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Anthropogenic Influences on Tornadic Storms

EMILY BERCOS-HICKEY,a CHRISTINA M. PATRICOLA,b,a AND WILLIAM A. GALLUS JRb

aClimate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California
bDepartment of Geological and Atmospheric Sciences, Iowa State University, Ames, Iowa

(Manuscript received 23 November 2020, in final form 2 August 2021)

ABSTRACT: The impact of climate change on severe storms and tornadoes remains uncertain, largely owing to incon-

sistencies in observational data and limitations of climate models. We performed ensembles of convection-permitting cli-

mate model simulations to examine how three tornadic storms would change if similar events were to occur in pre-industrial

and future climates. The choice of events includes winter, nocturnal, and spring tornadic storms to provide insight into how

the timing and seasonality of storms may affect their response to climate change. Updraft helicity (UH), convective

available potential energy (CAPE), storm-relative helicity (SRH), and convective inhibition (CIN) were used to determine

the favorability for the three tornadic storm events in the different climate states. We found that from the pre-industrial

period to the present, the potential for tornadic storms decreased for the winter event and increased for the nocturnal and

spring events. With future climate change, the potential for tornadic storms increased for the winter and nocturnal events in

association with increased CAPE, and decreased for the spring event despite greater CAPE.

KEYWORDS: Climate change; Convective storms; Regional models

1. Introduction

Severe storms, defined as storms that produce tornadoes,

straight-line winds of 50 kt (1 kt’ 0.51m s21) or more, and hail

larger than 2.54 cm in diameter, were the leading cause of

weather-related fatalities in the United States between 2009

and 2018 (NWS 2020). Tornadic storms can also cause billions

of dollars in damages (Brooks and Doswell 2001; Simmons

et al. 2013; Allen 2018), demonstrating both the human and

monetary costs of these extreme weather events. Given their

deadly and destructive nature, it is crucial to understand what

drives change and variability in tornadic storms. However, the

response of tornadic storms to climate change has proven dif-

ficult to assess and remains uncertain (Brooks 2013).

One of the difficulties of research involving observational

severe storms climatology stems from the limited availability of

data. The severe storm and tornado observational record is

nonuniform in space and time (Brooks et al. 2003a). Tornado

databases have been subject to inconsistencies in the reporting

system and changes in the population density (Brooks et al.

2003a; Verbout et al. 2006; Diffenbaugh et al. 2008; Doswell

et al. 2009; Edwards et al. 2013). Additionally, global and re-

gional climate models run at coarse horizontal grid spacing

with convective parameterizations are not able to adequately

resolve severe storms and tornadoes (Trapp et al. 2007; Tippett

et al. 2015). To overcome these difficulties, studies have ex-

amined atmospheric environmental parameters that are often

indicators of severe storm and tornado potential (Brooks et al.

1994; Trapp et al. 2007; Marsh et al. 2007), although these

parameters are also sensitive to resolution, particularly in the

vertical (Diffenbaugh et al. 2013; Gensini et al. 2014b).

Environmental parameters are based on the two main ingre-

dients for severe storms: instability and vertical wind shear

(Brooks et al. 1994, 2003b; Doswell et al. 2012). Convective

available potential energy (CAPE) and convective inhibition

(CIN) (Colby 1984) are measures of instability that indicate

the potential development or suppression of severe storms,

respectively (Brooks et al. 1994; Rasmussen and Blanchard

1998). The 0–1-km bulk wind shear and 0–1-km storm-relative

helicity (SRH) (Davies-Jones 1993) are measures that indicate

potential updraft rotation and tornadoes (Brooks et al. 1994;

Rasmussen and Blanchard 1998; Thompson et al. 2003, 2007).

Tornadic storm development is associated with low CIN,

strong vertical wind shear, strong vertical lift environments,

and low to high CAPE depending on the season and type of

event (Rasmussen and Blanchard 1998; Thompson et al. 2003,

2012; Sherburn and Parker 2014).

Global and regional climate model data have been used to

examine future changes in environments favorable for tornadic

storm development. Studies have found that the frequency of

severe storms will increase due to an overall increase in fa-

vorable environmental parameters, mostly driven by increas-

ing temperatures and moisture in the lower troposphere (Del

Genio et al. 2007; Trapp et al. 2007; Diffenbaugh et al. 2008;

Trapp et al. 2009; Diffenbaugh et al. 2013; Seeley and Romps

2014; Allen et al. 2014). Of these studies, some found a future

decrease in vertical wind shear in response to a reduction in the

equator-to-pole temperature gradient (Trapp et al. 2007; Del

Genio et al. 2007; Trapp et al. 2009; VanKlooster and Roebber

2009). Diffenbaugh et al. (2013), however, showed that de-

creases in shear are mostly confined to days with lower insta-

bility, and thus will likely not have a significant impact on severe

storm frequency. Additionally, Diffenbaugh et al. (2013) found

future increases in occurrences of high mixed layer CAPE in
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combination with high 0–1-km shear, both of which are im-

portant for tornado development (Thompson et al. 2003).

Although studies have used environmental parameters to

show a future increase in favorability for tornadic storm devel-

opment, this approach is not without limitations. Environmental

parameters derived from coarse global and regional climate

model data can be biased from the behavior of convective pa-

rameterization schemes (Marsh et al. 2007). Changes in envi-

ronmental conditions also do not necessarilymanifest in changes

to unresolved tornadic storm events (Robinson et al. 2013;

Hoogewind et al. 2017). Future increases in CAPE are often

accompanied by future increases in CIN, adding to the uncer-

tainty of inferring changes in severe storms and tornadoes from

environmental parameters (Brooks 2013; Gensini and Mote

2015; Trapp and Hoogewind 2016; Rasmussen et al. 2017;

Hoogewind et al. 2017). The limitations associated with

environmental parameters have led to the increased use of

dynamical downscaling, which eliminates the need for convective

parameterizations (Allen 2018).

Gensini and Mote (2015) used high-resolution dynamical

downscaling to examine a decade of hazardous convective

weather in the historical and the late-twenty-first-century time

periods. They found a significant future increase in both the

frequency and variability of hazardous convective weather,

most notably in the months of March and April. Using 13 years

of historical and future dynamically downscaled simulations,

Rasmussen et al. (2017) found a future increase in CAPE, in

agreement with previous studies. However, they also found a

future increase in CIN that acts as a balancing force such that

there is a future decrease in the frequency of weak to moderate

storms and a future increase in extreme storms. Hoogewind

et al. (2017) examined both environmental parameters from

global climate model data and simulated severe weather from

high-resolution dynamical downscaling. They found a future

increase in intensity and a lengthening of the severe storm

season in both datasets. Hoogewind et al. (2017) noted that

changes in the frequency of environments favorable for severe

storms from the global climate model data were 2 to 4 times

larger than those from the dynamical downscaling. These re-

sults highlight the limitations of global climate model-based

environmental analysis and the need for high-resolution dy-

namical downscaling.

Given the limitations of environmental parameters, re-

cent studies have utilized dynamical downscaling to examine

specific tornadic storm events (Trapp and Hoogewind 2016;

Molina et al. 2020; Carroll-Smith et al. 2020). Molina et al.

(2020) used high-resolution, convection-permitting Weather

Research and Forecasting (WRF) model simulations to ex-

amine the effects of sea surface temperatures on tornadic

storms. They found that warmer sea surface temperatures in

the Gulf of Mexico increase tornado frequency, which could

have implications for future tornadic storm activity. To con-

sider the effects of climate change, Trapp and Hoogewind

(2016) and Carroll-Smith et al. (2020) used the pseudo-global

warming (PGW) method, where a climate change difference is

used to modify the initial and boundary conditions of the

model (Schär et al. 1996). This method has been used to study

heavy precipitation, tropical and extratropical cyclones, and

severe storms (Frei et al. 1998; Lackmann 2013, 2015; Trapp and

Hoogewind 2016; Michaelis et al. 2017; Patricola and Wehner

2018; Carroll-Smith et al. 2020). Trapp and Hoogewind (2016)

used the PGW method in combination with high-resolution,

convection-permitting WRF simulations to examine three

spring tornadic storms. Future realizations of the tornadic

storms showed increased values of CAPE that had the potential

to lead to strong convective updrafts, but the combined effects of

CIN and decreased parcel lifting suppressed convective initia-

tion (Trapp and Hoogewind 2016). Additionally, future in-

creases in the thermodynamically induced updraft velocity were

seen to be potentially overwhelmed by condensate loading

(Trapp and Hoogewind 2016). The PGW method in combina-

tion with high-resolution, convection-permitting WRF simula-

tions was also used to examine the relationship between tropical

cyclone tornado-producing storms and climate change (Carroll-

Smith et al. 2020). The PGW simulations showed an increase in

tropical cyclone intensity and rainfall, but the effect on tornadic

storms was inconclusive. Tornadic storm production, however,

was found to be related to the tropical cyclone track length in

addition to favorable environmental conditions (Carroll-Smith

et al. 2020).

Although progress has been made on how severe storms and

tornadoes will respond to climate change, critical knowledge

gaps and uncertainty remain. Previous studies have often relied

on simulations with parameterized convection and resolution

too coarse for evaluating convective storms and their features

(Trapp et al. 2009; Diffenbaugh et al. 2013; Seeley and Romps

2014; Gensini et al. 2014a). Studies that utilize dynamical

downscaling allow for the analysis of storm-scale parameters,

but relatively few studies have examined the effects of climate

change and these studies are often limited by small sample size

(Trapp andHoogewind 2016; Molina et al. 2020; Carroll-Smith

et al. 2020). Additionally, of the many studies that have ex-

amined the effects of climate change on severe storms, there

has been a considerable focus on daytime spring events, as they

are dominant in the United States (Kerr and Darkow 1996).

Winter and nocturnal tornadic storms, however, can be ex-

tremely destructive and dangerous with high fatality rates

(Ashley 2007; Ashley et al. 2008). Finally, previous research

has focused on historical records from the past century (Doswell

et al. 2012) and future climate simulations (Trapp et al. 2007,

2009; Diffenbaugh et al. 2013; Trapp and Hoogewind 2016;

Hoogewind et al. 2017; Carroll-Smith et al. 2020), but not the

pre-industrial climate. By examining the pre-industrial climate,

we can develop a better understanding of how climate change

from the past to the present has affected tornadic storm events.

The objective of this study is to advance understanding of

anthropogenic influences on winter, nocturnal, and spring

tornadic storms by examining the effects of climate change

using high-resolution, convection-permitting WRF simula-

tions. To address this objective, we focus on three tornadic

storm events: the 31 December 2010 winter event near Ft.

Leonard Wood, Missouri; the 3 March 2020 cool season noc-

turnal event near Nashville, Tennessee; and the 22 May 2011

spring event in Joplin, Missouri. Although we are only focusing

on three events, the PGW method used in this study is well

suited to allow insight into the impacts of climate change when
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applied to even just a few cases, and has been used in a similar

manner in prior studies. In the following sections, we address

the question of how the favorability for tornadic storms during

these three events could change if they occurred in the pre-

industrial or future climates.

2. Methodology

a. Model

Simulations in this study were performed using the WRF

Model (Skamarock et al. 2008) version 3.8.1. Previous studies

have shown that dynamical downscaling is well suited for

studying tornadic storms (Gensini and Mote 2015; Trapp and

Hoogewind 2016; Hoogewind et al. 2017), as it allows for high-

resolution, convection-permitting simulations that are not feasi-

ble with global climate models. Our choice of three tornadic

storm events, however, was limited by the computing power re-

quired to run ensembles of high-resolution, convection-permit-

ting WRF simulations of each event in different climate states.

Three tornadic storm hindcasts were simulated in the histor-

ical conditions in which they actually occurred. The historical

timeframe for each event, as documented in the Storm Events

Database (NOAA NCEI 2019), and the duration of the sim-

ulations are shown in Table 1. The 12-km-resolution North

American Forecast SystemAnalyses (NAM-ANL) was used to

generate the initial and boundary conditions. Although these

types of events are sensitive to the choice of initial and

boundary conditions, NAM-ANL has previously been shown

to produce reasonable tornadic storm simulations with WRF

(Trapp and Hoogewind 2016). A five-member ensemble of

each simulation was generated using the Stochastic Kinetic

Energy Backscatter Scheme (SKEBS) (Shutts 2005; Berner

et al. 2011). SKEBS uses random streamfunction perturbations

to represent model uncertainty from unresolved scales and

introduces perturbations at each time step. SKEBS has previ-

ously been used to generate WRF ensembles (Berner et al.

2011; Patricola and Wehner 2018; Lawson et al. 2020). We

chose a five-member ensemble for each climate state of each

event because it was sufficient to identify climate change sig-

nals through any noise from model internal variability.

Model output was generated every hour with 35 vertical

levels and a convection-permitting grid spacing of 3 km, which

sufficiently reproduces mesoconvective circulations (Weisman

et al. 1997; Potvin and Flora 2015). The simulation domains are

shown in Fig. 1, where the red boxes show the regions used in

the analysis. Parameterization schemes used in all simulations

include the Rapid Radiative Transfer Model for Global

Climate Models (Iacono et al. 2008) shortwave and longwave

schemes, the Morrison double-moment microphysics scheme

(Morrison et al. 2009), the Noah land surface model scheme

(Chen and Dudhia 2001), and the Mellor–Yamada–Janjić

planetary boundary layer scheme (Janjić 1994). Although the

choice of parameterizations introduces an element of uncer-

tainty, previous research has shown that these parameteriza-

tion schemes are effective for hindcasts of tornadic storms with

WRF (Trapp and Hoogewind 2016). While we acknowledge

the potential sensitivity of our simulations to the choice of

parameterization schemes, exploring this sensitivity was be-

yond the scope of this study.

b. Pseudo-global warming experiments

To examine the effects of climate change, ensembles of

simulations were performed for the winter, nocturnal, and

spring events as if they were to occur in a pre-industrial climate,

and in mid- and late-twenty-first-century climates under the

Shared Socioeconomic Pathways (SSPs) 585 (Riahi et al. 2017)

scenario. To perform these simulations, we use the PGW

method (Schär et al. 1996; Lackmann 2015; Patricola and

Wehner 2018), where the initial and lateral boundary condi-

tions from the historical simulations were adjusted by a climate

change difference, or delta, that takes into account the ther-

modynamic component of anthropogenic climate change. By

using the PGW method, we are assuming that similar synoptic

conditions that produced the tornadic storm events in the

historical time period could happen in the pre-industrial and

future climate. This is a reasonable assumption, however, be-

cause we expect that winter, nocturnal, and spring tornadic

storm events will still occur in the different climate states. The

PGW method, therefore, allows us to examine how the tor-

nadic storm events would change under different background

climate states, assuming similar synoptic conditions. For the

pre-industrial and future climate simulations, the variables

adjusted in the initial and boundary conditions include tem-

perature, relative humidity, geopotential height, sea-level and

surface pressure, sea surface temperature, surface temperature,

and soil moisture and temperature. Additionally, we modified

theWRF radiation code to account for different greenhouse gas

concentrations of CO2, CH4, N2O, CFC-11, CFC-12, andCCl4 in

the pre-industrial and future climate simulations (Meinshausen

and Vogel 2016).

The pre-industrial, mid-twenty-first-century, and late-twenty-

first-century PGW deltas were calculated from the Coupled

TABLE 1. List of tornado events, the time of the events as documented by theNOAANCEI StormEventsDatabase, the time period of the

model simulations, and the time period used for analysis.

Tornado event Time of event Simulation period Analysis period

Ft. Leonard Wood, MO 0600–1600 UTC 31 Dec 2010 0000 UTC 27 Dec 2010–0000 UTC

3 Jan 2011

0600–1600 UTC 31 Dec 2010

Nashville, TN 0530–0700 UTC 3 Mar 2020 0000 UTC 28 Feb–0000 UTC

6 Mar 2020

0500–0800 UTC 3 Mar 2020

Joplin, MO 2230 UTC 22 May 2011 0000 UTC 18 May–0000 UTC

25 May 2011

2200 UTC 22 May–0000 UTC

23 May 2011
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Model Intercomparison Project phase 6 (CMIP6) Community

Earth System Model (CESM2) (Danabasoglu 2019) data by

subtracting the CESM2 1950–2014 averaged historical simu-

lation from 1) the averaged pre-industrial control (piControl)

simulation (Eyring et al. 2016), 2) the 2040–60 averaged

SSP585 simulation, and 3) the 2080–2100 averaged SSP585

simulation. The length of the historical timeframe was chosen

to capture the historical climate and to smooth out any mul-

tidecadal variability. The piControl simulation represents a

stable quasi-equilibrium climate state under 1850 conditions

(Eyring et al. 2016) and the SSP585 simulation incorporates

future emissions and land use changes (O’Neill et al. 2016).

Deltas were calculated for each month of the corresponding

event and were added to the corresponding initial and boundary

conditions (i.e., the delta forMay was used for the Joplin event).

Each CESM2 simulation consists of one ensemble member with

18 resolution. By using one model to calculate the deltas, we are

only considering the climate sensitivity of the CESM2 model.

The uncertainty from the range of climate sensitivities was not

accounted for in this study due to the limitation of computing

power.However, comparing the climate sensitivity ofCESM2 to

other CMIP6 models indicates that CESM2 is on the higher

end of warming, so it is possible that the changes simulated in

this study may happen at a slower timeframe than seen here

(Dong et al. 2020; Nijsse et al. 2020). If the changes simulated in

this study do indeed happen at a slower timeframe, the mid-

twenty-first-century climate scenario in this study could poten-

tially represent the climate at the end of the twenty-first century.

Figure 2 shows March surface temperature differences over

the contiguous United States to illustrate the CESM2 response

to climate change. Although much of the globe was cooler

during the pre-industrial period compared with the historical,

pre-industrial surface temperatures were warmer over the

eastern half of the United States (Fig. 2a). This feature is

commonly referred to as the ‘‘warming hole,’’ where there

was a cooling trend of annual-mean surface temperatures over

the eastern half of the United States during the second half of

the twentieth century (Pan et al. 2004; Kunkel et al. 2006).

Although the cause of the warming hole is not definitively

known, it has been attributed to anthropogenic aerosols in the

twentieth century (Leibensperger et al. 2012). As expected,

warmer surface temperatures are seen over the United States

in both the middle and late twenty-first century compared with

the historical (Figs. 2b,c), a consequence of anthropogenic

climate change in the SSP585 scenario. To show the effect of

the deltas, Figs. 3–5 show the ensemble-averaged 2-m tem-

perature in the historical period (panel a of each figure), and

temperature difference in the pre-industrial, mid-century, and

FIG. 1. WRF domains for the (a) Ft. Leonard Wood and Joplin, Missouri (MO) and the (b) Nashville, Tennessee

(TN) tornado events. Red boxes show the analysis regions for the three tornado events.

FIG. 2. CMIP6 CESM2 March surface temperature differences over the contiguous United States: (a) pre-industrial 2 historical,

(b) mid-century2 historical, and (c) late-century 2 historical simulations. The pre-industrial is the average of the piControl simulation;

the historical is the 1950–2014 average of the historical simulation; the mid-century is the 2040–60 average of the SSP585 simulation; and

the late-century period is the 2080–2100 average of the SSP585 simulation. Note the different contour scales.
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late-century periods minus the historical period (panels b–d,

respectively) at the initial times of the winter, nocturnal, and

spring simulations. In all three events, there is 18–28 of warming

in the pre-industrial when compared with the historical, con-

sistent with the warming hole seen in the global climate model

data. Figures 3–5 also show significant warming in the mid- and

late-century periods when compared with the historical, which

is consistent with the SSP585 scenario.

c. Three tornadic storm events

For the winter and nocturnal events, the tornadic storms

developed ahead of approaching cold fronts. Before the winter

event, an upper-level trough and surface low moved eastward

across the Great Plains and a cold front advanced from the

Dakotas toward Missouri. Multiple tornadic storms developed

on 31 December 2010, including an EF-1 tornado in Christian

County at;0600 UTC and an EF-3 tornado in Pulaski County

at ;1530 UTC (NCDC 2010). Similarly, before the nocturnal

event, a trough deepened over the upperMidwest, and a surface

low and cold front advanced toward Tennessee. Additionally, a

warm front was oriented in the north–south direction over

Tennessee. On 3 March 2020, multiple tornadic storms devel-

oped from the same parent supercell that began in West

Tennessee and traversed to the east, including an EF-3 tornado

in Nashville at ;0630 UTC (NOAA NCEI 2019).

In contrast to the winter and nocturnal events, the spring

event was preceded by a slow evolution of surface and upper

air features (Davies 2017), including an upper-level trough that

moved slowly eastward across the upper Great Plains. This

slow progression allowed a low-level jet east of the trough to

transport warm, moist air from the Gulf of Mexico to southern

Missouri. On the day of the event, the dryline was located over

southeast Kansas and a cold front associated with a surface

low over Minnesota extended down to a secondary low over

FIG. 3. Ensemble-averaged 2-m (a) temperature (8C) for the historical simulation, and temperature differences

for the (b) pre-industrial minus historical, (c) mid-century minus historical, and (d) late-century minus historical

simulations at 0000 UTC 27 Dec 2010 for the winter tornado event near Ft. Leonard Wood, MO.
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southeast Kansas where it became a stationary front. These

conditions created an environment of high CAPE and SRH,

leading to the devastating EF-5 tornado in Joplin, Missouri, at

;2230 UTC 22 May 2011 (NCDC 2011).

To verify the development of supercells for the three events

in the WRF simulations, we used instantaneous hourly 2–5-km

updraft helicity (UH) and maximum simulated reflectivity in

the column for each grid point. UH embodies the convective

updraft and storm-generated vertical rotation of supercells

(Kain et al. 2008) and has been used as a surrogate for super-

cells (Sobash et al. 2016; Trapp and Hoogewind 2016; Gallo

et al. 2016; Molina et al. 2020; Carroll-Smith et al. 2020). For

climate models with 3–4-km resolution, UH values of 40–

150m2 s22 have previously been used to indicate supercell

existence at model grid points (Trapp et al. 2011; Robinson

et al. 2013). Although it is common to use maximum hourly

UH, here we detect large UH values that indicate that our

simulations are correctly producing strongly rotating storms

similar to what was observed in the three cases. The purpose of

examining the UH and the maximum simulated reflectivity is

to establish that supercells develop at some point within the

time period and in the region of the storm event. As with

weather forecasts, we would not expect the hindcast simula-

tions to reproduce the exact events, particularly location and

timing, from the historical record.

Figures 6–8 show the UH for the pre-industrial (panels a and

e), historical (panels b and f), mid-century (panels c and g), and

late-century simulations (panels d and h) for the winter, noc-

turnal, and spring events, respectively. Figures 6–8 use the

spatial domains shown as red boxes in Fig. 1, which are cen-

tered around the tornadic storm events, and the analysis time

periods based on the timing of the tornadic storm events (see

Table 1). The UH and maximum simulated reflectivity are

also shown for each ensemble member and at individual times

during the winter, nocturnal, and spring storm events in sup-

plemental Figs. 1, 3, and 5 (see the online supplemental material),

respectively. Although we would not expect the hindcast

simulations to exactly reproduce the historical events, the

FIG. 4. As in Fig. 3, but at 0000 UTC 28 Feb 2020 for the nocturnal tornado event near Nashville, TN.
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simulated events should be reasonably close in space and time.

Here we define reasonably close in space as within ;50km of

the actual event, which is roughly half the average displacement

error found for convective initiation (Duda andGallus 2013) and

mesoscale convective system centroids (Yan and Gallus 2016;

Geerts et al. 2017) in short-range model forecasts. We define

reasonably close in time aswithin;3 h of the actual event, which

has previously been used as an acceptable time difference in

comparing models to observations (Done et al. 2004) and as the

grace period for a morphology skill score application (Snively

and Gallus 2014).

In Figs. 6a–d, the maximum ensemble member accumulated

UH shows regions of large UH in all climate scenarios of the

winter event, indicative of rotating storms. The track of the EF3

tornado in Pulaski County is shown in the historical panels

(Figs. 6b,f) and is reasonably close to the simulated storm ac-

tivity. To visualize the spread of the ensemble members,

Figs. 6e–h show ‘‘paintball’’ plots, where each ensemblemember

exceeding 40m2 s22 is shown as a different color. The paintball

plots indicate that in each of the climate scenarios for the winter

event, multiple ensemble members are capturing storm activity.

Additionally, the UH and maximum simulated reflectivity in

supplemental Fig. 1 demonstrate that multiple ensemble mem-

bers are capturing rotating storm activity within a reasonable

time and distance from the actual historical winter event.

Supplemental Fig. 1 also demonstrates that multiple ensemble

members were found to capture the quasi-linear convective

system structure seen in the observations (see supplemen-

tal Fig. 2).

In the nocturnal event, Figs. 7a–d show large UH values

indicative of rotating storms and Figs. 7e–h show that multiple

ensemble members are capturing storm activity in each of the

climate scenarios. The track of the EF3 tornado that affected

Nashville is shown in the historical panels (Figs. 7b,f) and is

close to simulated storm activity. Similar to supplemental

Fig. 1, the UH and maximum simulated reflectivity in supple-

mental Fig. 3 demonstrate that multiple ensemble members

are capturing rotating storm activity within a reasonable

FIG. 5. As in Fig. 3, but at 0000 UTC 18 May 2011 for the spring tornado event in Joplin, MO.
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time and distance from the actual historical nocturnal event.

Supplemental Fig. 3 also demonstrates that multiple ensemble

members capture the east–west structure of the storms in an

event like the nocturnal tornadic storm, as seen in observations

(see supplemental Fig. 4).

In the spring event, Figs. 8a–d also show large UH values

and Figs. 8e–h show that rotating storms are simulated in

multiple ensembles across the climate scenarios. The track of

the Joplin EF5 tornado is shown in the historical panels

(Figs. 8b,f) and there is clear simulated storm activity in the

vicinity of the track. As with the winter and nocturnal events,

the UH and maximum simulated reflectivity in supplemental

Fig. 5 demonstrate that multiple ensemble members are cap-

turing rotating storm activity within a reasonable time and

distance from the actual historical spring event. Supplemental

Fig. 5 also shows that multiple ensemble members are cap-

turing the correct type of storms, scattered cells, of an event

like the spring tornadic storm (see supplemental Fig. 6).

We next examine the maximum simulated reflectivity.

Previous studies have used simulated reflectivity values greater

than 30–40 dBZ to identify convective storms (Trapp and

Hoogewind 2016; Carroll-Smith et al. 2020). Figure 9 shows the

FIG. 6. Updraft helicity (m2 s22) accumulated over the period 0600–1600 UTC 31 Dec 2010 for the (a),(e) pre-industrial, (b),(f) historical,

(c),(g)mid-century, and (d),(h) late-century simulations of the event near Ft. LeonardWood,MO. In (a)–(d), the ensemblemaximumupdraft

helicity is accumulated over the time period. In (e)–(h), each ensemble is shown as a different color and contours are shown for values greater

than 40m2 s22. Black lines in the historical panels show the EF3 tornado track from the NCEI Storm Events Database.

FIG. 7. As in Fig. 6, but updraft helicity values are accumulated over the period 0500–0800 UTC 3 Mar 2020 for the tornado event near

Nashville, TN. Black lines in the historical panels show the EF3 tornado track from the NCEI Storm Events Database.
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count across all five ensembles and the analysis time period

(see Table 1) where the historical maximum simulated re-

flectivity is greater than 40 dBZ in the winter (Fig. 9a), noc-

turnal (Fig. 9b), and spring events (Fig. 9c). In all three events,

Fig. 9 indicates that across all ensembles the historical max-

imum simulated reflectivity exceeds 40 dBZ in the region and

during the time of the tornadic storms. The UH shown in

Figs. 6–8 and supplemental Figs. 1, 3, and 5 and the maximum

simulated reflectivity exceedances shown in Fig. 9 together

indicate convective storms. We are therefore confident that

supercells exist in the WRF simulations of the three tornadic

storm events.

3. Anthropogenic changes in tornadic storm events

a. Changes in simulated storms

To examine how climate change has affected the three tor-

nadic storms events, we rely on the UH and maximum simu-

lated reflectivity because the 3-km WRF simulations do not

explicitly resolve tornadoes. As in Carroll-Smith et al. (2020),

storms are identified in the simulations using grid point-based

exceedances of UH and maximum simulated reflectivity. We

chose thresholds of 40m2 s22 and 40 dBZ for the UH and

maximum simulated reflectivity, respectively, based on previ-

ous research (Trapp et al. 2011; Robinson et al. 2013; Trapp

and Hoogewind 2016; Carroll-Smith et al. 2020). Grid point

exceedances were calculated where UH . 40m2 s22 and the

maximum simulated reflectivity . 40 dBZ from the analysis

domains (see Fig. 1), across the analysis time periods (see

Table 1) and for all ensemble members. We include all en-

semble members because the individual members show storm

activity in multiple climate scenarios (Figs. 6–8) and using all

ensembles accounts for the high amount of internal atmo-

spheric variability.

Figure 10 shows the fractional change of grid point exceed-

ances (Fig. 10a), maximum UH (Fig. 10b), and maximum

vertical velocity (w) (Fig. 10c) from the past and future cli-

mates relative to the historical in the winter (blue circles),

FIG. 8. As in Fig. 6, but updraft helicity values are accumulated over the period 2200UTC 22May–0000UTC 23May 2011 for the tornado

event in Joplin, MO. Black lines in the historical panels show the EF5 tornado track from the NCEI Storm Events Database.

FIG. 9. Count per grid cell over all five ensemble members and the analysis time periods in Table 1 of maximum simulated reflectivity

greater than 40 dBZ in the (a) Ft. Leonard Wood (winter), (b) Nashville (nocturnal), and (c) Joplin (spring) historical simulations.
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nocturnal (magenta squares), and spring (green triangles) events.

The grid point exceedances were calculated as described in

the previous paragraph and the maximum UH and w were

calculated from the grid point exceedance points. For the

winter event, there is a clear increase in maximum UH and w

(Figs. 10b,c) and grid point exceedances (Fig. 10a) in the pre-

industrial, mid-century, and late-century periods when com-

pared to the historical. The past and future simulations of

the winter event therefore have stronger rotating updrafts

(Figs. 10b,c) and an increase in storm activity (Fig. 10a),

which we define as an increase in grid points that exceed

UH. 40m2 s22 and maximum simulated reflectivity. 40dBZ.

For the nocturnal event, the pre-industrial and mid-century

have a decrease in storm activity and weaker rotating up-

drafts compared to the historical. In contrast, the late-century

period has an increase in storm activity but slightly weaker

rotating updrafts. For the spring event, only the mid-century

has an increase in storm activity compared to the historical, and

the past and future climates all indicate weaker rotating up-

drafts. For all three events, increased storm activity could be

due to an increase in the number of individual storms, a larger

extent of storms, and/or a change in storm mode. Identifying

the exact cause for the changes in storm activity is beyond the

scope of this study. It is, however, noteworthy that only the

winter event shows an increase in storm activity and stronger

rotating updrafts in the future climate.

To examine updraft intensity, Fig. 11 shows the actual and

parcel theory maximum w for the pre-industrial (green), his-

torical (blue), mid-century (orange), and late-century (red)

climate scenarios in the winter (circles), nocturnal (squares),

and spring (triangles) events. The maximum w is calculated

from the grid points where UH . 40m2 s22 and the maximum

simulated reflectivity . 40 dBZ, and the parcel theory maxi-

mum w is calculated from the analysis domain and time-

averaged surface-based CAPE. We chose to use the domain

averaged CAPE to calculate the parcel theory maximum w

based on previous research (Trapp and Hoogewind 2016;

Peters et al. 2020). In all but two events and climate scenarios,

the parcel theory maximum w is greater than the actual max-

imum w, which is not surprising given that parcel theory pro-

vides an upper bound on maximum w (Crook 1996). Similar to

Trapp and Hoogewind (2016), the largest difference between

the parcel theory w and the actual maximum w occurs in the

late-century period in all three events. This difference suggests

less realization of the potential buoyancy, which could possibly

be due to the entrainment of dry air or an increase in precipi-

tation loading (Trapp and Hoogewind 2016). The results from

Fig. 11, however, do not necessarily equate to less storm ac-

tivity. For example, Fig. 10a shows a late-century increase in

storm activity in the winter and nocturnal events, while Fig. 11

shows a discrepancy between the parcel theory maximum w

and the actual maximum w. Despite less realization of the

potential buoyancy, the overall conditions in the late-century

climate of the winter and nocturnal events were favorable for

increased storm activity.

FIG. 10. Fractional change relative to the historical in (a) grid points with updraft helicity (UH) greater than 40m2 s22 and maximum

simulated reflective greater than 40 dBZ, (b)maximumUH, and (c)maximumvertical velocity (w) for the Ft. LeonardWoodwinter event

(blue circles), theNashville nocturnal event (purple squares), and the Joplin spring event (green triangles). For (a), grid point exceedances

are calculated from all ensembles, from the analysis domain shown in Fig. 1, and the analysis time period listed in Table 1. For (b) and (c),

the maximum UH and w are calculated from the grid points where UH . 40m2 s22 and the maximum simulated reflectivity . 40 dBZ.

FIG. 11. Scatterplot of peak values of vertical velocity (m s21) vs

peak values predicted by parcel theory (m s21) using the average

surface-based CAPE. Points are shown for the Ft. Leonard Wood

winter event (circles), the Nashville nocturnal event (squares),

and the Joplin spring event (triangles) and for the pre-industrial

(green), historical (blue), mid-century (orange), and late-century

(red) climate scenarios.
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b. Changes in environment

To understand how thermodynamic and dynamic factors

influence the three tornadic storm events, we next examine the

surface-based CAPE, the 2-m temperature, the 0–1-km SRH,

and the magnitude of the surface-based CIN. Figures 12–15

show boxplots of the CAPE, temperature, SRH, and CIN in

the pre-industrial (green), historical (blue), mid-century (or-

ange), and late-century (red) for the winter, nocturnal, and

spring events (panels a, b, and c, respectively, in each figure).

The values used in each boxplot are from where the most un-

stable CAPE is not zero and the maximum simulated re-

flectivity is less than 20 dBZ across all ensembles, the analysis

domains in Fig. 1, and the analysis time periods in Table 1. This

choice of values avoids any convective contamination to our

environmental analysis (Thompson et al. 2003; Mauri and

Gallus 2021) and avoids portions of the domain that are likely

within a different airmass and not playing a role in thunder-

storm development or sustenance.

We begin with an analysis of the CAPE (Fig. 12). In the

winter event (Fig. 12a), the CAPE distributions in the pre-in-

dustrial and historical climates are similar, with median values

near 300 J kg21. In contrast, the CAPE in the future climate has

greater variability and is considerably larger than the histori-

cal, with mid- and late-century median values of 863 and

742 J kg21, respectively. In the nocturnal event (Fig. 12b), the

CAPE in the pre-industrial climate is notably less than in the

historical, with the median CAPE in the historical more than

twice that in the pre-industrial. The CAPE in the mid-century

climate is significantly less than the historical and the majority

of the distribution does not exceed 200 J kg21. The late-century

climate, however, has greater variability and higher values of

CAPE than the historical period, with the 75th percentile ex-

tending to 624 J kg21. In the spring event (Fig. 12c), the pre-

industrial distribution has less variability than in the historical,

although the median is shifted to higher CAPE: 3912 and

3421 J kg21 in the pre-industrial and historical, respectively.

The mid-century CAPE distribution has less variability and is

shifted to lower values of CAPE than in the historical period. In

contrast, the late-century simulation has large variability and

extends to include extremely high values of CAPE, with a me-

dian value of 4678 J kg21. Both the winter and nocturnal events

have lower CAPE environments, which is typical of winter and

nocturnal events (Kis and Straka 2010; Sherburn and Parker

2014), whereas the historical CAPE is considerably higher in

the spring event, consistent with observational data from the

University of Wyoming (University of Wyoming 2020). In all

three events, the late-centuryCAPEhas large variability and the

highest extreme values, in agreement with previous research

(DelGenio et al. 2007; Trapp et al. 2009;Diffenbaugh et al. 2013;

Trapp and Hoogewind 2016).

Next we analyze the temperature (Fig. 13). In the winter

event (Fig. 13a), the pre-industrial and historical temperature

distributions are similar, although the historical climate has

less variability and is slightly warmer. The future climate,

FIG. 12. Boxplots of the surface-based CAPE (J kg21) from the pre-industrial (green), historical (blue), mid-century (orange), and late-

century (red) simulations in the (a) Ft. Leonard Wood (winter), (b) Nashville (nocturnal), and (c) Joplin (spring) events. The boxplots

only include points where the most unstable CAPE is not zero and the maximum simulated reflectivity is less than 20 dBZ across all five

ensembles, from the analysis domain shown in Fig. 1, and the analysis time period listed in Table 1. Each box shows the interquartile range

(IQR) from the first quartile (Q1) to the third quartile (Q3), where the horizontal line represents the median. The whiskers of the box

extend from Q1 1 1.5 3 IQR to Q3 2 1.5 3 IQR. Note the different scales used.

FIG. 13. As in Fig. 12, but the pre-industrial (green), historical (blue), mid-century (orange), and late-century (red) 2-m temperature (8C)
for the (a) Ft. Leonard Wood (winter), (b) Nashville (nocturnal), and (c) Joplin (spring) events. Note the different scales used.
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however, is significantly warmer than in the historical, with a

;38C increase in the median temperature. The 2-m tempera-

ture and precipitable water for each climate scenario of the

winter event are shown in supplemental Figs. 7 and 8, respec-

tively. The future increase in temperature can be clearly seen in

supplemental Fig. 7 and a corresponding increase in precipi-

table water is apparent in supplemental Fig. 8. In the nocturnal

event (Fig. 13b), the pre-industrial climate is cooler and has

larger variability than the historical. The historical and mid-

century temperature distributions are similar, although the

mid-century is slightly cooler. In contrast, the temperature in

the late-century climate is warmer than the historical, with a

;38C increase in the median temperature. The 2-m tempera-

ture and precipitable water, shown in supplemental Figs. 9 and

10, respectively, also show warming as well as an increase in

atmospheric water vapor in the future climate. In the spring

event (Fig. 13c), the temperature distribution in the pre-in-

dustrial is warmer than in the historical, likely an artifact of the

warming hole discussed in section 2. The temperature distri-

butions in the future climate show warming compared to the

historical, with an ;58–68C increase in the median tempera-

tures. As in the winter and nocturnal events, the 2-m temper-

ature and precipitable water, shown in supplemental Figs. 11

and 12, respectively, also show a future increase in tempera-

ture and atmospheric water vapor. In all three storm events,

the late-century climate has both the highest temperature,

precipitable water and CAPE values, which is in agreement

with previous research (Diffenbaugh et al. 2013; Seeley and

Romps 2014).

Next we analyze SRH (Fig. 14). In the winter event

(Fig. 14a), the SRH in the pre-industrial climate is similar to

the historical, with median values of 404 and 422m2 s22, re-

spectively. In contrast, the SRH in the future climate is smaller

than in the historical, with mid- and late-century median values

of 360 and 251m2 s22, respectively. In the nocturnal event

(Fig. 14b), the SRH in the pre-industrial climate is less than the

historical, with median values of 495 and 692m2 s22, respec-

tively. In the future climate, the SRH is also less than in the

historical, with mid- and late-century median values of 399

and 532m2 s22, respectively. In the spring event (Fig. 14c), the

pre-industrial distribution of SRH is similar to the historical,

although the historical has greater variability and higher maxi-

mum values. In contrast to the winter and nocturnal events,

SRH is larger in the spring future climate than in the historical,

with a median SRH of 186m2 s22 in the historical and 258 and

256m2 s22 in the mid- and late-century periods, respectively.

This future increase in SRH is due to a strengthening of the 0–

1-km flow, with the greatest strengthening at 1 km, which is in

agreement with the future increase in 0–1-km shear found by

Diffenbaugh et al. (2013). The strengthened 0–1-km flow stems

from an increased surface pressure gradient that is associated

with a stronger surface low and deeper 500-hPa trough in the

future climate. A comparison of the three storm events indi-

cates that the winter and nocturnal events have higher SRH

environments than the spring event, but only the spring event

experiences a future increase in SRH. Elevated SRH creates

an environment that is more likely to be associated with po-

tentially violent tornadoes, whereas a reduction in SRH could

indicate weaker tornado development, or even a change in

storm mode (Thompson et al. 2003; Coffer et al. 2019, 2020).

Finally, we analyze CIN (Fig. 15). In the winter event

(Fig. 15a), the pre-industrial CIN distribution has larger

FIG. 14. As in Fig. 12, but the pre-industrial (green), historical (blue), mid-century (orange), and late-century (red) 0–1-km SRH (m2 s22)

for the (a) Ft. Leonard Wood (winter), (b) Nashville (nocturnal), and (c) Joplin (spring) events. Note the different scales used.

FIG. 15. As in Fig. 12, but the pre-industrial (green), historical (blue), mid-century (orange), and late-century (red) surface-based CIN

(J kg21) for the (a) Ft. Leonard Wood (winter), (b) Nashville (nocturnal), and (c) Joplin (spring) events. Note the different scales used.
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extreme values and greater variability than in the historical,

although both climate scenarios have median CIN values near

6 J kg21. The CIN in the future climate is larger and the dis-

tributions have greater variability than in the historical. The

median values, however, are still relatively low: 8 and 14 J kg21

in the mid- and late-century periods, respectively. In the noc-

turnal event (Fig. 15b), the CIN is larger and has greater var-

iability in the pre-industrial than in the historical, with median

values of 120 and 88 J kg21, respectively. The CIN distributions

in the future climate have greater variability and larger ex-

treme values than in the historical, but the median values are

close to the historical: 97 J kg21 in both the mid- and late-

century periods. In the spring event (Fig. 15c), the CIN is lower

in the pre-industrial than in the historical climate, with median

values of 13 and 23 J kg21, respectively. The CIN distribution

in the future climate is shifted to larger values and has greater

variability than in the historical, with median values of

45 J kg21 in both the mid- and late-century periods. Overall,

the magnitude of CIN is higher in the nocturnal and spring

events than in the winter event, which may serve to counteract

CAPE and prevent robust storms from developing (Trapp

and Hoogewind 2016; Rasmussen et al. 2017; Hoogewind

et al. 2017; Taszarek et al. 2020). In contrast, the future low

magnitude of CIN and increase in CAPE in the winter event

suggests a potential for more robust storms to develop, in

agreement with Fig. 10.

c. Overall changes in tornadic storm favorability

The above environmental analysis provides information on

individual thermodynamic and/or dynamic factors that con-

tribute to the climate-related changes in the three tornadic

storm events. However, favorable environments for tornadic

storms involve a combination of environmental parameters

(Brooks et al. 1994; Thompson et al. 2003; Doswell et al. 2012).

Thus to better understand how environmental factors are re-

lated to the changes in the storms, we consider the combined

effects of CAPE, CIN magnitude, and SRH. Figures 16–18

show phase space differences of CAPE and CIN (panels a–c of

each figure) and CAPE and SRH (panels d–f) for the three

events. Each shaded box in Figs. 16–18 represents differences

in the number of grid points within the bounds of the box for

the pre-industrial minus historical, mid-century minus historical,

and late-century minus historical. The difference calculations in

Figs. 16–18 use grid points where themost unstable CAPE is not

zero and the maximum simulated reflectivity is less than 20dBZ

across all ensembles, the analysis domains in Fig. 1, and the

analysis time periods in Table 1. We use the phase space ap-

proach over a composite parameter (e.g., energy helicity index)

as it allows us to more clearly decompose the contributions of

the individual parameters presented in the previous section.

We first look at the combined effects of CAPE, CIN mag-

nitude, and SRH in the winter event (Fig. 16). The phase space

differences indicate that the pre-industrial, mid-century, and

late-century climates have more instances of favorable condi-

tions for tornadic storms than in the historical climate. From

Figs. 16a and 16d, the pre-industrial climate has more oc-

currences of high CAPE and SRH and low CIN than in the

historical climate. The combined effect of these conditions

suggests a more favorable environment for tornadic storm

development in the pre-industrial when compared to the his-

torical. From Figs. 16b,e and Figs. 16c,f, there is an increase in

occurrences of high CAPE and SRH and low CIN from the

historical to the mid- and late-century climates. Although an

event like the winter tornadic storm is typically characterized

FIG. 16. Phase space differences of surface-based CAPE (J kg21) vs (a)–(c) surface-based CIN (J kg21) and (d)–(f) 0–1-km SRH

(m2 s22). Each shaded box represents differences in the number of grid points within the bounds of the box for the (a),(d) pre-industrial

minus historical, (b),(e) mid-century minus historical, and (c),(f) late-century minus historical from the winter event near Ft. Leonard

Wood, MO. Grid points are only used in the difference calculations if the most unstable CAPE is not zero and the maximum simulated

reflectivity is less than 20 dBZ across all five ensembles, from the analysis domain shown in Fig. 1, and the analysis time period listed in

Table 1.
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by a low CAPE environment (Sherburn and Parker 2014), the

combined effects of high CAPE and SRH and low CIN suggest

that the future climate has a more favorable environment for

tornadic storm development. The changes in favorability seen

in Fig. 16 are consistent with Fig. 10a, where there is an increase

in simulated storm activity in the past and future climates, with

the largest increase seen in the late-century climate.

Next we look at the combined effects of CAPE, CIN mag-

nitude, and SRH in the nocturnal event (Fig. 17). The phase

space differences indicate that, compared to the historical cli-

mate, the pre-industrial and mid-century climates have less

instances of favorable conditions while the late-century climate

has more instances of favorable conditions. From Figs. 17a and

17d, the pre-industrial climate has an increase in high SRH and

low CAPE that often occur with high CIN when compared to

the historical climate. The combined effect of these conditions,

specifically the increase in CIN, suggests a less favorable en-

vironment for tornadic storm development in the pre-indus-

trial climate. From Figs. 17b and 17e, there is an increase in

high SRH and low CAPE, but there is also an increase in high

CIN, suggesting that the mid-century climate is less favorable

for tornadic storm development than in the historical climate.

From Figs. 17c and 17f, the late-century climate shows an in-

crease in occurrences of high CAPE and SRH and low CIN.

Similar to the winter event, an event like the nocturnal tornadic

storm is typically characterized by a low CAPE environment.

However, the combined effects of the late-century high CAPE

and SRH and low CIN suggest a future increase in favorability

FIG. 18. As in Fig. 16, but for the (a),(d) pre-industrial minus historical, (b),(e) mid-centuryminus historical, and (c),(f) late-centuryminus

historical from the spring event in Joplin, MO.

FIG. 17. As in Fig. 16, but for the (a),(d) pre-industrial minus historical, (b),(e) mid-centuryminus historical, and (c),(f) late-centuryminus

historical from the nocturnal event near Nashville, TN.
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for rotating storms. The changes in favorability seen in Fig. 17

are also consistent with Fig. 10a, where there is a decrease in

simulated storm activity in the pre-industrial and mid-century

climates, and an increase in the late-century climate.

Finally, we look at the combined effects of CAPE, CIN

magnitude, and SRH in the spring event (Fig. 18). The phase

space differences indicate that the pre-industrial, mid-century,

and late-century climates have the potential for more instances

of favorable conditions for tornadic storms than the historical

climate. From Figs. 18a and 18d, the pre-industrial climate has

an increase in instances of high CAPE and SRH occurring with

both low and high CIN compared to the historical climate. This

suggests a possible increase in favorable conditions for torna-

dic storm development, although the increase in high CIN

could result in reduced favorability. From Figs. 18b,e and

Figs. 18c,f, the mid- and late-century climates have an increase

in high CAPE and SRH that occur with both low and high CIN

compared to the historical. While the occurrence of high

CAPE and SRH with low CIN suggests more favorable con-

ditions for tornadic storm development in the future climate,

the potential for high CIN could also act to reduce the future

favorability. In contrast to the winter and nocturnal events, the

changes in favorability seen in Fig. 18 do not necessarily align

with Fig. 10a, demonstrating that environmental parameters

may not fully capture the climate-related changes affecting

tornadic storms.

4. Conclusions and discussion

The effects of climate change on tornadic storms have

proven difficult to determine and remain uncertain. In this

study, we advance understanding of anthropogenic influences

on tornadic storms by examining how historically impactful

winter, nocturnal, and spring events could change in past and

future climates. For each of the three tornadic storm events, we

use five-member ensembles of convection-permitting hindcast

simulations and adjust the initial and boundary conditions and

greenhouse gas concentrations to represent the different cli-

mate states. Our analysis utilizes the updraft helicity (UH) and

maximum simulated reflectivity to determine conditions in-

dicative of tornadic storms, and large-scale parameters to as-

sess the storm environments.

In the pre-industrial climate, our simulations of the winter

event indicate an increase in storm activity compared to the

historical climate. This increase is associated with moderate

CAPE and high SRH in combination with low CIN. In con-

trast, our simulations of the nocturnal event indicate a decrease

in storm activity in the pre-industrial climate compared to the

historical climate. For the nocturnal event, the decrease is as-

sociated with a low-CAPE and high-SRH environment oc-

curring with high CIN. In the spring event, the pre-industrial

climate is mostly characterized by a high-CAPE and -SRH

environment occurring with both low and high CIN. The var-

iability in CIN makes it difficult to know if the potential for

more robust storm development due to the high CAPE and

SRH would actually come to fruition, or if the high CIN would

suppress storms. However, the UH and maximum simulated

reflectivity indicate that storm activity in our simulations of the

spring event decreases in the pre-industrial climate compared

to the historical climate. This decrease may be due either to

suppressed convective initiation from the high CIN or decreased

lift due to other forcing mechanisms, such as fronts or other

mesoscale boundaries, despite high CAPE. The uncertainty in

interpreting the combined effects of the environmental param-

eters in the spring event highlights the complexity of under-

standing anthropogenic influences on tornadic storms and also

demonstrates the problematic nature of solely using environ-

mental parameters to examine these events.

In the future climate, our simulations of the winter event

indicate an increase in storm activity compared to the historical

climate, most notably in the late twenty-first century. This fu-

ture increase is associated with the combined effects of high

CAPE and SRH and lowCIN in both themid- and late-century

climates. For the nocturnal event, our simulations indicate a

decrease in storm activity in themid-century climate compared

to the historical climate, in association with low CAPE and

SRH occurring with high CIN. In contrast, storm activity in-

creases in the late-century climate, likely due to the combined

effects of high CAPE and SRH occurring with low CIN.

Although the simulated updrafts in winter in late-century cli-

mate and nocturnal events are not in proportion with the high

CAPE, low CIN magnitudes likely create an environment

conducive to robust supercell development. For the spring

event, our simulations indicate an increase in storm activity in

the mid-century climate consistent with an increase in occur-

rences of high CAPE and SRH, despite occurring within both

low- and high-CIN environments. In the late-century climate,

however, storm activity decreases, which suggests less con-

vective initiation. This suppression of convective initiation is

likely association with the high late-century CIN, despite high

CAPE and SRH.

Our pseudo-global warming experiments allowed us to in-

vestigate three specific tornadic storm events under different

climate states. The conclusions in this study are of course

limited by the number of events, the model parameterizations,

and the climate change deltas. This work, however, demon-

strates that environmental parameters alone do not necessarily

capture climate-related changes in supercell development. The

response of tornadic storms to climate change is also likely very

dependent on the season and diurnal timing of the event. Our

results highlight the importance of examining winter and

nocturnal tornadic storms, especially given their high fatality

rates (Ashley et al. 2008). As the cases examined here dem-

onstrate, the effects of future climate change have the potential

to decrease spring and increase winter and nocturnal tornadic

storms, which could lead to a dangerous increase in tornado

vulnerability.
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