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Tornadoes are a co-occurring extreme that can be produced by landfalling tropical cyclones (TCs). These tor-
nadoes can exacerbate the loss of life and property damage caused by the TC from which they were spawned. It is
uncertain how the severe weather environments of landfalling TCs may change in a future climate and how this
could impact tornado activity from TCs. In this study, we investigated four TCs that made landfall in the U.S. and
produced large tornado outbreaks. We performed four-member ensembles of convective-allowing (4-km reso-
lution) regional climate model simulations representing each TC in the historical climate and a mid-twenty-first
century future climate. To identify potentially tornadic storms, or TC-tornado (TCT) surrogates, we used
thresholds for three-hourly maximum updraft helicity and radar reflectivity, as tornadoes are not resolved in the
model. We found that the ensemble-mean number of TCT-surrogates increased substantially (56-299%) in the
future, supported by increases in most-unstable convective available potential energy, surface-to-700-hPa bulk
wind shear, and 0-1-km storm-relative helicity in the tornado-producing region of the TCs. On the other hand,
future changes in most-unstable convective inhibition had minimal influence on future TCT-surrogates. This
provides robust evidence that tornado activity from TCs may increase in the future. Furthermore, TCT-surrogate
frequency between 00Z and 09Z increased for three of the four cases, suggesting enhanced tornado activity at
night, when people are asleep and more likely to miss warnings. All of these factors indicate that TC-tornadoes
may become more frequent and a greater hazard in the future, compounding impacts from future increases in TC
winds and precipitation.

end of the 21st century, though with uncertainty in the magnitude of the
enhancements (Patricola and Wehner 2018; Knutson et al., 2020; Car-

1. Introduction

Tropical cyclones (TCs) are the deadliest and costliest natural
disaster in the U.S., causing nearly 6,700 fatalities and $2.6 trillion in
damages between 1980 and 2023 (NOAA Office for Coastal Manage-
ment, 2023). Both human and financial costs from North Atlantic TCs
continue to rise as coastal regions in the U.S. become more
densely-populated over time. The population of coastal counties around
the Gulf of Mexico grew by around 26% (3.0 million) between 2000 and
2017, while the coastal population over the Gulf of Mexico and North
Atlantic combined grew by 16% (8.3 million), yielding around 60
million people who are vulnerable to TC impacts (Cohen 2019). Human
and financial impacts from TCs will likely be exacerbated in the future;
unmitigated climate change in a business-as-usual emissions scenario is
projected to significantly enhance TC intensity and precipitation by the
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roll-Smith et al., 2021; Jung and Lackmann 2021). While TC intensity,
precipitation, and storm surge are commonly studied, TC-tornadoes are
an often-overlooked co-occurring extreme.

TC-tornadoes are a relatively common hazard produced by North
Atlantic hurricanes, as 83% of hurricanes that made landfall along the
Gulf of Mexico between 1950 and 2005 produced TC-tornadoes (Moore
and Dixon 2011). TC-tornadoes have a history of impacting humans;
114 TC-tornadoes (6.5%) that occurred between 1995 and 2021 resulted
in 403 injuries and 29 fatalities (Edwards 2010), while TC-tornadoes
accounted for 10% of hurricane-related deaths in the U.S. between
1948 and 1972 (Novlan and Gray 1974) and 3% of North Atlantic
TC-related deaths between 1963 and 2012 (Rappaport 2014). The ma-
jority of TC-tornadoes between 1995 and 2021 occurred during August
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and September (70%) and between the daytime hours of 15Z and 00Z
(60%) (Edwards 2010). TC-tornadoes can occur in multiple types of
storm modes, primarily as discrete right-moving supercells and as
supercells embedded within clusters, though non-supercellular TC-tor-
nadoes can also occur (Edwards et al., 2012). TC-tornadoes may appear
more subtle than their non-TC counterparts in Doppler radar data, given
that TC-tornadoes are associated with an overall shallower mesocy-
clone, making the warning process for TC-tornadoes more difficult for
meteorologists (Schneider and Sharp 2007; Spratt et al., 1997).

Environmental favorability for TC-tornado formation has multiple
requirements, the most important being strong low-level vertical wind
shear and strong storm-relative helicity (SRH) (Novlan and Gray 1974;
Davies-Jones 1984). Helicity is important to the development of
TC-tornadoes, as it enhances convection within the downshear region of
mature TCs (Molinari and Vollaro 2008), with environmental helicity
being particularly abundant in major TCs (Chen et al., 2021). Mid-level
dry-air entrainment has also been associated with TCs that produced
TC-tornado outbreaks (Curtis 2004) and is conducive to TC-tornado
development (Hill et al., 1966; McCaul 1987, 1991) due to increased
insolation-driven instability from dry air eroding a TC’s cloudy regions
(Curtis 2004), while enhanced lapse rates from dry air can also enhance
instability (McCaul 1987; Hill et al., 1966). Dry-air entrainment may
enhance evaporative cooling and therefore enhance lapse rates and
instability (McCaul 1987; Baker et al, 2009), though this is
location-dependent for dry air relative to a TC (Baker et al., 2009).
Another important requirement is the presence of a high-moisture
environment near the surface (Hill et al., 1966; McCaul 1987). The
presence of low-level vertical wind shear (not to be confused with the
deep-tropospheric wind shear that can inhibit TCs) is more important
than buoyancy or convective available potential energy (CAPE) to
TC-tornado development, allowing for TC-tornadoes to occur in
low-CAPE environments (Novlan and Gray 1974). TCs that produce
tornado outbreaks, however, tend to have relatively larger CAPE
compared to TCs that have limited tornado activity (Baker et al., 2009).

The majority of TC-tornadoes occur within the eastern half of their
TCs, as the kinematic environment is more favorable for TC-tornadoes in
the downshear-right quadrant where deep-tropospheric wind shear in-
creases (Moore et al., 2017; Schenkel et al., 2020; Edwards 2010).
TC-tornadoes produced within the eastern half of TCs also tend to be
wider and have longer path lengths than their counterparts within the
western half of TCs (Moore et al., 2017). TC-tornadoes most commonly
occur along coastlines, although the strongest TC-tornadoes tend to
occur further inland and at higher latitudes (Moore et al., 2017). The risk
for stronger TC-tornadoes increases further inland for highly-sheared
TCs (Schenkel et al., 2021), resulting in a tradeoff between
TC-tornado frequency and intensity the further inland a TC progresses.
The increased frequency of TC-tornadoes along coastlines compared to
inland areas may be attributed to a sharp, brief increase in supercell
mesocyclone rotation prior to the host TC’s landfall before supercell
rotation gradually decreases throughout landfall (Baker et al., 2009).
Given the tendency for stronger TC-tornadoes to occur further inland
from where other TC impacts would occur, a larger population beyond
those in coastal counties can be affected by TC-tornadoes.

Observed TC-tornado occurrence has increased since the mid-
twentieth century. TC-tornadoes were observed in only 25% of hurri-
canes that impacted the U.S. between 1948 and 1972 (Novlan and Gray
1974), whereas 83% of hurricanes between 1950 and 2005 produced
TC-tornadoes (Moore and Dixon 2011). While it is possible that envi-
ronmental changes made TC-tornadoes more likely, the increase in
observed TC-tornado occurrence may also be attributed to advance-
ments in Doppler radar technology that improved meteorologists’ abil-
ity to identify TC-tornadoes (Agee and Hendricks, 2011).

TC-tornadoes may become a more common hazard in the U.S. as
climate change progresses. The number of tornado days during the
autumn Atlantic hurricane season peak has increased over the south-
eastern U.S. from 1954-1983 to 1984-2013 (Agee et al., 2016). In
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addition, there has been a shift of tornado occurrence away from the
Central Plains towards the southeast from 1959-1988 to 1989-2018
(Cao et al., 2021). Furthermore, a significant increase has occurred in
both tornado reports over the southeastern U.S. since 1979 (Gensini and
Brooks 2018) and the annual sum of daily maximum significant tornado
parameter, which incorporates multiple factors such as SRH and CAPE
to create an index for environmental favorability for strong tornadoes
(Thompson et al., 2004). These factors, along with the tendency for most
TC-tornadoes to occur from intense TCs (Hill et al., 1966; Novlan and
Gray 1974; Moore and Dixon 2011), set a dangerous precedent for
vulnerable regions throughout the U.S. as a warming climate may in-
crease the frequency of stronger TCs (Bender et al., 2010).

Uncertainty remains regarding how climate change may affect TC-
tornado occurrence, as there are few studies on the influence of
climate change on TC-tornadoes. Previous studies on TC-tornadoes using
convection-permitting regional model simulations produced mixed
future projections. In particular, Carroll-Smith et al. (2021) investigated
Hurricane Ivan (2004) using the pseudo-global warming method with
future climate change perturbations from three general circulation
models (GCMs). They found that the potential for future TC-tornadoes
decreased in two of the experiments and increased in one of the exper-
iments based on changes in updraft helicity, CAPE, and SRH.

Given that TC-tornadoes are a relatively overlooked hazard that have
accounted for a substantial number of TC-related deaths in the U.S.,
there is considerable uncertainty as to how TC-tornado outbreaks will
change in the future. The shift of tornado alley towards the southeastern
U.S. where the population has been growing, along with an increase in
tornadoes occurring outside of the typical severe weather season,
emphasize the importance of this issue. Therefore, the objective of this
study is to quantify future changes in TC-tornado activity and environ-
mental favorability. We pose the following questions: how will TC-
tornado activity change in the U.S. in a future climate, and how will
the environmental favorability for TC-tornadoes change? To address
these questions, we simulated historical TC events that produced large
tornado outbreaks in both the historical climate and a possible future
climate using a convection-permitting regional climate model. As far as
we are aware, this study adds to one existing study on future TC-tornado
projections (Carroll-Smith et al., 2021), and is novel in considering
future changes in TC-tornadoes using multiple TC events.

2. Data and methods
2.1. Tropical cyclone cases

Four major hurricanes (Table 1) from the satellite era were selected
for this study due to the large TC-tornado outbreaks they produced,
including Hurricanes Ivan (2004), Katrina (2005), Rita (2005), and
Harvey (2017). We attempted to include Hurricane Frances (2004) in
the study. However, despite extensive testing, no initial condition and
domain configuration could be found for which Frances would behave
analogously in the future climate to its historical counterpart, therefore
it was not possible to conduct meaningful analyses on Frances.

2.2. Data

Six-hourly TC track observations were obtained from the Atlantic

Table 1
Summary of Hurricanes selected for analysis.
Hurricane  First U.S. Dissipation/Extratropical Number of
Landfall Date Transition Date Tornadoes Produced
Ivan 2004-09-16 2004-09-18 118
Katrina 2005-08-25 2005-08-31 59
Rita 2005-09-24 2005-09-26 97
Harvey 2017-08-26 2017-09-01 52
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Hurricane Database (HURDAT?2; Landsea and Franklin 2013) for com-
parison to simulated tracks. The observations include six-hourly TC
position, landfall points, minimum sea-level pressure, and maximum
sustained wind speed (Landsea and Franklin 2013). TC-tornado obser-
vations were obtained from the TCTOR dataset (Edwards 2010), which
covers 1995-2021 and includes data for TC-tornado tracks, timeframe of
occurrence, and casualties.

For initial and boundary conditions for the historical hindcasts
(described in section 2.3) we used the European Centre for Medium-
range Weather Forecasts ERA5 reanalysis (European Centre for
Medium-Range Weather Forecasts, 2017; Hersbach et al., 2020). ERA5
consists of hourly 0.25° x 0.25° resolution atmospheric data at 38
vertical levels including the surface. In order to perturb the initial and
boundary conditions for the future regional model simulations
(described in section 2.3.1), we used future and historical climate data
from the U.S. Department of Energy’s Energy Exascale Earth System
Model (E3SM) v1.1 (Bader et al. 2019, 2020), a participant in the
Coupled Model Intercomparison Project 6 (CMIP6). The E3SM data we
used are from 1° x 1° resolution coupled atmosphere-ocean simulations
from the Historical experiment and the Shared Socioeconomic Pathways
5-8.5 (SSP5-8.5; Meinshausen et al., 2020) experiment. SSP5-8.5 as-
sumes a business-as-usual/high greenhouse gas emissions scenario for
the future. In addition, projected greenhouse gas concentrations in 2050
for the SSP5-8.5 scenario were based on Meinshausen et al. (2020)
(Table 2), which we prescribed to the regional model simulations.

2.3. Convection-permitting climate model simulations

We performed convection-permitting regional climate model simu-
lations using the Weather Research and Forecasting (WRF) model v4.3.0
(Skamarock et al., 2021) at a 4-km resolution with 50 vertical levels on
the domains shown in Fig. 1a. The Mellor-Yamada-Janji¢ (MYJ) plane-
tary boundary layer (PBL) scheme (Janji¢ 1994) and the Thompson
cloud microphysics (MP) scheme (Thompson et al., 2008) were used,
following Carroll-Smith et al. (2021). We used the Noah Land-Surface
Model with four soil layers (Chen and Dudhia 2001). The Rapid Radi-
ative Transfer Model (RRTMG) was used for shortwave and longwave
radiation (Iacono et al., 2008). A four-member ensemble of simulations
for each TC was produced using the stochastic kinetic energy backscatter
scheme (SKEBS; Shutts 2005; Berner et al., 2011; Duda et al., 2016).

2.3.1. Future climate experiments

The future climate experiments represent how TCs may change by
mid-century (2040-2060) under high greenhouse gas emissions. To
achieve this, the initial conditions and surface and lateral boundary
conditions for each TC were perturbed using the Pseudo-Global Warm-
ing (PGW) or “storyline” method (Schar et al., 1996; Patricola and
Wehner 2018). We calculated the difference between the future climate
(2040-2060) and the historical climate (1990-2009 for TCs that
occurred in the 2000s, or 1995-2014 for TCs that occurred in the 2010s)
and added the future climate perturbations to the initial and boundary

Table 2

List of greenhouse gas species and their prescribed concentrations in the his-
torical and future WRF simulations (Meinshausen et al., 2020; The University of
Melbourne, 2020).

Greenhouse Gas Species Historical Future (SSP5-8.5 in 2050)
Carbon Dioxide (CO2) 377.5 ppm (2004) 562.8 ppm
379.5 ppm (2005)
406.5 ppm (2017)
Methane (CH,) 1,774.0 ppb 2,446.5 ppb
Nitrous Oxide (N,O) 319.0 ppb 358.2 ppb
CFC-11 (CCI5F) 251.0 ppt 138.0 ppt
CFC-12 (CClyF2) 538.0 ppt 364.4 ppt
CFC-22 (CHCIF,) 169.0 ppt 49.9 ppt
Carbon Tetrachloride (CCly) 93.0 ppt 32.4 ppt
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Fig. 1. (a) Domains used for 4-km simulations of each TC and (b) subdomains
used for analyses.

conditions from the historical reanalysis. This was done in order to
represent the TC in a warmer climate while retaining the synoptic
conditions that produced the actual TC in the historical climate. Future
climate change perturbations were calculated for the same month that
the TC occurred and included spatial variations. The variables perturbed
included relative humidity, surface pressure, sea-level pressure, air
temperature, sea-surface temperature, surface temperature, and geo-
potential height. Vector winds were not perturbed to maintain TC
steering flow conditions that were analogous to those in the historical
climate, as TC tracks that are similar between the historical and future
simulations better enable comparisons of TC characteristics. Soil mois-
ture and temperature were not perturbed, as test simulations were
relatively insensitive to changes in soil temperature, likely as it functions
on larger timescales with respect to TCs, and since near-surface soils
would become saturated quickly by the heavy TC rainfall. Greenhouse
gas concentrations were prescribed from the SSP5-8.5 scenario for the
year 2050 (Table 2).

We note that the future climate projections correspond to the climate
sensitivity of the global model — here, E3SM - used to perturb WRF’s
initial and boundary conditions. It is possible that the future projections
could correspond to a time earlier or later than mid-century, depending
on when the prescribed level of warming is reached. Since previous
studies (Carroll-Smith et al., 2021) have investigated the sensitivity of
TC-tornado projections from multiple GCMs, we chose to prioritize
producing simulations for multiple TC events rather than using multiple
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GCMs, in order to investigate a novel aspect of this problem.

2.3.2. TC Tracking

The simulated TC center was identified using the coordinates of the
local minimum sea-level pressure every three hours. We also recorded
the three-hourly maximum 10-m wind speeds associated with each TC.

2.3.3. TC-tornado surrogate identification

It was necessary to apply an algorithm to the WRF output to identify
potentially-tornadic storms, or “TC-tornado (TCT) -surrogates,” as in-
dividual tornadoes are not resolved in the model. We used a method
adapted from Carroll-Smith et al. (2019, 2021) and Dawson et al.
(2017). To summarize the method, simulated TCT-surrogates are iden-
tified based on model grid points that reach thresholds for maximum
updraft helicity (UH) and simulated radar reflectivity. Observations are
used for calibration to derive a UH threshold such that the percent of
4-km grid points identified as TCT-surrogates in the historical simulation
would be equivalent to the observed tornado activity. The same
thresholds are then used to identify TCT-surrogates in the future simu-
lations. The details of the method are discussed below.

Maximum UH was calculated over three-hourly periods and between
a layer 2-5 km above ground level (AGL), since this allowed for the TCT-
surrogates to be identified without possible overrepresentation (Car-
roll-Smith et al., 2019, 2021). We ignored anticyclonic UH due to the
rarity of anticyclonic tornadoes (Fujita 1977). Three-hourly maximum
simulated radar reflectivity in 15-min intervals was used for radar
reflectivity inputs.

We needed to determine UH thresholds to identify strong rotating
updrafts. Each observed TC-tornado in the TCTOR dataset (Edwards
2010) includes the start and end points of the TC-tornado track, whereas
the WRF output is on a 4-km grid. Therefore, the first step was to
determine the approximate number of WRF grid points that would
equivalently represent the observed TC-tornado activity. Note that the
purpose is to calibrate to the aggregate statistics of observed TC-tornado
activity. We emphasize that this method does not match UH tracks to
observations and is not intended to hindcast the timing and location of
observed TC-tornadoes, which would be unreasonable to expect a
climate model to do. In order to translate the point-based observations
into an equivalent on a 4-km grid, we generated 4-km buffers around the
observed TC-tornado tracks and counted the number of points within the
buffers to obtain a TCT-surrogate count representative of the calibrated
observations (Table 3). We then calculated the percent of total sub-
domain grid points that were identified as TCT-surrogates, where the
subdomain is the region in which TC-tornadoes were observed. Sub-
tracting this percent from one yielded the percentile used to determine
the UH threshold. We used two different methods to obtain UH
thresholds in order to quantify uncertainty in the algorithm. For the first
method, we calculated UH thresholds for each ensemble member,
referred to as individualized thresholds. For the second method, all
ensemble members were accounted for collectively to calculate the UH
threshold, referred to as ensemble-wide thresholds. Finally, simulated
TCT-surrogates were identified as points which met both the UH
threshold and had a simulated radar reflectivity greater than 30 dBZ

Table 3

Weather and Climate Extremes 44 (2024) 100684

(Carroll-Smith et al., 2019, 2021). The same UH thresholds were used
for the historical and future simulations.

UH thresholds obtained from calibration varied considerably be-
tween each TC, between 31 and 81 rnz/sz, due to the differences be-
tween the number of observed TC-tornadoes for each TC and the number
of potentially-tornadic storms produced by each simulation (Table 4).
The methods use maxima of UH that are aggregated over time, therefore
the number of TCT-surrogates counted in the historical hindcasts would
be marginally greater than in the observed case due to spatial coinci-
dence of grid points with high maximum UH at different times. We note
that this method does not distinguish short-lived rotating supercells
along the same track from long-lived supercells, thus the TCT-surrogate
count represents overall TCT-surrogate occurrence (i.e., both frequency
and longevity). In order to distinguish the two from each other, a
method would be needed to group TCT-surrogate points into coherent
tracks, which is beyond the scope of this study.

2.3.4. TC-quadrant analysis

Severe weather parameters, including maximum/most unstable
CAPE (MUCAPE), maximum/most unstable convective inhibition
(MUCIN), surface-to-700-hPa bulk wind shear (hereafter low-level
BWS), and 0-1-km SRH, were analyzed for the northeastern TC quad-
rant where tornadic storms are most likely to occur. MUCAPE and
MUCIN were analyzed for their roles in enhancing and suppressing
convection, respectively (Trapp and Hoogewind 2016; Rasmussen et al.,
2017). The surface-to-700-hPa layer was analyzed for BWS as low-level
shear affects the height of developing mesocyclones that are associated
with supercells (Markowski and Richardson 2014). We note that while
low-level shear is important for TCTs, tropospheric shear (850-250 hPa)
influences TCs themselves. SRH was analyzed over the 0-1-km AGL
layer, as it is a more effective layer than 0-3 km AGL for identifying
environments for potentially-tornadic supercells (Thompson et al.,
2003; Rasmussen 2003), given that the lowest layers of SRH can
enhance lifting mechanisms and low-level mesocyclones (Coffer and
Parker 2017). For each three-hourly model output, we calculated the
four environmental favorability parameters over quadrants relative to
the TC center, including averages over the northeastern quadrant and
the 95th-percentile values. Calculations were conducted within a
101-by-101-grid-point box, with the southwestern-most grid point
coinciding with the TC center.

Table 4
Approximate maximum 3-hourly UH (m?/s?) thresholds for each of the four
ensemble members and the ensemble-collective threshold for each Hurricane.

Hurricane  Ens. Ens. Ens. Ens. Ensemble-
Member 1 Member 2 Member 3 Member 4 Collective

Ivan 35.1 47.1 49.2 40.2 43.0

Katrina 66.3 57.3 60.2 71.5 64.3

Rita 40.3 50.9 51.2 37.2 46.5

Harvey 71.3 78.7 65.9 81.1 74.1

Simulation initializations and end dates, with dates for TCT-surrogate and environmental favorability analyses.

Hurricane Initialization Date/ End of Simulation End of TCT-Surrogate and Severe Weather Number of Tornadoes TCT-Surrogate Count
Time Analysis Analyzed Equivalent
Ivan (2004) 1800 UTC 2004-09-14 0000 UTC 2004-09- 0900 UTC 118 729
20 2004-09-18
Katrina 0000 UTC 2005-08-28 0600 UTC 2005-08- 0600 UTC 57 275
(2005) 31 2005-08-31
Rita (2005) 1800 UTC 2005-09-22 0600 UTC 2005-09- 0600 UTC 97 455
26 2005-09-26
Harvey 0000 UTC 2017-08-25 0000 UTC 2017-09- 1500 UTC 37 155
(2017) 01 2017-08-31
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3. Results

3.1. TC tracks and intensity

Weather and Climate Extremes 44 (2024) 100684

cause the TC to experience different environmental conditions and no
longer be comparable to the observed TC. The historical hindcasts for
each TC represented the observed TC tracks reasonably well, as there are
only relatively minor deviations from the observed track for each

We start by evaluating to what extent the model reproduces the ensemble member and the ensemble mean before landfall and during the
observed TC tracks and landfall ahead of the TC-tornado outbreaks, as time when the observed TC-tornado outbreaks occurred (Fig. 2).
substantial deviations in the simulated relative to observed TC track can Furthermore, future changes in simulated TC tracks relative to the
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Fig. 2. Observed TC tracks from HURDAT?2 (black), with simulated TC tracks from individual ensemble members (dashed) and the ensemble-mean (solid) from the
historical (blue) and future (red) experiments for Hurricanes (a) Ivan, (b), Katrina, (c) Rita, and (d) Harvey. Both the observed and simulated tracks are shown only
for the duration of the simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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historical are relatively minor for all TCs, allowing comparison between
the historical and future simulations. The landfall points of the historical
ensemble-mean for the four TCs matched closely with observed, with
deviations ranging from nearly zero km for Harvey to 77 km for Ivan
(Fig. 2).

All TCs in the historical ensemble strengthened into hurricanes (10-
m wind of at least 64 kts) after model spin-up but were weaker compared
to observed maximum 10-m wind speeds (Fig. 3) and minimum sea-level
pressure (figure not shown). This may be due to the model’s 4-km res-
olution (Davis 2018) and the parameterizations used, as different com-
binations of PBL and microphysics parameterizations can influence the
potential maximum intensity of simulated TCs relative to observations
(Davis and Bosart 2002; Li and Pu 2008; Nolan et al., 2021). All
ensemble members for all TCs projected a future increase in TC in-
tensity, which was consistent with the typical climate change response
in other studies. The ensemble-mean peak 10-m wind speeds increased
by 10-20 kts for the four TCs (Fig. 3), while minimum sea-level pressure
decreased by 16-30 hPa (figure not shown).
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3.2. TCT-surrogates

The historical simulations produced TCT-surrogates in the general
regions where observed TC-tornadoes occurred for all four TCs (Fig. 4),
further demonstrating that the hindcasts were suitable for addressing
our research question. We note that we do not expect the model to
reproduce the exact locations of each of the observed TCTs, just as it is
unrealistic to forecast the exact locations of TCTs days ahead of time. We
note that the historical simulations show a bias for TCT-surrogate
occurrence in the landfall region, even when observed TCTs for the
corresponding TC(s) were more evenly distributed in space or primarily
over inland regions. Note that the TCT-surrogate activity in the histor-
ical simulations has the appearance of being greater than observed
because it consists of 4-member ensembles.

As each ensemble member for each TC used different UH thresholds
to identify TCT-surrogates, we evaluated how sensitive the ensemble-
mean TCT-surrogate counts were to using two methods for deter-
mining UH thresholds, namely individualized UH thresholds for each
ensemble member and an ensemble-wide UH threshold. Overall
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Fig. 3. Maximum 10-m wind speed (kts) from observations (black), historical ensemble members (thin blue/cyan lines) and ensemble-mean (thick dark-blue line),
and future ensemble members (thin red/yellow lines) and ensemble-mean (thick dark-red line) for Hurricanes (a) Ivan (b), Katrina (c), Rita, and (d) Harvey. The x-
axis represents hours since model initialization. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 4. Observed TC-tornadoes and simulated TCT-surrogates (using individualized UH thresholds for ensembles) for Hurricanes Ivan, Katrina, Rita, and Harvey,
respectively, from (a, d, g, and j) observations and the (b, e, h, k) historical and (c, f, i, 1) future simulations. Simulated TCT-surrogates for Harvey are included over

ocean. Simulated TCT-surrogates are shown for the 4-member ensemble.

ensemble-mean TCT-surrogate counts had minimal sensitivity to the
method in both climates, with no changes in the overall climate change
response in TCT-surrogates (Fig. 5). TCT-surrogate counts in the his-
torical simulations when using individualized UH thresholds for each
ensemble member were slightly greater than the observed TCT-
surrogate count used for calibration; increases in TCT-surrogate counts
for the historical simulations, relative to observations used for calibra-
tion, ranged from 3% for Ivan to up to 8% for Rita for the three TCs that

included land-based TCT-surrogates. There was a 48% increase in his-
torical TCT-surrogates for Harvey relative to observations because we
included simulated TCT-surrogates over the Gulf of Mexico, for which
observations were unavailable, for reasons explained below. Using an
ensemble-wide threshold for UH resulted in an 8% increase in historical
TCT-surrogates for Ivan, relative to observations, while the number of
TCT-surrogates for Rita and Harvey increased by a smaller amount
relative to using individualized UH thresholds. The number of TCT-
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Fig. 5. Observed TCT-surrogate counts (for calibration) and ensemble-mean
historical and future TCT-surrogate counts derived using both methods for
UH thresholds for each TC.

surrogates remained constant for Katrina, regardless of the method used.

Geographic distributions of TCT-surrogates were generally similar
between the historical and future ensembles (Fig. 4), with some rela-
tively minor regional shifts associated with shifts in TC landfall. None-
theless, our results are valid given that the simulated TC landfalls were
close to observed, while the TC tracks further inland remained analo-
gous despite changes in translation speed, (particularly in the future for
Ivan, Rita, and Harvey). This enabled us to compare between the two
climates without adjustment to the TCT-surrogate identification
method, which is primarily land-based. On the other hand, a shift
occurred in Harvey’s track between the historical and future simulations
that impacted the time Harvey spent over land. Therefore, we included
TCT-surrogates that occurred over the Gulf of Mexico in the TCT-
surrogate counts for Harvey. Had we not included the ocean-based
TCT-surrogates for Harvey, the future TCT-surrogate projections
would have been substantially impacted by the future shift in Harvey’s
track, given the difference in time Harvey spent over land during the two
experiments.

This exception for Harvey relies on the assumption that there is not a
systematic difference in the future projection of TCT-surrogates
depending on whether the TCT-surrogates are considered only over
land or over both land and ocean. We tested this assumption with
Katrina, as Katrina’s track, landfall location, and regional TCT-surrogate
occurrence were relatively similar between the historical and future
simulations. We found no substantial differences between the future
projections of TCT-surrogates occurring over land only (increase of
299%) compared to both ocean and land together (increase of 282%)
(Fig. 6). This provided justification for including TCT-surrogates over
ocean for Harvey’s analysis, for which several TCT-surrogates were
identified over the Gulf of Mexico near the coastline in the future
simulation.

We then quantified the future change in ensemble-mean TCT-sur-
rogate counts and notably found a robust increase in the future climate
for all four TCs (Fig. 5). Ensemble-mean TCT-surrogate counts in the
future ensemble (using an individualized threshold) were the greatest
for Ivan (1,686), while the greatest relative change from the historical
simulations to the future experiments occurred for Katrina (+299%).
The relative increase in TCT-surrogate counts for Ivan (+125%) and Rita
(+105%) were similar in magnitude, while Harvey had the smallest
increase in TCT-surrogate counts (+56%). Similar relative increases
were projected for all TCs in the future when using an ensemble-wide
UH threshold, ranging from 66% for Harvey to 273% for Katrina, with
increases of 109% and 80% for Ivan and Rita, respectively.

In addition to changes in the number and spatial distributions of
TCT-surrogates between the historical and future simulations, the tem-
poral characteristics of TCT-surrogate occurrence also changed (Fig. 7).
We investigated the diurnal timing of the TCT-surrogates since tor-
nadoes that occur at night are more dangerous because they are hard to
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see and it is more likely that people may miss warnings when they are
asleep. The relative occurrence of evening and nighttime TCT-surrogates
between 00Z-09Z (7PM-4AM Central Daylight Savings Time (CDT))
increased from the historical into the future for three of the four TCs
(Ivan, Katrina, and Rita). Considering the three aforementioned TCs, the
percentage of TCT-surrogates that occurred between 00Z-09Z increased
from 11-23% in the historical to 23-35% in the future. However, Har-
vey’s nocturnal TCT-surrogate occurrence decreased from 47% in the
historical to 34% in the future. Despite these increases in nocturnal TCT-
surrogates, the majority of TCT-surrogate counts occurred between
18Z-00Z for Ivan and Katrina, and a large portion occurred during those
hours for Rita and Harvey.

We found that the diurnal changes in TCT-surrogates were supported
by a combination of environmental conditions including future in-
creases in or maintenance of nocturnal MUCAPE, low-level BWS, and
0-1-km SRH for Ivan, Katrina, and Rita, whereas future environmental
changes limited the increase of Harvey’s nocturnal TCT-surrogates
(Fig. 8). Nocturnal ensemble-mean MUCAPE, averaged for each 00Z,
03Z, 06Z, and 09Z twice during a 48-hour period starting approximately
six hours before landfall, increased by 319-600 J/kg (42-134%) for all
four TCs. Nocturnal low-level BWS strengthened by 2-8 kts (6-19%),
and 0-1-km SRH was enhanced by 94-173 m2/s? (16-36%). Despite
having the largest relative increase in nocturnal SRH and the highest
nocturnal MCAPE, nocturnal TCT-surrogate count increases for Harvey
were likely hindered by the overall small magnitude of Harvey’s 0-1-km
SRH, as it was considerably smaller than for the other TCs, regardless of
climate. These diurnal responses occurred despite a general trend for
future TC landfall to occur later (usually during the daytime) than in the
historical simulation (Tables 5 and 6) due to a combination of generally
slower translation speeds and shifts in landfall location associated with
shifts in TC tracks (with the latter particularly true for Harvey).

3.3. Environmental favorability within the northeastern TC quadrant

We analyzed the severe weather environment in which the TCT-
surrogates occurred, focusing on the northeastern TC quadrant, to
quantify changes in favorability for TC-tornadoes between the historical
and future climates. Measures for the instability (MUCAPE) and capping
(MUCIN) of the atmosphere, low-level wind shear, and storm-relative
helicity were used, as they are important in the development of
potentially-tornadic storms, with low-level wind shear being more
important than MUCAPE for TC-tornadoes (Novlan and Gray 1974).

Ensemble-mean quadrant-averaged MUCAPE in the northeastern TC
quadrant increased robustly in the future for Ivan, Katrina, and Rita
(Fig. 9a), partly due to warmer ocean waters; MUCAPE increased by
677-975 J/kg (65-89%) for the three TCs, while Harvey’s MUCAPE only
increased by 195 J/kg or 17%. As a result of the future increase in
instability, quadrant-averaged MUCAPE ranged between 1,373-2,068
J/kg for the future simulations of the four TCs. Like the quadrant-
average, changes in 95th-percentile values of MUCAPE, which were
used to represent extreme MUCAPE in the northeastern quadrant of each
TG, also increased by 1,208-1,519 J/kg (71-81%) for the three afore-
mentioned TCs and by 214 J/kg (8%) for Harvey. This increase resulted
in 95th-percentile MUCAPE ranging between 2,783-3,403 J/kg for TCs
in the future climate.

Ensemble-mean quadrant-averaged MUCIN (for which positive
MUCIN indicates decreased environmental favorability), changed little
for the four TCs (Fig. 9b), with future increases of approximately 2 J/kg
and 6 J/kg for Katrina and Rita, respectively, a decrease of 2 J/kg for
Harvey, and approximately no change for Ivan. These changes in
quadrant-averaged MUCIN, or lack thereof, resulted in future MUCIN
ranging approximately between 7-17 J/kg. 95th-percentile values of
MUCIN changed similarly, with an increase of 3-31 J/kg for three of the
TCs, whereas MUCIN decreased by 9 J/kg for Harvey. These changes
resulted in future extreme MUCIN that ranged between 34-76 J/kg.

Future increases in low-level BWS were similar for all four TCs, with
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Fig. 6. TCT-surrogates (using individualized UH thresholds) for all ensemble members for Hurricane Katrina excluding ocean in the (a) historical and (b) future

simulations and including ocean in the (c) historical and (d) future simulations.

quadrant-averaged ensemble-mean BWS increases of 3-5 kts (7-16%),
resulting in future quadrant-averaged BWS of 29-47 kts (Fig. 9¢). The
95th-percentile values of BWS increased by 5-9 kts (9-15%) for the four
TCs. This resulted in TCs in the future climate having extreme values of
BWS of 48-75 kts. As with BWS, quadrant-averaged ensemble-mean
0-1-km SRH increased for all four TCs (Fig. 9d). Future ensemble-mean
quadrant-averaged SRH ranged between 346-653 m?/s%, representing
an increase of 74-129 m?/s? (14-59%) relative to the historical. 95th-

percentile values of 0-1-km SRH ranged between 701-1,481 m?/s in
the future, representing an increase of 173-301 m2/s> (15-34%). The
future increases in BWS and SRH are likely associated with the increase
in 10-m winds from the TCs.

4. Discussion and conclusions

The purpose of this study was to investigate how TC-tornado activity
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Fig. 7. Three-hourly distribution (using individualized UH thresholds) of simulated TCT-surrogate occurrence throughout the analysis period from the four-member
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and environmental favorability may change in the U.S. in the future. We
investigated four historically-impactful Hurricanes (Ivan, Katrina, Rita,
and Harvey) that produced substantial TC-tornado outbreaks using en-
sembles of convection-permitting regional model (WRF) simulations.
The simulations represented the TCs in the historical climate in which
they actually occurred and the TCs if similar events were to occur in a
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future warmer climate (mid-twenty-first century under a high emissions
scenario, based on E3SM), using the pseudo-global warming method.
We found that the future number of TCT-surrogates, which represent
potentially-tornadic thunderstorms in TCs, increased by up to a factor of
four times the historical counts (56-299%). This increase was robust
across all four TCs considered. The projected increases in TCT-
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Table 5

Approximate simulated first landfall times (Universal Coordinated Time) for each ensemble member’s TC from
the historical simulations. Yellow shading represents daytime landfalls (from sunrise to sunset), whereas blue
shading represents nighttime landfalls (from sunset to sunrise, NOAA Global Monitoring Laboratory/Earth

System Research Laboratories, 2022).

TC Name Ens. Member 1 | Ens. Member 2 | Ens. Member 3 | Ens. Member 4
Ivan 9/16/2004 6:17 | 9/16/2004 5:06 | 9/16/2004 9:20 | 9/16/2004 7:17
Katrina 8/29/2005 6:59 | 8/29/2005 8:15 | 8/29/2005 7:24 | 8/29/2005 6:47
Rita 9/24/2005 9:10 | 9/24/2005 8:29 | 9/24/2005 7:02 | 9/24/2005 14:11
Harvey 8/26/2017 5:28 | 8/26/2017 5:02 | 8/26/2017 4:25 | 8/26/2017 3:27
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Table 6

Same as Table 5, but from the future simulations.
TC Name Ens. Member 1 | Ens. Member 2 | Ens. Member 3 | Ens. Member 4
Ivan 9/16/2004 9:01 | 9/16/2004 7:18 | 9/16/2004 9:39 | 9/16/2004 11:24
Katrina 8/29/2005 14:57 | 8/29/2005 15:00 | 8/29/2005 15:10 | 8/29/2005 16:06
Rita 9/24/2005 11:02 | 9/24/2005 8:59 | 9/24/2005 6:44 | 9/24/2005 15:54
Harvey 8/26/2017 15:16 | 8/27/2017 13:01 | 8/27/2017 20:21 | 8/26/2017 10:03
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Fig. 9. Northeastern-quadrant statistics (average and 95th percentile) during
the analysis period of each TC for: (a) MUCAPE (J/kg), (b) MUCIN (J/kg), (c)
low-level BWS (kts), (d) 0-1-km SRH (m2/s?) from the historical and future
ensemble-averages.

surrogates suggest that tornadic storms occurring in future landfalling
major hurricanes may increase in frequency and/or longevity.

The future increases in TCT-surrogates are supported by a more
favorable environment for severe storms. We found substantial future
increases in MUCAPE, low-level BWS, and 0-1-km SRH in the north-
eastern quadrant of the TCs, with average MUCAPE increasing by
17-89%, average BWS by 7-16%, and average 0-1-km SRH by 14-59%.
Enhancement of MUCAPE suggests that future TC-tornado outbreaks
may become more likely (Baker et al., 2009). Enhancements in BWS and
0-1-km SRH should enhance vertical vorticity and streamwise vorticity,
respectively, for potentially-tornadic supercells embedded in TCs,
enhancing their probabilities of occurrence in addition to the
highly-buoyant environment. Future increases in MUCIN in three of the
four TCs played little role in the future TCT-surrogate increases.

Our results are in agreement with Carroll-Smith et al. (2021)’s PGW
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simulation that was perturbed by the Model for Interdisciplinary
Research on Climate (MIROC) version 5. They found an increase in
future TCT-surrogates for Hurricane Ivan. Enhancements in average
SRH and BWS during landfall were the greatest for the experiment
perturbed by MIROC, while CAPE was also substantially enhanced
(Carroll-Smith et al., 2021), consistent with our findings. Our results
differ from PGW simulations perturbed using the Community Climate
System Model (CESM) version 4 and Geophysical Fluid Dynamics Lab-
oratory Climate Model (GFDL) version 3, which projected a future
decrease in TCT-surrogates (Carroll-Smith et al., 2021). This may be due
to the climate sensitivity to greenhouse gas forcing in E3SM, as average
sea-surface temperatures in the Gulf of Mexico increased by approxi-
mately 2.6 °C and 2.7 °C in August and September, respectively, for
simulations of TCs that occurred during the 2000s.

Notably, the diurnal timing of TCT-surrogates shifted considerably
for three of the four TCs, with increased relative occurrence at nighttime
(00Z-09Z). This may be due to multiple factors, including enhanced
buoyancy in the future climate increasing the longevity of potentially-
tornadic storms embedded within a TC and overcoming any enhance-
ment of CIN; having sufficient nocturnal CAPE for prolonged convec-
tion; and enhanced BWS and SRH providing the necessary shear for
rotating supercells. This enhancement of nocturnal TCT-surrogates is
consistent with the late-twenty-first-century results for nocturnal
tornadic storms in Bercos-Hickey et al. (2021), which showed high SRH
and CAPE in the nocturnal environment’s simulation combined with low
CIN, resulting in greater storm activity. Though CIN increased slightly in
our simulations where TC-tornado activity was greatest, the overall
environmental conditions supported an increase in TCT-surrogates as
sufficient forcing within the TC environment was present, increasing the
severity of the convection (Rasmussen et al., 2017).

As the analyses of Carroll-Smith et al. (2021) were carried out at
3-km resolution, we are uncertain on how updraft helicity and their
TCT-surrogate identification thresholds would scale to a 4-km grid. To
account for this uncertainty, we used two methods to quantify a
maximum updraft helicity threshold, though some of the updraft helicity
thresholds used may be lower than required for TC-tornadoes. In addi-
tion, updraft helicity thresholds for TC-tornadoes may or may not be
similar to updraft helicities for non-TC-tornadic storms due to differ-
ences in updrafts and the environment between TC-tornadic storms and
non-TC-tornadic storms. There is also uncertainty due to the fact that the
model does not directly resolve tornadoes, thus it is uncertain which
storms would have actually produced tornadoes. The strong warming
perturbation from E3SM also introduces uncertainty, primarily with
respect to when such an environment may be realized during the 21st
century, as such an environment may occur later or earlier than
2040-2060.

In summary, TC-tornado outbreaks from major hurricanes in the
mid-21st century may be enhanced by climate change, with a more
favorable environment for TC-tornadogenesis in the region of TCs where
TC-tornadoes are most likely to occur. Our results indicate that future
TC-tornado outbreaks may become more dangerous, not only because of
an increase in frequency and/or duration of TC-tornadoes, but also
because of enhanced TC-tornado outbreaks at night for three of the four
TCs. This would compound an already difficult warning process, as
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people may be more likely to miss tornado warnings at night when they
are asleep. Future work should be conducted to narrow the range of
uncertainty on how much TC-tornado activity may increase in a
changing climate, including experiments using other GCMs for climate
change perturbations. As our results pertain to major hurricanes that are
capable of producing TC-tornado outbreaks, additional research would
be helpful to investigate weaker TCs that produced TC-tornadoes, as
well as TCs that produced low numbers of TC-tornadoes, regardless of
intensity, to determine if future analogs of TCs that produced few TC-
tornadoes would be capable of producing stronger outbreaks in the
future.
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