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Abstract

Tornadoes that spawn from tropical cyclones (TCs) pose a threat to lives and prop-

erty. While nearly half of TCs in the Atlantic Ocean undergo extratropical transition,

there has only been one study investigating how tornado occurrence changes during

transition. The present study conducts a climatological analysis of the impact of

extratropical transition on tornado occurrence in TCs from 1995–2020 by utilizing

both observed TC and tornado data as well as radiosonde data. This study broke

extratropical transition into three phases: tropical (i.e., pre-transition), transition,

and extratropical (i.e., post-transition). The tropical phase and transition phase tor-

nadoes have the largest portion of tornadoes analyzed in this study as well as the

highest frequencies of tornadoes, while the extratropical phase has the fewest and

least frequent tornadoes. Analysis of tornado location showed that tornadoes occur

increasingly north and east as transition progresses, associated with the recurvature

of TCs into the midlatitudes. Further analysis showed that as transition progresses,

tornadoes tend to shift farther south within the TC, occur later in the day, and are

associated with greater damage. These changes in tornado characteristics are asso-

ciated with increases in synoptic-scale deep-tropospheric vertical wind shear, whilst

TC intensity weakened and the extent of the outer wind field expanded. Evaluation

of radiosondes showed that the downshear right quadrant of the TC is frequently the

most favorable for tornado production, having the highest CAPE, lowest CIN, and

highest storm-relative helicity (SRH) values. Throughout transition, CAPE in the

downshear right quadrant decreases and CIN has no significant changes. SRH in this

quadrant increases at the beginning of transition and decreases following transition.

In all quadrants, CAPE tended to decrease as the lower tropospheric became cooler

and drier in all quadrants due to transition, although those to the left-of-shear experi-

enced this cooling much sooner than right-of-shear. SRH tends to increase, by varying

magnitudes by quadrant, as transition begins associate with lower-tropospheric wind

increases that are associated with stronger lower-tropospheric vertical wind shear

followed by either a decrease or no significant change following transition.
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Chapter 1

Introduction

Tropical cyclones (TCs) produce tornadoes in addition to many other hazards such

as storm surge, flooding, and strong winds. A climatology for TC tornadoes has been

established that focuses on the timing, location, and frequency of tornadoes as well

as the factors that determine these characteristics. In the studies that contributed

to the climatology, the entire life of a TC was considered (McCaul 1991; Edwards

2012). According to the climatology, tornadoes tend to occur in the northeast quad-

rant of the cyclone at approximately 100–500-km from the center (Novlan and Gray

1974; McCaul 1991; Schultz and Cecil 2009). As radial distance from the center of a

cyclone increases, the amount of convective available potential energy (CAPE) typi-

cally increases, which can cause supercells to become more prevalent (McCaul 1991).

Supercells within TCs have shallower mesocyclones (i.e., low-topped or miniature su-

percells) and are weaker than the typical supercells that occur in the Great Plains

(McCaul and Weisman 1996). These weaker supercells tend to produce less damag-

ing tornadoes, having 93% causing light-to-moderate damage with Enhanced Fujita

(EF) Scale EF/F0 to EF/F1 tornado damage ratings (Edwards 2012; Edwards and

Mosier 2022). However, due to poor visibility and multiple concurrent hazards (e.g.

heavy rainfall) during a TC, tornadoes can be hard to spot and damage difficult to

distinguish (Edwards 2012).

The climatology of TC tornadoes also indicates patterns in the timing of tor-

nado occurrence. Most tornadoes occur within the 48 hours before and after landfall

(McCaul 1991). Additionally, TC tornadoes tend to follow a diurnal cycle with the

greatest number of tornadoes occurring during the afternoon and evening from 1100
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to 1800 local standard time (LST) (Schultz and Cecil 2009). This distinct maximum

of tornadoes in the daylight hours may be partially due to better visibility during the

day making it easier to see tornadoes or that CAPE is maximized during the day-

time, making conditions more favorable for tornadic activity (McCaul and Weisman

1996). The greatest proportion of strongly damaging TC tornadoes occur during the

nighttime hours from 0300 to 0900 UTC (Edwards 2012).

While an extensive climatology has been developed for TC tornadoes, little re-

search has been done to examine changes in tornado occurrence during the process

of extratropical transition. Klein et al. (2000) and Evans et al. (2017) describe ex-

tratropical transition as the structural changes that a TC undergoes upon moving

over an area with lower sea surface temperatures (SSTs) and into a baroclinic zone.

The entire transition typically takes about two days (Klein et al. 2000). Forty-two

percent of Atlantic TCs undergo extratropical transition (Hart and Evans 2001). Due

to the common occurrence of this process, an understanding needs to be developed

of how, if at all, extratropical transition impacts the occurrences of hazards such as

tornadoes.

In order to understand how extratropical transition may impact tornado occur-

rence, the process itself must be understood. According to the climatology described

by Klein et al. (2000); Evans et al. (2017), extratropical transition begins once the

outer circulation of a warm-core TC begins to interact with a baroclinic zone and

the TC moves over cooler SSTs or over land. The TC begins to weaken due to the

decreased SSTs. As it interacts with the baroclinic zone, the tangential winds advect

warm, moist air poleward along the east side of the cyclone that result in deep con-

vection. Along the west side of the cyclone, cold and dry air is advected equatorward

which becomes warmed and moistened and produces shallow cumulus clouds in the

stable air mass. The two different cloud structures on either side of the TC cause its

structure to take on an asymmetrical shape. Exposure to increased synoptic-scale,
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deep-tropospheric vertical wind shear (VWS) in association with an upstream upper-

tropospheric trough further enhances the asymmetry. This VWS displaces the cirrus

shield of the TC downshear (i.e. to the side of the TC relative to the direction of

the VWS vector) of the cyclone. These aspects of cyclone shape change are early

indicators that extratropical transition has begun (Klein et al. 2000; Evans et al.

2017).

As the TC progresses farther into the baroclinic zone, the continued temperature

advection causes warm and cold conveyor belts to form (Klein et al. 2000; Evans et al.

2017). These conveyor belts change the orientation of the baroclinic zone from zonal

to a southwest to northeast orientation. The air from the warm conveyor belt moves

along the east side of the cyclone and ascends over the tilted isentropic surfaces. A

portion of air parcels from the warm conveyor belt are then moved cyclonically with

the primary circulation of the cyclone and descend along the west side. This results

in a dipole of vertical motion on either side of the TC of rising motion to the east

and sinking motion to the west (Klein et al. 2000; Evans et al. 2017). VWS fur-

ther increases as the TC becomes confluent with the approaching upper-tropospheric

trough. The increased VWS yields ascent, saturation, and strong convection in the

downshear portion of the cyclone with suppressed convection upshear (i.e. side of

TC opposite of direction of VWS vector) (Klein et al. 2000; Evans et al. 2017). The

downshear portion of the TC experiences enhanced veering, which enhances the sec-

ondary circulation, further contributing to the asymmetry of the wind field of the

cyclone (Franklin et al. 1993; Black et al. 2002; Molinari and Vollaro 2008). The

polar jet interacts with the cyclone by advecting cold and dry air and “ventilating”

the TC, weakening the TC warm core as the upper-tropospheric part is eroded and

advected downshear and tilts the vortex. This “ventilation” results in the erosion of

convection upshear as well, further diminishing convection along that portion of the

TC (Jones 1995; Tang and Emanuel 2010).
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These processes associated with the conveyor belts and the increasing VWS con-

tinue as the TC fully embeds itself into the baroclinic zone. The upper-tropospheric

part of the warm core continues to erode into a weaker lower tropospheric warm core

and finally, in most cases, becomes a cold-core cyclone(Klein et al. 2000). Occasion-

ally, there are cases where the TC retains the warm core and becomes what is called

a warm-seclusion extratropical cyclone (Shapiro and Keyser 1990). Erosion of the

south and west parts of the eye wall occur as the descent of air parcels along the west

section of the TC continues (Klein et al. 2000). Warm and cold fronts form from

the conveyor belts and the cyclone becomes strongly frontal. The source of energy

for the cyclone shifts from heat flux by warm SSTs to that of a typical midlatitude

cyclone, baroclinic processes. Extratropical transition is considered completed once

the TC takes on a structure with a thick layered band of clouds on the poleward side

indicating the warm front and a weaker band of clouds in the southeast quadrant

indicating the cold front (Klein et al. 2000; Evans et al. 2017).

One method that is applied to diagnose extratropical transition in model and

reanalysis datasets is the Cyclone Phase Space, which is used operationally to help

diagnose the beginning and end of transition (Hart 2003). The Cyclone Phase Space

parameters measure the change in geopotential height field with height and the dif-

ference in thickness between the directionally-determined left and right sides of the

cyclone. These two parameters provide insight into what phase of extratropical tran-

sition is in by showing the type of core the cyclone has and how symmetrical the wind

field is. Due to its simple and efficient means of diagnosing TC phase, the Cyclone

Phase Space method was selected for this study.

As mentioned previously, past studies of TC tornadoes have included all phases

of the life of a TC, but have yet to distinguish tornado occurrence between the

phases of extratropical transition. To common knowledge, only one prior study, Hill

et al. (1966), has done an analysis of TC tornadoes while considering extratropical

transition. This study showed that most tornadoes occurred in the southeast quadrant
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of the TC following the end of extratropical transition. Tornadoes occurring directly

to the east of the center were mostly within 260 km of the center while tornadoes to

the south of the center were more spread out within 555 km. This pattern differs from

previous studies that show that most tornadoes occurred in the northeast quadrant

(Novlan and Gray 1974; McCaul 1991; Edwards 2012). This shows that the results of

this 1966 study need to be revisited and expanded upon using modern observations

(e.g. WSR-88D), warning, and verification practices. Analysis of additional aspects of

tornado occurrence including timing and frequency through extratropical transition

has yet to be performed and can be with the use of the aforementioned modern

practices.

This study was conducted to fill the gap in knowledge regarding TC tornado oc-

currence during the process of extratropical transition. Before beginning the process,

it was hypothesized that the process of extratropical transition causes asymmetries

in TC structure that affect the synoptic-scale environment and TC characteristics,

which impact the convective-scale environments, and thus impacts TC tornado oc-

currence. The primary scientific objectives of this study are as follows: 1) Establish a

climatology of TC tornado location, timing, and frequency before, during, and after

transition and 2) analyze radiosonde data to understand what convective-scale envi-

ronmental changes in association with transition. To complete these objectives, the

Cyclone Phase Space method is utilized to distinguish timesteps during a TC into

three phases: tropical, transitioning (referred to as “transition”), and extratropical.

Comparison was then performed between these three phases with regard to char-

acteristics of tornadoes and TCs. Radiosonde data was then analyzed to compare

environments between the three phases during tornadic periods. Throughout this

process, the following questions were considered:

1. Does the location, timing, frequency, or damage rating of TC tornadoes change

as the TC undergoes extratropical transition?
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2. How do synoptic-scale characteristics of the TC that could impact tornado

occurrence change as the TC undergoes extratropical transition?

3. How do the convective-scale environments in which TC tornadoes are produced

change as the TC undergoes extratropical transition?
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Chapter 2

Data & Methods

2.1 TC and Tornado Data

Atlantic TC location and intensity were obtained from the 6-h National Hurricane

Center (NHC) Best-Track data from 1995–2020 (Landsea and Franklin 2013). All TCs

in the Best-Track were tracked until their dissipation or absorption into a baroclinic

zone or larger extratropical cyclone.

The Best-Track dataset was used to construct the Storm Prediction Center TC

tornado (TCTOR) data which contains TC tornado track, initial time of tornado

occurrence, and damage ratings from 1995–2020 (Edwards and Mosier 2022). The

initial time of tornado track was used in this analysis. The utilized time period

corresponds with the widespread use of WSR-88D radar data and modernization of

warning and verification processes, making this data more reliable compared to prior

years (Spratt et al. 1997; Edwards and Mosier 2022). Only those TCs that both

completed transition according to the Best-Track dataset and produced at least one

tornado according to the TCTOR dataset were considered. These criteria yield 58

TCs that were initially considered.

2.2 Reanalysis Data

This study used geopotential height, vector wind data, and mean sea-level pressure

(MSLP) from the European Centre for Medium Range Forecasts fifth-generation re-

analysis (ERA5; Hersbach et al. 2020). ERA5 data is 6-hourly and on a 0.25◦ × 0.25◦
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grid. ERA5 has been used to compute the parameters in Cyclone Phase Space in

prior work (Sarro and Evans 2022).

Due to the nontrivial uncertainties in determining TC center location in observa-

tions and reanalysis data, vortex recentering was performed to identify the center of

the TC (Schenkel and Hart 2012; Torn and Snyder 2012; Hodges et al. 2017). First,

the Best-Track-defined center was used as an initial guess for center location. Then,

the reanalysis center was calculated as the mean of the center of mass of MSLP as

well as 925, 850, and 700-hPa relative vorticity, and 850 and 700-hPa geopotential

height. This method has been used in prior work and is similar to the Geophysical

Fluid Dynamics Laboratory (GFDL) operational tracker (Marchok 2002; Brammer

and Thorncroft 2017; Schenkel et al. 2017). The objectively-tracked TC center was

used in determining phases of extratropical transition as well as calculating VWS.

2.3 Extratropical Transition Definition

While the Best-Track dataset provided the time that extratropical transition ends, the

start of transition was also required to demarcate the boundary between the tropical

(i.e., pre-transition) and transition phases. Thus, the Cyclone Phase Space method

was utilized in this study to objectively define the start and end of extratropical

transition (Hart 2003). The Cyclone Phase Space (hereafter referred to as “phase

space”) uses three parameters to categorize cyclones: the lower-tropospheric (900–

600-hPa) thermal asymmetry (B), the lower-tropospheric thermal wind (-V L
T ), and

the upper-tropospheric (600–300-hPa) thermal wind parameters (-V U
T ). Two of these

parameters, the thermal asymmetry and lower-tropospheric thermal wind parameters

are used to define the start and end of transition.

The thermal asymmetry parameter is defined as the difference in lower-tropospheric

layer fields on either side of cyclone motion and is calculated using the following equa-

tion:
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B = h(Z600hPa − Z900hPa|R − Z600hPa − Z900hPa|L) (2.1)

It is useful in determining if a TC has lost its symmetric structure that is typ-

ically present in the tropical phase and has become frontal (Hart 2003; Evans and

Hart 2003). This parameter is computed as the difference in lower-tropospheric height

thicknesses between the left and right sides of TC motion averaged across a 500-km

radius from the objectively-tracked TC center from 900-hPa to 600-hPa. In the North-

ern Hemisphere, a positive thermal asymmetry value indicates that the side to the

right of the cyclone motion vector has deeper lower-tropospheric thicknesses, meaning

the right side is warmer and moister than the left side of the TC. A negative thermal

asymmetry value indicates that the layer thicknesses to the left of the cyclone motion

vector are warmer and more moist than the right. When the thermal asymmetry is

greater than an empirically defined value of 10-m while the TC is warm core, the

storm has become sufficiently frontal to classify it as a transitioning cyclone (Hart

2003; Evans and Hart 2003).

The lower-tropospheric thermal wind parameter characterizes the lower-tropospheric

vertical structure of the cyclone by measuring how the isobaric height gradient of the

TC changes with height (Hart 2003). This is calculated using the following equation:

(∆Z)(lnp)

∣∣∣∣600hPa

900hPa

= −|V L
T | (2.2)

If the height gradient and winds of the cyclone increase with height (−V L
T < 0),

then the cyclone is classified as cold core. Oppositely, if the height gradient and winds

that decrease with height (−V L
T > 0), the cyclone is classified as warm core. To cal-

culate the phase space parameters, heights between 900–600-hPa within a 500-km

radius of the objectively-tracked TC center were obtained from ERA5. Extratrop-

ical transition was defined to end when the cyclone is frontal (thermal asymmetry

parameter magnitude greater than 10m) and the height gradient and winds increase
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with height (negative thermal wind parameter). Additionally, a 24-h running mean

was applied when calculating the thermal symmetry and thermal wind parameters,

following prior work (Hart 2003; Hart et al. 2006).

Using phase space methodology, the life of each extratropically transitioning TC

was divided into three phases (Hart 2003; Evans and Hart 2003): 1. tropical (i.e.,

pre-transition), 2. transition, and 3. extratropical (i.e., post-transition). The tropical

phase includes 6-h track timesteps in which the outer rainbands of the TC overlap

with the continental United States and the TC itself is considered non-frontal (B <

10 m) and warm core (-V L
T > 0). The transition phase includes 6-h timesteps in

which the TC is considered frontal (B > 10 m) and warm-core. The final phase,

extratropical, can take two different forms. The most frequent form is when the

cyclone immediately becomes cold-core (-V L
T < 0) and frontal. The other, warm-

seclusion, is when the cyclone remains a warm core and frontal cyclone, but has

concluded the process of transitioning (Hart et al. 2006; Sarro and Evans 2022).

Additional steps had to be taken for TCs in which phase space did not accurately

represent the process of transition. Some TCs had differences of more than 18 hours

between the Best-Track-determined end of extratropical transition and the end of

transition determined by phase space. The 9 TCs where this difference occurred were

excluded from this study due to unrealistic representation of extratropical transition

in the reanalysis, following Sarro and Evans (2022). Additionally, warm-seclusion

extratropical cyclones pose a known issue for phase space as they maintain a warm-

core as an extratropical cyclone, which phase space would falsely identify as still being

a transitioning TC. Also following Sarro and Evans (2022), the Best-Track time of

transition end is selected instead of the phase space time for the 11 cyclones that have

been subjectively identified as having transitioned into warm-seclusion extratropical

cyclones. To identify these cases, all TCs that remained warm core and frontal for

at least 18 hours after Best-Track-determined transition were selected for further
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investigation. This was done by subjectively verifying frontal structure by using

reanalysis data (e.g., 700-hPa frontogenesis) and verifying extratropical cyclone cloud

structure (e.g., asymmetric (frontal) distribution and a cirrus shield (Klein et al.

2000)) in observed satellite imagery following the methodology from Sarro and Evans

(2022). In other cases, there were multiple parts of the lifespan of a TC that met

the criteria for being classified as a “transition” period. As an example, some TCs

had baroclinic origins, causing them to have an asymmetrical shape with a warm

core at the very beginning of their life (Davis and Bosart 2004; McTaggart-Cowan

et al. 2008). For TCs with this atypical life cycle, the transition period within 18-h of

Best-Track end-of-transition time was manually selected. All other TCs underwent

extratropical transition in the expected manner, meaning that they progressed from

the tropical to transition to the extratropical phase and ended as a cold-core and

frontal cyclone (Hart et al. 2006; Sarro and Evans 2022).

Table 2.1 shows the number of tornadoes in each of the three phases associated

with extratropical transition.

2.4 Vertical Wind Shear

Prior work has found that VWS strongly impacts the location and number of tor-

nadoes, inspiring the analysis of this study to often use a VWS-relative framework

(Schenkel et al. 2020, 2021). VWS is calculated following methodology from previous

studies (Davis et al. 2008; Galarneau and Davis 2013; Rios-Berrios and Torn 2017):

1) compute the irrotational and nondivergent wind components within 500-km of

the TC at 850-hPa and 200-hPa by solving a Poisson equation with homogeneous

boundary conditions, 2) subtract those wind components from the total wind field at

both pressure levels to isolate the ambient winds, and 3) subtract the 850-hPa am-

bient winds from the 200-hPa ambient winds. Wind data was obtained from ERA5

(Hersbach et al. 2020) in the absence of observational wind data.
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Part of this study examined the number of tornadoes per 6-h TC track time period

among the 3 phases. Only timesteps where the downshear portion of the TC was over

land were considered since this is the sector of TCs where >92% of tornadoes occur

(Schenkel et al. 2020). To designate these timesteps, first the downshear portion

of the TC was determined by calculating the VWS vector. The outer extent of

the downshear portion was demarcated by the radius from the TC center at which

azimuthal-mean azimuthal wind at 925-hPa had reached 6-m s−1, computed from

ERA5 data following prior work (Paredes et al. 2021). A 6-m s−1 threshold was

used since reanalyses are able to best represent the TC wind field at these weak

wind speeds (Schenkel et al. 2017; Bian et al. 2021). Coastline data taken from the

Global Self-consistent, Hierarchal, High-resolution Geography (GSHHG) Database at

a horizontal grid spacing of ∼1 km (Wessel and Smith 1996) was used to check overlap

of the downshear portion of the TC and the continental United States.

2.5 Radiosonde Data

In this study, radiosondes were taken from two sources to calculate environmental

parameters such as CAPE, CIN, and SRH as well as create composite median skew

T–logP diagrams and composite median hodographs. Most radiosondes were from

the National Oceanographic and Atmospheric Administration Integrated Global Ra-

diosonde Archive (IGRA), version 2 (Durre et al. 2006). The IGRA has its own quality

controls for physical and internal consistency for each radiosonde. The rest of the ra-

diosondes were taken from the National Severe Storms Laboratory (NSSL)-sponsored

sampling of recent landfalling TCs (Fernández-Cabán et al. 2019). For these radioson-

des, the National Center for Atmospheric Research (NCAR) Atmospheric Sounding

Processing Environment (ASPEN) software was utilized for processing the radioson-

des and the soundings are manually verified for consistency (Wang et al. 2015; Stern

et al. 2016). In addition to these checks, if wind, temperature, or moisture data are
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completely missing either within 200-m of the surface or over a layer ≥ 1-km below

a height of 8-km then the sonde was excluded (Molinari and Vollaro 2008; Schenkel

et al. 2020). Only sondes that were launched between 75-km and 750-km from the

center are considered in order to: 1) avoid sondes that were strongly advected by the

inner-core TC winds and 2) to make sure the radius of most frequent tornado occur-

rence was included while not sampling environments too far from the center (Molinari

and Vollaro 2010; Schultz and Cecil 2009). It is important to note that these sondes

are not tornado-proximity soundings, rather, they provide a general idea of what the

environment was like within a TC that transitioned and produced tornadoes.

The radiosondes that passed those qualifications were then filtered to only include

those which were launched in the 49 TCs in this study and sorted into the 3 phases

of extratropical transition (Table 2.5). The location of these radiosondes is shown in

Figure 2.1. Note the preferential sampling of the outer core.

Phase of TC No. of Tornadoes No. of Radiosondes

Tropical 463 2147

Transition 373 626

Extratropical 138 622

Total 974 3395

Table 2.1: Number of tornadoes and radiosondes sorted by transition phase in this
study.

The radiosondes were used to calculate environmental parameters such as 0–3-km

convective available potential energy (CAPE), convective inhibition (CIN), and 0–

3-km storm-relative helicity (SRH; convective cell-relative rather than TC-relative).

Supercells in TCs tend to be shallow, leading to the selection of only parameters

from the lower troposphere for analysis (McCaul and Weisman 1996; Schenkel et al.

2020). Composite median skew T–logP diagrams and hodographs were created to

compare vertical profiles between different phases of the TC. When creating profiles
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Figure 2.1: Heat map showing radiosonde location plotted in VWS-relative coordi-
nates and with respect to the TC center.

to calculate CAPE and CIN, a mixed layer of 200-m was used as suggested for TCs in

previous studies (Romps and Kuang 2011; Molinari et al. 2012). SRH was calculated

using the following equation (Davies 1990):

SRH =

∫ h

0

[(v− c) · (k× vz)] dz (2.3)

where v is the wind vector, c is the convective cell motion vector, and h is the layer

depth. The convective cell motion vector was calculated by using methods described

in Bunkers et al. (2014). The combination of these methods computes the convective

cell motion vector using pressure-weighted mean winds, the Effective Inflow Base

height as the base, and 65% of the most unstable parcel equilibrium level as the

steering layer top (Bunkers et al. 2014).
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Each sonde was also transformed into a vertical coordinate that accounts for

differences in surface elevation of radiosonde launch points (Gal-Chen and Somerville

1975; Parker 2014):

z∗ = H
z − zsfc
H − zsfc

(2.4)

where H is the height of the tropopause which is assumed to be 16-km, the ap-

proximate tropopause height of Atlantic hurricanes (Duran and Molinari 2016; Gilford

et al. 2017). zsfc is the altitude at which the sounding was launched. The new vertical

coordinate used a grid spacing of ∼50-m. The height-based vertical coordinate was

used to remove any influence of terrain on synoptic and mesoscale pressure fluctua-

tions (Parker 2014).

Radiosonde data was used to create composite hodographs that were plotted in

TC-relative radial and tangential coordinates, and then organized by VWS-relative

quadrant. Wind data from the radiosondes was given in zonal and meridional compo-

nents and then converted to radial and tangential coordinates before the composite

was taken. This conversion was done in order to account for the fact that radiosondes,

while being sorted into the same VWS-relative quadrant, were released in different

north-relative quadrants of the TC that could cause cancellation among the zonal and

meridional components when a composite was taken due to variation in the cyclonic

curvature of the flow with TC-relative azimuth.

2.6 Statistical Testing

Statistical testing was utilized to objectively determine differences among distribu-

tion statistics for each phase. Each TC tornado and radiosonde were considered to

be independent of each other when performing statistical testing. For brevity pur-

poses, when results are called “statistically different” this means that a 5000-sample
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bootstrap resampling approach with replacement using two-tailed testing at the 95%

confidence interval was used.
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Chapter 3

Tornado and TC Characteristics

This section answers the first two questions posed in the introduction: 1) whether

tornado characteristics change and 2) whether TC characteristics change in a way that

could influence tornado production before, during, and after extratropical transition.

This section examines tornado location, timing, damage rating, and frequency as well

as characteristics of the TC and its synoptic-scale environment.

3.1 Tornado Location

To begin, TC tornado location in the United States for each of the three phases of

extratropical transition is shown in Figure 3.1. All three phases as a collective have

tornadoes mostly near the coast, spanning from Texas to the Mid-Atlantic, which

is consistent with prior TC tornado climatologies that did not consider transition

(Gentry 1983; Edwards 2012). Comparing results across the three phases shows that

tornadoes become less confined to the coast and tend to occur farther north and east as

the associated TC undergoes transition. This is illustrated by the extratropical phase

having an average latitude that is 3.6◦ farther north and average longitude 3.0◦ farther

east than the tropical phase. Tornadoes in the tropical phase, shown in Figure 3.1a,

mostly occur in the southern U.S. along the Atlantic and Gulf coast. Throughout

transition (Figure 3.1b), tornado location has the greatest spread, spanning from

Texas to Massachusetts. Upon completion of transition (Figure 3.1c), tornadoes are

confined to the Mid-Atlantic and northern Southeast. The occurrence of tornadoes

farther northeastward as transition progresses supports findings from Hart and Evans
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(2001) and Bieli et al. (2019), which determined that TCs tend to affect areas farther

east and north in the United States during their extratropical phase than during their

tropical phase.

The next two figures analyze how the TC-relative location of tornadoes changes

through extratropical transition. Figure 3.2 shows a heat map of TC-relative tornado

location across the three phases using a North-relative azimuthal coordinate. When

comparing across the three phases, results show that the process of extratropical

transition causes tornadoes to occur farther south. Tropical and transition tornadoes,

shown in Figures 3.2a and b, occur in similar TC-relative positions that resemble

broader TC tornado climatology, with most tornadoes occurring in the northeast

quadrant within 500-km of the TC center (McCaul 1991; Schultz and Cecil 2009;

Edwards 2012). Tornadoes also occur at similar TC-relative azimuths as transition

begins, with tropical phase tornadoes having a median tornado location azimuth of 28◦

counterclockwise from east compared to 26◦ during the transition phase. However, the

median tornado distance from the TC center increases from 305 km in the tropical

phase to 345 km in the transition phase. Following the completion of transition,

tornadoes occur farther south compared to the prior two phases, as suggested by a

median tornado location azimuth of 1◦ clockwise of east (Figure 3.2c). While the

extratropical phase tornadoes do not align with the location of those in Hill et al.

(1966), the trend of tornadoes progressing south as transition occurs is consistent.

Since VWS has previously been proven to strongly influence tornado location

(Schenkel et al. 2020, 2021), Figure 3.3 shows the TC-relative location of tornadoes

relative to the direction of the VWS vector. In all three phases, tornadoes occur

increasingly downshear right with increasing distance from the TC center, consistent

with prior work (Schenkel et al. 2020, 2021). Furthermore, extratropical transition

causes tornadoes to be more likely to occur in the downshear right quadrant. In the

tropical phase, 51% of tornadoes occur in the downshear right quadrant, with 64%
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and 77% for transition and extratropical phases, respectively. Tropical and transition

phase tornadoes at inner TC radii occur primarily downshear left and occur more

downshear right with increasing distance from the TC. In contrast, the extratropical

phase begins directly downshear of the TC and ends primarily in the downshear right

quadrant. This implies the importance of VWS in impacting the location of tornadoes

during transition, suggested in prior work (Quinting and Jones 2016; Evans et al.

2017).

Together, these results suggest that extratropical transition is associated with

tornadoes that occur farther to the north and east in the United States and a shift

farther south of the TC-relative tornado location in a north-relative coordinate. The

latter result may be due to a change in the VWS vector direction given that tornadoes

remain in the downshear quadrants before, during, and after transition. Changes in

TC-relative tornado location associated with concurrent changes in direction of VWS

supports the idea that VWS is important as suggested in prior studies (Schenkel

et al. 2020, 2021). Furthermore, the prominence of tornadoes in the downshear right

quadrant during the extratropical phase could be due to stronger entrainment of

ambient colder, more stable air to the north or left of the shear vector.
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Figure 3.1: Heat map showing the location of tornado occurrence in the United States
for (a) tropical, (b) transition, and (c) extratropical phase tornadoes.
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(a) Tropical Phase Tornadoes
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(b) Transition Phase Tornadoes
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(c) Extratropical Phase Tornadoes
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Figure 3.2: Heat map showing TC-relative tornado location plotted in North-relative
coordinates and with respect to TC center for (a) tropical, (b) transition, and (c)
extratropical phase tornadoes. Dashed gray lines represent range rings in 100 km
intervals from the TC center.
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(b) Transition Phase Tornadoes
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Figure 3.3: As in Figure 3.2, except plotted in VWS-relative coordinates. The VWS
vector (gray arrow) has been rotated to always point to the right of the plot, with
tornadoes rotated by the same angle.
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3.2 Tornado Timing, Frequency, and Damage
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Figure 3.4: Histogram of percent of tornadoes observed binned by local standard time
in the tropical phase (pink), transition phase (purple), and extratropical phase (blue).
Black error bars show the 95% confidence interval computed using a 5,000 bootstrap
resampling approach with replacement.

Analysis of the diurnal variability of TC tornadoes shows that as extratropical

transition progresses, tornadoes are more likely to occur later in the day. Figure

3.4 shows that all three phases are associated with a strong daytime peak and a

nighttime minimum in tornado occurrence, consistent with climatologies for all TC

tornadoes (McCaul 1991; Schultz and Cecil 2009; Edwards 2012). Tropical phase

tornadoes experience this peak in the early afternoon, with 27% occurring between

12–15 LST. In comparison, 30% of transition phase tornadoes occur between 15–18

LST, while a peak of 25% for extratropical phase tornadoes occur between 18–21

LST. Transition phase has the strongest peak and is the only phase whose peak is

significantly different from the surrounding bins of the same phase. The extratropical

phase has the weakest peak, around local sunset, which resembles that for non-TC

tornado climatology and could indicate that convective-scale environments are similar

between these two modes (Schultz and Cecil 2009). Extratropical phase tornadoes
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during their peak and the following three hours have a significantly greater portion

of tornadoes than the tropical phase in each 3-h bin.
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Figure 3.5: As in Figure 3.4, except showing number of tornadoes per 6-h with the
y-axis using a logarithmic scale. Only periods when the TC was over land were
considered. 6-h temporal resolution shown due to Best-Track TC dataset having this
resolution.

Frequency of tornado occurrence per 6-h was investigated and is shown in Fig.

3.5. The life cycle of each TC was divided into 6-h segments (timesteps), matching

the Best-Track TC track reporting interval as well as the interval used in prior work

(Schenkel et al. 2020, 2021). Moreover, prior work has also used a 6-h timestep given

the variability in the structure of the TC and its synoptic-scale environment over the

TC track (Rios-Berrios et al. 2016a,b). For each 6-h timestep, the number of torna-

does is totaled within ±3 h. Only those 6-h periods in which the downshear sector

of the TC overlapped with the continental United States are considered, since this

is the region where tornadoes are most common (Schenkel et al. 2020; Paredes et al.

2021). Figure 3.5 shows that TCs do not spawn tornadoes for most 6-h time periods

in all three phases. Specifically, 75%, 63%, and 81% of 6-h times in the tropical,

transition, and extratropical phases are not associated with tornadoes. The percent-

age of 6-h times with 0 tornadoes in the extratropical phase is significantly higher

than in the transition phase. When only considering timesteps with ≥1 tornado,

the median number of tornadoes is 2 for the tropical and transition phases and 2.5

for the extratropical phase, suggesting small differences in the number of tornadoes
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typically spawned among phases. However, differences do exist for 6-h times with en-

hanced numbers of tornadoes. In particular, the extratropical phase is characterized

by a narrower distribution with statistically similar percentages, especially from 3–8

tornadoes per 6-h, and no 6-h times exceeding ≥10 tornadoes per 6-h. For compar-

ison, 2% of tropical phase timesteps and 5% of transition phase timesteps have ≥10

tornadoes per 6-h.
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Figure 3.6: As in Figure 3.4, except showing tornado damage ratings.

Extratropical transition is also associated with differences in the damage rating of

TC tornadoes. Figure 3.6 shows that most TC tornadoes in all phases have damage

ratings in the EF0/F0 or EF1/F1 categories with no cases classified with damage

ratings exceeding EF3/F3, consistent with prior work (Edwards 2012; Edwards and

Mosier 2022). As transition begins, the likelihood of more damaging tornadoes in-

creases, as indicated by the significant difference in EF0/F0 and EF2/F2+ tornadoes

between the tropical and transition phases. In particular, 70% of tropical phase tor-

nadoes are associated with an EF0/F0 rating, which is greater than the extratropical

phase (60%) and statistically greater than the transition phase (58%). While the

transition phase has the lowest number of EF0/F0 tornadoes, it has the highest per-

cent of more damaging tornadoes (≥EF2/F2) at just over 10%, which is statistically
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different from the tropical phase at 5%. This figure also shows that after transition

has begun, the chances of damaging tornadoes remains mostly the same since the

transition and extratropical phases are never significantly different from each other.

In this subsection, extratropical transition was found to impact the timing, fre-

quency, and damage rating of tornadoes. Tornadoes occur later in the day time as

transition progresses, indicating that the processes associated with the diurnal cycles

may be different. The early afternoon peak for the tropical phase could be associated

with a TC diurnal cycle identified in Dunion et al. (2014), in which cloud-top cooling

and sometimes an accompanying TC rainband propagate away from the TC center

and reach outer radii by early afternoon (Ditchek et al. 2019, 2020). The process

and completion of transition yields fewer tornadoes that are associated with more

damage than prior to transition. Schenkel et al. (2021) found that inland TC envi-

ronments are associated with stronger VWS and reduced CAPE, which could explain

this discrepancy between frequency and damage ratings. Overall, these disparities in

diurnal variability, frequency, and damage ratings suggest that there may be differing

processes that influence tornado production before, during, and after extratropical

transition.

3.3 Characteristics of the TC and Its Synoptic-

Scale Environment

Figure 3.7 shows the distribution of TC maximum 10-m sustained wind speed (i.e.,

TC intensity) at the time of tornado occurrence. As transition progresses, tornadoes

are more likely to occur in TCs with weaker intensities, confirmed by comparing

the median TC intensity values between the tropical (53-kt), transition (46-kt), and

extratropical phases (25-kt). TC intensities during the tropical and transition phases

have broad distributions that are skewed toward stronger intensities with adjacent
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bars lacking significant difference. The tropical phase has the greatest spread with

tornadoes that occur at intensities between 15–150-kt. 30% of tornadoes during the

tropical phase occurred when the TC was at tropical storm strength (between 34–

63-kt). The extratropical phase has the narrowest distribution and sharpest peak

with all tornadoes occurring at TC intensities of 15–50-kt and 73% of tornadoes

between just 20 and 40-kts. The decrease in TC intensity associated with tornadoes

throughout extratropical transition is consistent with the typical weakening of TCs

following transition start (Hart and Evans 2001; Evans and Hart 2008).
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Figure 3.7: As in Figure 3.4, except showing TC intensity as the Best-Track maximum
10-m wind speed (kt) interpolated to the time of tornado occurrence.

The outer wind field size of transitioning TCs that spawn tornadoes varies before,

during, and after extratropical transition. This is shown in Figure 3.8, which compares

the distributions of radii at which the azimuthal-mean 925-hPa azimuthal wind of the

TC equals 6-m s−1 (r6) derived from reanalysis data. This metric has been previously

used to study the relationship between TC outer size and tornadoes (Paredes et al.

2021). The median size of the TC at the time of tornado occurrence in the transition

phase (816-km) is largest, followed by the tropical (702-km) and extratropical phases

(635-km). This expansion of the wind field during transition implied in these results is
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consistent with prior work (Hart et al. 2006; Evans and Hart 2008). The tropical and

transition phases have clear peaks of 48% and 42%, respectively, and are significantly

different from surrounding bins of respective phase. In contrast, the extratropical

phase peak is weaker and not significantly different from surrounding bins given its

broad distribution. Larger TC outer size during transition could explain why the

median distance of tornado occurrence from the TC (shown in Figure 3.2) is greater

during the transition phase than other phases, as implied in prior work (Paredes et al.

2021).
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Figure 3.8: As in Figure 3.4, except showing TC near-surface outer wind field size
as the radius at which the azimuthal-mean 925-hPa azimuthal wind equals 6 m s−1

(r6; km), calculated from the ERA-5 reanalysis, interpolated to the time of tornado
occurrence.

The remaining plots focus on examining differences in the synoptic-scale environ-

ment of the TC by examining how tornado occurrence varies with different magni-

tudes and directions of VWS (i.e., synoptic-scale, 850–200-hPa vertical wind shear)

that impact the TC. Figure 3.9 shows that as transition progresses, tornadoes occur

in stronger and more variable magnitudes of VWS. This increase in VWS during and

after transition is consistent with an increase in baroclinicity that is suggested in

current conceptual models of extratropical transition (Klein et al. 2000; Evans et al.
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2017). In addition to having the strongest shear, the extratropical phase has the

broadest distribution, spanning from ∼8–30 m s−1 and with most adjacent bins lack-

ing statistical difference. In contrast, the transition phase has a similar range albeit

shifted towards weaker values, with most adjacent bins being statistically different

from one another. The tropical phase has a clear peak in the weaker magnitudes

of VWS centered near 10 m s−1, as expected given TCs typically exist in low-to-

moderate VWS (Rios-Berrios and Torn 2017). Previous work has defined “strong”

VWS as ≥∼11 m s−1, which more strongly concentrates tornadoes downshear and

creates more favorable environments for more tornadoes to occur (Schenkel et al. 2020,

2021). During the tropical phase, only 30% of tornadoes occurred in “strong” shear,

whereas the transition and extratropical phase had 86% and 89% of their tornadoes

occurring in “strong” shear. The predominance of stronger VWS in the transition

and extratropical phases is consistent with a larger percentage of tornadoes in the

downshear quadrant compared to the tropical phase, shown in Figure 3.3.

While VWS magnitude becomes more variable as TCs transition, Figure 3.10

shows that the opposite is true for VWS direction. The majority of tornadoes in all

three phases occur when the VWS is southwesterly. This prominence of southwesterly

shear across all phases is also similar to prior work (Corbosiero and Molinari 2003;

Schenkel et al. 2020). Tropical phase tornadoes can occur when the VWS is out of

almost all directions, only lacking tornadoes when VWS is northeasterly. However, as

extratropical transition progresses, a greater portion of tornadoes occur when VWS

is southwesterly. All three phases have significantly different percentages of TCs with

southwesterly VWS from each other, 65%, 78%, and 91% for tropical, transition, and

extratropical, respectively. Extratropical phase tornadoes being most likely to occur

when VWS is southwesterly could be in association with the flow downstream of an

approaching upstream upper-tropospheric trough (Hart et al. 2006; Sarro and Evans

29



2022). The westerly shift in VWS through extratropical transition may help explain

the southward shift of tornado location in Figure 3.2.

In summary, the characteristics of the TC and synoptic-scale environment associ-

ated with tornado occurrence differ before, during, and after extratropical transition.

Specifically, tornadoes occur in TCs with weakening intensities and larger outer sizes

in the transition phase, while both intensity and outer size decreased following tran-

sition, similar to prior conceptual models of extratropical transition (Hart and Evans

2001; Jones et al. 2003; Evans and Hart 2008). VWS magnitude during tornado

occurrence increases and becomes more variable through transition, while VWS di-

rection becomes more concentrated in the southwest direction. Stronger VWS implies

that there was a stronger horizontal temperature gradient that the TC was interact-

ing with, which would increase the asymmetries in kinematic and thermodynamic

structure of the cyclone. These changes in TC structure and in its synoptic-scale

environment, as implied by VWS, are consistent with prior extratropical transition

climatologies and case studies (Klein et al. 2000; Hart and Evans 2001; Evans and

Hart 2008). The changes also may help explain differences in the location and number

of tornadoes among the three phases of extratropical transition, and likely also impact

convective-scale environments within the TC, which is shown in the next section.
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Figure 3.9: As in Figure 3.4, except showing interpolated VWS magnitude (m s−1)
to the time of tornado occurrence.
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Figure 3.10: As in Figure 3.4, except showing interpolated 850–200-hPa VWS direc-
tion to the time of tornado occurrence.
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Chapter 4

TC Convective-scale Environments

This section answers the third question posed in the introduction: How the convective-

scale environments within a TC change through extratropical transition. The ther-

modynamic characteristics of the convective-scale environments through transition

were examined first, followed by kinematic environmental characteristics.

4.1 Thermodynamic Characteristics

The distributions of 0–3-km CAPE and CIN in each VWS-relative quadrant of TCs

for each of the three phases are shown in Figures 4.1 and 4.2, respectively. In gen-

eral, as extratropical transition progresses, CAPE decreases in all quadrants although

differing by quadrant in the timing and magnitude of decrease. Decreasing CAPE

through transition mostly matches findings in Schenkel et al. (2021), which found that

CAPE tended to decrease as TCs progressed farther inland in all quadrants except

for the downshear right. The change in median magnitude of CIN is almost never

significant between phases in a quadrant, yet the lower quartile shifts toward larger

magnitudes. CAPE values in the downshear right quadrant and, to a lesser extent,

the remaining three quadrants in the tropical phase are consistent with ranges favor-

able for TC tornado production (∼100–200 J kg−1; Baker et al. 2009; Eastin and Link

2009). Most CIN values in all quadrants and phases are within known CIN ranges

for TCs that produce tornadoes (∼–20–0 J kg−1; Baker et al. 2009; Molinari et al.

2012). In the tropical phase, CAPE is greatest (with a median of 138 J kg−1) and the

magnitude of CIN is smallest (median of –8 J kg−1) in the downshear right quadrant
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compared to the others. Through transition the downshear right quadrant continues

to have the most favorable values of CAPE and CIN for tornado production, with

increasingly distinguishes itself from other quadrants. The extratropical phase has

the lowest values of CAPE in all quadrants and increased range in magnitude of CIN,

suggesting it to be less favorable for tornado production. This could be one reason

why the number and frequency of tornadoes are reduced in the extratropical phase,

as shown in Table 2.5 and Figure 3.5. However, even in the extratropical phase, the

upper quartile of the downshear right CAPE remains within the favorable range for

tornadoes.

Further insight into the impact of the increasingly baroclinic environment on

convective-scale environments within the TC is gained when comparing CAPE and

CIN across quadrants through transition. Both of the left-of-shear quadrants ex-

perience a significant decrease in CAPE between the tropical and transition phases

(showing decreases of 91-J kg−1K−1 and 56-J kg−1 in median values, respectively),

while the right-of-shear quadrants show no significant changes in median values (3-

J kg−1 and 6-J kg−1, respectively). The left-of-shear quadrants also are associated

with shifts in the lower quartile towards greater magnitudes of CIN between the trop-

ical and transition phase that are greater than that of the right-of-shear quadrants.

Assuming thermal wind balance between the VWS vector impacting the TC and the

associated horizontal temperature gradient, these results could reflect the presence of

a colder, more stable environment to the left of the VWS vector as transition begins.

This would make sense, as the left-of-shear quadrants are often to the north of the TC

given the typical westerly component to the VWS (Figure 3.10). Strong decreases in

CAPE and increased ranges of CIN only occur at the end of transition for the quad-

rants to the right of the VWS vector, further into transition than the left-of-shear

quadrants. Specifically, both right-of-shear quadrants are characterized by significant

changes in median CAPE values (105-J kg−1 downshear right and 66-J kg−1 upshear

right) between the transition and extratropical phases.
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Figure 4.1: Box-and-whiskers plots of 0–3-km CAPE (J kg−1) values across phases
and VWS-relative quadrants. The box perimeter shows the interquartile range. The
line across the middle indicates the median, while the notches represent the 95%
confidence interval of the median. Whiskers extend from both the bottom of the box
(25th percentile) to the lowest observed datum and from the top of the box (75th
percentile) to 1.5x the interquartile range. Diamonds indicate outliers.

Composite median skew T–logP diagrams created for each phase and quadrant

show the vertical structure of the temperature and moisture changes throughout

extratropical transition (Figure 4.3). As transition progresses, all quadrants show

decreases in moisture and temperature, especially in the lower troposphere. The

right-of-shear quadrants show modest changes in dewpoint and temperature profiles

between the tropical and transition phases. Consistent with the timing of significant

decreases in CAPE and CIN, these quadrants become cooler near the surface and

drier throughout most of the troposphere following transition. The downshear right

quadrant, shown in Figure 4.3d, is characterized by the smallest decrease in median

surface temperatures (∼3◦C) before and after transition. Contrary to the the rest

of the troposphere, the near surface relative humidity in the upshear right quadrant

(Figure 4.3c) increases into the extratropical phase, as the median dewpoint only

decreases by about ∼2◦C whereas the median temperature decreases by about ∼5◦C.

The left-of-shear quadrants (Figures 4.3a and b) typically show substantial cooling
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Figure 4.2: As in Figure 4.1, except for CIN (J kg−1) up to 500-hPa. Some outliers
are excluded from this figure to more clearly highlight the middle of the distribution.

and drying between the tropical and transition phases, again suggesting the more

rapid interaction of these quadrants with cooler, drier air. Additional cooling and

drying occurs following transition, resulting in overall near-surface temperature de-

creases of ∼7◦C between the tropical and extratropical phases. However, the upshear

left quadrant cools and dries out much more in the lower troposphere and peaks in

the middle troposphere. The particularly dry middle and upper troposphere in the

upshear left quadrant and, to a lesser extent, the upshear right quadrant may be

associated with: 1) VWS-induced injection of dry air into the TC circulation (i.e.,

“ventilation”) and 2) vertical tilting of the TC downshear which induces subsidence

upshear (Jones 1995; Tang and Emanuel 2010).
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Figure 4.3: Composite median skew T–logP diagrams for the (a) upshear left, (b)
upshear right, (c) downshear left, and (d) downshear right quadrants in the tropical
(dark pink), transition (purple), and extratropical (blue) phases. Temperature is
illustrated by the solid lines and dashdot lines represent dewpoint.
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4.2 Kinematic Characteristics

The kinematic characteristics of each quadrant and phase are first examined using

0–3-km SRH. Figure 4.4 shows how SRH responds to extratropical transition in each

of the quadrants. The values of SRH across all phases and quadrants are small

compared to non-TC environments, with only the downshear right quadrant having

values consistent with known ranges associated with TC tornadoes (100–260-m2s−2;

McCaul and Weisman 1996; McCaul et al. 2004). As transition progresses, median

SRH shows no significant changes among the left-of-shear quadrants in each phase,

although the upper quartile shifts towards larger magnitudes. This result is broadly

consistent with Schenkel et al. (2021), which showed no significant changes in SRH

in these quadrants as TCs move inland regardless of phase. In contrast, the right-of-

shear quadrants are associated with a shift in entire distributions towards stronger

helicity values at the beginning of transition Specifically, median values of SRH be-

tween the tropical and transition phases within the downshear right (58-m2s−2 to

184-m2s−2) and upshear right quadrants (24-m2s−2 to 58-m2s−2) show significant in-

creases in magnitudes of SRH. Thereafter, there are no significant changes in helicity

between the transition and extratropical phase in the upshear right quadrant and a

non-significant yet notable decrease in the downshear right quadrant. Schenkel et al.

(2020) found that SRH in the downshear right quadrant tended to increase in TCs

with greater VWS, and hence, the increase in VWS at the beginning of transition

shown in Figure 3.9 may explain the simultaneous increase in helicity. This significant

increase in SRH between the tropical and transition phases in the downshear right

quadrant could explain why the transition and extratropical phases have a higher

proportion of damaging tornadoes (Figure 3.6).

Figure 4.5 shows composite median hodographs for each quadrant throughout

extratropical transition using TC-relative tangential and radial winds, similar to prior

TC tornado studies (McCaul 1991; Baker et al. 2009). TC motion was removed from

37



Downshear Right Downshear Left Upshear Right Upshear Left
VWS-relative Quadrant

200

0

200

400

600
0-

3k
m

 S
RH

 (m
2 /s

2 )

Phase
Tropical Transition Extratropical

Figure 4.4: As in Figure 4.1, but for 0–3-km SRH (m2 s−2). Note that whiskers in this
figure extend from the box edges to 1.5x the interquartile range in both directions.

each vertical level in an effort to remove ambient winds from the hodographs (McCaul

1991; Baker et al. 2009). However, this assumes a horizontally and vertically-uniform

ambient flow, which is not always realistic during and after extratropical transition in

a strongly baroclinic environment (Thorncroft et al. 1993). These plots depict changes

in the vertical structure of the TC winds associated with the helicity changes shown

in Figure 4.4. In all quadrants, the TC radial and tangential winds strengthen from

the tropical to transition phases and, excluding the upshear right quadrant, weaken

in the extratropical phase. This strengthening of the tangential component of the

TC winds is particularly evident in the downshear right quadrant in the boundary

layer at transition onset, resulting in enhanced speed shear and veering in the vertical

direction. This enhanced shear and veering at the beginning of transition is consistent

with prior work (Schenkel et al. 2020, 2021) as well as with the timing of significant

increases in SRH during transition shown in Figure 4.4. The downshear right quadrant

has the strongest increases in both tangential and radial winds potentially due to: 1)

enhancement of the TC secondary circulation associated with VWS-induced tilting

of the TC, 2) stronger superposition of ambient and TC winds in this quadrant,
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3) development of a lower-tropospheric jet in association with warm-conveyor belt

development, or 4) the expansion of TC wind field during transition, as shown or

implied in prior work (Evans and Hart 2008; Evans et al. 2017; Schenkel et al. 2020).

The increasing wind magnitude between the tropical and transition phases could

be explained by the preferential sampling of the outer core of the TC (Figure 2.1),

whereby the wind field expands into at the beginning of transition (Figure 3.8. TC

winds in the downshear right quadrant of the extratropical phase are weaker than the

transition phase, particularly in the tangential component. This could be because of

the typical weakening of the TC in the extratropical phase, with weakening winds

and thus weakening lower-level shear (Hart and Evans 2001; Sarro and Evans 2022).

This analysis has shown that as extratropical transition progresses, the downshear

right quadrant has the most favorable kinematic and thermodynamic conditions for

tornado occurrence. CAPE tends to decrease whereas the range of CIN values increase

through transition, with the lower troposphere becoming colder and drier as the

TC embeds itself farther into baroclinic zone. SRH and the vertical structure of

TC winds in the downshear right quadrant tend to become particularly strong and

favorable for tornado occurrence during the transition phase, followed by weakening

in the extratropical. Conditions in the other quadrants become less favorable or

remain the same, similar to results shown in Schenkel et al. (2021). The potential

development of a lower-tropospheric jet in association with the warm conveyor belt

also asymmetrically enhances the TC winds, as well as continuing to bring warm and

moist air to the downshear right quadrant to maintain CAPE. This could explain

why, in Figure 3.3, tornadoes occur increasingly in the downshear right quadrant as

transition progresses.
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Figure 4.5: Composite median hodographs for the (a) upshear left, (b) downshear left,
(c) upshear right, and (d) downshear right quadrants in the tropical, transition, and
extratropical phases for transitioning TCs. TC motion has been removed from each
radiosonde in an attempt to isolate changes in TC winds. Stars represent composite
median Bunkers storm motion vector for each phase in each VWS-relative quadrant.
Dashed rings are shown at 5-m s−1 intervals. Black circles of different sizes show
winds at the surface (i.e., typically below 10 m), 1-km, 3-km, and 6-km heights.
Note: All three phases begin with weakly cyclonic or even anticyclonic inflow winds
in the downshear right quadrant, similar to previous work (Baker et al. 2009).
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Chapter 5

Summary and Discussion

This study investigated how the extratropical transition of TCs impacts tornado

occurrence and their associated convective-scale environmental characteristics. To

accomplish this, the life cycle of each extratropically transitioning TC that spawned

tornadoes was divided into three phases to examine how tornadoes, the characteristics

of the associated TCs, and the environments they occur in differ. The first part of

the study consisted of building a climatology comprised of tornado and TC data from

1995–2020, before, during, and after extratropical transition. The second part of the

study analyzed radiosondes within extratropically transitioning TCs to analyze how

convective-scale environments changed through transition in order to provide context

to the climatology results.

These results showed that extratropically transitioning TCs spawned the most tor-

nadoes during the tropical phase followed by the transition and extratropical phases.

The 6-h frequencies of tornadoes were very similar before and during transition, be-

fore reducing during the extratropical phase. Tornadoes typically occur farther north

and east across the United States as extratropical transition progressed, consistent

with the recurvature of transitioning TCs towards poleward latitudes. An analysis

of the TC-relative location of tornadoes showed a southward shift during and after

extratropical transition, coincident with increasing tornado occurrence in the down-

shear right quadrant. Through transition, the “peak” time of tornado occurrence

became later, shifting from a peak in the early afternoon to the early evening follow-

ing transition. During and after transition, tornadoes were significantly more likely

to be more damaging than prior to transition.
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TC characteristics that impact TC tornado occurrence also changed during extra-

tropical transition. Specifically, the extratropical phase was associated with weaken-

ing of the TC, which was coincident with an increase in VWS. The direction of VWS

also became more strongly southwesterly as transition progressed. In addition to

weakening, the outer size of the near-surface TC wind field initially expanded during

transition, before contracting slightly thereafter.

Analysis of convective-scale environments diagnosed by radiosondes showed that

as transition progressed, the downshear right quadrant was the only quadrant with

a combination of kinematic and thermodynamic characteristics that was most favor-

able for tornadoes during all three phases of transition. In particular, this quadrant

was most favorable for tornado production during transition, when CAPE had yet to

decrease significantly, CIN was at its lowest magnitude, and SRH was at its largest

magnitude given increases in lower-tropospheric VWS. More broadly, all quadrants

showed that CAPE values tended to decrease, while CIN values were either associated

with no significant changes or a shift towards larger magnitudes during the extrat-

ropical phase. The rate at which these parameters changed was dependent on the

shear-relative location of each quadrant, potentially due to differences in the timing

at which each quadrant encountered cooler, drier air. Specifically, the left-of-shear

quadrants which were often on the north side of the TC experienced this cooling

and drying at an earlier point in transition than the right-of-shear quadrants. Addi-

tionally, all quadrants experienced drying throughout the troposphere, however the

upshear quadrants experienced stronger drying than their downshear counterparts.

Kinematic environments became more favorable for tornadoes in the right-of-shear

quadrants at the beginning of transition. In these quadrants, both the radial and

tangential components of winds increased in magnitude from the tropical phase to the

transition phase in association with significant increases in SRH. The downshear right

quadrant remained most favorable for tornadoes regardless of phase despite tangential

winds decreasing in the extratropical phase and small reductions in SRH yielding less
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favorable conditions for tornadoes. The left-of-shear quadrants showed insignificant

shifts in SRH towards greater magnitudes between the tropical and extratropical

phase but did see the same initial increase in the radial and tangential components

of the winds followed by a decrease into the extratropical phase.

In summary, extratropical transition is associated with changes to the TC and its

synoptic-scale environment, which cause changes to the convective-scale environment

in which TC tornadoes are produced. This becomes evident in revisiting the research

questions posed in the Introduction:

1. Does the location, timing, frequency, or damage rating of TC tornadoes change

as the TC undergoes extratropical transition?

Yes, tornadoes occur increasingly farther north in the continental United States,

while becoming confined to the downshear right quadrant of the TC as transition

progresses. Tornadoes also tend to occur later in the day albeit at reduced

frequencies, while likely being associated with greater damage ratings during

and following transition.

2. How do synoptic-scale characteristics of the TC that could impact tornado

occurrence change as the TC undergoes extratropical transition?

Besides the general asymmetries caused by the interaction of the TC with the

baroclinic zone, the outer wind field broadens during transition while TC in-

tensity weakens. These decreases in TC intensity are associated with increased

VWS, which becomes more strongly concentrated from the southwest.

3. How do the convective-scale environments in which TC tornadoes are produced

change as the TC undergoes extratropical transition?

As transition completes, all quadrants become less favorable for tornado pro-

duction. However, the downshear right quadrant remains the most favorable
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throughout all phases. In this quadrant, the kinematic and thermodynamic pa-

rameters shown in this study either remain the same or become more favorable

as transition begins and are least favorable following transition.

The climatology created in this study could be beneficial to forecasters to un-

derstand where and when tornadoes are likely to occur based upon the stage of TC

transition. This is especially important since TC tornado forecasting is less skillful at

all lead times compared to non-TC tornado environments (Edwards 2012; Martinaitis

2017). This study provides needed context to the results of Hill et al. (1966), which

also showed a southward progression in TC tornado occurrence. Additionally, this

study provides further insight and understanding into how extratropical transition

impacts TCs and their embedded convective-scale environments. Specifically, this is

the first climatological radiosonde study of the thermodynamic and kinematic struc-

ture of extratropically transitioning TCs. Previous work has looked into how VWS,

outer size, and distance from the coast impact TC tornado occurrence (Schenkel et al.

2020; Paredes et al. 2021; Schenkel et al. 2021). Nonetheless, this study ties this work

together by looking at those characteristics through the frame of extratropical tran-

sition, as each of those factors is important during transition.

Future work is necessary to obtain a more complete understanding of how extra-

tropical transition impacts convective-scale environments associated with TC torna-

does. Specifically, these results have raised the following questions:

1. Which process is most important to the enhancement of TC winds and helicity

in the downshear right quadrant?

2. Why does tornado occurrence become later as extratropical transition progresses

and which processes drive these changes?

3. What processes are most important in causing TC tornadoes to occur increas-

ingly downshear right through transition?
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Answers to these questions as well as others could be obtained by computing

vorticity budgets and trajectories from simulations of extratropically transitioning

TCs with tornadic supercells. Additionally, model-derived soundings could be utilized

to examine tornadic supercell proximity soundings, which is not possible with the

observed radiosonde data used in this study. To further build upon these results,

future work should examine the evolution of TC convection through extratropical

transition using radar data.
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