; <73 mph < 137 km/h; < 85 mph

1 117-180 km/h; 73—112 mph 137—177 km/h; 85—110 mph
2 181-253 km/h; 113—157 mph 178-217 km/h; 111-135 mph
3 254-332 km/h; 158—206 mph 218-266 km/h; 136—165 mph
4 333-418 km/h; 207-260 mph 267-322 km/h; 166—200 mph
5 419+ km/h; 261+ mph 323+ km/h; 201+ mph

O~ wWNPEFO

(source: SPC 2011)
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APPENDIX C

TC LANDFALLS AND THEIR TCTORS (1995-2010)

Number of Percentage of

TC Year Number of  Number of TCTORs per total TCTORs

Name TCTORs  outbreaks outbreak accounted for
by outbreaks

Allison 1995 6 0 - 0

Dean 1995 5 0 - 0

Erin 1995 14 3 3,3,4 71

Jerry 1995 2 0 - 0

Opal 1995 35 4 4,5,9, 13 89

Bertha 1996 15 2 4,8 80

Dolly 1996 1 0 - 0

Fran 1996 2 0 - 0

Josephine 1996 26 3 5,8,11 92

Danny 1997 13 1 6 46

Charley 1998 1 0 - 0

Bonnie 1998 8 1 6 75

Earl 1998 15 3 3,4,4 73

Frances 1998 14 3 3,3,3 64

Hermine 1998 3 0 - 0

Georges 1998 48 7 3,4,4,5,6,7, 83

Mitch 1998 5 1 141 80

Bret 1999 5 1 3 60
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Percentage of
Number of total TCTORs

outbreaks by outbreaks
Bret 1999 5 1 3 60
Dennis 1999 1 0 - 0
Floyd 1999 18 2 59 78
Harvey 1999 2 0 - 0
Irene 1999 7 0 - 0
Gordon 2000 11 1 4 36
Helene 2000 13 3 3,4,5 92
Allison 2001 26 3 3,5,8 62
Barry 2001 4 0 - 0
Gabrielle 2001 18 4 3,4,55 94
Michelle 2001 2 0 - 0
Fay 2002 11 1 5 45
Gustav 2002 1 0 - 0
Hanna 2002 2 0 - 0
Isadore 2002 10 1 7 70
Lili 2002 25 2 3,20 92
Kyle 2002 8 2 3,3 75
Bill 2003 30 4 3,4,6,8 70
Claudette 2003 2 0 - 0
Henri 2003 1 0 - 0
Isabel 2003 1 0 - 0
Bonnie 2004 16 2 3,11 88
Charley 2004 20 3 4,4,9 85
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Percentage of

TC Year Number of Number of TNlel'mOngsr O:;r total TCTORs
Name TCTORs outbreaks P accounted for
outbreak
by outbreaks
Gaston 2004 18 2 3,14 94
Frances 2004 103 12 3,3,4,4,4,5,5, 93
7,10, 12, 18, 21
Ivan 2004 118 8 4,5,7,9, 14, 19, 97
24, 33
Jeanne 2004 42 6 3,3,4,6,9, 11 86
Arlene 2005 3 0 - 0
Cindy 2005 48 6 4,6,7,7,8,13 94
Dennis 2005 10 1 5 50
Emily 2005 11 1 9 82
Katrina 2005 59 7 3,4,5,5, 8, 15, 95
16
Rita 2005 98 6 4,10, 13, 14, 23, 99
33
Tammy 2005 1 0 - 0
Wilma 2005 8 2 3,4 88
Alberto 2006 17 2 3,3 35
Ernesto 2006 5 1 3 60
Barry 2007 2 0 - 0
Erin 2007 7 1 4 57
Humberto 2007 1 0 - 0
Olga 2007 2 0 - 0
Dolly 2008 6 1 3 50
Fay 2008 50 7 3,3,3,4,5,5, 68
11
Gustav 2008 49 8 3,3,3,3,5,7,8, 88
11

Hanna 2008 1 0 - 0
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Percentage of

TC Year Number of Number of TNlel'mOngsr O:;r total TCTORs
Name TCTORs outbreaks P accounted for
outbreak

by outbreaks
Ike 2008 33 3 4, 6,18 85
Alex 2010 11 1 6 55
Hermine 2010 13 1 8 62
Total 1,163 133 930 80




APPENDIX D

SYNOPTIC PATTERN PERSISTENCE AND VARIABILITY

Synoptic patterns in sequence from  Persistent Variable

LC Year first outbreak (left) to last outbreak  pattern pattern
ame . . )
(right) pairs pairs
Erin 1995 5 5 6 1 1
Opal 1995 2 2 3 3 2 1
Bertha 1996 3 2 0 1
Josephine 1996 3 3 3 2 0
Danny 1997 3 0 0
Bonnie 1998 2 0 0
Earl 1998 3 3 3 2 0
Frances 1998 6 6 6 2 0
Georges 1998 5 1 1 1 1 3 3 4 2
Mitch 1998 3 0 0
Bret 1999 5 0 0
Floyd 1999 1 1 1 0
Gordon 2000 3 0 0
Helene 2000 4 4 4 2 0
Allison 2001 3 3 3 2 0
Gabrielle 2001 3 1 1 1 2 1
Fay 2002 5 0 0
Isadore 2002 1 0 0
Kyle 2002 3 3 1 0
Lili 2002 1 2 0 1
Bill 2003 4 3 3 3 2 1
Bonnie 2004 3 3 1 0
Charley 2004 3 3 3 2 0
Frances 2004 5 5551111222229 2
Gaston 2004 4 4 1 0
Ivan 2004 1 1 1112 32 4 3
Jeanne 2004 1 1 2 2 2 3 3 2
Cindy 2005 4 4 3 3 3 3 4 1
Dennis 2005 5 0 0
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Synoptic patterns in sequence from

Persistent Variable

Tc Year first outbreak (left) to last outbreak  pattern pattern
Name . . .
(right) pairs pairs

Emily 2005 5 0 0
Katrina 20056 1 1 1 3 5 1
Rita 20056 1 1 2 3 3 2
Wilma 2005 1 2 0 1
Alberto 2006 1 3 0 1
Ernesto 2006 3 0 0
Erin 2007 4 0 0
Dolly 2008 5 0 0
Fay 2008 5 1 1 4 3 3
Gustav 2008 1 1 1 5 5 2

Ike 2008 1 2 2 1 1
Alex 2010 5 0 0
Hermine 2010 4 0 0
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