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ABSTRACT

There is large variability in the number of tornadoes spawned by landfalling tropical cyclones (TCs). How-
ever, our understanding of why this variability exists remains incomplete. Hence, this study statistically
analyzes differences in the characteristics of episodes of low and high numbers of tornadoes in landfalling
TCs using multidecadal tornado and TC track data. These results show that low numbers of tornadoes tend
to spawn near the coastline, whereas high numbers of tornadoes occur further inland. Similar, episodes with
low numbers of tornadoes are associated with TCs near the coastline, whereas episodes of high numbers of
tornadoes are associated with a TCs typically further inland in the Deep South. Tornadoes also spawn closer
to the TC center with the downshear left quadrant during episodes of low numbers of tornadoes, whereas
high numbers of tornadoes typically occur at outer radii in the downshear right quadrant. Episodes of high
numbers of tornadoes are also characterized by stronger diurnal variability than low numbers of tornadoes.
Finally, more damaging tornadoes are favored during episodes of high numbers of tornadoes. Together, these
results provide the foundation for the improvement of tornado forecasts in landfalling TCs.

1. Introduction

Landfalling tropical cyclones (TCs) spawn tornadoes
that can exacerbate other storm hazards (e.g., storm surge,
inland flooding; Blake and Zelinsky 2018; Stewart and
Berg 2019). The fundamental characteristics of TC tor-
nadoes have been well studied (Novlan and Gray 1974;
Edwards 2012). Approximately, 88% of TC tornadoes
are typically spawned from supercells, which often tend
to be “miniature” (Edwards et al. 2012). These super-
cells are typified by weaker reflectivity and rotational ve-
locities, smaller mesocyclone diameters, shallower up-
drafts, and shorter lifetimes compared to their Great Plains
counterparts (Spratt et al. 1997; McCaul and Weisman
1996). Most tornadoes occur in the outer rainbands of the
northeast quadrant of landfalling TCs during the daytime
hours (McCaul 1991; Edwards 2012). Prior research sug-
gests that strong (>∼10 m s−1) deep-tropospheric (850–
200-hPa), synoptic-scale (ambient) vertical wind shear
(VWS) promotes the development of supercells within
TCs upon landfall (Schenkel et al. 2020, 2021). Addition-
ally, TCs with larger outer sizes often spawn more torna-
does than smaller TCs (Paredes et al. 2021). Despite the

*Corresponding author address: James G. DiGilio, Northern Illinois
University, 1425 W Lincoln Highway, DeKalb, IL 60115
E-mail: digilio.james@gmail.com

breadth of research conducted prior to this investigation,
the large variability observed in TC tornado production
is not well understood. Hence, this study examines the
characteristics of tornadoes and TCs during periods of en-
hanced and suppressed numbers of tornadoes.

In order for a TC to maintain or increase its inten-
sity, it must exist in an environment with minimal VWS
and sea surface temperatures (SSTs) ≥27◦C (Gray 1968).
When a TC makes landfall, interaction with terrain sub-
stantially increases surface friction and reduces surface
fluxes. Both of these factors work in tandem to weaken the
TC (Chen and Chavas 2020; Hlywiak and Nolan 2021).
However, the enhanced surface friction over land pro-
vides favorable kinematic environments for tornadic su-
percells (Novlan and Gray 1974; Gentry 1983). Further-
more, as the TC moves poleward it is typically weakened
by strong ambient VWS associated with the subtropical or
polar jet. While VWS is undesirable for the persistence
of TCs (Tang and Emanuel 2010; Rios-Berrios and Torn
2017), both strong speed shear and, in particular, direc-
tional shear are important for tornadogenesis. The strong
VWS associated with the subtropical or polar jet is re-
sponsible for vertically tilting the TC. The response of the
TC to this tilting helps prime the atmosphere for torna-
does (Schenkel et al. 2020, 2021).

Based on v4.3.2 of the AMS LATEX template 1
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As previously mentioned, episodes of enhanced tor-
nadic activity occur in either TCs with large outer sizes or
TCs embedded in strong VWS (Schenkel et al. 2020; Pare-
des et al. 2021). Previous investigations note that TCs with
larger outer sizes have a broader set of radii with favorable
kinematic environments for tornadic supercells (Paredes
et al. 2021). More specifically, smaller TCs tend to spawn
fewer tornadoes in the eastern half of the TC close to the
center of the TC. Conversely, larger TCs tend to spawn
more tornadoes in the eastern sector of the TC and fur-
ther from the TC center. Additionally, strong VWS is
associated with more tornadoes particularly in the down-
shear sector of the storm (Schenkel et al. 2020). Given
typical westerly VWS, the downshear sector is defined as
the eastern half of the TC (Corbosiero and Molinari 2003;
Schenkel et al. 2020). Strong VWS is associated with the
following response in the TC (Schenkel et al. 2020):

1. Circulation response: The TC tilts in the direction
of the VWS vector. The vertical overturning circula-
tion (i.e., TC secondary circulation) in the downshear
sector of the storm strengthens yielding enhanced as-
cent and moisture throughout the troposphere. The
strengthening of the secondary circulation also en-
hances the veering and boundary layer speed shear.

2. Convective response: The strengthening of circula-
tion in the downshear sector causes convection to be
asymmetrically located in the downshear sector of
the TC. Convection is observed to spiral clockwise
from the inner core in the downshear left quadrant
outward into the outer periphery of the downshear
right quadrant.

3. Kinematic response: Strong VWS enhances the veer-
ing of TC winds in the downshear sector. In particu-
lar, ambient winds most constructively superimpose
in the downshear right quadrant. This veering of the
ambient winds during TC landfall is typically asso-
ciated with an upstream trough or downstream ridge
ahead of the storm (Verbout et al. 2007).

4. Baroclinic response: In the presence of strong VWS,
the TC wind field deforms the ambient baroclinic
zones that is typically associated with the strong
VWS. This baroclinic deformation leads to the ad-
vection of drier, cooler air in the upshear quadrants
and warmer, moister air in the downshear quadrants.

The four aforementioned TC responses to strong VWS
leads to more tornadoes that are asymmetrically located
around the TC center. Specifically, VWS thermodynam-
ically and kinematically enhances the environment favor-
ing the generation of supercells in the downshear sector
of the TC. However, too much VWS appears to suppress
tornadogenesis (Schenkel et al. 2020). Despite this prior
work, there is an incomplete understanding of why some

TCs spawn >100 of tornadoes while a majority of TCs
produce few, if any at all. Hence, this study will analyze
the difference in characteristics of low and high numbers
of tornadoes in landfalling TCs. Specifically, we will be
investigating TC tornado location, time of occurrence, and
damage rating. We will be conducting this analysis us-
ing TC tornado reports and TC tracks from 1995–2020.
Specifically, our study will attempt to address the follow-
ing questions:

1. Which locations are typically associated with high
numbers of tornadoes?

2. Do periods of enhanced tornado production often oc-
cur inland?

3. Are high numbers of tornadoes more strongly con-
centrated in the afternoon and evening?

2. Data and methods

a. TC data

TC data from 1995–2020 are obtained from the Na-
tional Hurricane Center (NHC) provided version 4, revi-
sion 0 of the International Best Track Archive for Cli-
mate Stewardship (IBTrACS; Knapp et al. 2010). For a
given 6-h time, we will define a TC as capable of produc-
ing a tornado if the downshear sector of the TC intersects
the continental United States (CONUS) coast. We define
the outer extent of the downshear sector as the radius at
which the azimuthal-mean 925-hPa azimuthal wind equals
6 m s−1 as derived from ERA5 reanalysis data (Paredes
et al. 2021).

b. Tornado data

The locations of tornadogenesis and damage ratings
are retrieved from the 25-yr (1995–2020) Storm Predic-
tion Center (SPC) TC tornado archive (Edwards 2010).
This period is characterized by enhanced tornado detec-
tion resulting from the completion of the WSR-88D net-
work and the implementation of improved tornado warn-
ing and verification approaches (Spratt et al. 1997; Ed-
wards 2010). Each tornado has been subjectively analyzed
to confirm its association with a TC (Edwards 2010). Our
research examines 1629 tornadoes in 100 TCs. However,
prior work discusses the undersampling of TC tornadoes
(e.g., TC traverses an observation-deficient locale), which
should be considered when interpreting the results of our
research (Edwards et al. 2012).

c. VWS

Given its importance in determining the TC-relative az-
imuthal location of tornadoes (Schenkel et al. 2020, 2021),
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FIG. 1. Histogram showing the number of tornadoes per 6-h TC time
interval.

we calculate VWS for use in plotting the tornado loca-
tion. These data are calculated using 850-hPa and 200-
hPa ERA-5 reanalysis winds (Paredes et al. 2021). Am-
bient winds are partitioned from the total wind field by
subtracting the nondivergent and irrotational TC winds de-
rived using a Poisson equation with homogeneous bound-
ary conditions (Davis et al. 2008). Next, we compute the
mean ambient zonal and meridional winds within a 500-
km radius of the TC center. Lastly, we calculate the differ-
ence between 850-hPa and 200-hPa area-averaged zonal
and meridional winds to obtain the direction and magni-
tude of the VWS vector (Rios-Berrios and Torn 2017).

d. Categorization criteria for TC tornadoes

Figure 1 shows the number of tornadoes within 3 hours
of each TC track point. This figure shows that most TC
track point are associated with no tornadoes. Focusing
on those track points with ≥1 tornadoes, our study exam-
ines enhanced periods of tornadoes by objectively group-
ing observations according to the terciles of 6-h TC tor-
nado count:

• Low (bottom 33rd percentile): 1 tornado within (±3-
h) of a 6-h TC track point;

• Moderate (middle 33rd percentile): 2–3 tornado
within ±3-h) of a 6-h TC track point;

• High (upper 33rd percentile): 1 tornado within (±3-
h) of a 6-h TC track point.

We will focus our investigation on events that fall in the
lower and upper 33rd percentiles and will henceforth be
used to differentiate between suppressed and enhanced pe-
riods of tornadic production. Our analysis of the results
will focus specifically on comparing the characteristics of
TCs and their tornadoes during episodes of low and high
numbers of tornadoes.

3. Results

a. TC location

TCs that spawn high numbers of tornadoes are more
concentrated in the eastern Gulf coast compared to cases
with low numbers of tornadoes (Fig. 2). Specifically,
TCs that produce low numbers of tornadoes are shifted
south and west over a broader region compared to TCs
that produce high numbers of tornadoes. Low-producing
TCs are observed to spawn tornadoes along the coastline
from southeastern Texas, east to Florida, and north to the
Delmarva Peninsula. High-producing TCs are observed to
spawn tornadoes in an area that is more concentrated to
the Deep South. These results may suggest a preferred re-
gion of occurrence for large numbers of tornadoes at or
just after landfall.

FIG. 2. Map view of TC location during episodes of (top) low numbers
of tornadoes and (bottom) high numbers of tornadoes.
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FIG. 3. Histogram of tornado distance from the coast (km) for the low,
moderate, and high number of tornadoes.

b. Tornado location

TCs that produce a high number of tornadoes are ob-
served to spawn tornadoes further inland than TCs that
produce low numbers of tornadoes (Fig. 3). Approx-
imately 76% of all low-producing TCs have been ob-
served to spawn tornadoes within 0–99 km of the Atlantic
coastline compared to 55% of tornadoes in high-producing
TCs. A significant drop-off in tornadoes in the low cate-
gory is observed beyond 100 km of the coastline compared
to the percentage of tornadoes in the high category.

Tornadogenesis location during episodes of low num-
bers of TC tornadoes covers a broader region of the coast
compared to TCs associated with high numbers of torna-
does (Fig. 4). For TCs that produce high numbers of
tornadoes, tornado initiation coverage area appears to be
concentrated not only along the coastline, but further in-
land along a smaller sector of the coast. Both categories
show a marked drop-off in observations northward of the
40◦N.

TCs that produce high numbers of tornadoes are ob-
served to spawn their tornadoes in differing parts of the
TC (Fig. 5). Our results show a shift in tornado initiation
points from closer to the TC center and within the down-
shear left quadrant in episodes of low numbers of torna-
does to further from TC center and more heavily concen-
trated in the downshear sector–predominantly downshear
right. These results are broadly consistent with Schenkel
et al. (2021) suggesting that episodes of high numbers of
tornadoes are associated with inland tornadoes in strongly
sheared TCs.

c. Tornado initiation time

Differences in the time of day of tornadogenesis also
exist between episodes of low and high numbers of torna-
does (Fig. 6). Specifically, our results show strong diurnal
variability of episodes of high number of tornadoes. This

FIG. 4. Map view of tornadogenesis location for a) low- and b) high-
producing TCs.

contrasts with the weaker diurnal variability observed in
episodes of low numbers of tornadoes. Despite these dif-
ferences in diurnal variability, all three categories of TC
tornadoes peak in the afternoon local time (McCaul 1991;
Schultz and Cecil 2009).

d. Tornado damage rating

TCs that produce high numbers of tornadoes are ob-
served to favor more damaging tornadoes (Fig. 7).
Episodes of high numbers of tornadoes tend to have a
greater percentage of EF-1+ tornadoes when compared to
episodes of low numbers of tornadoes. Despite the ob-
served shift in damage ratings, most TC tornadoes ulti-
mately are classified with weak-to-moderate damage rat-
ings. There are no reliable records of EF-3 tornadoes in
the low or moderate categories. These results suggest that
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FIG. 5. TC-relative plot of tornado location in a VWS-relative co-
ordinate in both low-producing (top) and high-producing (bottom) TCs.
The VWS vector is pointing to the right side on each plot

more damaging tornadoes favor environments with more
tornadoes.

4. Summary and discussion

This study investigated the variability that exists in the
number of tornadoes in landfalling hurricanes. Specifi-
cally, we attempted to identify the characteristics of both
episodes of low numbers and high numbers of tornadoes
from observed TC tornado reports. Our analysis examined
both differences in the location of TCs and tornadoes dur-
ing episodes of high and low number of tornadoes. We
also analyzed tornado location using this data, as well as
tornadogenesis time, and damage rating.

FIG. 6. Histogram showing the number of confirmed tornadoes per 6 h
binned by local standard time.

FIG. 7. Histogram of the damage ratings of TC tornadoes for low, mod-
erate, and high numbers of tornadoes.

Our results show that TCs that generate high numbers
of tornadoes were concentrated near the eastern Gulf coast
whereas episodes of low numbers of tornadoes are spread
more broadly across the continental United States. High-
producing TCs also tend to spawn tornadoes further inland
than low-producing TCs, whereas low-producing TCs are
observed to spawn tornadoes near the coastline as the TCs
approaches and/or makes landfall. With regards to the
TC-relative location, high number of tornadoes are con-
centrated in the outer periphery of the downshear right
quadrant, whereas TCs that produce low numbers of tor-
nadoes spawn tornadoes more radially inward and closer
to the center of circulation most frequently in the downs-
hear left quadrant. Stronger diurnal variability is observed
among episodes of high numbers of tornadoes compared
to episodes of low numbers of tornadoes. Last, there is
a marginal shift towards more damaging tornadoes when
high numbers of tornadoes compared to episodes of low
numbers of tornadoes.

Our investigation of TC tornadoes suggests that there
are distinct characteristics that differentiate episodes of
high numbers of tornadoes from low numbers of torna-
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does, and lays further groundwork for continued inves-
tigation. Future research into episodes of enhanced TC
tornado production would benefit from the analysis of ex-
treme individual events such as Ivan, which produced 118
tornadoes (Edwards 2012; Schenkel et al. 2020). Further,
analysis of archived radiosonde data could aid in under-
standing differences in convective-scale environments be-
tween TC with high and low numbers of tornadoes. Fi-
nally, the results from our research could potentially be
used to improve forecast skill in landfalling TCs, which is
typically lower skill than non-TC environments (Edwards
2012; Martinaitis 2017).

Acknowledgments. This research has been supported
by the National Science Foundation (NSF) under Grant
No. AGS-2050267 as part of the 2022 National Weather
Center REU Program. Ben Schenkel is supported by NSF
AGS-2028151. We would like to thank Roger Edwards
(SPC) for curating the SPC TCTOR archive and the Na-
tional Hurricane Center for providing the HURDAT2 TC
track data. We would also like to extend our gratitude to
Daphne LaDue (CAPS) and Alex Marmo (CAPS) for their
support throughout this project.

References
Blake, E., and D. Zelinsky, 2018: Tropical cyclone report: Hurricane

Harvey (17 August–1 September 2017). Tech. rep., 77 pp. Available
from: https://www.nhc.noaa.gov/data/tcr/AL092017 Harvey.pdf.

Chen, J., and D. R. Chavas, 2020: The transient responses of an ax-
isymmetric tropical cyclone to instantaneous surface roughening and
drying. J. Atmos. Sci., 77, 2807–2834.

Corbosiero, K., and J. Molinari, 2003: The relationship between storm
motion, vertical wind shear, and convective asymmetries in tropical
cyclones. J. Atmos. Sci., 60, 366–376.

Davis, C., C. Snyder, and A. C. Didlake, 2008: A vortex-based perspec-
tive of eastern Pacific tropical cyclone formation. Mon. Wea. Rev.,
136, 2461–2477.

Edwards, R., 2010: Tropical cyclone tornado records for the modern-
ized National Weather Service era. Proc., 25th Conf. on Severe Local
Storms, Denver, CO, Amer. Meteor. Soc., P3.1.

Edwards, R., 2012: Tropical cyclone tornadoes: A review of knowledge
in research and prediction. Electron. J. Severe Storms Meteor., 7, 1–
61.

Edwards, R., A. R. Dean, R. L. Thompson, and B. T. Smith, 2012: Con-
vective modes for significant severe thunderstorms in the contiguous
United States. Part III: Tropical cyclone tornadoes. Wea. Forecasting,
27, 1507–1519.

Gentry, R. C., 1983: Genesis of tornadoes associated with hurricanes.
Mon. Wea. Rev., 111, 1793–1805.

Gray, W., 1968: Global view of the origin of tropical disturbances and
storms. Mon. Wea. Rev., 96, 669–700.

Hlywiak, J., and D. S. Nolan, 2021: The response of the near-surface
tropical cyclone wind field to inland surface roughness length and

soil moisture content during and after landfall. J. Atmos. Sci., 78,
983–1000.

Knapp, K. R., M. C. Kruk, D. H. Levinson, H. J. Diamond, and C. J.
Neumann, 2010: The International Best Track Archive for Climate
Stewardship (IBTrACS) unifying tropical cyclone data. Bull. Amer.
Meteor. Soc., 91, 363–376.

Martinaitis, S. M., 2017: Radar observations of tornado-warned con-
vection associated with tropical cyclones over Florida. Wea. Fore-
casting, 32, 165–186.

McCaul, E. W., 1991: Buoyancy and shear characteristics of hurricane-
tornado environments. Mon. Wea. Rev., 119, 1954–1978.

McCaul, E. W., and M. L. Weisman, 1996: Simulations of shallow
supercell storms in landfalling hurricane environments. Mon. Wea.
Rev., 124, 408–429.

Novlan, D. J., and W. M. Gray, 1974: Hurricane-spawned tornadoes.
Mon. Wea. Rev., 102, 476–488.

Paredes, M., B. A. Schenkel, R. Edwards, and M. Coniglio, 2021: Trop-
ical cyclone outer size impacts the number and location of tornadoes.
Geophys. Res. Lett., 48, e2021GL095 922.

Rios-Berrios, R., and R. D. Torn, 2017: Climatological analysis of trop-
ical cyclone intensity changes under moderate vertical wind shear.
Mon. Wea. Rev., 145, 1717–1738.

Schenkel, B. A., M. Coniglio, and R. Edwards, 2021: How does the
relationship between ambient deep-tropospheric vertical wind shear
and tropical cyclone tornadoes change between coastal and inland
environments? Wea. Forecasting, 36, 539–566.

Schenkel, B. A., R. Edwards, and M. Coniglio, 2020: A climatological
analysis of ambient deep-tropospheric vertical wind shear impacts
upon tornadic supercells in tropical cyclones. Wea. Forecasting, 35,
2033–2059.

Schultz, L. A., and D. J. Cecil, 2009: Tropical cyclone tornadoes, 1950–
2007. Mon. Wea. Rev., 137, 3471–3484.

Spratt, S. M., D. W. Sharp, P. Welsh, A. Sandrik, F. Alsheimer, and
C. Paxton, 1997: A WSR-88D assessment of tropical cyclone outer
rainband tornadoes. Wea. Forecasting, 12, 479–501.

Stewart, S., and R. Berg, 2019: Tropical cyclone report: Hurricane Flo-
rence (17 August–1 September 2018). Tech. rep., 98 pp. Available
from: https://www.nhc.noaa.gov/data/tcr/AL062018 Florence.pdf.

Tang, B., and K. Emanuel, 2010: Midlevel ventilation’s constraint on
tropical cyclone intensity. J. Atmos. Sci., 67, 1817–1830.

Verbout, S. M., D. M. Schultz, L. M. Leslie, H. E. Brooks, D. Karoly,
and K. L. Elmore, 2007: Tornado outbreaks associated with land-
falling hurricanes in the North Atlantic Basin: 1954–2004. Meteor.
Atmos. Phys., 97, 255–271.


