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ABSTRACT

The cyclone-relative location and variability in the number of tornadoes among tropical cyclones

(TCs) are not completely understood. A key understudied factor that may improve our understanding is

ambient (i.e., synoptic-scale) deep-tropospheric (i.e., 850–200-hPa) vertical wind shear (VWS), which

impacts both the symmetry and strength of deep convection in TCs. This study conducts a climatological

analysis of VWS impacts upon tornadoes in TCs from 1995 to 2018, using observed TC and tornado data

together with radiosondes. TC tornadoes were classified by objectively defined VWS categories, de-

rived from reanalyses, to quantify the sensitivity of tornado frequency, location, and their environments

to VWS. The analysis shows that stronger VWS is associated with enhanced rates of tornado

production—especially more damaging ones. Tornadoes also become localized to the downshear half

of the TC as VWS strengthens, with tornado location in strongly sheared TCs transitioning from the

downshear-left quadrant in the TC inner core to the downshear-right quadrant in the TC outer region.

Analysis of radiosondes shows that the downshear-right quadrant in strongly sheared TCs is most frequently

associated with sufficiently strong near-surface speed shear and veering aloft, and lower-tropospheric ther-

modynamic instability for tornadoes. These supportive kinematic environments may be due to the con-

structive superposition of the ambient and TC winds, and the VWS-induced downshear enhancement of the

TC circulation among other factors. Together, this work provides a basis for improving forecasts of TC

tornado frequency and location.

1. Introduction

Tornadoes often occur in landfalling tropical cyclones

(TCs), compounding the damage caused by other haz-

ards [e.g., flooding from Hurricanes Harvey (2017) and

Florence (2018); Blake and Zelinsky 2018; Stewart and

Berg 2019]. The fundamental characteristics of tor-

nadoes in landfalling TCs have been well studied.

Specifically,;93% of TC tornadoes have damage rated

between enhanced Fujita (EF) or Fujita (F) scale ratings

of EF/F0–1, compared to ;90% of non-TC tornadoes

(Edwards 2010, 2012). Supercells, which are frequently

classified as ‘‘miniature,’’ produce 88% of TC tornadoes

(Edwards et al. 2012). These miniature supercells are

dynamically and visually similar to Great Plains super-

cells, but are typically characterized by weaker re-

flectivities and rotational velocities (,15ms21), smaller

mesocyclone diameters (,7 km), shallower updrafts

(,10km), and shorter life times (i.e., ,2 h; Spratt et al.

1997; McCaul and Weisman 1996; Markowski and

Straka 2000; Suzuki et al. 2000; Eastin and Link 2009;

Edwards et al. 2012). Most of these miniature supercells

occur in the rainbands of the northeastern quadrant of

landfalling TCs during the day (Novlan and Gray 1974;

McCaul 1991; Schultz and Cecil 2009; Edwards 2012).
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Moreover, ;45% of tornadoes in landfalling TCs occur

within 50km of the coast, with numbers rapidly de-

creasing with increasing coastal distance (McCaul 1991;

Schultz and Cecil 2009; Edwards 2012). There is also

large variability in the number of tornadoes among

TCs with similar landfall locations and intensities, as

exemplified by Hurricanes Ivan (2004) and Dennis

(2005) shown in Fig. 1 (McCaul 1991; Baker et al. 2009;

Edwards 2012).

Despite this prior work, our physical understanding of

these aforementioned TC tornado characteristics re-

mains incomplete. One understudied factor that may

bridge these knowledge gaps is ambient (i.e., synoptic-

scale) deep-tropospheric (i.e., 850–200-hPa) vertical

wind shear (VWS; hereafter, VWS will refer to ambient

deep-tropospheric values, as opposed to mid- or lower-

tropospheric values), which has previously been hy-

pothesized to impact tornado occurrence and location

(McCaul 1991; Verbout et al. 2007; Green et al. 2011;

Edwards 2012). Prior studies have shown that VWS is a

dominant factor influencing convective symmetry and

strength in TCs, both pre- and postlandfall (Corbosiero

and Molinari 2002; Chen et al. 2006; Reasor et al. 2013).

Moreover, previous research suggested that strong VWS

is more frequently associated with favorable kine-

matic and thermodynamic environments for torna-

does (McCaul 1991; Molinari and Vollaro 2008, 2010;

Molinari et al. 2012). Hence, the present study will

analyze the relationship of VWS with TC tornadoes

and their associated convective-scale environments.

TC tornadoes and their attendant supercells typically

occur within environments characterized by modest

thermodynamic instability and strong vertical wind

shear (including directional shear) confined to the lower

troposphere (McCaul 1991; McCaul andWeisman 1996,

2001). These favorable conditions allow for convective

updrafts to efficiently tilt horizontal streamwise vor-

ticity (i.e., horizontal vorticity parallel to flow) into

the vertical, and stretch this newly created vertical

vorticity yielding supercellular convection (Davies-

Jones 1984; Wu et al. 1992; Droegemeier et al. 1993;

McCaul and Weisman 1996). Several factors have

been hypothesized to explain the existence of these

environments:

1) The TC wind field veers and strengthens with

height in the boundary layer due to friction, and

veers and weakens with height above the boundary

layer in association with TC warm-core structure,

yielding favorable kinematic environments espe-

cially before the postlandfall weakening of the

TC (Novlan and Gray 1974; Gentry 1983; Powell

et al. 2003);

2) The convergent and cyclonic lower-tropospheric

circulation of the TC may enhance frontogenesis

associated with baroclinic boundaries (e.g., coastal

fronts), providing a mesoscale source of lift, lower-

tropospheric veering of the winds, and thermody-

namic instability needed for tornadoes (Bosart and

Dean 1991; Knupp et al. 2006; Green et al. 2011);

3) Continental, midtropospheric dry air intrusions into

the TC may lead to evaporative cooling, stronger

FIG. 1. Map view of tornado occurrence (red triangles), International

Best Track Archive for Climate Stewardship (IBTrACS) TC track

and intensity classification (e.g., colored by line segment; Knapp

et al. 2010) for Hurricanes (a) Ivan (2004) and (b) Dennis (2005).

The numbers within the boxes represent the number of tornadoes

within 63 h of each IBTrACS TC time (connected via black line).
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surface diabatic heating associated with convective

suppression, and, ultimately, enhanced thermody-

namic instability on the eastern half of the TC, where

horizontal relative humidity gradients are strongest

(Novlan and Gray 1974; McCaul 1987; Curtis 2004);

4) Diurnal surface heating may enhance thermody-

namic instability over land in the more convectively

sparse TC outer region or strengthen baroclinic

boundaries near TCs due to horizontal cloud cover

gradients (Knupp et al. 2006; Baker et al. 2009;

Green et al. 2011).

While these factors play a role in tornado development

in TCs, they likely do not fully explain why some TCs

produce dozens of tornadoes and others produce very

few (Fig. 1), and why tornadoes mostly occur in the

northeastern quadrant of the TC—especially in inland

environments.

One additional factor hypothesized to increase the

potential for tornadoes in landfalling TCs is VWS, which

has yet to be investigated for a large sample of cases

(McCaul 1991; Verbout et al. 2007; Green et al. 2011;

Edwards 2012). When VWS is moderate or strong, its

impact on TC winds and convection is dominant over

TC motion (Corbosiero and Molinari 2003; Chen et al.

2006; Abarca et al. 2011; Reasor et al. 2013), which does

not strongly impact tornado frequency or location

(McCaul 1991). Indeed, landfalling TCs often encounter

strong VWS and produce tornado outbreaks during re-

curvature into the midlatitudes, typically in association

with a trough embedded in the subtropical or polar jet

(McCaul 1991; Corbosiero and Molinari 2003; Verbout

et al. 2007; Edwards 2012). The 850–200-hPa layer is

particularly relevant to TCs and their deep convection

for several reasons: 1) the circulation and inner-core

convection of a mature TC typically extend throughout

the troposphere and, thus, are strongly impacted by

vertical wind shear in this layer (Hawkins and Rubsam

1968; Frank 1977; Marks et al. 1992; Corbosiero and

Molinari 2002), 2) TC intensity is typically strongly

influenced by vertical wind shear within this layer

(DeMaria and Kaplan 1994; Kaplan and DeMaria 2003;

DeMaria et al. 2005; Kaplan et al. 2010), and 3) the

vertical wind shear that TCs typically encounter is

largest in the mid- to upper troposphere, in associa-

tion with an upper-tropospheric trough (Frank 1982;

Finocchio and Majumdar 2017; Rios-Berrios and

Torn 2017).

Figure 2 shows a schematic demonstrating how weak

(e.g.,,;5ms21) versus strong (e.g.,.;10ms21) VWS

impacts the convective and wind field structure, and

associated convective-scale kinematic and thermody-

namic environments in TCs (Jones 1995; Frank and

Ritchie 1999; Corbosiero and Molinari 2002; Rios-

Berrios and Torn 2017). TCs in weak VWS are vertically

upright with a thermally direct secondary circulation

(i.e., lower-tropospheric radial inflow, ascent at TC

center, and upper-tropospheric radial outflow) that is

approximately in thermal wind balance for steady-state

TCs (Fig. 2a). In contrast, strongly sheared TCs are in-

creasingly tilted with height in the direction of the VWS

vector (i.e., downshear) due to differential advection by

the ambient wind (Fig. 2b). This downshear tilting of the

TC yields increasing cyclonic vorticity advection with

height, compensating ascent, and an enhanced second-

ary circulation (Fig. 2b) in the downshear half of the TC

as an adiabatically balanced response attempting to re-

store thermal wind balance (Raymond 1992; Jones 1995;

Frank and Ritchie 1999; Reasor et al. 2004). Conversely,

descent and deceleration of the TC secondary circula-

tion occurs in the upshear half of the TC (Franklin et al.

1993; Frank andRitchie 1999; Black et al. 2002;Molinari

and Vollaro 2008). Perhaps most importantly, the en-

hancement of the TC secondary circulation downshear

to a given VWS magnitude varies as a function of TC

intensity, size, and latitude (Jones 1995; DeMaria 1996;

Reasor et al. 2004; Reasor andMontgomery 2015). Each

of these three aforementioned factors is also weakly

correlated with one another (Merrill 1984; Chavas and

Emanuel 2010; Chavas et al. 2016), suggesting that the

response of the TC to a given magnitude of VWS varies

depending on the structural characteristics of each cy-

clone. Stronger VWS is also associated with reduced

intensification rates suggesting that the TC secondary

circulation response to VWS may change over time

(DeMaria 1996; DeMaria et al. 2005; Kaplan and

DeMaria 2003).

Rather than simply being found downshear, the azi-

muthal location of the strongest ascent and deepest

convection in moderately and strongly sheared cases

varies with distance from the TC center. In the strongly

convecting TC inner core, the lower half of the tilted

TC circulation penetrates the upper half of the tropo-

sphere and cyclonically advects the upper portion of the

TC to the left of the VWS vector in the downshear half

of the TC (i.e., downshear left; Frank and Ritchie 1999).

Hence, the strongest ascent and convection is also lo-

cated downshear left in the TC inner core (e.g., Fig. 2d;

Corbosiero and Molinari 2002, 2003; Chen et al. 2006;

Stevenson et al. 2018). In contrast, the more con-

vectively sparse TC outer region is associated with its

strongest ascent and convection downshear and to the

right of the VWS vector (i.e., downshear right; Fig. 2d;

Corbosiero and Molinari 2002, 2003; Chen et al. 2006;

Stevenson et al. 2016). This occurs in response to the

adiabatic generation of a negative potential temperature
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FIG. 2. Schematic showing response of TC to (left) weak vs (right) strong VWS in-

cluding (a),(b) vertical cross sections of the TC secondary circulation response; (c),(d)

plan view plots of deep convection location; (e),(f) plan view plots of the wind direction

and magnitude (vector length) associated with the TC and its ambient environment; and

(g),(h) plan view plots of the deformation of a baroclinic zone associated with weak and
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anomaly downshear due to the VWS-induced enhanced

ascent from the tilting of the TC, which causes parcels

entering the downshear-right quadrant to isentropically

ascend as they are cyclonically advected into this nega-

tive potential temperature anomaly (Jones 1995).

In addition to deep convection, favorable tornadic

environments also occur in the downshear quadrants

(Molinari and Vollaro 2008, 2010; Green et al. 2011)

likely due to:

d TC secondary circulation asymmetries: Enhanced sec-

ondary circulation in the downshear half of the TC due

to VWS yielding increased veering, and enhanced

ascent, which moistens the troposphere (Figs. 2b,f;

Franklin et al. 1993; Black et al. 2002; Molinari and

Vollaro 2008);
d Vector superposition: Constructive superposition be-

tween veering of the ambient and TC winds that most

strongly occurs in the downshear-right quadrant en-

hances the lower-tropospheric veering of the total

wind field (i.e., environment plus TC) and nonlinearly

increases its convective cell-relative helicity as VWS

increases, all else being equal (Fig. 2f; Molinari and

Vollaro 2008, 2010; Gu et al. 2018);
d Baroclinic zone interaction: Thermal wind balance

suggests that strong VWS is associated with ambient

baroclinicity, which is advected by the cyclonic circu-

lation of the TC to yield moister, warmer air on its

downshear half (Fig. 2h), especially during extratropical

transition (i.e., ;50% of landfalling TCs eventually

undergo transition; Jones 1995; Klein et al. 2000;

Ritchie and Elsberry 2001; Hart and Evans 2001).

Additionally, any ambient source of cool, dry air (e.g.,

midtropospheric equivalent potential temperature

minimum in tropics) can be efficiently fluxed into the

downshear half of the TC inner core bymesoscale eddies

that are generated by VWS-induced enhanced convec-

tion (Simpson and Riehl 1958; Tang and Emanuel 2010,

2012). In contrast to the downshear half of the TC, the

upshear half of the TC is characterized by subsidence

(and tropospheric drying) from the VWS-induced sup-

pression of the TC secondary circulation, suppressed

veering of the total wind field, and entrainment of drier,

cooler ambient air from the ambient baroclinic zone.

Moreover, the upshear dry anomalies in the lower tro-

posphere have also been hypothesized to be from the

cyclonic advection of convective downdrafts from en-

hanced convection in the downshear half of the TC

(Riemer et al. 2010; Reasor et al. 2013; Zhang et al. 2013;

DeHart et al. 2014). Together, these conditions yield

unfavorable conditions for tornadoes in the upshear half

of the TC (Figs. 2a,c,e,g). Finally, these favorable con-

ditions for tornadoes in the downshear half of strongly

sheared TCs are more favorable than those typically

found in weakly sheared TCs (Molinari and Vollaro

2008, 2010).

The response of the TC to VWS from prior work

suggests that the largest number of tornadoes should

occur in the downshear quadrants of strongly sheared

TCs. To investigate this hypothesis, the present study

conducts a statistical climatological analysis of VWS

impacts upon the frequency, location, and convective-

scale environments of tornadoes in TCs.We hypothesize

that moderate-to-strong VWS influences both the fre-

quency and location of tornadoes in TCs by providing

both favorable kinematic and thermodynamic environ-

ments. We will use 24 years (1995–2018) of observed

U.S. tornado and TC data together with reanalysis-

derived VWS data to statistically analyze the relation-

ship between tornado location and frequency with the

magnitude and direction ofVWS, similar to prior studies

of deep convection (Corbosiero and Molinari 2002,

2003; Abarca et al. 2011). We will further provide

physical insight into our results by analyzing convective-

scale kinematic and thermodynamic environments using

thousands of radiosondes in TCs. In particular, this

study will address the following questions motivated by

prior work:

d Is stronger VWS associated with greater numbers of

tornadoes in TCs?
d Does VWS impact tornado location in landfal-

ling TCs?
d Does VWS create favorable kinematic and thermo-

dynamic environments for TC tornadoes?

2. Data and methods

a. TC and tornado data

The location, date, and damage ratings of tornadoes

during landfalling TCs are obtained from the Storm

Prediction Center (SPC) TC tornado dataset (TCTOR;

 
strong VWS as shown in prior work (Jones 1995; Frank and Ritchie 1999; Molinari and

Vollaro 2008, 2010). The total wind field vectors (i.e., ambient plus TC) are not shown in

(e) and (f), which instead show their subcomponents consisting of the ambient (black

vectors) and the TC (blue vectors) winds plotted separately.
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Edwards 2010). TCTOR spans from 1995 to 2018,

which covers the period of enhanced tornado detection

associated with the introduction of WSR-88D radars and

the implementation of modern tornado warning and veri-

fication practices (Spratt et al. 1997; Edwards 2010). Each

tornado report in TCTOR is subjectively analyzed from

the full SPC tornado database to confirm its association

with a TC using surface and upper air maps, archived

satellite data, and radar data (Edwards 2010). Our

analysis focuses on ambient conditions for each tornado

and 6-h tornado frequency rather than tornado pro-

duction over the entire lifetime of each TC since: 1) TC

track data are reported at 6-h increments (Knapp et al.

2010) and 2) convective-scale environments in TCs can

change rapidly over sub 6-h time periods due to changes

in VWS (Rios-Berrios et al. 2016a,b; Nguyen et al. 2017;

Ryglicki et al. 2018), and land interaction (Emanuel

1986; Kaplan and DeMaria 1995; DeMaria et al. 2005).

TC data from 1995 to 2018 are obtained from the

National Hurricane Center as provided in version 4,

revision 0 of the International Best Track Archive for

Climate Stewardship (IBTrACS; Knapp et al. 2010). We

consider a TC as capable of producing a tornado for a

given 6-h time if the TC is classified as tropical (i.e., not

subtropical or extratropical), and it occurs within 750 km

of the U.S. coast. A 750-km distance is chosen for con-

sistency with the radius from the TC over which nearly

all (.99%) tornadoes occur (Pearson and Sadowski

1965; Novlan and Gray 1974; Schultz and Cecil 2009;

Edwards 2010). For each tornado, TC track data are

temporally interpolated to the time of tornado start

using a piecewise cubic Hermite polynomial, which

eliminates overestimates that can occur during spline

interpolation (Chavas et al. 2016; Schenkel et al. 2017).

b. VWS data

The 6-h 0.258 3 0.258 European Centre for

Medium-Range Weather Forecasts (ECMWF) fifth-

generation reanalysis (ERA5) available from 1980 to

2018 (Hersbach et al. 2020) is used to calculate VWS.

Prior studies have shown that reanalysis TC track, outer

size and structure, and their environment are well

represented, especially near observation-dense areas

like the continental United States (Schenkel and Hart

2012;Murakami 2014; Hodges et al. 2017; Schenkel et al.

2017). Moreover, reanalyses have also been extensively

used to calculate VWS for TCs in prior work (Tang and

Emanuel 2012; Tang and Camargo 2014; Finocchio and

Majumdar 2017; Rios-Berrios and Torn 2017).

VWS is calculated by computing the areal-averaged

850–200-hPa vertical wind shear (with the TC wind field

removed) for each 6-h IBTrACS data point in three

steps (Davis et al. 2008; Galarneau and Davis 2013;

Rios-Berrios and Torn 2017): 1) computing the irrota-

tional and nondivergent wind components associated

with the TC by solving the Poisson equation for

streamfunction and velocity potential, using homoge-

neous boundary conditions within a 500-km radius from

the TC center at 850 and 200 hPa, 2) subtracting the ir-

rotational and nondivergent components of the TC from

the total wind field at each pressure level, and 3) sub-

tracting the 850-hPa wind vectors from those at 200hPa

to compute the vertical wind shear, and average the

resulting shear within a 500-km radius from the TC

center. A 500-km radius is chosen due to its use in prior

analyses of VWS impacts on TCs (Corbosiero and

Molinari 2002, 2003; Galarneau and Davis 2013; Rios-

Berrios and Torn 2017), its consistency with the ap-

proximate median size of the TC outer wind field

(Chavas andEmanuel 2010; Chavas et al. 2016; Schenkel

et al. 2017, 2018), and due to the majority of tornadoes

being located within 500 km of the TC center (Novlan

and Gray 1974; Schultz and Cecil 2009; Edwards 2012).

We then temporally interpolate VWS for the 6-h

IBTrACS TC data to the time of tornado occurrence

using a piecewise cubic Hermite polynomial. VWS for

each TC is classified into three categories based upon

terciles of VWS distribution that includes all Atlantic

TCs similar to prior work (Rios-Berrios and Torn 2017;

Ditchek et al. 2019):

1) Strong (upper 33rd percentile): .11.2m s21;

2) Moderate (middle 33rd percentile): 6.7–11.2m s21;

3) Weak (bottom 33rd percentile): ,6.7m s21.

These categories are coincidentally similar to previ-

ously chosen empirical thresholds shown to impact deep

convection in TCs (Corbosiero and Molinari 2002, 2003;

Molinari and Vollaro 2008). Table 1 shows the number

of tornadoes and associated uniquely named TCs in

each VWS regime.

c. Radiosonde data

We compute severe convective weather kinematic

and thermodynamic metrics from radiosonde data to

diagnose the environmental favorability for tornadoes

in TCs. These soundings are not tornado proximity

soundings. Very few proximity soundings (Potvin et al.

2010; Edwards and Thompson 2012) exist due to the

challenges of observing the short life cycle of TC tor-

nadoes (Spratt et al. 1997; McCaul and Weisman 1996;

Eastin and Link 2009) and the dangers posed by other

landfalling TC hazards. Rather this analysis examines a

large sample of radiosondes to statistically analyze

whether interactions between VWS and the TC may

support tornadic environments. Radiosondes are taken

from the National Oceanographic and Atmospheric
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Administration (NOAA) Integrated Global Radiosonde

Archive (IGRA), version 2, which is a global, multi-

decadal radiosonde archive (Durre et al. 2006). The

IGRA uses several tests to check the physical and in-

ternal consistency of radiosondes. To ensure each ra-

diosonde has sufficient data, we exclude the soundings

if wind, temperature, or moisture data are missing

(Molinari andVollaro 2008, 2010): 1) within 200m of the

surface or 2) over a layer$1 km below a height of 8 km.

Radiosondes launched within 75km of the TC center

are also excluded, to remove soundings with large

cyclone-relative azimuthal displacements due to advec-

tion by the TC circulation, since the vertical profiles

do not represent a single, local column (Molinari and

Vollaro 2010).We also only consider radiosondes within

750km of the TC center, to be consistent with the radius

of most frequent tornado occurrence (e.g., Schultz and

Cecil 2009). These criteria leave us with 8001 radio-

sondes in 222 Atlantic TCs from 1995 to 2018 within the

United States, Central America, and the Caribbean.

Table 2 shows the number of radiosondes and uniquely

named TCs sampled in each VWS regime. The VWS-

relative locations of radiosondes for strongly, moder-

ately, and weakly sheared TCs are shown in Fig. 3.

To quantify the kinematic environmental favorability

for tornadoes in TCs, we compute 0–3- and 0–1-km con-

vective cell-relative helicity from radiosondes (Davies 1990):

SREH5

ðh
0

�
(v2 c) �

�
k3

›v

›z

��
dz , (1)

where v is the measured wind vector, c represents the

convective cell motion vector, and h is the layer depth

(i.e., 3 or 1 km). In a Cartesian coordinate, the horizontal

variation in the curvature of the wind field artificially

contributes to the helicity measured by radiosondes as

they are cyclonically advected around the TC, which can

inflate helicity by 5%–8% (Yamei and Rongsheng 2003;

Molinari and Vollaro 2008, 2010). However, like prior

radiosonde analyses of TC tornadoes, we acknowl-

edge and retain these uncertainties as the absence of

geolocation data at every level precludes their re-

moval (McCaul 1987, 1991; Baker et al. 2009).

Both 0–3- and 0–1-km layers are examined since

enhanced lower-tropospheric helicity primarily con-

centrated near the surface is useful in discriminating

between tornadic andnontornadic convection (Rasmussen

2003; Markowski et al. 2003; Thompson et al. 2003).

Convective cell motion is computed using the method of

Bunkers et al. (2000) with a modification similar to

Ramsay and Doswell (2005), used in the absence of cell

motion from radar data. This method computes the

convective-cell motion as being equal to the pressure-

weighted mean wind between 0 and 8km, with the addi-

tion of a component with a magnitude of 7.5 ms21 that is

908 clockwise to the 0–6-km layer vertical wind shear

vector direction calculated from radiosondes (Ramsay and

Doswell 2005). Our analysis also presents composite me-

dian TC-relative tangential and radial winds, and hodo-

graphs computed from the radiosondes and reanalyses,

which are transformed into a vertical coordinate that ac-

counts for surface elevation differences among radiosonde

sites (Gal-Chen and Somerville 1975; Parker 2014):

z*5H
z2 z

sfc

H2 z
sfc

, (2)

where H is the tropopause height assumed to be 12km

and zsfc is the sounding station altitude. All heights on

the right-hand side are above mean sea level. All ra-

diosondes are vertically interpolated to this coordinate

with a 100-m interval using a piecewise cubic Hermite

polynomial. Similar to helicity, lower-tropospheric TC-

relative radial and tangential winds may also contain

errors that cannot be removed due to the absence of

geolocation data at every vertical level (not shown), al-

though these errors are likely below the instrument preci-

sion and absolute accuracy (e.g., Hock and Franklin 1999).

The thermodynamic environmental favorability for

tornadoes in TCs is analyzed using 0–3-km convective

available potential energy (CAPE) and median skew

T–logp diagrams computed from radiosonde data.

We assume a 200-m mixed layer for CAPE calcula-

tions similar to the recommendations for tropical

deep convection and TCs (Romps and Kuang 2011;

Molinari et al. 2012). Both lower-tropospheric kine-

matic and thermodynamic parameters are computed

because 1) buoyancy and wind are maximized in the

lower troposphere for convective-scale environments in

TCs (McCaul 1991; Molinari and Vollaro 2008; Baker

et al. 2009) and 2) tornadic supercells are shallower in

TCs compared to the Great Plains (Spratt et al. 1997;

McCaul and Weisman 1996; Baker et al. 2009; Eastin

and Link 2009).

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 each VWS regime

such that the sum of the number of TCs in the strong, moderate,

and weak VWS categories does not equal the number in the all

VWS category.

No. of tornadoes No. of TCs

All VWS 1275 86

Strong VWS 685 61

Moderate VWS 378 51

Weak VWS 212 31
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d. Statistical significance methodology

To objectively determine the differences between

two distributions, we use a 1000-sample bootstrap ap-

proach, with replacement, for a two-tailed test at the

95% confidence interval, to determine the differences

between their medians. We also employ a 1000-sample

bootstrap approach to determine whether Pearson corre-

lation coefficients are statistically different from 0 by

randomly resampling the distribution 1000 times, com-

puting a correlation coefficient for each distribution it-

eration, and comparing the 95% confidence interval of

the resulting correlation coefficient distribution. In the

interest of brevity, we will state that two distributions

exhibit statistically significant differences from one an-

other if the test criterion is satisfied at the 95% confi-

dence interval, rather than stating the p values each

time. Statistical significance testing is used to quantify

differences in kinematic and thermodynamic quantities

from radiosondes, and differences in VWS between TCs

with differing 6-h tornado production.

3. Analysis and results

a. Tornado number and damage category

A comparison of tornado number in each damage

category stratified by strong, moderate, and weak VWS

(Fig. 4) shows that, regardless of their damage cate-

gory, the largest fraction of tornadoes occur in strongly

sheared TCs. Specifically, 54% of all tornadoes occur in

strongly sheared TCs compared to only 30% and 16% of

tornadoes in moderately and weakly sheared TCs, re-

spectively. Strongly sheared TCs also produce a larger

fraction of more damaging tornadoes, including 80% of

EF21/F21 and 63% of EF1/F1 cases compared to 47%

of EF0/F0.

TABLE 2. Number of radiosondes and uniquely named TCs

sampled by radiosondes in all cases and those in strong, moderate,

and weak VWS. The same TC may be sampled by multiple ra-

diosondes such that the number of TCs sampled by radiosondes in

strong, moderate, and weak VWS will not equal the number in the

all VWS category.

No. of

radiosondes

No. of TCs sampled

by radiosondes

All VWS 8001 222

Strong VWS 2889 160

Moderate VWS 3172 165

Weak VWS 1940 117

FIG. 3. Plan view plot of the radiosonde lo-

cation (Ntornadoes; shaded squares) for TCs in

(a) strong, (b) moderate, and (c) weak VWS.

Radiosondes have been rotated around the

TC center such that the VWS vector (red ar-

row) at the time of radiosonde launch is

pointing to the right on the figure. The boxed

numbers show the total number of radio-

sondes in each octant.
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The larger fraction of tornadoes that occur in strongly

sheared TCs is due to enhanced tornado production,

especially higher-end tornado events, rather than TCs

occurring more often in strongly sheared environments.

To demonstrate this, the percentage of tornadoes per

6 h for TCs, stratified by VWS category, is shown in

Fig. 5. TCs near the U.S. coast occur in moderate

VWS most frequently (925) compared to either strong

(894) or weak VWS (672), consistent with prior work

(Corbosiero and Molinari 2002, 2003). The larger

number of tornadoes in strongly sheared TCs (Fig. 4) is

due to a greater number of 6-h times with 51 tornadoes

in strongly sheared TCs (58% of all 51 events) com-

pared to either moderately (28%) or weakly (14%)

sheared TCs (Verbout et al. 2007). In contrast, strongly

sheared TCs constitute a similar percentage of 6-h times

with 1–2 (45%) and 3–4 (39%) tornadoes compared to

moderately sheared TCs (38% and 39% for 1–2 and 3–4

tornadoes, respectively), while weakly sheared TCs are

less productive. Considering these results together, 19%

of all 6-h times for strongly sheared TCs are associated

with 11 tornadoes, compared to 14% and 10% of 6-h

times for moderately and weakly sheared TCs.

To show that the association between VWS and

higher-end TC tornado production is not an artifact of

using three VWS bins, Fig. 6a shows distributions of

VWS conditioned on the number of tornadoes per 6 h.

Indeed, the distribution of 51 tornadoes per 6h is shif-

ted toward stronger VWS in comparison to the re-

maining three distributions of 6-h tornado production.

In particular, the difference between the median VWS

values for TCs producing 0 and 51 tornadoes per 6 h

is 3.1m s21, which is statistically different at the 95%

confidence interval, as implied by Verbout et al. (2007).

Stronger VWS is typically associated with enhanced

lower-tropospheric convective-cell relative helicity

(Molinari andVollaro 2008, 2010; Nolan 2011; Onderlinde

and Nolan 2014), which has been identified as one of

several potential discriminants between outbreaks and

nonoutbreaks in both TC and non-TC events (McCaul

1991; Verbout et al. 2007; Shafer et al. 2010;Mercer et al.

2012). Additionally, the whiskers for the 51 tornadoes

per 6 h category also do not extend past 19m s21. This

VWS threshold is typically associated with TC weak-

ening and the disruption of its convective structure

(Paterson et al. 2005; Hendricks et al. 2010). These

results may suggest that VWS between 10 and 19m s21

is an ideal range in which the VWS-induced kinematic

environmental favorability (Molinari and Vollaro

2008, 2010) outweighs the weakening of the TC due

to VWS.

TCs with enhanced 6-h tornado production also tend

to occur in VWS with a stronger southerly component,

as shown in circular histograms (Fig. 6b). Regardless of

6-h tornado production, Fig. 6b shows that 88% of TCs

occur in westerly VWS (Corbosiero and Molinari 2003).

As tornado production increases, the VWS distribution

narrows and becomes more southwesterly, as expected

from Verbout et al. (2007). As an example, the median

values of VWS direction for TCs that produce 0 versus

51 tornadoes per 6 h are 2728 (westerly) and 2428

FIG. 4. Bar plots of tornado damage rating category (enhanced

Fujita or Fujita scale) in TCs stratified by the VWS category. Each

bar plot is expressed as a percentage of the number of tornadoes for

each VWS regime relative to the total number of tornadoes pro-

duced in the given damage rating category. The sample sizes along

the x axis show the total number of tornadoes for each tornado

damage rating category.

FIG. 5. Bar plots of tornado production per 6 h in TCs stratified

by VWS category for a given category of tornado production (%)

for all TCs within 750 km of the U.S. mainland. Each bar plot is

expressed as a percentage of the number of 6-h times for a given

VWS regime relative to the total number of 6-h times for a given

threshold of tornado production. The sample size along the x axis

shows the total number of 6-h times for each tornado production

threshold, while the legend shows the total number of 6-h times in

each VWS regime.
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(southwesterly), respectively, which are statistically

different at the 95% confidence interval.

Together, these results suggest that tornadoes more

frequently occur in TCs embedded in stronger, more

southwesterly VWS. However, too strong of VWS may

be unfavorable. These results imply that variations in

VWS explain 6-h tornado production variability, espe-

cially for higher-end events. However, the occurrence of

tornadoes in weakly sheared TCs also more generally

suggests that VWS is certainly not the sole factor influ-

encing tornado production.

b. Cyclone-relative location of tornadoes

Comparison of tornado location using plan view,VWS-

relative plots in the threeVWS regimes (Figs. 7a,c,e) shows

that tornadoes are increasingly confined to the down-

shear half of TCs as VWS strengthens. Approximately,

76%, 87%, and 97% of tornadoes occur in the down-

shear half in weakly, moderately, and strongly sheared

TCs, consistent with prior work on deep convection

(Corbosiero and Molinari 2002, 2003; Chen et al. 2006).

More specifically, tornadoes primarily cluster in the

two octants directly downshear in TCs within strong

(79%), moderate (72%), and weak (52%) VWS. Similar

plots of tornado locations in a true north coordinate

(Figs. 7b,d,f) show that tornadoes are less strongly

clustered in the northeast quadrant compared to the two

downshear octants in theVWS-relative plots. In strongly

sheared TCs, the VWS-relative location of maximum

tornado frequency is downshear left in the inner core

before transitioning with increasing radius to downshear

right, similar to analyses of deep convection (Corbosiero

and Molinari 2002, 2003; Chen et al. 2006). In contrast,

the radial dependence of azimuthal tornado location

is weaker in the true-north-relative plots, transitioning

from the north-northeast octant to the east-northeast

octant between inner and outer radii, respectively. For

weak or moderate VWS regimes, tornadoes are more

loosely clustered primarily directly downshear at all

radii, while also occasionally occurring in the upshear-

left quadrant, similar to prior work on deep convection

(Corbosiero and Molinari 2002, 2003; Chen et al. 2006).

The results from Fig. 7 are distilled into a single plot

showing tornado location as a function of both VWS

magnitude and VWS-relative sector (Fig. 8). Tornadoes

can occur in any VWS-relative quadrant under weak

VWS, albeit less frequently. In these weakly sheared

regimes, the location of tornadoes may be more strongly

influenced by TC motion, with right-of-motion poten-

tially favored due to constructive superposition

between the TC and its ambient steering flow. This

superposition yields enhanced near-surface frictional

convergence, and longer hodographs associated with

FIG. 6. (a) Bar plot (%) and box-and-whisker plot of 6-h VWS

magnitude (m s21) and (b) circular bar plot (%) of median (filled

circle) and interquartile range (whiskers) of 6-h VWS direction

stratified by 6-h TC tornado production for all TCs within 750 km

of theU.S.mainland. The bar plots are expressed as a percentage of

the number of total observations for each category of 6-h tornado

production. The gray dashed vertical lines in (a) denote the lower

and upper 33rd percentiles of VWS used to define weak, moderate,

and strong VWS. The box plots in (a) display the median (vertical

lines near box center), the 95% confidence interval of the median

calculated from a 1000-sample bootstrap approach with replace-

ment (notches on boxes), the interquartile range (box perimeter;

[q1, q3]), whiskers {horizontal lines extending from box perimeter;

[q1 2 1.5(q3 2 q1), q3 1 1.5(q3 2 q1)]}, and outliers (filled circles).
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larger ground-relative winds (Shapiro 1983; Bender

1997; Frank and Ritchie 1999; Corbosiero and Molinari

2003). However, as VWS increases, tornadoes both oc-

cur more frequently and are increasingly localized to the

downshear half of the TC, including nearly all tornadoes

in strongly sheared regimes. This result suggests the

dominance of strong VWS over other factors (e.g., TC

motion; Corbosiero andMolinari 2003; Chen et al. 2006;

Ueno 2007; Wingo and Cecil 2010).

These results suggest an association between the

VWS-relative sector and VWS magnitude that is con-

sistent with prior studies of deep convection in TCs

(Corbosiero and Molinari 2002, 2003; Chen et al. 2006).

Moreover, VWSmay provide a physical explanation for

FIG. 7. Plan view plot of tornado location (Ntornadoes; shaded squares) for TCs in (a),(b) strong; (c),(d) moderate;

and (e),(f) weak VWS. Tornado reports in (a), (c), and (e) 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. The tornado reports in (b), (d),

and (f) are plotted relative to true north with the red arrow labeled accordingly. The boxed numbers show the total

number of tornadoes in each octant.
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why tornadoes often occur in the northeastern quadrant

of the TC, which is typically the two sectors located di-

rectly downshear. To better understand the association

between VWS and tornadoes, an analysis of convective-

scale data from radiosondes is presented in the next

section.

c. Kinematic environments

The distributions of 0–3-km convective cell-relative

helicity at each radius from the TC center for the three

VWS regimes (Fig. 9) shows the kinematic favorability

for tornadic supercells in TCs. Helicity increases only

in the downshear-right quadrant as VWS strengthens

(Molinari and Vollaro 2008, 2010). In particular, median

0–3-km convective-cell relative helicity values at radii

between 300 and 600km in the downshear-right quadrant

are approximately 2–3 times larger in strongly sheared

TCs than forTCs inweakormoderateVWS,withmedian

values that are statistically different at the 95% confi-

dence interval. Moreover, median helicity values in the

downshear-right quadrant within a 500-km radius of

strongly sheared TCs falls within the range typically

associated with midlatitude tornadic supercells

(i.e., 100–280m2 s22; Rasmussen and Blanchard 1998;

Thompson et al. 2003; Houston and Wilhelmson 2007).

Helicity in the downshear-right quadrant of strongly

sheared TCs is also larger than other VWS-relative

quadrants, generally between 300 and 500km from the

TC center, where median values are statistically different

at the 95% confidence interval. In contrast, weakly

and moderately sheared TCs are associated with me-

dian 0–3-km convective cell-relative helicity that is

generally below the range associated with tornadic

supercells, and reduced asymmetries in helicity among

the VWS-relative quadrants (Molinari and Vollaro

2008, 2010).

The nonlinear dependence of 0–3-km convective cell-

relative helicity upon VWS is shown next (Fig. 10) by

aggregating all radiosondes from TC radii with helicity

shown to be sensitive to VWS (i.e., radius # 500 km)

in each quadrant. In particular, a moderate Pearson

correlation coefficient (R 5 0.46; and statistically dif-

ferent from 0 at the 95% confidence interval) in the

downshear-right quadrant is suggestive of nonlinearity.

More specifically, median helicity only statistically

changes between the transition frommoderate to strong

VWS regimes. As previously mentioned, this nonline-

arity is consistent with 1) constructive superposition of

the ambient and TC winds in the downshear-right

quadrant and 2) VWS-induced enhancement of the TC

secondary circulation downshear. With regards to the

first factor, increased ambient VWS is typically associ-

ated with increased layer-mean winds and horizontal

vorticity (Finocchio and Majumdar 2017; Rios-Berrios

and Torn 2017), which will yield a nonlinear enhance-

ment of helicity given its dependence on both of these

terms [Eq. (1)], even if the TC winds remain unchanged.

However, prior work has shown that TC intensification

rates are also typically reduced as VWS increases

(DeMaria and Kaplan 1994; Kaplan and DeMaria 2003;

DeMaria et al. 2005), which suggests that the helicity of

the TC wind field may simultaneously decrease. For the

second factor, the downshear enhancement of the TC

secondary circulation to a given magnitude of VWS is

nonlinearly dependent on TC intensity, size, and latitude,

suggesting that the response depends on the characteris-

tics of each individual TC (Jones 1995; Reasor et al. 2004;

Reasor and Montgomery 2015). Last, the remaining

VWS-relative quadrants do not show statistical in-

creases in helicity with stronger VWS.

Distributions of 0–1-km convective cell-relative hel-

icity are shown next (Fig. 11) to further distinguish

between tornadic and nontornadic near-surface su-

percell environments. Typically, 0–1-km convective

cell-relative helicity (Fig. 11) is at least ;50% of the

magnitude of 0–3-km helicity (Fig. 9), which is typical of

tornadic supercell environments (Thompson et al. 2003;

Markowski et al. 2003; Rasmussen 2003). Similar to the

0–3-km layer, the downshear-right quadrant of strongly

sheared TCs is the only quadrant with median 0–1-km

helicity well within the range associated with tornadic

supercells at all radii within 700 km of the TC center

(i.e., 33–210m2 s22; Thompson et al. 2003; Rasmussen

FIG. 8. Joint histogram of VWS magnitude (m s21) vs the VWS-

relative sector of tornado location for all tornadoes (shaded

squares;Ntornadoes). The one-dimensional histograms on top and to

the right show VWS magnitude and tornado sector relative to the

VWS direction, respectively. The horizontal black dashed lines

show the boundaries between VWS-relative sectors, and the vertical

gray dashed lines show the boundaries between strong, moderate,

and weak VWS.
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2003; Houston andWilhelmson 2007). Finally, helicity in

the downshear-right quadrant of strongly sheared TCs

is both larger than the helicity in: 1) the downshear-right

quadrant of weakly and moderately sheared TCs and 2)

all three remaining VWS-relative quadrants regardless

of VWS magnitude. This is borne out by statistical dif-

ferences at the 95% confidence interval between the

median values of these distributions.

Composite median hodographs are presented to show

the vertical structure of the convective-scale kinematic

environment with the estimated cell motion denoted

(Fig. 12). The downshear-right quadrant hodograph in

strongly sheared TCs is dominated by strong speed shear

in the lowest 1 km, with directional shear immediately

above that level (Molinari and Vollaro 2008, 2010; Gu

et al. 2018), typical of tornadic supercell environments

(Brown et al. 1973; Markowski et al. 2003; Thompson

et al. 2003). Moreover, winds are strongest throughout

the troposphere in the downshear-right quadrant likely

due to constructive superposition between the TC and

ambient winds and VWS-induced enhancement of the

TC secondary circulation (Jones 1995; Frank and

Ritchie 1999; Molinari and Vollaro 2010). In contrast,

the downshear-left quadrant hodograph has compar-

atively weaker near-surface speed shear in strongly

sheared TCs (Molinari and Vollaro 2010; Gu et al.

2018), while the two upshear quadrants are character-

ized by more marginal speed and directional shear.

Compared to TCs in strong VWS, weakly and mod-

erately sheared TCs (Figs. 12b,c) have shorter, verti-

cally stacked hodographs in each VWS-relative

quadrant. Finally, the increasing hodograph length

above 6 km in the upshear-left and downshear-left

quadrants in stronger VWS regimes, with a southwest-

erly direction (Fig. 6b), implies a stronger westerly jet to

the northwest of the TC (Verbout et al. 2007).

We next decompose the radiosonde data into com-

posite median lower-tropospheric cyclone-relative

FIG. 9. Radial profile of the median (solid lines

and dots) and interquartile range (error bars) for

0–3-km convective cell-relative helicity (m2 s22),

stratified by VWS-relative quadrant for TCs in

(a) strong, (b) moderate, and (c) weak VWS. The

white stars denote median values that are different

from other quadrants at a given radial bin, ac-

cording to a 1000-sample bootstrap test at the 95%

confidence interval. The number of radiosondes in

each quadrant for each radius is shown as bar plots

on the bottom of the x axis.
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radial (Figs. 13a,c,e) and tangential (Figs. 13b,d,f) winds

to examine the role of the VWS-induced enhancement

of the TC primary and secondary circulation downshear

in creating favorable kinematic environments (Molinari

and Vollaro 2008, 2010). Our focus will be centered

on the downshear-right quadrant, given the marginal

changes in the tangential and radial winds for the three

other VWS-relative quadrants as VWS strengthens. In

terms of convective cell-relative helicity sources, the

vertical shear of the tangential wind term is generally

dominant within 500m of the surface, while the vertical

shear of the radial wind term is generally dominant

above this layer (Molinari andVollaro 2008, 2010). Both

the radial and tangential wind in the downshear-right

quadrant approximately double in magnitude throughout

the lower troposphere between weak and strong VWS

regimes, which is statistically different at the 95% confi-

dence interval (Reasor et al. 2013; DeHart et al. 2014;

Rogers et al. 2016; Nguyen et al. 2017). These differences

are not associated with statistical changes in either TC

intensity, outer size, or distance of the radiosonde from the

TC center among the radiosondes in each VWS regime.

Next, we show that the ambient winds, by themselves,

are not a dominant source of kinematically favorable

environments for tornadic supercells. Specifically,

composite median hodographs of the ambient winds

FIG. 10. Scatterplot (green dots) of VWS magnitude (m s21; reanalysis derived) vs 0–3-km convective cell-

relative helicity (m2 s22; radiosonde derived) for all radiosondes within 500 km of the TC center in the (a) upshear

left, (b) downshear left, (c) upshear right, and (d) downshear right. The red solid line, shading, and dashed red lines

denote the median, its 95% confidence interval calculated using a 1000-sample bootstrap approach, and the

interquartile range of helicity separated into 3m s21 VWS bins, respectively. Pearson correlation coefficients and p

values are calculated using a 1000-sample bootstrap approach.
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(i.e., TC removed), from reanalysis data, are shown at

the time of each radiosonde in Fig. 14. All three VWS

regimes are characterized by weak changes in the speed

and, to a lesser extent, angle of the ambient winds in the

lower to midtroposphere, similar to prior work (Nolan

2011; Onderlinde and Nolan 2014; Finocchio and

Majumdar 2017; Rios-Berrios and Torn 2017). In par-

ticular, 0–6-km vertical wind shear is greatest in strongly

sheared TCs with values of 4.9m s21, with much of the

veering confined to the lower to midtroposphere. As an

example, the 0–3-km convective cell-relative helicities

for these hodographs are 26, 16, and 13m2 s22 for strong,

moderate, and weakly sheared TCs, respectively. These

values are typically associated with nonsupercellular

convection (Rasmussen and Blanchard 1998; Thompson

et al. 2003; Houston and Wilhelmson 2007). This mar-

ginal ambient lower-tropospheric helicity further sug-

gests that the ambient winds by themselves cannot

explain the increasing convective-scale helicity with

stronger VWS. Instead, the largest differences between

VWS regimes are concentrated above 6 km, which is

typically at or above the height of TC miniature super-

cells (Spratt et al. 1997; Suzuki et al. 2000; Baker et al.

2009; Eastin and Link 2009). However, the influence of

vertical wind shear above 6 km on tornadic supercells,

and particularly miniature supercells, has been under-

studied compared to below 6km (Rasmussen and Straka

1998; Warren et al. 2017).

Despite the ambient winds being associated with

marginal helicity, constructive superposition of the

ambient winds with the TC winds is a key factor in

creating favorable kinematic environments, particularly

in the downshear-right quadrant. Figure 15 shows plan

view plots of composite median ambient and TC wind

vectors, and bar plots of median 0–3-km convective cell-

relative helicity for the TC, ambient, and total winds.

The helicity of the total winds (red bars) will exceed the

sum of the TC (blue bars) and ambient winds (black

FIG. 11. As in Fig. 9, but for 0–1-km convective cell-

relative helicity (m2 s22).
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bars) when the TC and ambient winds are strongly in

phase (and vice versa) since helicity is the nonlinear

product of the wind field. Consistent with Fig. 2, the TC

and ambient wind vectors are most strongly in phase

in the downshear-right quadrant. Moreover, the TC

winds in the downshear-right quadrant increase as VWS

strengthens partially in association with the VWS-

induced enhancement of the TC secondary circulation.

However, the weaker winds in weakly sheared TCs are

also partially an artifact of the large variability in the

VWS vector direction and, hence, which TC sectors

(e.g., northeast sector) are downshear yielding cancel-

lation between TC winds when composited over a large

number of cases. While the increases in ambient and TC

winds are both associated with enhanced helicity in the

downshear-right quadrant, their combined contribution

nonlinearly enhances the median helicity of the total

wind field to be: 1) 50% larger than the median helicity

associated with the TC wind field and 2) 25% larger

than the helicity of the TC and ambient winds calculated

separately and then added together. Both of these dif-

ferences are statistically different at the 95% confidence

interval. In contrast, the ambient and TC winds in the

upshear-left quadrant are strongly out of phase such that

the helicity of the total wind field is statistically smaller

at the 95% confidence interval than the helicity from the

TC and ambient wind calculated separately, and then

summed together. Last, the ambient and TC winds in

the two remaining quadrants are sufficiently out of phase

such that there is not a nonlinear enhancement of the

helicity associatedwith the total wind field beyond the sum

of TC and ambient wind components.

Together, these results suggest that the downshear-

right quadrant in strongly sheared TCs is most frequently

kinematically favorable for tornadoes potentially in

association with four factors:

FIG. 12. Compositemedian hodograph (m s21)

for radiosondes in each VWS-relative quadrant

for TCs in (a) strong, (b) moderate, and (c) weak

VWS. The convective cell-relative motion is de-

noted by the star. The solid line represents the

compositemedian.Only radiosondes between 75

and 615 km from the TC center are considered

approximately corresponding to the 2.5–97.5

percentile values of the radius of tornado oc-

currence from the TC center.
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FIG. 13. Composite median (solid line) and its 95% confidence interval (shading) of vertical profiles of cyclone-

relative radial wind (m s21) and tangential wind (m s21) computed from radiosondes in each of the VWS-relative

quadrants for TCs in (a),(b) strong; (c),(d) moderate; and (e),(f) weak VWS. Only radiosondes between 75 and

615 km from the TC center are considered approximately corresponding to the 2.5–97.5 percentile values of the

radius of tornado occurrence from the TC center.
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d Constructive superposition of the TC and ambient

winds, which nonlinearly contributes to enhanced hel-

icity (Molinari and Vollaro 2008, 2010; Gu et al. 2018);
d Enhanced TC secondary and primary circulation

downshear in response to VWS (Franklin et al. 1993;

Black et al. 2002; Molinari and Vollaro 2008, 2010);
d Generation of a lower to midtropospheric tangential jet

in the TC rainbands due to vertical momentum transport

by enhanced deep convection, especially in strongly

sheared TCs (i.e., feedback of VWS-induced convective

enhancement;May andHolland 1999; Hence andHouze

2008; Didlake andHouze 2013; Hence andHouze 2012);
d The development of warm conveyor belts (i.e., south-

erly jet) that occur during extratropical transition (Klein

et al. 2000; Ritchie and Elsberry 2001; Jones et al. 2003);

Of these factors, the fourth hypothesis may be least

relevant since only 13% of TCs are undergoing extra-

tropical transition at landfall in the Atlantic (Bieli et al.

2019). However, additional work is necessary before any

single factor can be ruled out. Moreover, further inves-

tigation is needed to identify whether favorable envi-

ronments exist in association with the inner-core,

downshear-left tornado maximum, which cannot be in-

vestigated by radiosondes near the TC center.

d. Thermodynamic environments

Distributions of 0–3-km CAPE show increasing dif-

ferences among the VWS-relative quadrants as VWS

strengthens (Fig. 16). Regardless of the VWS regime, 0–

3-km CAPE falls within the range typically associated

with tornadic supercells at all radii in each quadrant (i.e.,

18–92 J kg21; Rasmussen 2003). However, the down-

shear right generally has the greatest CAPE and is the

only quadrant with median values at all TC radii in all

three VWS regimes that consistently exceed this range.

In contrast, the left-of-VWS vector quadrants show that

CAPE substantially decreases with increasing VWS.

Specifically, median CAPE in these two quadrants is

28%–68% smaller, and statistically different at the

95% confidence interval, in strongly sheared TCs com-

pared to weakly sheared cases. Last, CAPE in the

upshear-right quadrant shows no statistical changes with

increasing VWS. As a result, the downshear-right

quadrant of strongly sheared TCs has statistically

larger 0–3-km CAPE, at the 95% confidence interval,

than the other three quadrants for TC radii between

200 and 700 km (Molinari et al. 2012). In contrast,

there are no interquadrant statistical differences in

weakly or moderately sheared TCs.

The nonlinear dependence of 0–3-km CAPE upon

VWS is shown in Fig. 17. The quadrants to the left of the

VWS vector show large decreases in CAPE with in-

creasing VWS, whereas the right-of-VWS-quadrants

show no statistical changes. In particular, the median

CAPE in the upshear and downshear left decreases

by 54% and 72%, respectively. The response of CAPE

to VWS in each quadrant is also strongly nonlinear, with

weak Pearson correlation coefficients (20.25#R# 0.14).

Composite median skew T–logp diagrams show the

full vertical structure of moisture and temperature in

TCs within each of the three VWS regimes (Fig. 18).

Compared to weakly sheared TCs, the downshear-right

quadrant of strongly sheared cases is characterized by

the following statistical differences (at the 95% confi-

dence interval) that may be due to enhanced convection:

1) lower-tropospheric cooling, maximized above the

surface, with changes in median values ranging

between 20.48 and 20.98C, 2) warming of the upper

troposphere with median values ranging between 0.48
and 0.98C, and 3) moistening of the troposphere, par-

ticularly the upper troposphere, with differences in

median values upward of 7.68C. Together, these differ-

ences are associated with marginal changes in 0–3-km

CAPE as VWS increases (Fig. 16). In contrast, the re-

maining three quadrants show either drying or marginal

changes in lower-tropospheric moisture as VWS in-

creases, while exhibiting lower-tropospheric cooling

similar in magnitude to the downshear-right quadrant

in association with reduced 0–3-km CAPE.

In addition to this lower-tropospheric cooling, the

upshear-left and downshear-left quadrants more broadly

FIG. 14. Composite median hodographs of ambient winds from

the ERA5 reanalysis at the time of the radiosonde with the TC

circulation removed followingDavis et al. (2008) for TCs in strong,

moderate, and weakVWS. Radiosondes in each VWS category are

aggregated together from all VWS-relative quadrants.
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show cooling in the mid- to upper troposphere as

VWS increases with differences in median values

between 20.78 and 22.28C, which are statistically dif-

ferent at the 95% confidence interval. However, this

mid- and upper-tropospheric cooling is weaker than in

the lower troposphere promoting thermodynamic sta-

bilization of the column. The mid- and upper tropo-

sphere in the upshear-left and, to a lesser extent, the

upshear-right quadrant also shows stronger dry anom-

alies with stronger VWS compared to the downshear

quadrants, with peak differences in median dewpoint

values of 10.08C. These differences are statistically

different at the 95% confidence interval. This mid-

tropospheric drying in the upshear quadrants, which

are typically left-of-motion, is similar to prior work

(McCaul 1987, 1991; Curtis 2004).

These CAPE asymmetries with increasing VWS may

be attributed to six different factors:

d VWS-induced subsidence from the TC secondary

circulation on the upshear half of the TC yielding

tropospheric drying (Jones 1995; Frank and Ritchie

1999; Black et al. 2002);
d Enhanced convection in more strongly sheared TCs

generates stronger downdrafts (especially when

FIG. 15. Plan view plot of composite median 10-m, 1-km, and 6-km wind vectors (m s21) for the TC and ambient

wind field, and bar plots of composite median 3-km convective cell-relative helicity (m2 s22) for the total (i.e., TC

wind and ambient wind), TC, and ambient wind field in each VWS-relative quadrant within (a) strongly,

(b) moderately, and (c) weakly sheared TCs. The white stars denote quadrants in which the median helicity as-

sociated with the total wind field is statistically greater than that associated with the TC wind field at the 95%

confidence interval. The radiosonde data have been coarsened to the vertical grid spacing of the reanalysis data for

these calculations.
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entraining dry, midtropospheric air) that are cycloni-

cally advected into the downshear-left, upshear-left,

and upshear-right quadrant (Riemer et al. 2010; Tang

and Emanuel 2010, 2012; Zhang et al. 2013) yielding

lower-tropospheric cooling, while causing tropo-

spheric moistening, and upper-tropospheric warming

downshear right;
d The downshear-right quadrant is often the southeast

quadrant (Fig. 6b), which typically has direct access to

warm, moist onshore flow explaining the marginal

CAPE changes as VWS increases;
d Downshear advection of upper-tropospheric anvil

clouds by the upper-tropospheric winds associated

with strongVWSmay reduce surface radiative heating

in the downshear quadrants;
d Dry, subsiding air in strongly sheared TCs may be

triggered by evaporative cooling as light stratiform

precipitation falls into unsaturated air beneath anvil

clouds before being advected cyclonically into the

upshear quadrants (Dolling and Barnes 2012; Kerns

and Chen 2015; Nguyen et al. 2017);
d Increasing VWS is associated with stronger baroclinic

zones, especially during extratropical transition, yield-

ing a reduction in 0–3-km CAPE due to the entrain-

ment of cooler, drier ambient air into the left-of-shear

quadrants, with eventual cyclonic advection into the

upshear-right quadrant (Fig. 2h; Jones 1995; Ritchie

and Elsberry 2001; Nguyen et al. 2017).

Each of these factors could play a role in generating

the temperature and moisture anomalies documented

here (Zawislak et al. 2016; Nguyen et al. 2017, 2019).

However, identifying which of these factors is most im-

portant is beyond the scope of the observations analyzed

here, and instead requires a systematic modeling

assessment.

These results together with the kinematic analysis

suggest that the downshear-right quadrant of strongly

FIG. 16. As in Fig. 9, but for 0–3-km

CAPE (J kg21).
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sheared TCs is most frequently associated with favor-

able tornadic environments. In contrast, the limiting

factor for tornadoes in the remaining three VWS-

relative quadrants is the kinematic environment. These

patterns in the kinematic and thermodynamic environ-

ments and tornado occurrence seem most consistent

with both the: 1) constructive superposition of ambient

and TC winds and the 2) VWS-induced enhancement of

the TC secondary circulation. However, further work is

necessary before ruling out any particular process.

4. Summary and discussion

The goal of the present study was to investigate the

impact of VWS upon tornado frequency, location,

and their associated environments in TCs. Specifically,

we first defined weak, moderate, and strong VWS

thresholds based upon the terciles of the reanalysis-

derived VWS distribution for all Atlantic TCs. Using

observed tornado reports in TCs from 1995 to 2018,

tornado frequency and cyclone-relative location were

analyzed for each VWS category. To provide a physical

basis for these results, radiosonde data were binned

according to the VWS magnitude and VWS-relative

quadrant to diagnose the kinematic and thermodynamic

environmental sensitivity to VWS.

Our results showed that VWS appeared to influence

both the frequency and cyclone-relative location of

tornadoes in TCs. Specifically, the majority of torna-

does, especially EF11/F11 tornadoes, occur in strongly

sheared TCs. This result is attributable to enhanced

rates of tornado production per 6-h period, especially

for higher-end tornado production, in stronger, more

southwesterly VWS. However, too strong of VWS may

FIG. 17. As in Fig. 10, but for VWS magnitude (m s21) vs 0–3-km CAPE (J kg21).
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favor TC weakening and disruption of both its convec-

tive structure and tornado production. Stronger VWS is

associated with tornadoes that are increasingly confined

to the downshear half of the TC. Tornado location also

changed with increasing radius in strongly sheared TCs,

such that their location gradually transitioned from

the downshear-left quadrant near the TC center to the

downshear-right quadrant in the TC outer region.

Radiosonde data showed that the downshear-right quad-

rant of strongly sheared TCs is most frequently associated

with favorable kinematic environments for tornadoes.

Specifically, 0–3- and 0–1-km convective cell-relative helicity

in the downshear-right quadrant of strongly sheared TCs,

within 500km of the TC center, often exceeded previously

defined empirical values associatedwith tornadic supercells.

This enhanced helicity was possibly associated with strong

near-surface speed shear and veering above this layer due

to the constructive superposition of the ambient and TC

winds, and the VWS-induced enhancement of the TC sec-

ondary and primary wind field downshear.

Analysis of radiosondes showed that thermodynamic

environments are favorable for tornadic supercells in all

quadrants regardless of VWS. However, the downshear-

right quadrant in TCs typically has the largest 0–3-km

CAPE in all VWS regimes that is well above the range

associated with tornadic supercells. Similarly, 0–3-km

CAPE in the upshear-right quadrant remains unchanged

with stronger VWS. In contrast, the left-of-shear VWS-

relative quadrants show decreased 0–3-km CAPE at

most radii as VWS increases, although CAPE remains

FIG. 18. Composite median skew T–logp

thermodynamic diagrams computed from ra-

diosondes in each VWS-relative quadrant for

TCs in (a) strong, (b) moderate, and (c) weak

VWS. The inset shows a magnified view of the

lower troposphere. The solid and dashed lines

represent the temperature and dewpoint, re-

spectively. The colored lines and shading rep-

resent the composite median and its 95%

confidence interval, respectively, for tempera-

ture and dewpoint. Only radiosondes between

75 and 615 km from the TC center are consid-

ered approximately corresponding to the 2.5–

97.5 percentile values of the radius of tornado

occurrence from the TC center.
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favorable for tornadic supercells.Additionalwork is needed

to identify which of the many potential physical processes

are responsible for these VWS-relative asymmetries in

thermodynamic environments for tornadoes in TCs.

In summary, these results suggest that strongVWS is a

key factor in enhancing TC tornado production, with

the most favorable kinematic environments located

within the downshear-right quadrant. Strong VWS also

causes tornadoes tomost often occur in the northeastern

quadrant of the TC, while variations in VWS among

cases may help explain the large variability in tornado

production among TCs. VWS may potentially create

favorable kinematic environments for tornadoes due

to a combination of vector superposition between the

ambient and TC winds, and the VWS-induced en-

hancement of the TC circulation in the downshear half

of the TC. However, additional work is necessary to

definitively isolate the physical processes whereby VWS

creates favorable environments for tornadoes and why

inner-core tornadoes preferentially occur in the downshear-

left quadrant. The results presented here are especially

useful since the prediction of TC tornadoes are typically

less skillful at all lead times compared to their non-TC

counterparts (Edwards 2012; Martinaitis 2017). More

broadly, these results also better inform our under-

standing of the sensitivity of deep convection in TCs and

their associated hazards (e.g., flooding) to VWS. While

extreme convective rainfall in landfalling and inland

TCs is outside the scope of our work, our results with

tornadic convection indicate potential operational

utility for analogous, VWS-relative environmental ana-

lyses aimed at quantitative precipitation forecasting

(QPF). This study also motivates analysis comparing how

the relationship between tornadoes in TCs and VWS may

vary when controlling for other previously identified fac-

tors (e.g., diurnal cycle).
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Corrigendum

BENJAMIN A. SCHENKEL,a,b,c ROGER EDWARDS,d AND MICHAEL CONIGLIO
c

aCooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma,

Norman, Oklahoma
b School of Meteorology, University of Oklahoma, Norman, Oklahoma

cNOAA/NSSL, Norman, Oklahoma
dNOAA/SPC, Norman, Oklahoma

(Manuscript received 13 April 2021, in final form 30 April 2021)

An error was discovered in the inadvertent inclusion of tropical cyclone (TC) motion

from both the composite hodographs (Fig. 12) and vertical profiles of TC-relative tangential

and radial winds (Fig. 13) computed from radiosondes sampling landfalling TCs in Schenkel

et al. (2020). There are two primary reasons why TC motion should have been removed from

these figures. First, the inclusion of TC motion makes it impossible to determine whether

changes in the total wind field are due to the ambient or TC wind field when Fig. 12 and es-

pecially Fig. 13 were focused on differences in the latter. Second, exclusion of TC motion is

consistent with previous studies of TC tornadoes (McCaul 1991; Baker et al. 2009) and the

response of the TC circulation to ambient deep-tropospheric vertical wind shear (VWS; Zhang

et al. 2013; DeHart et al. 2014). The removal of TC motion shows that only the TC secondary

circulation strengthens with increasing VWS, which contrasts with Schenkel et al. (2020) that

incorrectly showed increases in both the TC primary and secondary circulation. More specific

details on these changes to the conclusions and the revised versions of Figs. 12 and 13 are

discussed below.

The removal of TCmotion from the composite hodographs in Fig. 12 shows a shift in the hodographs

with no changes to the overarching conclusions. However, these revisions to Fig. 12 enable more direct

comparison with hodographs shown in prior studies of TC tornadoes where TC motion is removed

(McCaul 1991; Baker et al. 2009).

In contrast to Fig. 12, the revised version of Fig. 13 shows that the TC secondary circulation, and not

the primary circulation, statistically strengthens in the downshear quadrants and weakens in the up-

shear quadrants with increasing VWS. These results are consistent with previous work (Black et al.

2002; Molinari and Vollaro 2010). Focusing on the downshear-left and downshear-right quadrants,

the radial wind speed more than doubles between the weak and strong VWS categories. Moreover, the

largest magnitude changes occur between 250 and 500 m above the surface, especially in the

downshear-right quadrant. It is this strengthening of the TC secondary circulation and the associated

stronger convective-scale vertical wind shear that likely partially supports favorable kinematic envi-

ronments for tornadoes as suggested by prior work (Molinari and Vollaro 2008, 2010). In the original

manuscript, the constructive superposition between increasing north-northeastward TC motion as-

sociated with stronger VWS and the TC winds in the downshear-right quadrant (Corbosiero and

Molinari 2003; Schenkel et al. 2020) provided the false impression that the primary circulation was

strengthening in this quadrant. Instead, except for the upshear-left quadrant, the exclusion of TC

motion in Fig. 13 shows no statistical changes in the TC primary circulation in any quadrant with

increasing VWS.

Together, these changes do not alter the primary conclusions of the manuscript that VWS impacts

both the frequency and location of TC tornadoes. Rather, this corrigendum shows changes in one

potential physical explanation for how strong VWS provides favorable kinematic environments for TC

tornadoes. Namely, only the secondary circulation (and not the primary circulation) strengthens with

stronger VWS with increases that are beyond those shown in Schenkel et al. (2020). This larger en-

hancement of only the TC secondary circulation, and associated strengthening of convective-scale

vertical wind shear, likely partially explains why kinematic environments in the downshear sectors

more strongly support tornadoes as VWS increases.
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FIG. 12. Composite median hodograph

(m s21) for radiosondes in each VWS-relative

quadrant, with TC motion removed, for cases

in (a) strong, (b)moderate, and (c) weakVWS.

The convective cell-relative motion is de-

noted by the star. The solid line represents

the composite median. Only radiosondes

between 75 and 615 km from the TC center

are considered approximately correspond-

ing to the 2.5th–97.5th percentiles of the

radius of tornado occurrence from the TC

center.
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FIG. 13. Composite median (solid line) and its 95% confidence interval (shading) of vertical profiles of cyclone-

relative radial wind (m s21) and tangential wind (m s21), with TC motion removed, computed from radiosondes in

each of the VWS-relative quadrants for TCs in (a),(b) strong; (c),(d) moderate; and (e),(f) weak VWS. Only

radiosondes between 75 and 615 km from the TC center are considered approximately corresponding to the 2.5th–

97.5th percentiles of the radius of tornado occurrence from the TC center.
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