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ABSTRACT
The conditions favoring tropical cyclone (TC) tornadoes are likely also present during extratropical transition (ET) including strong ambient deep-tropospheric vertical wind shear, sufficient convective-scale lowertropospheric vertical wind shear, and thermodynamic instability, and supercellular convection. However, no
previous studies have investigated how ET tornado occurrence may differ from the remainder of the TC lifespan. Hence, our objective is to investigate differences in tornado frequency and location between ET and
non-ET TCs using tornado data, TC track data, and reanalysis-derived cyclone phase space data. These results showed that ET does increase 6-h tornado frequency compared to non-ET TCs. However, there was no
change in the frequency of damaging tornadoes in ET versus non-ET cases. Regarding location, we found
that tornadoes in ET cases are mostly confined to the U.S. east coast, while TC tornadoes widely occur in
the southern U.S. These results are also consistent with the location of ET and non-ET TCs. Together, this
research will provide the foundation for improving tornado forecasts in landfalling ET cases.

1. Introduction

dant supercells often occur in environments characterized
by sufficient thermodynamic instability and strong vertical wind shear in the lower troposphere (McCaul Jr. 1991;
Edwards 2012). These characteristics are attributed to several factors including: enhanced surface friction over land,
the warm-core structure of the TC, enhanced frontogenesis due to TC-baroclinic zone interactions, and diurnal
surface heating (Novlan and Gray 1974; Gentry 1983; McCaul Jr. 1991; Knupp et al. 2006). More recent work has
also shown that ambient deep-tropospheric (i.e., 850–200hPa layer) vertical wind shear (VWS) is a key factor influencing TC tornado frequency and location (Schenkel et al.
2020). Specifically, Schenkel et al. (2020) has shown that
stronger VWS is associated with enhanced tornado production and an increased concentration of tornadoes in the
downshear sector of the TC (i.e., half of TC in direction
of VWS vector). VWS creates favorable tornadic environments in the downshear sector likely due to: 1) constructive superposition between the TC and ambient winds, and
2) VWS-induced enhancement of the primary and secondary circulation of the TC (Jones 1995; Reasor et al.
2004; Schenkel et al. 2020).
The importance of these aforementioned factors on tornado production may be altered during ET. Despite the

Our current knowledge of tropical cyclone (TC) tornado frequency and location remains incomplete (Edwards 2012). Specifically, there have been no prior studies
of tornadoes during extratropical transition (ET). ET is defined as the process by which a TC becomes an extratropical cyclone, which is characterized by the cyclone transitioning from a non-frontal, warm-core cyclone to a frontal,
cold-core cyclone (Jones and Coauthors 2003; Evans et al.
2017). Approximately, 50% of all TCs and 50% of landfalling TCs eventually undergo ET (Hart and Evans 2001;
Bieli et al. 2019), which suggests that at least some tornadoes occur during ET. Hence, this study will examine how
ET influences tornado occurrence.
To understand how tornado occurrence may change during ET, it is necessary to recall the characteristics of TC
supercells and their environments. Typically, TC supercells are “miniature” supercells, which are characterized
by weaker updrafts, shorter lifespans, shallower vertical
depth, and smaller horizontal scale (Spratt et al. 1997;
Eastin and Link 2009). TC tornadoes and their atten∗ Corresponding
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typical weakening of the TC, ET cases may also be associated with favorable kinematic and thermodynamic environments including strong VWS, the transition to coldcore cyclone structure, and the development of strong temperature and moisture gradients as the TC becomes embedded in a baroclinic zone (Hart 2003; Evans et al. 2017).
More specifically, the influence of VWS on ET causes intensification of convection in the downshear region in response to the vertical tilting of the TC by VWS (Jones
1995; Evans et al. 2017). In particular, a case study of Typhoon Sinlaku (2008) (Foerster et al. 2014) showed that
the location of inner-core deep convection was most likely
the result of strong VWS during the early stages of ET
with cells initiating downshear right, reaching peak amplitude downshear left, and weakening upshear (Foerster
et al. 2014; Quinting et al. 2014). Also, winds will increase with height above the boundary layer as the cyclone transitions from warm-core to cold-core (Hart 2003;
Jones et al. 2003). Deep convection also still occurs in
the latter stages of transition and is confined to the northwest quadrant of the storm associated with strong ascent
within the eyewall (Klein et al. 2000; Ritchie and Elsberry
2001). The extra source of lift provided by baroclinic
boundaries encountered during ET may also intensify or
maintain convective activity (Klein et al. 2000; Ritchie
and Elsberry 2001). Lastly, in the final stage of ET, the
structural evolution of the storm reaches completion, and
the storm may dissipate, merge with another extratropical
cyclone, or re-intensify, depending on the given environment (Klein et al. 2000; Evans et al. 2017). At this stage,
we may expect tornadoes to initiate in the warm sector of
newly transitioned extratropical cyclone (Klein et al. 2000;
Evans et al. 2017)
The structural changes that occur to TCs during ET motivate an examination of tornadoes, especially since none
currently exist. Hence, the objective of this study is to
investigate how ET may impact tornado frequency and location for comparison with non-ET TCs. Specifically, this
study will analyze how the frequency, geographic location,
and TC-relative distance of tornadoes differ between ET
and non-ET TCs. Our analysis will primarily use multidecadal tornado and TC data together with objectivelydefined ET start and end times using the cyclone phase
space. This work may have the potential to provide forecasters with a foundation for more accurate predictions of
TC tornadoes.
2. Data and methods

from the WSR-88D radar network and the development of
modern verification practices (Edwards 2010). Individual
tornado reports from the dataset are subjectively analyzed
by SPC forecasters for association with TCs.
b. TC track and intensity data
Observed TC track data is taken from the National Hurricane Center HURricane DATa, 2nd generation (HURDAT2). This dataset provides 6-h track and intensity data
from 1995–2019 (Landsea and Franklin 2013). For a
TC to be considered capable of producing a tornado, the
TC must be within 750 km of the U.S. coast (Schenkel
et al. 2020). Instead of analyzing the tornado production
throughout the lifespan of individual TCs, our focus will
be on the 6-h frequency of tornadoes. Our focus will be
on the latter for two reasons: 1) TC track data is provided
in 6-h intervals and 2) environments change quickly over
the lifespan of a TC due to various factors including VWS
(Rios-Berrios et al. 2016a,b; Nguyen et al. 2017; Ryglicki
et al. 2018) and land interaction (Emanuel 1986; Kaplan
and DeMaria 1995; DeMaria et al. 2005).
c. ET Classification
ET start and end times will be defined using the cyclone
phase space (CPS; Hart 2003) applied to data from the
European Center for Medium-Range Weather Forecasts
(ECMWF) 5th generation reanalysis (ERA-5) (Hersbach
et al. 2020). The cyclone phase space consists of two
parameters. The first is the lower-tropospheric thermal
asymmetry parameter (i.e., B parameter), which quantifies
the difference between 900–600-hPa geopotential layer
thickness to the left-and-right-of TC motion (Hart 2003;
Evans and Hart 2003). A B parameter value greater than
10 m (i.e., empirically defined) indicates that a cyclone is
beginning to develop lower-tropospheric frontal structure,
which defines the start of ET (Hart 2003; Evans and Hart
2003). The second parameter is the lower-tropospheric
thermal wind parameter, which quantifies the change in
the horizontal geopotential height gradient with height between 900 and 600 hPa (Hart 2003; Evans and Hart 2003).
A negative thermal wind parameter marks the end of ET,
as the cyclone has transitioned from being warm core to
cold core (Hart 2003; Evans and Hart 2003). In the present
study, we categorize all 6-h times for TCs that do not undergo ET or have yet to complete ET as non-ET cases. The
6-h TC times during ET are defined as ET cases.

a. TC tornado data
Observed TC tornado data is obtained from the Storm
Prediction Center (SPC) TCTOR dataset (Edwards 2010),
which provides tornado track and damage data for cases
associated with TCs. TCTOR data is available from 1995–
2019 to coincide with improvements in radar detection

3. Results
Our analysis will first examine how tornado frequency
varies between ET and non-ET TCs. The second part of
our analysis will focus on the location of tornadoes between these two subsets of cases.
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F IG . 1. Bar plot 6-h tornado frequency (%) for ET and non-ET TCs.
The percentage is computed relative to the total number of 6-h cases in
each subset. The number of total 6-h cases in each subset is given in the
legend.
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the U.S. coast. ET events constitute 12% of all 6-h times
within 750 km of the coast. This small percentage is likely
attributable to: 1) approximately 50% of TCs undergoing
ET (Hart and Grumm 2001; Bieli et al. 2019) and 2) ET
lasting 24–36 hours, whereas TCs typically last, on average, 5 days (Klein et al. 2000; Ritchie and Elsberry 2001;
Evans and Hart 2003; Schenkel and Hart 2012).
Figure 2 shows tornado damage rating stratified by the
non-ET and ET TCs. There are little to no differences between damage categories between the two subsets. In conjunction with the results regarding tornado frequency, this
may suggest that ET environments become more favorable
for tornadoes, but not necessarily supportive of more damaging events. The legend of this figure also shows the total
number of tornadoes in the ET and non-ET subset. Approximately 28% of TC tornadoes occur during ET cases.
Again, the smaller percentage may be due to the short period of ET for most TCs compared to the rest of their life
span (Klein et al. 2000; Ritchie and Elsberry 2001; Evans
and Hart 2003).
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F IG . 2. Bar plot tornado damage category (%) for tornadoes during
ET and non-ET TCs. The percentage is computed relative to the total
number of tornadoes in each subset. The number of total tornadoes in
each subset is given in the legend.
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Although a TC may begin to weaken, it still has the potential for substantial tornado production during ET. The
histogram plot in Fig. 1 quantifies the differences in 6-h
tornado frequency during ET and non-ET TCs. Figure 1
shows that both ET and TC cases typically produce 0–1
tornadoes per 6-h period. However, 6-h times during ET
typically have more tornadoes compared to non-ET cases,
especially for large numbers of tornadoes (i.e., ≥10 tornadoes). One hypothesis for the increase in tornado production may be due to the more frequent presence of baroclinic boundaries in ET cases, which may strengthen convection by providing a focus for convection alongside the
presence of strong VWS (Evans et al. 2017; Schenkel et al.
2020). The legend of this figure also shows the total number of 6-h times in each subset for TCs within 750 km of
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F IG . 3. Map view of tornado location in (top) non-ET and (bottom) ET
cases.
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ET cases and 2) higher SSTs in the Gulf of Mexico favoring non-ET cases.
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c. Tornado cyclone-relative location
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The TC-relative radial distance of tornadoes is shown
next in Fig. 5. The distances of tornadoes from the TC
center in ET (i.e., 100–500 km from storm center) are less
concentrated than non-ET cases (i.e., 200–400 km) (McCaul Jr. 1991; Schultz and Cecil 2009). (Evans et al.
2017). However, these differences in the radial distance
of tornadoes between the two subsets are marginal suggesting that ET has marginal impacts.
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F IG . 5. Bar plot of radial distance of tornadoes from cyclone center
(%) for tornadoes in non-ET and ET TCs. The percentage is computed
relative to the total number of tornadoes in each subset

b. Tornado geographical location
ET and non-ET tornadoes occur in similar geographical
locations, with some crucial differences. Figure 3 displays
a two-dimensional map view histogram of tornado location for ET and non-ET TCs. Figure 3 shows that non-ET
tornadoes are distributed over a large portion of the south
and the southeast U.S. with a maximum in Florida, the
Gulf Coast, and the Carolinas. In contrast, ET tornadoes
are confined to the U.S. east coast with a maximum in the
Mid-Atlantic region.
Next, Fig. 4 displays the location of all 6-h ET and nonET cases. We see that ET occurrences are much fewer
and further east than non-ET cases. Specifically, ET case
frequency maximizes around the mid-Atlantic region similar to prior work (Hart and Evans 2001; Bieli et al. 2019),
which is broadly consistent with tornado location (Fig. 3).
Non-ET cases, however, are located much farther south
and west, being particularly concentrated in the Gulf of
Mexico, in which there are very few ET cases. These location differences may be partly attributed to: 1) the presence of baroclinic boundaries along the east coast favoring

4. Summary and discussion
This study aimed to quantify the differences in tornado
frequency and location during the ET and non-ET TCs.
Our analysis primarily used observed tornado and TC data
together with reanalysis-derived cyclone phase space data.
Using this data, we analyzed 6-h tornado frequency, TCrelative radial distance, damage rating, and geographic location for each subset.
Our analysis firstly revealed that ET cases tend to produce more tornadoes per 6-h period than TCs. Moreover, ET TCs produce approximately 30% of TC tornadoes. However, there were practically no differences in
the damage rating of tornadoes between the two subsets.
Substantial differences in the geographic location of tornadoes between non-ET and ET cases were also shown.
Specifically, ET tornadoes are located almost strictly along
the east coast. In contrast, non-ET tornadoes were concentrated in the southern U.S., along the Gulf Coast, and even
Texas. These results are broadly consistent with the expected locations based on differences in non-ET and ET
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TC tracks. Last, there was found to be virtually no difference in radial distances of tornadoes from the cyclone
center between non-ET and ET cases.
In closure, the results confirm that ET has noticeable
impacts on tornado production – specifically, tornado frequency and geographic location. This study serves as a basis for beginning to understand: 1) differences in tornado
occurrence between ET and non-ET TCs and 2) which ET
characteristics (e.g., baroclinic boundaries) lead to these
differences in tornado occurrence. Such information is
crucial given that TC tornado forecasts are less skillful at
all lead times compared to Great Plains cases (Edwards
2012; Martinaitis 2017). Future work will further investigate how ET impacts TC tornado occurrence including
case studies, as well as the impacts of strong and weak
VWS on tornado production during ET cases.
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