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ABSTRACT: This work investigates how the relationship between tropical cyclone (TC) tornadoes and ambient (i.e.,
synoptic-scale) deep-tropospheric (i.e., 850-200-hPa) vertical wind shear (VWS) varies between coastal and inland envi-
ronments. Observed U.S. TC tornado track data are used to study tornado frequency and location, while dropsonde and
radiosonde data are used to analyze convective-scale environments. To study the variability in the TC tornado-VWS
relationship, these data are categorized by both 1) their distance from the coast and 2) reanalysis-derived VWS magnitude.
The analysis shows that TCs produce coastal tornadoes regardless of VWS magnitude primarily in their downshear sector,
with tornadoes most frequently occurring in strongly sheared cases. Inland tornadoes, including the most damaging cases,
primarily occur in strongly sheared TCs within the outer radii of the downshear-right quadrant. Consistent with these
patterns, dropsondes and coastal radiosondes show that the downshear-right quadrant of strongly sheared TCs has the
most favorable combination of enhanced lower-tropospheric near-surface speed shear and veering, and reduced lower-
tropospheric thermodynamic stability for tornadic supercells. Despite the weaker intensity farther inland, these kine-
matic conditions are even more favorable in inland environments within the downshear-right quadrant of strongly
sheared TCs, due to the strengthened veering of the ambient winds and the lack of changes in the TC outer tangential
wind field strength. The constructive superposition of the ambient and TC winds may be particularly important to inland
tornado occurrence. Together, these results will allow forecasters to anticipate how the frequency and location of tor-
nadoes and, more broadly, convection may change as TCs move inland.

KEYWORDS: Tornadoes; Tropical cyclones; Climatology; Hurricanes/typhoons; Dropsondes; Radiosonde/rawinsonde
observations

1. Introduction rainbands (Novlan and Gray 1974; Edwards and Thompson
2012), 2) during the 48h before and after landfall typically
within 100 km of the coast (Hill et al. 1966; Schultz and Cecil
2009), and 3) in TCs within environments characterized by
strong ambient (i.e., synoptic-scale) deep-tropospheric (i.e.,
850-200-hPa) vertical wind shear (VWS; hereafter, VWS will
refer to synoptic-scale deep-tropospheric values for each TC,
as opposed to the mid- or lower troposphere; Verbout et al.
2007; Schenkel et al. 2020). However, we still do not com-
pletely understand why only some TCs produce inland tor-
nado outbreaks (Edwards 2012). This may be due to most
previous studies considering these above conditions in isola-
tion from one another, despite their interdependence (e.g.,
postlandfall TCs weaken and encounter increasingly stronger
VWS; Aiyyer and Thorncroft 2006; Chen et al. 2006). The
present study will focus on how the relationship between TC
tornado occurrence and VWS changes, if at all, between coastal
versus inland environments.
To understand how the impact of VWS on tornado pro-
duction may differ between coastal and inland environ-
Z Supplemental information related to this paper is available at  ments, we must first consider how a typical TC that produces
the Journals Online website: https:/doi.org/10.1175/WAF-D-20- (.- 40ac both at landfall and inland environments responds
0127.s1. as its synoptic-scale environment changes as summarized
in Fig. 1. As the TC approaches the coast (Fig. 1a), its super-
Corresponding author: Benjamin A. Schenkel, benschenkel@ cells tend to intensify and produce tornadoes upon moving
gmail.com inland in response to enhanced lower-tropospheric convective

Landfalling tropical cyclones (TCs) are associated with
multiple hazards including damaging winds, flooding, storm
surge, and tornadoes (Blake and Zelinsky 2018; Cangialosi
et al. 2018). Of these hazards, tornadoes are among the least
studied. Prior work has shown tornadoes typically occur in
the northeast quadrant of landfalling TCs within 100-500 km
from the storm center. Moreover, most of these tornadoes are
associated with light-to-moderate damage (i.e., EF/F scale
between 0 and 1; McCaul 1991; Schultz and Cecil 2009). TC
tornado convective-scale environments are typically char-
acterized by strong lower-tropospheric vertical wind shear
with enhanced convective cell-relative helicity and sufficient
lower-tropospheric thermodynamic instability (McCaul 1991;
Edwards et al. 2012). TC convective-scale environments
are typically more favorable for tornadoes in the following
conditions: 1) during the afternoon, especially in the outer
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FIG. 1. Three-dimensional schematic showing hypothetical TC that produces tornadoes
both (a) at landfall in moderate-to-strong VWS and (b) inland in strong VWS based upon
prior work (McCaul 1991; Schenkel et al. 2020).

cell-relative helicity over land, compared to the ocean due to
enhanced surface friction (Baker et al. 2009; Eastin and Link
2009). Additionally, any preexisting coastal fronts or baroclinic
zones may be further enhanced by the convergent, cyclonic
wind field of the TC during landfall, providing a mesoscale
region of enhanced convective-scale vertical wind shear, re-
duced stability, and lift near the coast that is advected inland
by the eastern flank of the TC (Knupp et al. 2006; Green et al.
2011). Following landfall, TC intensity typically weakens as
the storm is displaced from its oceanic energy source (Kaplan
and DeMaria 1995; Chen and Chavas 2020), which should
contribute to reduced convective-scale vertical wind shear
and less favorable tornadic environments (Novlan and Gray
1974; Gentry 1983).

Finally, landfalling TCs typically occur in moderate-to-
strong westerly VWS, which enhances convective-scale
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lower-tropospheric vertical wind shear in TCs and, ulti-
mately, the likelihood of tornadogenesis (Molinari and
Vollaro 2008; Schenkel et al. 2020). The strongest vertical
shears in the ambient winds occur within the mid-to-upper
troposphere in association with the subtropical or polar jet
(Verbout et al. 2007; Finocchio and Majumdar 2017), which
can impact TC intensity and symmetry due to the TC circula-
tion extending throughout the troposphere (Simpson and
Riehl 1958; Marks et al. 1992). There are two hypotheses for
how VWS creates favorable convective-scale environments
for TC tornadoes. First, VWS tilts the TC circulation in the
direction of the VWS vector with height, which enhances the
TC secondary circulation (i.e., lower-tropospheric inflow, ascent
near TC center, and upper-tropospheric outflow) in the down-
shear half of the TC (i.e., half of the TC in the direction of VWS
vector; Jones 1995; Frank and Ritchie 1999). The VWS-induced
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downshear enhancement of the TC secondary circulation is
associated with more favorable convective-scale vertical wind
shear and enhanced tropospheric moisture for tornadic su-
percells relative to the upshear half of the TC (Molinari and
Vollaro 2008; J. Zhang et al. 2013). Conversely, the upshear
half (i.e., direction against the VWS vector) of the TC is
characterized by a suppressed secondary circulation and un-
favorable convective-scale environments for tornadic super-
cells (Molinari and Vollaro 2008; Schenkel et al. 2020). The
second factor is the constructive superposition between the
veering of the ambient and TC winds, which nonlinearly en-
hances the helicity of the total wind (i.e., ambient plus TC)
beyond the sum of the ambient and TC winds computed in-
dependently. This most strongly occurs within the quadrant
that is in the same direction and to the right of the VWS
vector (i.e., downshear-right quadrant; Schenkel et al. 2020).
Together, these two factors suggest both the magnitude and
vertical structure of ambient winds are key details in deter-
mining whether interactions between VWS and the TC can
create sufficient convective-scale helicity to support torna-
does (McCaul 1991; Schenkel et al. 2020). Moreover, these
factors suggest that tornado production should be greatest
immediately at the coast within the downshear sector before
the TC weakens.

After landfall (Fig. 1b), the TC wind field continues to
weaken as the storm moves farther inland. Warm, moist on-
shore flow is increasingly concentrated in the eastern half of the
TC, while dry, midtropospheric continental dry air is entrained
on its western half (Novlan and Gray 1974; Curtis 2004).
Additionally, the TC may encounter increased westerly VWS
asit moves poleward closer to the climatological location of the
subtropical or polar jet (Aiyyer and Thorncroft 2006; Verbout
et al. 2007). This increased VWS hastens the postlandfall
weakening of the TC by more efficiently entraining cooler,
drier environmental air into its warm core (Simpson and
Riehl 1958; Tang and Emanuel 2010). This weakening of the
TC should also reduce convective-scale vertical wind shear.
However, this decrease in convective-scale helicity may be
counterbalanced in the downshear quadrants by stronger
tilting of the TC as it weakens and moves poleward. This
enhanced vertical tilting may further accelerate the TC sec-
ondary circulation, and partially offset the aforementioned
helicity decreases (Jones 1995; Reasor et al. 2004). Moreover,
stronger VWS in inland environments may also be associated
with enhanced lower-tropospheric ambient vertical wind
shear that may constructively superimpose with the TC winds
in the downshear-right quadrant to further counter the re-
duced helicity associated with the weakening TC (Molinari
and Vollaro 2008; Schenkel et al. 2020). Last, strong VWS and
its associated strong ambient baroclinicity may facilitate the
extratropical transition of inland TCs, which occurs for ~50%
of North Atlantic storms (Hart and Evans 2001; Bieli et al.
2019). Extratropical transition is associated with warm con-
veyor belt development downstream of the TC (Klein et al.
2000; Ritchie and Elsberry 2001), which may enhance their
convective-scale kinematic environments. However, prior
work has shown that VWS remains the primary factor influ-
encing TC convective symmetry and strength even during the
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TABLE 1. Sample sizes of tornadoes and uniquely named TCs
producing tornadoes in strong, moderate, and weak VWS. The
same TC may contribute multiple 6-h times to multiple VWS cat-
egories such that the sum of the number of TCs in each VWS re-
gime does not equal the number in the All VWS category.

No. of tornadoes No. of TCs
All VWS 1304 90
Strong VWS 695 62
Moderate VWS 401 53
Weak VWS 208 30

early part of transition (Foerster et al. 2014; Quinting et al.
2014). Indeed, the two most prolific tornado producing TCs
in the modern record, Hurricane Ivan and Frances (2004),
both produced the majority of their tornadoes in the 1-2 days
preceding the end of extratropical transition (Knapp et al.
2010; Edwards 2012). Together, these results suggest that
tornado production may decrease while becoming more
concentrated downshear as the TC moves inland. However,
the response of convective-scale environments is sensitive to:
1) how the vertical structure of VWS changes and 2) changes in
the TC wind field due to any variation in VWS and increasing
land interaction.

While Fig. 1 provides a framework for understanding how
tornado production may typically change as TCs move inland,
few studies have systematically tested how these aforemen-
tioned factors may interact (McCaul 1991; Schultz and Cecil
2009). Hence, this study investigates how the sensitivity of TC
tornado occurrence and convective-scale environments to
VWS changes between coastal versus inland environments.
Specifically, multidecadal U.S. tornado data are used to quantify
how the sensitivity of tornado occurrence to reanalysis-derived
VWS data changes, if at all, between coastal and inland envi-
ronments. We will then use thousands of dropsondes and

TABLE 2. List of data sources and citations from which dropsondes
are collected in this study.

Citation

Wang et al. (2015)

Dropsonde source

NOAA-DHA Long-term Dropsonde
Hurricane archive

NOAA Intensity Forecasting
Experiment (IFEX)

NSF Hurricane Rainband and Intensity
Change Experiment (RAINEX)

NASA Genesis and Rapid Intensification
Processes (GRIP)

NSF Pre-Depression Investigation of Cloud-
systems in the Tropics (PREDICT)

NASA Hurricane and Severe Storm
Sentinel (HS3)

NOAA and NSF Sensing Hazards with
Operational Unmanned
Technology (SHOUT)

NASA East Pacific Origins and
Characteristics of Hurricanes (EPOCH;
also sampled Atlantic TCs)

Rogers et al.
(2006, 2013)
Houze et al. (2006)

Braun et al. (2013)
Montgomery

et al. (2012)
Braun et al. (2016)

Dunion
et al. (2018)

Emory et al. (2015)
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TABLE 3. Number of radiosondes and dropsondes, and uniquely named TCs sampled by radiosondes and dropsondes for all, strongly
sheared, moderately sheared, and weakly sheared TCs. The same TC may be sampled by multiple dropsondes and radiosondes such that
the number of TCs sampled by radiosondes in weak, moderate, and strong VWS does not equal the number in the all VWS category.

No. of radiosondes  No. of dropsondes

No. of TCs sampled by radiosondes

No. of TCs sampled by dropsondes

All VWS 8470 4427
Strong VWS 2930 904
Moderate VWS 3300 1870
Weak VWS 2240 1653

406 94
284 44
315 68
239 59

radiosondes to diagnose statistical differences in convective-
scale kinematic and thermodynamic environments associated
with these changes in tornado occurrence. Specifically, this study
will address the following questions:

e Are tornadoes increasingly located downshear as TCs move
inland into more strongly sheared environments?

e Does VWS also impact the number of tornadoes produced at

the coast by TCs?

Is strong VWS a necessary ingredient for inland tornado

production by TCs?

e How do convective-scale environments change due to
weaker TC intensity and typically stronger VWS in inland
environments?

Together, this work will provide a more nuanced under-
standing of how VWS impacts tornadoes and, more broadly,
deep convection as TCs move inland.

2. Data and methods
a. Tornado and TC data

The 25-yr (1995-2019) SPC TC tornado data (TCTOR;
Edwards 2010) are used for examining the starting location,
date, and damage category for tornadoes in the continental
United States (CONUS). While different from one another,
the F scale used to estimate damage before 2007 and the EF
scale used thereafter in TCTOR are intended to calibrate well
to one another to avoid climatological shocks with the intro-
duction of the EF scale (Edwards et al. 2013). Each tornado
has been subjectively verified to be associated with a TC using
several different observation sources (e.g., WSR-88D and ob-
servational charts), and modern tornado verification processes
(Edwards 2010). We collocate these tornado data with 6-h TC
track data from the National Hurricane Center best track as given
in International Best Track Archive for Climate Stewardship
(IBTRaCS), version 4 (Knapp et al. 2010). We include all 6-h
IBTrACS times for TCs that are classified as tropical (i.e., not
subtropical or extratropical; N = 1304 tornadoes in 90 TCs),
and are of tropical depression strength or stronger. IBTRaCS
data are temporally interpolated using a piecewise cubic
Hermite polynomial to the time of tornadogenesis (Chavas and
Vigh 2014).

b. VWS data

VWS is calculated using data from the 6-h 0.25° X 0.25°
ECMWEF fifth-generation reanalysis (ERAS) available from
1979 to 2019 (Hersbach et al. 2020). Reanalysis TC track and
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outer wind field structure and size are well represented
(Schenkel and Hart 2012; Schenkel et al. 2017), and have been
used extensively to calculate VWS (Tang and Emanuel 2012;
Rios-Berrios and Torn 2017) including for TC tornadoes
(Schenkel et al. 2020). Instead of assuming the reanalysis TC is
located at the IBTrACS TC location when calculating VWS,
we use a vortex recentering algorithm (Brammer 2017) to
identify the reanalysis T'C location prior to computing VWS.
This methodology is similar to the GFDL operational tracker
(Marchok 2002), and has been employed in prior work
(Brammer and Thorncroft 2017; Schenkel et al. 2017). Vortex
recentering is necessitated by the nontrivial uncertainties in TC
location within reanalyses (Schenkel and Hart 2012; Hodges
et al. 2017) and, to a lesser extent, IBTrACS (Torn and Snyder
2012; Landsea and Franklin 2013). The recentering algorithm
consists of two steps: 1) use the 6-h IBTTACS TC location as a
first guess and 2) calculate the reanalysis TC location about the
IBTrACS position as the mean of the center of mass of mean
sea level pressure, 925-, 850-, and 700-hPa relative vorticity,
and 850- and 700-hPa geopotential height (Brammer 2017,
Marchok 2002).

Using the TC tracker position, VWS is calculated by re-
moving the TC wind field from the reanalysis and then com-
puting the vertical wind shear over the 850-200-hPa layer in
three steps (Davis et al. 2008; Galarneau and Davis 2013).

¢ Solve a Poisson equation with uniform boundary conditions
over a 500-km radius from the objectively derived TC
center (e.g., approximate median TC outer size; Chavas and
Emanuel 2010; Schenkel et al. 2018) to obtain the non-
divergent and irrotational components of the TC wind field
at 200 and 850 hPa;

TABLE 4. Number of radiosondes and uniquely named TCs
sampled by radiosondes in all cases, and coastal, transition, and
inland environments. The same TC may be sampled by multiple
radiosondes such that the number of TCs sampled by radiosondes
in coastal, transition, and inland environments does not equal the
number in the all environments category.

No. of No. of TCs sampled by
radiosondes radiosondes
All environments 8470 406
Coastal 5138 404
Transition 1451 205
Inland 1881 168
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FIG. 2. Plan view plot of radiosonde location (Nyagiosondes; Shaded squares) for (a)-(c) strongly, (d)-(f) moderately, and (g)-(i) weakly
sheared TCs in (left) coastal, (center) transition, and (right) inland environments using a VWS-relative reference frame. Radiosonde
reports have been rotated around the TC center such that the VWS vector (red arrow) at the time of tornado occurrence is pointing to the

right on the figure.

¢ Subtract the nondivergent and irrotational winds of the TC
from the total wind at 850 and 200 hPa to obtain the ambient
wind field;

e Average the resulting ambient wind field within a 500-km
radius of the TC center at both isobaric levels, and compute
their difference.

VWS data are separated into three categories based on the
reanalysis-derived distribution for all Atlantic TCs from 1979
to 2019 (Rios-Berrios and Torn 2017; Ditchek et al. 2019): 1)
strong (>11.2ms™!; upper 33rd percentile), 2) moderate (6.8—
11.2ms™!; middle 33rd percentile), and 3) weak (<6.8ms™!;
bottom 33rd percentile). Table 1 shows the distribution of
TC tornadoes among the three VWS categories. Both North
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Atlantic TCs that produce tornadoes and, more generally,
landfalling TCs occur more frequently in moderate-to-strong
VWS compared to TCs in the rest of the North Atlantic
(Corbosiero and Molinari 2002; Schenkel et al. 2020).

c. TC outer size data

TC outer size is computed to determine its potential con-
tribution to differences among the various subsets of kinematic
and thermodynamic convective-scale environments diagnosed
from dropsondes and radiosondes. This study uses the radius
at which the azimuthal-mean 925-hPa azimuthal wind equals
6ms ! (r¢), computed from ERA-5 reanalysis data, as a TC
outer size metric (Schenkel et al. 2017; Bian et al. 2021).
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FIG. 3. Plan view plot of dropsonde locations (Nyagiosondes; Shaded squares) for TCs in (a) strong, (b) moderate,
and (c) weak VWS in a VWS-relative reference frame. Dropsondes have been rotated around the TC center such
that the VWS vector (red arrow) at the time of tornado occurrence is pointing to the right on the figure.

This prior work has also shown that reanalysis TC outer size is
well-represented (Schenkel et al. 2017; Bian et al. 2021). We
calculate rq similar to prior work (Chavas and Vigh 2014;
Schenkel et al. 2018): 1) interpolate 925-hPa reanalysis winds
to a TC-centered polar grid, 2) remove the ambient wind from
the total wind, which is calculated using the same method
used as the ambient winds for VWS (Davis et al. 2008), 3)
calculate the azimuthal-mean of the azimuthal wind, 4) spa-
tially interpolate the wind field to a grid spacing of 12.5km
(i.e., 0.5 times ERA-5 output grid spacing), and 5) extract r4
as the first grid point outside the radius of maximum wind
where the azimuthal-mean azimuthal wind equals 6ms™'.
We use a reanalysis-derived TC outer size metric instead of
IBTrACS data for three reasons. First, IBTrACS metrics are
defined at 10 m above the surface and, hence, are subject to
surface friction-induced decreases as the TC approaches land.
However, the above-surface outer size of the TC wind field
does not change until shortly after TC landfall, suggesting
that a metric near the boundary layer top better quantifies
TC outer size evolution (Chen and Chavas 2020). Second,
IBTrACS TC outer wind field size metrics are subjectively
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derived without any postseason analysis until 2004. Last,
outer size metrics are undefined for TCs with intensities
< 34kt (1kt ~ 0.51ms ') since these metrics include the
radius of 34-, 50-, and 64-kt winds (Landsea and Franklin
2013; Knaff et al. 2014).

d. Defining coastal versus inland environments

We use the Global Self-consistent, Hierarchical, High-
resolution Geography (GSHHG) Database at a horizontal
grid spacing of ~1 km (Wessel and Smith 1996) to calculate the
distance of tornadoes and radiosondes from the coast. We then
define three regimes using the distribution of tornado dis-
tance from the coast: 1) coastal (<23 km; bottom 33rd per-
centile), 2) transition (23-125km; middle 33rd percentile),
and 3) inland (>125km; upper 33rd percentile) environ-
ments. In addition to classifying the TC tornadoes, these
distance thresholds will also be applied to radiosonde data
along with using dropsondes as part of a fourth regime—the
ocean. This additional category is necessitated by supercells
frequently intensifying upon reaching the coast (Baker et al.
2009; Eastin and Link 2009).
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e. Radiosonde and dropsonde data

Radiosonde data from 1979 to 2019, obtained from the
NOAA Integrated Global Radiosonde Archive (IGRA), ver-
sion 2 (Durre et al. 2006), are used to examine the kinematic
and thermodynamic environments of TCs over land. To
compare with these land environments, GPS dropsonde
data in TCs from 1996-2017 are obtained from NOAA
aircraft reconnaissance and various field experiments de-
tailed in Table 2. To maximize our sample size, we include
radiosondes from the CONUS, Canada, Central America,
Bermuda, and the Caribbean. Dropsondes are taken from
all over-water Atlantic TCs. Both the radiosonde and
dropsonde data are quality controlled using several phys-
ical and internal consistency checks from NOAA and the
NCAR Earth Observing Laboratory (EOL), respectively.
Additionally, guidelines from prior work are used to ensure
sufficient vertical data density and that each sonde is not too
close to the TC center (i.e., =75-km radius from TC center;
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FIG. 4. Box-and-whisker plots of TC inten-
sity (kt) at the time of dropsondes in ocean
environments, and for radiosondes in coastal,
transition, and inland environments within
TCs in (a) strong, (b) moderate, and (c) weak
VWS. The boxplot displays the median (black
horizontal line near box center), the 95%
confidence interval of the median calculated
from a 1000-sample bootstrap approach with re-
placement (notches on boxes), the interquartile
range [box perimeter; (g1, ¢s)], whiskers {black
capped lines; [lowest datum above ¢; — 1.5(g5 —
q1), highest datum below g5 + 1.5(¢5 — ¢1)]}, and
outliers (filled circles). The number of dropsondes
and radiosondes in each sample are written below
each boxplot.

Molinari and Vollaro 2008, 2010). The latter condition pre-
cludes examining the convective-scale environments associ-
ated with the TC inner-core tornado maxima (McCaul 1991;
Schultz and Cecil 2009). Moreover, each dropsonde must have
been released at an altitude of at least 8 km to be included in
our analysis, since the cell motion algorithm requires data from
the surface to 8 km (Bunkers et al. 2000, 2014). The first 30 s of
temperature and relative humidity data from each dropsonde
are also removed to allow the thermistor to equilibrate to its
environment (Bogner et al. 2000; Molinari and Vollaro 2010).
Finally, we consider only those dropsondes and radiosondes
located between 75 and 615 km from the TC center to match
the distance over which 95% of tornadoes occur (Novlan and
Gray 1974; McCaul 1991). This also ensures a similar distri-
bution of sonde distances among each combination of coastal
and VWS subsets examined. Together, these criteria yield 8470
radiosondes in 406 TCs and 4427 dropsondes in 94 TCs as
shown in Tables 3 and 4 . The location of each radiosonde
stratified by both coastal and VWS regime are shown in Fig. 2,
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while similar plots are shown for dropsondes for each VWS
regime in Fig. 3. Figures 2 and 3 show that the radiosondes
and dropsondes are largely sampling TC outer winds (i.e.,
radius > 200 km from TC center) as shown by their median
distance from the TC center of 383 and 449 km for dropsondes
and radiosondes, respectively. Coincidentally, median TC
tornado distance is slightly inward of these radii (i.e., 320 km;
Schultz and Cecil 2009; Edwards 2012).

Figures 4 and 5 also show TC intensity and outer size dif-
ferences among the various coastal and VWS regimes that
typically characterized by: 1) decreases in TC intensity and,
to a lesser extent, outer size in inland environments associated
with greater TC-land interaction (Kaplan and DeMaria 1995;
Chen and Chavas 2020), 2) stronger and smaller TCs in weak
VWS (DeMaria and Kaplan 1994; Rios-Berrios and Torn
2017), and 3) weaker and, to a lesser extent, smaller TCs in the
right-of-VWS vector quadrants (i.e., typically southern half of
TC; Corbosiero and Molinari 2003; Schenkel et al. 2020). The
sensitivity of our analysis to these disparities are partially
quantified in the results section through further subsetting of
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VWS vector-relative quadrants

FIG. 5. As in Fig. 4, but from the man-
uscript, but for TC outer size (rs; km).
There are a small number of cases where
¢ cannot be defined in the reanalysis.

the data to examine those TCs with similar TC intensity and
outer size (i.e., Figs. 12 and Figs. S1 and S2 in the online sup-
plemental material). Despite these efforts, some of these sub-
set sample sizes are limited and, hence, may be associated with
nontrivial uncertainty due to the diverse structural character-
istics of the TCs being sampled and smaller sample sizes in-
herent to certain subsets—especially in the transition and
inland environments.

As in prior work (Molinari and Vollaro 2008; Edwards and
Thompson 2012), these dropsondes and radiosondes do not
necessarily represent tornado proximity soundings, rather
these data provide a bulk statistical assessment of how kine-
matic and thermodynamic environments in TCs change in re-
sponse to VWS and coastal distance. Hence, the soundings in
this study may be less favorable than those from tornado
proximity soundings in prior work (McCaul 1991; Edwards and
Thompson 2012). Sonde data are used to quantify kinematic
favorability of convective-scale environments for TC torna-
does using both 0-3-km and 0-1-km convective cell-relative
helicity, composite median hodographs, plan view plots of the
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FIG. 6. Bar plots of TC tornado occurrence (percentage) stratified by the nine combinations of VWS and coastal
regimes for (a) all tornadoes, (b) EF0/F0 tornado damage, (c) EF1/F1 tornado damage, and (d) EF2+/F2+ tornado
damage. Each bar plot is expressed as the percentage of the number of tornadoes for a given VWS category within a
given tornado damage category and coastal regime. The sample sizes along the x axis show the total number of
tornadoes in a given coastal regime within a given tornado damage category, while the legend contains the number
of tornadoes for each VWS category within each tornado damage bin. There is one tornado in the TCTOR archive

classified with an undefined damage rating.

total, TC, and ambient wind vectors, and lower-tropospheric
vertical profiles of TC-relative tangential and radial winds
(Molinari and Vollaro 2008, 2010). Convective cell motion for
the helicity calculations is estimated using the methodology
of Bunkers et al. (2000) with the modifications suggested by
Ramsay and Doswell (2005) and Bunkers et al. (2014). This
assumes that cell motion is equal to the sum of the 0-8-km
pressure-weighted mean wind (Bunkers et al. 2014), with
the addition of a component with a magnitude of 7.5ms ™"
rotated 90° clockwise relative to the 0-6-km vertical wind
shear (Ramsay and Doswell 2005). The cyclonic advection
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of the sondes by the TC tangential winds adds a component
associated with the horizontal variations in the curvature of
the wind. This contribution may artificially enhance the
helicity measured by the sonde by 5%-8% (Molinari and
Vollaro 2010), especially those sondes closer to the TC
center, motivating the removal of sondes within 75 km of
the storm. This artificial enhancement of sonde helicity is
retained in our data, similar to prior work (McCaul 1991;
Baker et al. 2009) since its removal requires geolocation at
each vertical level, which is unavailable in the radiosondes
and some dropsondes.
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To quantify convective-scale thermodynamic environmental
favorability, our study uses 0-3-km CAPE, using a 200-m mixed
layer (Romps and Kuang 2011; Molinari et al. 2012), and com-
posite median skew 7-logp diagrams. Last, to account for dif-
ferences in radiosonde launch altitudes, all data are transformed
into the vertical coordinate of Gal-Chen and Somerville (1975)
using a vertical grid spacing of 50 m (Parker 2014):

% — z— Zs[c

z¥=H Hoz, ¢9)
where H is the approximate height of the tropopause assumed
to be 12km and zg is the sonde surface altitude computed
relative to mean sea level. Lower-tropospheric metrics are used
given that tornadic supercells in TCs are shallower (Spratt et al.
1997; McCaul and Weisman 1996), and favorable environmental
conditions are typically located within the lower troposphere
(McCaul 1991; Molinari and Vollaro 2008). Statistical differences
between median kinematic and thermodynamic characteristics of
convective-scale environments as a function of VWS and the
coastal regime are evaluated using the 1000-sample bootstrap
resampling approach, with replacement, according to a two-
tailed test.

3. Analysis and results

This analysis first examines how tornado frequency and location
change as a function of both VWS and distance from the coast. We
then use radiosondes and dropsondes to examine convective-scale
environments to provide a greater physical understanding of tor-
nado occurrence. In the interest of brevity, portions of the sonde
analysis will focus exclusively on strongly sheared TCs.

a. VWS impact on tornado occurrence in coastal versus
inland environments

1) TORNADO FREQUENCY

Analysis of tornado frequency for each damage rating
stratified by both VWS magnitude and coastal distance regime
(Fig. 6) shows that strongly sheared TCs produce the most
tornadoes, including those associated with the most damage
(i.e., EF2+/F2+), in all three coastal regimes. Specifically,
strongly sheared TCs produce 44% and 46% of tornadoes in
coastal and transition regimes, respectively, and 69% of inland
tornadoes. Strongly sheared TCs also produce the largest
percentage of EF2+/F2+ tornadoes in coastal (61%), transi-
tion (59%), and inland (89%) environments. Of any combi-
nation of coastal and VWS regimes, EF2+/F2+ tornadoes
occur most frequently in inland environments within strongly
sheared TCs (Fig. 6a).

Next, Fig. 7 shows in greater detail that TC tornadoes more
frequently occur in strong VWS as their distance from the coast
increases. In particular, the VWS distribution (i.e., box-and-
whiskers plot) for inland tornadoes shifts toward larger values
and narrows, as shown by median VWS in inland environments
(12.8 ms™ ) that is statistically stronger at the 95% confidence
interval compared to coastal tornadoes (10.6ms™'). Beyond a
200-km distance of the tornado from the coastline, VWS does
not statistically change. This may suggest that VWS in this
range is strong enough to favor tornado occurrence, while
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FIG. 7. Joint histogram of tornado distance from the coast (km) vs
VWS magnitude (ms~") at the time of tornado occurrence. The one-
dimensional histograms on top and to the right show tornado distance
from the coast and VWS magnitude, respectively. The dashed green
vertical lines demarcate the boundaries between coastal, transition,
and inland environments. The dashed green horizontal lines demar-
cate the boundaries between weak, moderate, and strong VWS. The
boxplots (from left to right) represent the VWS distribution statistics
for coastal, transition, and inland tornadoes. The boxplots display the
median (red horizontal line near box center), the 95% confidence
interval of the median calculated from a 1000-sample bootstrap ap-
proach with replacement (red notches on boxes), the interquartile
range [red box perimeter; (¢, ¢3)], and whiskers {red-capped lines;
[lowest datum above q; — 1.5(¢3 — ¢1), highest datum below g3 +
1.5(q3 — q1)]} for coastal, transition, and inland environments.

being weak enough such that TCs do not dissipate too quickly
(Paterson et al. 2005; Schenkel et al. 2020).

Together, these results suggest that coastal tornadoes can
occur in all VWS regimes with strongly sheared TCs producing
the most cases, whereas inland tornadoes primarily occur in
strongly sheared TCs. The enhanced sensitivity of inland tor-
nado production to VWS may imply that inland environments
are marginal for tornadoes without strong VWS, especially as
the TC wind field weakens and the storm is located increasingly
further from coastal baroclinic zones and warm, moist onshore
flow (Kaplan and DeMaria 1995; Knupp et al. 2006). However,
inland tornadoes are not completely absent in weakly or
moderately sheared TCs, suggesting that VWS is not the sole
factor determining inland tornado production.

2) TORNADO LOCATION

Map view plots of tornado location within strong (Fig. 8a),
moderate (Fig. 8b), and weak (Fig. 8c) VWS show that tornadoes
occur further inland for strongly sheared TCs throughout the
CONUS. In particular, the median value of tornado distance
from the coast is shifted statistically further inland at the 95%
confidence interval for strongly sheared TCs (90km) com-
pared to moderately (35km) and weakly (54km) sheared
TCs. Moreover, tornado latitude is typically further poleward
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for TCs in strong VWS. Specifically, median latitude in
strongly sheared TCs (32.8°N) is statistically further pole-
ward, at the 95% confidence interval, compared to moder-
ately (31.2°N) or weakly (30.9°N) sheared TCs.

Next, the cyclone-relative location of tornadoes plotted
relative to the VWS vector direction (Fig. 9) shows that tor-
nadoes most frequently occur in the downshear sector of the
TC regardless of VWS magnitude or coastal location. More
specifically, tornadoes in weakly sheared TCs show a distinc-
tive shift to the downshear sector between coastal (77% of
tornadoes) and inland environments (91%). In contrast, most
tornadoes are located downshear in moderately and strongly
sheared TCs (i.e., =88% in each subset) regardless of the
coastal regime. The median VWS vector-relative angle of
tornado occurrence statistically shifts clockwise, at the 95%
confidence interval, into the downshear sector for inland
tornadoes compared to the coast for strongly (13° further
clockwise in inland compared to coast), moderately (9°), and
weakly (26°) sheared TCs. Tornadoes also increasingly occur
in the TC outer region in inland environments compared to
coastal environments. For strongly sheared TCs, the inner-
core downshear-left maxima of tornadoes weakens with in-
creasing distance inland, such that 74% of tornadoes are
concentrated in the downshear-right quadrant at radii greater
than 200 km (i.e., TC outer region; Corbosiero and Molinari
2002; Schultz and Cecil 2009).
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FI1G. 8. Map view of tornado loca-
tion (Niornadoes; Shaded squares) for
TCs in (a) strong, (b) moderate, and
(c) weak VWS at the time of tornado

occurrence.

Next, Fig. 10 shows that tornado occurrence shifts to TC
outer radii with increasing distance from the coastline in
strongly, moderately, and weakly sheared TCs. In particular,
tornadoes increasingly occur at radii = 200km in inland en-
vironments compared to coastal environments in strongly
(73% of coastal versus 91% of inland tornadoes), moderately
(68% versus 92%), and weakly sheared TCs (69% versus
88%). However, only moderately sheared TCs show tornado
occurrence shifting statistically further from the TC center
inland compared to coastal environments, with median values
that are statistically different at the 95% confidence interval
(260 km at coast versus 347 km inland). The absence of similar
statistical changes for strongly sheared TCs may be due to the
outer-region maximum in tornado occurrence that is present in
all three coastal regimes.

Together, these results suggest that increases in distance
from the coast are associated with tornadoes that are increas-
ingly confined to: 1) the downshear sector (primarily down-
shear right in strongly sheared cases), 2) TC outer region
(i.e., >200 km from TC center), and 3) more strongly sheared
TCs. As such, the synoptic-scale environment of the TC is a key
discriminant determining both whether and where inland tor-
nadoes may occur, especially in inland environments (Edwards
2012; Schenkel et al. 2020). More broadly, these results may
shed insight into the postlandfall convective evolution of TCs,
suggesting that inner-core convection may weaken more quickly
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FI1G. 9. Plan view plot of tornado location (Nomadoes; Shaded squares) in a VWS-relative reference frame for TCs in (a)—(c) strong,
(d)—(f) moderate, and (g)—(i) weak VWS for tornadoes at the (left) coast, (center) transition, and (right) inland environments. Tornado
reports have been rotated around the TC center such that the VWS vector (red arrow) at the time of tornado occurrence is pointing to

the right.

than the outer-region convection—especially in strongly sheared
cases. Next, the kinematic and thermodynamic structure of
convective-scale environments is examined to provide a greater
physical understanding of the relationships documented here.

b. Convective-scale environments
1) KINEMATIC IMPACTS

Box-and-whisker plots of 0-3-km convective cell-relative
helicity (Fig. 11) show the diversity in kinematic environments
among the ocean and inland subsets within each VWS regime.
As expected from the tornado analysis, the downshear-right
quadrant of strongly sheared TCs is the only quadrant in which:
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1) median helicity is approximately within the range associated
with tornadic supercells (i.e., 100-260 m?s~% McCaul and
Weisman 1996; McCaul et al. 2004) except in coastal envi-
ronments and 2) helicity is larger with greater distance inland
such that median helicity in inland environments is approxi-
mately double the coastal values. Indeed, these differences
between the coastal and inland environments are sufficiently
large to be statistically different at the 95% confidence interval.
These increases in helicity with greater coastal distance occur
despite statistical decreases in TC intensity, at the 95% confi-
dence interval, between the coast (median intensity of 40 kt)
and inland environments (20 kt; Fig. 4). However, the radio-
sondes largely sample the TC outer wind field, which does not
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statistically change between the coast and inland environ-
ments, as shown by median ¢ of 561 versus 550 km for the two
regimes, respectively. The absence of increases in either TC
intensity or outer size may suggest that other factors are re-
sponsible for these helicity differences (e.g., stronger ambient
winds). The downshear-left quadrant of strongly sheared TCs
also is associated with enhanced helicity, although values are
typically lower than the range associated with tornadic super-
cells (Schenkel et al. 2020) and do not increase with coastal
distance. The two upshear quadrants of strongly sheared TCs
show helicity that is also typically much smaller than the range
of values associated with tornadic supercells, with no statistical
changes in helicity between ocean to inland environments.
Similarly, all quadrants in weakly and moderately sheared TCs
are also generally unfavorable for tornadic supercells and show
no systematic changes with increasing distance from the coast.
While prior work suggested that helicity may increase inland
for TCs (McCaul 1991), these results suggest that this only
typically occurs for strongly sheared TCs. Additionally, while
prior analyses of two case studies suggested that helicity is
stronger at the coast compared to the ocean (Baker et al. 2009),
these results suggest that there are generally no statistical dif-
ferences in a large sample of cases, suggesting that surface

Brought to you by U.S. Department Of Commerce, Boulder Labs Library | Unauthenticated | Downloaded 06/10/21 04:34 PM UTC

SCHENKEL ET AL.

551

Moderate VWS

b)

=
= 25
—
<
6‘-’ 20
O f
= 15
= 300 107
= 1
Z 200 |
Z 1 5
Z

100 1
< I 0
R N
3 100 '200 3000 400 500 6002255
= S

Distance of Tornado from Coast (km)

F1G. 10. Joint histogram of tornado
distance from the coast (km) vs radius of
tornado distance from TC center (km)
for all tornadoes (N(ornadoes; Shaded
squares) in TCs within (a) strong, (b)
moderate, and (c) weak VWS. The one-
dimensional histograms on top and to the
right show tornado distance from the coast
and tornado distance from the TC center,
respectively.

friction-induced enhancements may be offset by smaller TC
outer size and weaker TC intensity (Figs. 4 and 5).

We next show that increased 0-3-km convective cell-relative
helicity is not a statistical artifact of VWS-induced differences
in TC intensity and outer size among bins. This is shown by
recreating Fig. 11 using only cases with T'C intensity and outer
size less than their respective median values computed for all
TCs (i.e., intensity < 50kt, r¢ < 566 km; Fig. 12). Indeed,
corresponding plots of TC intensity (Fig. S1) and outer size
(Fig. S2) for the subset of cases examined in Fig. 12 show
smaller differences in TC intensity and no statistical change in
outer size for a given VWS-relative quadrant between coastal
and inland environments regardless of VWS. The conclusions
from the subset of weaker and smaller TCs in Fig. 12 are
qualitatively similar to those in Fig. 11. However, helicity is
reduced in this subset of weaker and smaller TCs, especially in
the ocean and coastal environments, suggesting that weak
and/or small TCs typically do not produce tornadoes before
and during landfall. Instead, only transition and inland regimes
in the downshear-right quadrant of strongly sheared TCs are
favorable for tornadoes (McCaul and Weisman 1996; McCaul
et al. 2004). This favorability is associated with large increases
in helicity with increasing distance from the ocean yielding
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median values in inland environments that are ~2.5 times
larger than coastal environments. These differences are sta-
tistically different at the 95% confidence interval. Rather than
being statistical artifacts, these results may suggest that tornado
production at the coast is typically favored in more intense
and/or larger TCs in strong VWS in the downshear-right quad-
rant. In contrast, inland tornado production is favored in a
broader subset of TC intensities and outer sizes in strong VWS
potentially in association with stronger lower-tropospheric am-
bient helicity, which will be shown later.

Next, box-and-whisker plots of 0-1-km convective cell-
relative helicity for all sondes (Fig. 13) show additional in-
sight into the vertical structure of kinematic environments in
TCs. These results match those for the 0-3-km layer (Fig. 11),
including that the downshear-right quadrant of strongly sheared
TCs is the only quadrant typically favorable for tornadic su-
percells within all coastal regimes. Specifically, median 0-1-km
helicity falls within the range of values associated with tornadic
supercells (i.e., 33-210m?s~ % Thompson et al. 2003; Rasmussen
2003) and becomes statistically larger with greater distance
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VWS vector-relative quadrants

Fi1G. 11. Box-and-whisker plots of 0-3-km
convective cell-relative helicity (m?s~2) com-
puted for dropsondes in ocean environments,
and for radiosondes in coastal, transition, and
inland environments within TCs in (a) strong,
(b) moderate, and (c) weak VWS. The boxplot
displays the median (black horizontal line near
box center), the 95% confidence interval of the
median calculated from a 1000-sample bootstrap
approach with replacement (notches on boxes),
the interquartile range [box perimeter; (g1, ¢3)],
whiskers {black capped lines; [lowest datum
above q; — 1.5(g3 — ¢q1), highest datum below
qs + 1.5(qz — q1)]}, and outliers (filled circles).
The number of dropsondes and radiosondes in
each sample are written below each boxplot.

inland. However, median helicity in oceanic and coastal envi-
ronments is statistically lower, at the 95% confidence interval,
compared to previously reported thresholds based on tornado
proximity soundings (i.e., 98-463 m?s~%; Eastin and Link 2009;
Edwards et al. 2012), although these differences may be due to this
study using all soundings regardless of their proximity to torna-
does. Inland environments in the downshear-right quadrant of
strongly sheared TCs are even characterized by statistically
stronger helicity at the 95% confidence interval than their oceanic
counterparts potentially due to increased surface friction (Novlan
and Gray 1974; Gentry 1983). Helicity is also more strongly
concentrated near the surface with increasing distance from the
coast, which is consistent with environments that are more favor-
able for tornadic supercells (Markowski et al. 2003; Thompson
et al. 2003). Specifically, the 0-1-km layer constitutes 78 % and
75% of 0-3-km helicity in inland and transition environments
within the downshear-right quadrant, respectively, compared to
68% and 65% in the ocean and coastal environments. In contrast,
the remaining quadrants and combinations of VWS and coastal
regimes are generally not favorable for tornadic supercells.
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From here on, the analysis of convective-scale kinematic
environments will focus on strongly sheared TCs in the interest
of brevity. Composite median hodographs, with TC motion
removed, show that the coastal hodographs are located closer
to the hodograph center compared to the ocean (Fig. 14) due to
two factors. The first is stronger surface friction over land,
yielding increased speed shear in the lowest 1 km. The second
factor is weaker TC intensity and smaller outer size in the
coastal subset compared to the ocean, which are both statisti-
cally different between these subsets at the 95% confidence
interval (Figs. 4 and 5; Novlan and Gray 1974; Chen and
Chavas 2020). An intercomparison of coastal, transition, and
inland environments shows that, except for the near surface,
the hodograph winds are not statistically different in the
downshear-right quadrant, which is more consistent with the
evolution of TC outer size (Fig. 5) rather than TC intensity
(Fig. 4). Indeed, the radiosondes are primarily sampling TC
outer winds, which are typically agnostic to inner-core wind
changes (Merrill 1984; Chavas and Emanuel 2010). With
the exception of the upshear-right quadrant, the remaining
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inland hodographs also do not show statistical differences in
winds throughout the troposphere compared to coastal
environments.

To understand the contribution of ambient versus TC winds
in Fig. 14, we next show hodographs for the reanalysis-derived
ambient winds for strongly sheared TCs, coincident with the
time of the dropsondes and radiosondes (Fig. 15). Comparing
ocean versus land environments, ambient winds show decreased
near-surface wind speed due to friction, and a statistically
stronger westerly component at the 95% confidence interval
throughout the troposphere that imparts a stronger eastward
component of TC motion. Indeed, composites of median zonal
and meridional TC translation velocity for strongly sheared
TCs at the time of radiosonde and dropsonde sampling (Fig. 16)
show that sondes located farther from the coast are typically
associated with stronger eastward TC motion. The differences
in TC zonal motion between oceanic and inland environ-
ments in all four quadrants are upward of 3.5ms™ ', which is
statistically different at the 95% confidence interval. This
stronger eastward motion is likely due to the TC being closer to
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the polar or subtropical jet when over land (Aiyyer and
Thorncroft 2006; Verbout et al. 2007). Ambient hodographs
also show that wind speed and directional shear are stronger
with increasing distance inland, particularly within the mid-to-
upper troposphere. These wind field changes with increasing
distance inland are associated with increased 0-3-km con-
vective cell-relative helicity in inland environments com-
pared to either the ocean or coastal environments. In
particular, the downshear-right quadrant shows median
helicity of 46m?s~? in inland environments that is statisti-
cally different at the 95% confidence interval compared to
oceanic (20m?s~?) and coastal (28m?s™?) environments,
respectively. While these increases in ambient helicity are
not large enough to yield supportive environments for tor-
nadoes by themselves (McCaul and Weisman 1996, 2001),
their constructive superposition with the TC winds likely is
given that helicity is a nonlinear product of the ambient and
TC winds (Schenkel et al. 2020).

Partitioning of the ambient and TC winds in Fig. 17 sug-
gests that several factors may contribute to enhanced median
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VWS vector-relative quadrants

F1G. 13. As in Fig. 11, but for 0-1-km
convective-cell relative helicity (m?s2).

0-3-km convective cell-relative helicity of the total wind within
the downshear-right quadrant. Given that helicity is a nonlin-
ear quantity, the median helicity of the total wind can be larger
than the sum of the helicity from the TC and ambient winds
if the two are strongly in phase (and vice versa). In the
downshear-right quadrant, the median helicity associated with
the TC winds is stronger in inland environments compared to
the ocean or the coast, but not statistically different. However,
the more strongly veering ambient winds constructively su-
perimpose with the unchanged TC winds in the downshear-
right quadrant of inland environments yielding helicity of the
total wind field that is 1.5 and 2.0 times larger than either ocean
or coastal environments, respectively. Indeed, these quantities
are statistically different at the 95% confidence interval.
Moreover, the helicity of the total wind field is more than
double the helicity of the TC winds in inland environments,
which suggests the importance of the ambient winds in creating
favorable inland kinematic environments (Schenkel et al.
2020). In contrast to the downshear-right quadrant, the ambi-
ent and TC winds are sufficiently out of phase in the remaining
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FIG. 14. Composite median hodograph for dropsondes and radiosondes, with TC motion removed from each
sonde, in strongly sheared TCs within ocean, coastal, transition, and inland environments in the (a) upshear-left,
(b) downshear-left, (c) upshear-right, and (d) downshear-right quadrants. The median convective cell-relative
motion is denoted by the diamonds. The white X marks denote points that are statistically different at the
95% from the corresponding value for the coastal subset. Circles denote the height of 10-m, 1-km, 3-km, and

6-km winds.

three VWS-relative quadrants in all land environments. This
result is associated with both helicity of the total wind field that
is not statistically greater than the helicity of the TC wind, and
values below those associated with TC tornadic supercells
(Schenkel et al. 2020).

Next, composited vertical profiles of the tangential and
radial winds in strongly sheared TCs, with TC motion re-
moved, are shown (Fig. 18) to decompose the wind field
response into the primary and secondary circulation of the
TC. All quadrants show that the tangential wind field is
statistically weaker, at the 95% confidence interval, in
coastal environments compared to oceanic environments
as expected due to TC landfall and increased surface fric-
tion (Kaplan and DeMaria 1995; Chen and Chavas 2020).
However, perhaps most importantly, the tangential wind
of the downshear-right quadrant is slightly stronger in in-
land and transition environments above 1km compared to the
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coast. This results in the transition and inland tangential winds
not being statistically different from the ocean, which contrasts
with the other VWS-relative quadrants. Finally, the radial winds
are typically weaker or unchanged when comparing land versus
ocean environments, or when intercomparing coastal, transition,
and land environments in any of the quadrants.

Together, these results suggest that the downshear-right
quadrant of strongly sheared TCs is most favorable for torna-
does primarily within stronger and/or larger TCs at the coast.
However, environments further inland may be more supportive
of tornadoes within a broader variety of weaker and smaller TCs
in association with the strengthening of the lower-tropospheric
ambient winds and its constructive superposition with the TC
winds in the downshear-right quadrant (Onderlinde and Nolan
2016; Schenkel et al. 2020). Alternatively, strong VWS may
enhance convective-scale vorticity and vertical vorticity fluxes
by convection helping to sustain the lower-to-midtropospheric
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height.

tangential wind jet in the TC outer rainbands where most sondes
in this study were located (Hence and Houze 2008; Didlake and
Houze 2009).

These factors may help explain why tornado frequency and
cyclone-relative location are different with increasing distance
inland. However, nontrivial uncertainties exist in these results
due to the small sample size and diverse subset of TCs exam-
ined particularly within inland environments, which warrants
additional analysis. With an understanding of kinematic envi-
ronments, the next section will focus on the changes in ther-
modynamic environments with greater distance inland.

2) THERMODYNAMIC IMPACTS

Box-and-whiskers plots of 0-3-km CAPE from dropsondes
and radiosondes (Fig. 19) show that lower-tropospheric ther-
modynamic stability in the downshear-right quadrant is fa-
vorable for TC tornadoes in all combinations of VWS and
coastal regimes (i.e., ~100-200J kg~ !; Baker et al. 2009; Eastin
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and Link 2009) in contrast to the other three quadrants.
Specifically, the downshear-right quadrant of strongly sheared
TCs shows CAPE that statistically increases (at the 95% con-
fidence interval) by 33% between the ocean and coast, while
decreasing back to the range of its oceanic environments fur-
ther inland. In contrast, although the remaining three VWS-
relative quadrants in strongly sheared TCs also typically have
sufficient lower-tropospheric CAPE in oceanic environments
for tornadoes, values decrease as the distance from the coast
increases to more marginal values for tornado production
(McCaul 1991). In particular, the median CAPE for inland
environments is 27%-44% of oceanic CAPE, which is statis-
tically different at the 95% confidence interval. The decreases
in CAPE away from the coast may explain why tornadoes are
typically less frequent within inland environments in the
downshear-left quadrant of strongly sheared TCs. Moderately
sheared TCs are associated with smaller, yet statistically large,
CAPE decreases in all quadrants except downshear right as the
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FIG. 16. Scatterplot of median zonal (ms~') vs meridional (ms~!') TC translation velocity at the time of drop-
sonde and radiosonde occurrence at the ocean, coast, transition, and inland environments for strongly sheared TCs
in the (a) upshear-left, (b) downshear-left, (c) upshear-right, and (d) downshear-right quadrants. Error bars denote
the 95% confidence interval of the median zonal and meridional TC translation velocities. The black dashed line
denotes the boundary between eastward and westward TC motion.

distance from the coast increases. Finally, weakly sheared
TCs show marginal decreases in CAPE in all quadrants with
distance from the coast such that CAPE generally remains
favorable for inland tornadic supercells, especially in the
downshear quadrants. Similar to the results for kinematic
quantities, these results suggest that the variability in 0-3-
km CAPE with coastal distance is dependent upon the VWS
regime (McCaul 1991) for reasons to be discussed at the end
of this section.

Composite median skew 7-logp diagrams (Fig. 20) in
strongly sheared T'Cs show that inland environments are cooler
and drier compared to the ocean. In the downshear-right
quadrant, these temperature changes are larger and over a
greater depth (i.e., lower troposphere) compared to the dew-
point differences (i.e., boundary layer), which results in the
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lower troposphere being slightly closer to saturation especially
above the boundary layer. In particular, the strongest statistical
differences (at the 95% confidence interval) are located
within the first 3km of the surface, with a maximum de-
crease in temperature of —2.8°C and reduction in dewpoint
of —2.4°C. Compared to the downshear-right quadrant, the
three remaining VWS-relative quadrants show decreasing
temperature and dewpoint throughout the entire tropo-
sphere with increasing distance inland, with the largest
cooling occurring between oceanic to coastal environ-
ments. Median values of surface temperature changes are
approximately —(5.0-3.7)°C, while median dewpoint changes
are maximized in the midtroposphere (=-10.6°C) be-
tween oceanic to inland environments especially in the
upshear half of the TC in the latter case. Both of these sets
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calculations.
of changes are statistically different at the 95% confidence strongly interact with continental baroclinic zones. This baro-
interval. clinic zone interaction yields the cyclonic advection and lateral
The TC-relative asymmetries that develop in convective- entrainment of cool, dry air into the upshea_r quadrants, and
scale thermodynamic environments with increasing distance warm, moist air into the downshear quadrants (Zawislak et al.
from the coast may be due to the following: 2016; Nguyen et al. 2017).
e Interaction between TC and baroclinic zone: Inland convective-  ® Greater distance from ocean: The downshear-right quadrant
scale environments are associated with TCs that may more typically partially overlaps with the southeast quadrant, which has
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the most direct access to warm, moist onshore flow. In contrast,
the remaining quadrants typically have cooler, drier continental
air sources (Corbosiero and Molinari 2003; Schenkel et al. 2020).
Cyclonic advection of convective downdrafts: Convection
strengthens in the downshear-right quadrant with increas-
ing VWS, which produces stronger downdrafts that are
cyclonically advected into the remaining three quadrants
resulting in enhanced near-surface cooling and drying in the
TC outer region (J. A. Zhang et al. 2013; DeHart et al. 2014).
Without being offset by ocean surface fluxes, this cooling and
drying are larger with increasing distance from the coast.

Each of these factors is plausible, but their importance is
challenging to quantify using the observations studied here,
necessitating a future modeling assessment.

Together, this study suggests a more nuanced response of
convective-scale environments with increasing distance from
the coast than suggested in prior work (McCaul 1991; Baker
et al. 2009)—namely a strong dependence on VWS magnitude.
In particular, the downshear-right quadrant of strongly sheared
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TCs is most kinematically and thermodynamically favorable for
tornadoes and becomes even more kinematically supportive in
inland environments despite TC intensity being weaker. In
contrast, the remaining three quadrants in strongly sheared TCs,
and all four quadrants, in both weakly and moderately sheared
TCs, typically are less supportive of tornadoes. More generally,
these results are consistent with the preference for tornadoes to
transition from occurring in both downshear quadrants within all
VWS regimes at the coast to within the downshear-right quad-
rant of strongly sheared TCs in inland environments. However,
additional work is necessary to examine the environments as-
sociated with inner-core tornadoes occurring primarily in the
downshear half of the TC, since the strong rotational inner-core
winds preclude the analysis of dropsondes and radiosondes.

4. Summary and discussion

The present study analyzes how the response of TC tornado
frequency and location, and convective-scale environments in
coastal versus inland environments changes in response to
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FI1G. 20. Composite median skew 7-logp thermodynamic diagrams showing temperature (solid line), dewpoint
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1000-700-hPa composite median temperature and dewpoint.

ambient deep-tropospheric (i.e., 850-200-hPa) vertical wind
shear (VWS). To accomplish this, we first stratified multi-
decadal tornado, dropsonde, and radiosonde data according to
their distance from the coast. We further separated these data
by reanalysis-derived VWS magnitude used to define weakly,
moderately, and strongly sheared environments. We then
analyzed how the frequency and location of TC tornadoes
varied among these nine combinations of coastal and VWS
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regimes. To provide greater physical insight into these re-
sults, dropsondes and radiosondes were then used to diag-
nose the associated changes in convective-scale kinematic
and thermodynamic environments.

This study shows that coastal tornadoes occur regardless of
the VWS regime, with strongly sheared TCs most frequently
producing tornadoes—including the most damaging ones.
Moreover, the majority of inland tornadoes, especially more
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damaging tornadoes, are produced by strongly sheared TCs.
These inland tornadoes typically occur further poleward in
association with strongly sheared TCs. With regards to their
cyclone-relative location, coastal tornadoes primarily occur in
the downshear sector most often with strongly sheared TCs. As
the distance from the coast increases, tornadoes primarily oc-
cur in the outer region of the downshear-right quadrant in
strongly sheared TCs.

Analysis of the convective-scale kinematic environ-
ments from radiosonde and dropsondes show that tornadic
supercells are most strongly favored in the downshear-
right quadrant of strongly sheared TCs—regardless of
distance from the coast. Further analysis also suggests
that coastal tornadoes are most strongly favored in the
downshear-right quadrant of intense and/or large TCs in
strong VWS. Moreover, as the distance from the coast in-
creases, the downshear-right quadrant in strongly sheared
TCs more distinctly favors tornadoes due to the stronger
veering of the ambient winds and unexpectedly small
changes in the TC outer winds, which constructively su-
perimpose with one another. This former factor may favor
tornadoes within a broader range of TC intensities and
outer sizes. In contrast, both the remaining VWS-relative
quadrants in strongly sheared TCs and all quadrants in
weakly and moderately sheared TCs typically support
tornadoes less.

Examination of convective-scale thermodynamic environ-
ments suggests that the downshear-right quadrant is consistently
most favorable for tornadic supercells without consideration for
the VWS regime or coastal location. While the remaining three
VWS-relative quadrants in strongly sheared TCs thermody-
namically support tornadoes at the coast, these quadrants be-
come less favorable inland. Moderately sheared TCs show
similar relationships, although the decreases in CAPE with in-
creasing inland distance are more muted. In contrast, weakly
sheared TCs are characterized by favorable tornadic supercell
environments in each VWS-relative quadrant within all combi-
nations of coastal and VWS regimes.

Together, these results suggest that the downshear-right
quadrant of strongly sheared TCs is most favorable for torna-
does at the coast, and becomes increasingly favorable with
greater distance inland. These favorable convective-scale en-
vironments may be due to a combination of vector superposi-
tion between the ambient and TC winds, and slow weakening
of the TC outer winds after landfall. Building upon Schenkel
et al. (2020), these results can be leveraged by forecasters to
better identify:

¢ which TCs will potentially produce large numbers of torna-
does both at the coast and in inland environments;

e how TC-relative tornado location will change as the TC
moves inland; and

¢ changes in convective-scale environments and convection as
TCs move into inland environments.

Such guidance is critical given the multihazard threats as-
sociated with landfalling TCs, and the lower skill of tornado
watches and warnings at all lead times compared to Great
Plains supercells (Edwards 2012; Martinaitis 2017). However,
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further work is necessary to investigate the inner-core envi-
ronments in strongly sheared TCs, which is unable to be in-
vestigated by radiosondes and dropsondes due to their rapid
cyclonic advection by the strong inner-core winds. Moreover,
the small sample size of radiosondes, especially in inland
environments, precluded examining the radial variation in
convective-scale environments, which also merits further in-
vestigation. Finally, future work should focus on how vari-
ability in the lower-tropospheric structure of VWS may
impact tornado frequency and location given its importance
to TC tornado production (McCaul 1991; Baker et al. 2009).
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