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Abstract There remains no consensus on whether the outer size of the tropical cyclone (TC) wind field
impacts tornado occurrence. This study statistically examines the relationship between TC outer size with

both the number and location of tornadoes using multidecadal tornado reports, a reanalysis-derived TC outer
size metric, and radiosonde data. These results show that larger TC spawn tornadoes that are located farther
from and over a broader region relative to the cyclone center, although these changes do not entirely scale with
TC outer size. Larger TCs are also associated with more frequent occurrence of tornadoes per 6 h, especially
enhanced numbers of tornadoes. These changes in tornado occurrence in larger TCs may be due to a broadening
of favorable helicity for tornadoes in the downshear sector, which may be partially offset by CAPE reductions
in the left-of-shear quadrants.

Plain Language Summary Tropical cyclones (TCs) (also known as tropical depressions, storms,
and hurricanes) with similar landfall locations and maximum wind speeds often spawn different numbers of
tornadoes. One understudied factor that may explain these differences in tornado occurrence is how far the TC
winds extend from its center, referred to as its outer size. This study investigates whether the outer size of the
TC wind field impacts the number and location of tornadoes using tornado and TC observations, historical
weather forecast data, and observations from balloon-borne weather instruments. These results show that larger
TCs more frequently spawn tornadoes, which are associated with a broader region of tornado occurrence.
Moreover, tornadoes tend to be located farther from the TC in storms with larger wind fields. These results are
attributed to a broader set of radii with favorable vertical variations in wind speed and direction for tornadoes in
larger TCs. These changes may be partially offset by reductions in temperature and moisture that may explain
why the changes in tornado frequency and location are not more extreme in larger TCs. Together, these results
suggest that the outer size of the TC is a key factor in forecasting tornadoes.

1. Introduction

Landfalling tropical cyclones (TCs) often produce tornadoes in addition to other hazards. Most tornadoes occur
during the afternoon within 100-500 km of the TC center during the 48-h period before and after landfall (Novlan
& Gray, 1974; Schultz & Cecil, 2009). Compared to their non-TC counterparts, TC tornadoes typically: 1) are
less damaging (Edwards, 2010; Edwards, 2012), 2) are produced by “miniature” supercells (Spratt et al., 1997;
Edwards et al., 2012), and 3) occur in strong vertical wind shear and sufficient thermodynamic instability con-
centrated over a shallow lower-tropospheric layer (McCaul, 1991; McCaul & Weisman, 1996). These favorable
kinematic conditions are due to the TC warm-core structure and surface friction (Novlan & Gray, 1974; Gen-
try, 1983), while favorable thermodynamic environments are associated with weak convective inhibition and
CAPE typical of the tropics (McCaul, 1991; Molinari et al., 2012). Moreover, recent work has shown that ambient
deep-tropospheric vertical wind shear (VWS; i.e., the difference between the 850-and 200-hPa ambient winds)
is a key factor controlling the number and TC-relative azimuthal location of tornadoes (Schenkel et al., 2020;
Schenkel et al., 2021). However, we lack a complete understanding of the factors controlling the number and
TC-relative radial location of tornadoes. One understudied factor that may impact the number and TC-relative
radius of tornadoes is the outer size of the TC (McCaul, 1991). Indeed, TC outer size is crucial in describing the
scale and magnitude of hazards (Lin et al., 2014; Chavas et al., 2017), and is the focus of this study.
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As previously alluded to, VWS strongly confines tornadoes to the downshear half of the TC (i.e., in the direction
of the VWS vector) as VWS increases (Schenkel et al., 2020; Schenkel et al., 2021). In strongly sheared TCs,
inner-core tornadoes (i.e., <200 km from TC center) are located in the downshear left quadrant (i.e., left and in
the same direction as VWS vector), whereas outer region tornadoes occur downshear right (Schenkel et al., 2020;
Schenkel et al., 2021). These VWS-induced patterns in tornado occurrence are due to two factors. First, VWS
vertically tilts the TC downshear yielding an acceleration of the TC transverse circulation in a failed attempt to
adiabatically restore thermal wind balance (Jones, 1995; Frank & Ritchie, 1999). This downshear strengthening
of the TC overturning circulation is associated with enhanced ascent, moisture, and vertical wind shear (Molinari
& Vollaro, 2008; Schenkel et al., 2020). Second, a constructive superposition between the TC and ambient winds,
yields a nonlinear enhancement of helicity in the downshear sector, particularly downshear right (Gu et al., 2018;
Schenkel et al., 2020).

Whereas VWS influences the TC-relative azimuth of tornadoes, this study hypothesizes that TC outer size con-
trols the TC-relative radius and number of tornadoes. Indeed, idealized modeling has suggested that the outer rain
bands, where most tornadoes occur, extend farther from TCs with broader wind fields (Stovern & Ritchie, 2016;
Martinez et al., 2020). TC outer size is typically defined at radii with weak winds and sparse deep convection
approximately characterized by radiative-subsidence balance (Emanuel, 2004; Chavas et al., 2015). Unlike TC
intensity, many metrics have been used to define outer size (Merrill, 1984; Chan & Chan, 2013). However, most
metrics have similar characteristics, including: 1) a lognormal distribution with a long right tail (Merrill, 1984;
Chavas & Emanuel, 2010) and 2) slower changes in TC outer size than intensity yielding weak correlations be-
tween the two (R ~ 0.3; Merrill, 1984; Weatherford & Gray, 1988). TCs often grow throughout most of their life
cycle before either contracting during cyclolysis or remaining unchanged during extratropical transition (Schen-
kel et al., 2018; Chen & Chavas, 2020).

Prior research has yet to conclude whether TC outer size impacts tornadoes. Early work has shown that many
tornadoes occur inwards of the subjectively chosen 1005-hPa isopleth (Hill et al., 1966). Moreover, TCs pro-
ducing >8 tornadoes during their lifetime were larger than storms that produced <1 tornado as shown using
the radius of the outermost closed isobar (McCaul, 1991). This was hypothesized to be due to broader regions
of favorable kinematic environments in larger TCs. However, this study did not consider if the increased
number of tornadoes in large TCs was due to enhanced numbers of tornadoes per unit time or area or longer
TC lifetimes given the greater resilience of large cyclones to unfavorable environments (Jones, 1995; Carras-
co et al., 2014). More recent work found no relationship between the radius of the outermost closed isobar
and number of tornadoes (Rhodes & Senkbeil, 2014). These inconsistent results may be due to considerable
uncertainty in the radius of the outermost closed isobar from: 1) its subjective derivation that is method de-
pendent and 2) its strong sensitivity to the environmental pressure field rather than being solely dependent on
TC structure (Knaff et al., 2014). Moreover, these inconsistencies raise questions about whether TC outer size
impacts tornadoes.

Given previous uncertainties, a study is necessitated to investigate the relationship between TC outer size and
tornadoes using a long-term, objective metric. Hence, this study analyzes the influence of TC outer size on: 1) the
number and location of tornadoes and 2) the favorability of convective-scale environments for tornadoes. We hy-
pothesize that larger TCs produce more tornadoes located farther from the storm center and over a broader region
due to a greater area with favorable kinematic environments. Our study uses multidecadal reanalysis-derived TC
outer size and radiosonde data together with observed tornado reports. Specifically, our study will be the first to
focus on the relationship between TC outer size and tornadoes including the following questions:

1. Do tornadoes occur farther from the center of and over a broader range of radii in larger TCs?
2. Are larger TCs associated with greater numbers of tornadoes per unit time and area?
3. Do larger TCs have a broader range of radii with favorable convective-scale environments for tornadoes?

2. Data and Methods
2.1. TC Tornado

Tornado starting location and time are obtained from the 25-yr (1995-2019) Storm Prediction Center TC tor-
nado archive (Edwards, 2010). This data set collocates United States tornado reports with 6-h North Atlantic
Best-Track TC track data from the National Hurricane Center (NHC; Landsea & Franklin, 2013). Each tornado
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Figure 1. Box-and-whiskers plot of tornado distance in a (a) non-normalized
(km) and (b) normalized (t;ornad0 /1) Tadial coordinate from the center of small,
medium, and large tropical cyclones (TCs). The box plot displays the median
(black horizontal line near box center) and its 95% confidence interval (box
notches), interquartile range (box perimeter), whiskers (capped lines; [ first
datum above [q;—1.5(q3 — q)], first datum below [q3 + 1.5(q3 — qi1)]), and
outliers (filled circles).

has been subjectively analyzed from observations using modern verification
practices to confirm its association with a TC (Edwards, 2010). Our analy-
sis examines TCs at tropical depression strength or greater, yielding a total
of 1304 tornadoes in 90 TCs. However, TC tornadoes are undersampled for
several reasons discussed extensively in prior work (e.g., inability to verify
oceanic reports), which should be considered when interpreting our study
(Edwards et al., 2012; Edwards, 2012). This study focuses on tornadoes per
6-h increment centered within +3 h of each synoptic time rather than over
the TC lifetime due to the short timescale variations in storm structure and
its environment (Rios-Berrios & Torn, 2017; Schenkel et al., 2020). The TC
outer size data used for each period are valid at each synoptic time. Our study
examines those 6-h times in which the TC downshear half, where 92% of
tornadoes occur (Schenkel et al., 2020), overlaps with the continental United
States during +3 hours of the verification time.

2.2. TC Outer Size

Our TC outer size metric is the radius at which the azimuthal-mean 925-hPa
azimuthal wind equals 6 m s™! (r). This metric has been used in prior TC
tornado studies of convective-scale environments (Schenkel et al., 2021).
We choose 925 hPa because it is typically the isobaric level with the strong-
est winds (Franklin et al., 2003; Alford et al., 2020). Operational wind field
metrics are not used here since they are: 1) defined at a 10-m height resulting
in artificial decreases as TCs move inland due to friction that can differ with
the above surface winds (Hlywiak & Nolan, 2021; Chen & Chavas, 2020)
and 2) may not encircle the TC radii where most tornadoes occur (Kimball
& Mulekar, 2004; Demuth et al., 2006). TC outer size is computed from
the 6-h 0.25° x 0.25° ECMWEF fifth-generation (ERAS) reanalysis (Hers-
bach et al., 2020). Prior work has shown that TC track and outer size are
well represented in the ERAS, especially in observation-dense regions (Bian
et al., 2021; Schenkel et al., 2017).

To compute r, we first employ a vortex recentering algorithm given the un-
certainties in both reanalysis and Best-Track data (Schenkel & Hart, 2012;
Torn & Snyder, 2012). For each 6-h Best-Track TC location, the reanalysis
position is identified as the mean location of the center of mass calculated
from mean sea-level pressure, 850-hPa and 700-hPa geopotential height, and
925-hPa, 850-hPa, 700-hPa relative vorticity (Brammer, 2017). Using this
location, we solve a Poisson equation with homogeneous boundary condi-
tions within 500 km of the TC center to partition the ambient 925-hPa winds
from the TC winds (Davis et al., 2008). We then exclude all data below the
surface at 925 hPa and compute the ambient winds averaged within a 500-km
radius of the TC (Galarneau & Davis, 2013; Schenkel et al., 2021). Final-
ly, we compute r¢ by subtracting the ambient flow from the 925-hPa total
winds, calculate its azimuthal-mean excluding data below the surface, and
locate the radius at which the wind equals 6 m s~! (Chavas & Vigh, 2014;
Schenkel et al., 2017). We define small, medium, and large TCs as the lowest

(<461 km), middle (461-668 km), and upper terciles (> 668 km), respectively, from the r, distribution for all
Atlantic storms from 1995-2019 (Carrasco et al., 2014).

2.3. VWS

A portion of our analysis uses a VWS-relative coordinate given its importance in determining the TC-relative
azimuthal location of tornadoes (Schenkel et al., 2020; Schenkel et al., 2021). VWS data are calculated using 850-
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Figure 2. Plan view plot of tornado location (N, .~ in a tropical cyclone (TC)-relative and VWS-relative coordinate for
(), (b) small, (c), (d) medium, and (e), (f) large TCs. A radial coordinate normalized by r, (omado/T6) at the time of tornado
occurrence is used in (b), (d), and (f). Tornado reports and the VWS vector have been rotated such that the VWS vector
(white arrow) is pointing to the right. Range rings are provided every 100 km for (a), (c), and (e), and every 0.1r, for (b), (d),
and (f).

and 200-hPa reanalysis winds by partitioning the ambient winds from the total wind field following the methods
above (Davis et al., 2008). We then compute the average ambient winds within a 500-km radius of the TC center
and calculate the difference between 850-hPa and 200-hPa winds (Rios-Berrios & Torn, 2017).

2.4. Radiosondes

To examine convective-scale TC environments, we examine radiosondes within 1.2 times I for each North
Atlantic TC from 1995-2019 in the NOAA Integrated Global Radiosonde Archive (IGRA), version 2 (Durre
et al., 2006). In addition to the IGRA quality control algorithm (Durre et al., 2006), we employ the following
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Figure 3. Histogram of (a) tornadoes per 6-h increment and (b) tornadoes /
km? of the continental United States per 6-h increment for small, medium, and
large tropical cyclones (TCs). Values are shown as a percentage relative to the
total number of samples in each TC outer size subset.

present within 200 m of the surface and 2) data gaps must be < 1 km. We
exclude sondes within 75 km of the TC center given their large azimuthal
advection by the TC (Molinari & Vollaro, 2008; Molinari & Vollaro, 2010)
yielding 8586 radiosondes in 233 TCs (Figure S1).

These radiosondes diagnose the favorability of convective-scale environments
for TC tornadoes and are not typically tornado proximity soundings (Mc-
Caul, 1991; Schenkel et al., 2020). Our analysis examines lower-tropospheric
severe convective weather metrics typically used to diagnose favorable
conditions associated with TC supercells (McCaul, 1991; McCaul & Weis-
man, 1996) including: 1) 0-3-km convective cell-relative helicity incorpo-
rating the cell-motion algorithm of Bunkers et al. (2014) and 2) 0-3-km
CAPE using a 200-m mixed layer (Schenkel et al., 2020). Our analysis uses
1,000-sample bootstrap resampling with replacement for a two-tailed test at
the 5% level to quantify statistical differences.

3. Results
3.1. Tornado Location

As outer size increases, tornadoes occur farther from and over a broader
radii range from the TC center that does not wholly scale with outer size
(Figure 1). Specifically, significant differences are shown among median
radii of tornado occurrence for small (168 km), medium (305 km), and
large (350 km) TCs. However, these values show no significant differ-
ences among categories when normalized by TC outer size with medians
ranging between 0.4-0.5r,. The range of tornado occurrence also shifts
toward outer radii in larger TCs shown by comparing the range of whisk-
ers between large (626 km) and small TCs (517 km; Hill et al., 1966).
Nevertheless, these differences among categories are smaller relative to
outer size changes, as shown by a reduction and inward shift in the whisk-
ers of the normalized radius of tornado location.

Next, a VWS-relative and TC-relative coordinate is used (Figure 2) to exam-
ine the joint radial and azimuthal location of tornadoes with outer size. The
left panels use a radial coordinate in km, whereas the TC-relative radius of
each tornado has been normalized by r, in the right panels. Most tornadoes
in small TCs are concentrated downshear within 300 km of the center in the
non-normalized coordinate. As outer size increases, tornado distance from the
TC center increases, yet there are no statistical changes in the VWS-relative
azimuth of tornado location. Regardless of the outer size category, tornadoes
near the TC center are downshear left and gradually shift with greater radius to
the downshear right quadrant (Schenkel et al., 2020). Nonetheless, tornadoes
occur over a greater azimuthal distance range as they shift toward broader
radii in large TCs (547 km) compared to small TCs (329 km) according to the

90th percentile. The right panels show that median tornado distance from the center scales with outer size in both

downshear quadrants, while the range of tornado occurrence decreases. Together, these results suggest an outward

shift and broader area over which tornadoes in larger TCs occur that does not completely scale with outer size.

3.2. Tornado Number

The largest TCs are more frequently associated with enhanced numbers of tornadoes, likely due to a broader re-

gion of tornado occurrence (Figure 3). Specifically large TCs most frequently spawn >1 tornadoes per 6 h (23%
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Figure 4. Radial plot of the median (solid line with dots) and the interquartile range (bars) of 0-3-km convective cell-relative helicity (m? s2) for small, medium, and
large tropical cyclones (TCs) in the (a) upshear left, (b) downshear left, (c) upshear right, and (d) downshear right quadrants for a radial coordinate normalized by TC
outer size (r/rg).

of 6-h large TC times) compared to small TCs (11% of 6-h times) and greater total numbers given that landfalling
TCs are most often large. Moreover, larger TCs are also most frequently associated with higher levels of torna-
does per 6 h (i.e., >5). However, these enhanced numbers of tornadoes are not due to the increased numbers per
unit area as shown by the absence of systematic differences in Figure 3b. Instead, these results suggest a broader
region with favorable environments for tornadoes in larger TCs. (Hill et al., 1966; McCaul, 1991).

3.3. Convective-Scale Environments

Larger TCs are associated with broader regions of favorable kinematic environments for tornadoes (Figure 4).
Specifically, there are no systematic significant differences in helicity in any quadrant for larger TCs in a radial
coordinate normalized by outer size. Median values generally exceed those associated with TC tornadoes (i.e.,
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Figure 5. As in Figure 4, but for 0-3-km CAPE(J kg™").

>100 m? s~2; McCaul & Weisman, 1996; McCaul et al., 2004) over the same subset of normalized radii for both
downshear quadrants among outer size bins (i.e., 30.4r6 downshear left, 50.6r6 downshear right; McCaul, 1991).
The downshear right quadrant shows slightly larger, yet nonsignificant, differences between helicity in large TCs
and the remaining subsets. However, Figure S2 shows systematic increases in TC intensity, but not VWS, associ-
ated with larger r,. To reduce conflation with the impact of TC intensity, we reconstruct radial profiles of helicity
(Figure S3) using only those TCs in the lowest intensity tercile computed from the NHC Best Track (Figure S4).
Figure S5 shows that these radial profiles of helicity still qualitatively match Figure 4. A similar analysis of the
relationship between Best-Track TC intensity and helicity using only large TCs shows no relationship especially
at outer radii (Figures S5-S8).

Analysis of convective-scale thermodynamic environments show reduced 0-3-km CAPE in the left-of-VWS-vec-
tor quadrants in large TCs compared to small and medium TCs (Figure 5). Specifically, CAPE is 30-50% smaller
in the left-of-shear half of large TCs and below guidelines associated with TC tornadoes (i.e., >100 J kg~!; Baker
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et al., 2009; Eastin & Link, 2009), potentially due to large TCs occurring at poleward latitudes in more baroclinic
environments (Merrill, 1984; Schenkel et al., 2018). In contrast, CAPE in the right-of-shear half of the TC shows
no sensitivity to outer size. Similar plots stratified by TC intensity, rather than outer size, also show no systematic
differences among intensity groupings (Figure S6). Together, these results suggest that larger TCs are associated
with an expansion in the radii with favorable helicity downshear, where nearly all tornadoes are found, while
CAPE reductions in the left-of-shear quadrants suggest decreases in tornado occurrence. These CAPE decreases
may partially offset increases in radii with favorable helicity limiting additional increases in both the area and
number of tornadoes with larger TC outer sizes.

4. Summary

This study examined the relationship between the outer size of the TC wind field with tornado occurrence and
their associated convective-scale environments. Our analysis showed that TCs with larger outer sizes typically
spawn tornadoes farther from the center over a broader region, although these changes do not completely scale
with outer size. Larger TCs also more frequently spawn >1 tornado per 6 h, especially enhanced numbers of
tornadoes (i.e., >5) compared to small TCs. Normalization of the number of tornadoes per 6 h by the TC down-
shear sector shows similar values among outer size categories. This result suggests that larger TCs produce more
tornadoes due to a broader region of favorable environments rather than more efficent tornado occurrence per
unit area.

These differences in tornado location and frequency with outer size were attributed to a growth in the area of
favorable 0-3-km convective-cell relative helicity in the downshear half of larger TCs. These changes approxi-
mately scale with outer size yielding a broader region of favorable environments. Helicity was also shown to be
more sensitive to TC outer size than intensity. CAPE, however, decreases in the left-of-shear half of large TCs
below thresholds associated with tornadoes, which may partially offset the increased area of favorable tornadic
environments due to greater helicity.

Together, these results show that TC outer size strongly impacts both tornado frequency and distance, likely
due to broader regions of kinematically favorable environments for tornadoes. This study addresses fundamen-
tal questions about the relationship between TC outer size and tornadoes left unresolved by prior work (Hill
et al., 1966; McCaul, 1991). Finally, these results may shed light on how the location and scale of the TC rain
bands change with outer size.

Data Availability Statement

SPC TCTOR are available at https://doi.org/10.5281/zenod0.5719433. Best-Track TC data are available from the
NHC (https://www.ncdc.noaa.gov/ibtracs/index.php?name=ib-v4-access), and ERA-5 data was obtained from
the NCAR RDA (https://rda.ucar.edu/datasets/ds633.0/). All plots were made in Matplotlib (Hunter, 2007). Se-
vere-weather metrics were calculated using SHARPpy (Blumberg et al., 2017).
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