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ABSTRACT
A supercell is a distinct type of intense, long-lived thunderstorm that is defined by its
quasi-steady, rotating updraft. Supercells are responsible for most damaging hail and deadly
tornadoes, causing billions of dollars in losses and hundreds of casualties annually. This
research uses high-resolution, convection-permitting climate simulations across 15-yr epochs
that span the 21st century to assess how supercells may change across the United States.
Specifically, the study explores how late 20th century supercell populations compare with
their late 21st century counterparts for two—intermediate and pessimistic—anthropogenic
climate change trajectories. An algorithm identifies, segments, and tracks supercells in the
simulation output using updraft helicity, which measures the magnitude of corkscrew flow
through a storm’s updraft and is a common proxy for supercells. Results reveal that
supercells will be more frequent and intense in future climates, with robust spatiotemporal
shifts in their populations. Supercells are projected to become more numerous in regions of
the eastern United States, while decreasing in frequency in portions of the Great Plains.
Supercell risk is expected to escalate outside of the traditional severe storm season, with
supercells and their perils likely to increase in late winter and early spring months under both
emissions scenarios. Conversely, the latter part of the severe storm season may be curtailed,
with supercells expected to decrease midsummer through early fall. These results suggest the
potential for more significant tornadoes, hail, and extreme rainfall that, when combined with
an increasingly vulnerable society, may produce disastrous consequences.
CAPSULE
Supercells, which produce most significant hail and tornadoes, are projected to increase in
frequency and magnitude during the 21st century, with broad increases across the eastern U.S.
and relative declines in portions of the Great Plains.
Deep, moist convection in the atmosphere can take many forms (Doswell 2001).
Convective structures that produce severe perils—such as large hail, damaging winds, and
tornadoes—are often highly organized and characterized by distinct dynamical flows and
features. The most organized deep convective form is the supercell, which was defined by
Browning (1964) as a quasi-steady form of cellular convection, with additional dynamical
constraints added by others in subsequent decades (cf. Doswell 2001; Markowski and
Richardson 2010; Brooks et al. 2019). A supercell is distinguished from ordinary cellular
convection by its deep, persistent mesocyclone, which is a storm-embedded, rotating vortex
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that has a diameter between 2–10 km, a vertical depth of at least 2–3 km, temporal continuity
of at least 30 minutes, and vertical vorticity on the order of 10-2 s-1 or greater. An updraft’s
interaction with environmental wind shear supports the formation of a supercell’s midlevel
mesocyclone, which generates a nonhydrostatic vertical pressure gradient, resulting in very
intense upward vertical motion. This rotating characteristic is often used to identify
supercells operationally and inferred from convection allowing models through proxies such
as updraft helicity (UH). While many supercells are discrete, others may be embedded within
larger complexes of thunderstorms, or MCSs (cf. Houze et al. 2018). Whether isolated or part
of a mixed-mode system, supercells and their quasi-steady, intense, rotating updrafts are
thought to produce many of the severe convective storm (SCS) hazards in the extratropical
latitudes, including nearly all significant hail (≥50.8 mm diameter) and fatal and/or
significant tornadoes (EF2+) in the CONUS (Duda and Gallus 2010; Schoen and Ashley
2011; Smith et al. 2012; Anderson-Frey and Brooks 2019; Ashley et al. 2019). For this
reason, supercells and their affiliated hazards have been a focus of a considerable amount of
forecasting, observational, field campaign, numerical modeling, climatological, and
theoretical research over the last half century (Brooks et al. 2019).
Herein, we are particularly interested in the climatological aspects of supercells, and how
anthropogenic climate change (ACC) may affect their frequency, intensity, and
spatiotemporal distribution. These supercell attributes will likely be modified in the future as
the environmental ingredients supportive of their formation—strong deep-layer shear, robust
storm-relative helicity, and sufficient CAPE in a setting with adequate, but not excessive,
CIN (Thompson et al. 2012)—are altered due to projected changes in tropospheric kinematics
and thermodynamics. Research assessing the impact of ACC on SCS populations has
generally employed two approaches (Brooks 2013; Tippett et al. 2015; Allen 2018; Gensini
2021). The first, an implicit—or environmental proxy—approach, uses relatively coarse
resolution output from an ensemble of global climate models (GCMs) to assess how the
union of instability, shear, and/or forcing ingredients may adjust the occurrence of SCS days
or similar metrics in the future (Trapp et al. 2007, 2009; Diffenbaugh et al. 2013; Robinson et
al. 2013; Gensini et al. 2014; Seeley and Romps 2015; Brimelow et al. 2017; Hoogewind et
al. 2017; Rasmussen et al. 2017; Glazer et al. 2020; Lepore et al. 2021). Results from these
implicit efforts suggest that there will be an increase in the number of days supportive of
SCSs during the 21st century (Brooks 2013; Tippett et al. 2015; Raupach et al. 2021; Gensini
2021). However, more frequent environments supportive of SCSs may not result in more
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storms due to issues related to changes in forcing for ascent, reduced boundary layer RH,
increased CIN, ingredients juxtaposition, and ultimately, convective initiation and sustenance
(Hoogewind et al. 2017; Taszarek et al. 2021; Pilguj et al. 2022).
The second approach uses regional, convection-permitting climate models (RCMs) to
explicitly simulate convection and provide more detailed climate information at regional to
local scales (Prein et al. 2015; Takayabu et al. 2021; Lucas-Picher et al. 2021). These
simulations overcome many of the errors and uncertainties generated by convective
parameterization schemes employed by GCMs, but, because of their high spatiotemporal
resolution, come with substantial computational expense (Prein et al. 2015; Kendon et al.
2021). Typically, the explicit approach uses a dynamical downscaling technique, where
relatively coarse GCM output is used to inform a high-resolution (~4 km horizontal grid
spacing), convection-permitting RCM to provide more detailed insight into the future weather
peril landscape, though not without some biases (e.g., anomalously warm and dry conditions
during boreal summer in the central CONUS (Liu et al. 2016, Haberlie and Ashley 2019,
Gensini et al. 2022)). Explicit assessments of RCM output remedy aspects of the
environmental/implicit approach through the realistic production of convective elements—
such as supercells and MCSs—that may be quantitatively identified, tracked, and cataloged
using RCM variables so that conclusions may be drawn on how storm populations may
change (Rasmussen et al. 2017; Haberlie and Ashley 2019). Broadly, results from the limited
dynamical downscaling studies examining climatological scales suggest that SCSs may
become more frequent, occur on more days per year, and experience greater variability in
occurrence by the end of the 21st century (Trapp et al. 2011; Gensini and Mote 2015; Trapp
and Hoogewind 2016; Hoogewind et al. 2017; Rasmussen et al. 2017; Trapp et al. 2019;
Gensini 2021).
We use output from new, convection-permitting, dynamically downscaled RCM
simulations across 15-yr epochs that span the late 20th and 21st centuries to assess how
supercellular convection may change in the future. Unlike prior implicit and explicit work on
how ACC influences SCS, we identify and track the actual parent storm that produces the
most significant and impactful SCS hazards. Like operational forecasting (Kain et al. 2008;
Sobash et al. 2011, 2016a,b; Sobash and Kain 2017) and climatological research efforts
(Trapp et al. 2011; Robinson et al. 2013; Gensini and Mote 2014; Gropp and Davenport
2021), we UH from the simulation output as a surrogate for rotating thunderstorms. This
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variable is frequently used in both deterministic and ensemble forecasting systems to indicate
the presence of mesocyclones in model forecasts and has skill at predicting SCSs in
operations (Sobash et al. 2011; Potvin and Flora 2015; Sobash et al. 2016a,b; Sobash and
Kain 2017). We identify, threshold, segment, and track UH swaths as supercell proxies. Our
results reveal how the populations of these long-lived, intense, rotating storms change across
the epochs, providing a perspective on how this important storm type may change in the
future.

DATA AND METHODOLOGY
RCM Output
Data used in this research were derived from the simulations generated by Gensini et al.
(2022). These RCM simulations employed the advanced research core of the Weather
Research and Forecasting model (WRF-ARW v.4.1.2) in a convection-permitting
configuration covering the CONUS, southern Canada, northern Mexico, and adjacent oceans
with horizontal grid spacing of 3.75 km and 51 vertical levels. The initial and lateral
boundary conditions were forced by bias-corrected GCM data (Bruyère et al. 2014) generated
by NCAR’s Community Earth System Model (CESM) that participated in phase 5 of the
Coupled Model Intercomparison Project (CMIP5). Hereafter, we refer to these RCM
simulations as WRF-BCC (WRF-Bias Corrected CESM). We assess three, 15-hydrologic
year (1 Oct–30 Sep) epochs: a historical period from 1990–2005 (HIST) and two future
scenarios for the 2085–2100 period. WRF-BCC used a continuous integration approach for
each hydrologic year, with spectral nudging (Miguez-Macho et al. 2004; Gensini et al. 2022)
of synoptic features every 6-hr, resulting in 45 total simulations. Continuous integration
across a hydrologic year is preferred to recreate conditions that require hydrologic memory
(Giorgi and Mearns 1999; Chen and Kumar 2002) due to their development over multiple
days and months during any given year (Christian et al. 2015; Gensini et al. 2022). The two
future scenarios employ the Representative Concentration Pathway 4.5 (RCP4.5) and 8.5
(RCP8.5). RCP4.5 and 8.5 are considered intermediate and extreme/pessimistic greenhouse
gas concentration trajectories, respectively, and were used by the IPCC in their fifth
assessment report (AR5; Moss et al. 2010; IPCC 2014). In offering two RCP perspectives
rather than a singular, extreme trajectory provided by previous dynamical downscaling
efforts, we do not suggest as to which scenario is more plausible, but, rather, reveal a
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spectrum of possible outcomes from simulations generated within the context of rational
computational expense.
Details on the WRF-BCC configuration and verification of the HIST output against
assimilated observations (Daly 1994) are provided in Gensini et al. (2022). The simulation
approach used by Gensini et al. (2022) is different from the pseudo-global warming (PGW)
approach used by similar research (e.g., Liu et al. 2016; Trapp and Hoogewind 2016). The
PGW approach assesses the response of weather variables and climatological metrics to a
climate change signal represented through so-called climate-change “deltas” that are
constructed using monthly averages of GCM output over decadal or longer periods during the
past and future (Trapp et al. 2021). In the simulations employed herein, Gensini et al. (2022)
used a version of GCM data (Bruyère et al. 2015) that are regridded and bias-corrected using
1981–2005 ERA-Interim reanalysis (Dee et al. 2011) following the methods in Bruyère et al.
(2014). Bias correction is critical for reducing errors produced by GCMs that may be passed
onto an RCM simulation during dynamical downscaling (Christensen et al. 2008), effectively
improving the overall simulation performance (Ines and Hansen 2006; Christensen et al.
2008; Gensini et al. 2022). As revealed in Gensini et al. (2022), the WRF-BCC HIST
commendably recreated spatial patterns in both temperature and precipitation, though with
some regional/seasonal biases as suggested by comparisons to assimilated observational data
(e.g., cool-season cold bias east of the Rockies and a warm-season dry bias in the Southeast).
In general, the simulations were able to effectively recreate the aggregate historical period of
climate when compared to PRISM. Of particular interest for this study, the WRF-BCC
reduced warm and dry biases in the Great Plains compared to a prior set of simulations used
to assess changes in convective populations (Liu et al. 2017; Rasmussen et al. 2017; Haberlie
and Ashley 2019). This reduced bias is important since, as we will illustrate, the Great Plains
has the greatest frequency of supercells caused, in part, by thermodynamics driven by surface
and/or lower tropospheric heat and moisture. One additional advantage of the WRF-BCC
over a PGW approach is that it accounts for changes in the general circulation and modes of
climate variability (cf. Ch. 4 in IPCC 2021), which can alter environments and ingredients
supportive of SCSs.
Updraft helicity
UH is a diagnostic variable often used to track storm-scale rotation in convectionallowing simulations, and has demonstrated utility in highlighting the potential for rotating
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storms and affiliated severe weather perils (Sobash et al. 2011; Potvin and Flora 2015;
Sobash et al. 2016a,b; Sobash and Kain 2017). The variable is computed by taking the
vertical integral of vertical vorticity times the vertical velocity in a layer, which, in our case,
is 2–5 km AGL (see Kain et al. (2008) for derivation). This layer samples the lower-tomiddle levels of a storm, which is where a deep, persistent mesocyclone that defines a
supercell is typically anchored. Mesocyclones in this layer—called “midlevel”
mesocyclones—are well understood and are generated by the tilting of horizontal vorticity
induced by vertical wind shear into the vertical by way of the tilting term in the vorticity
equation (Markowski and Richardson 2010). In this study, we are not sampling low-level (0–
2 km AGL) mesocyclones (Sobash et al. 2016b), which tend to have more complicated
origins, are often more transient, are poorly simulated by convection allowing models, and
may be more directly linked to the production of a single peril—the tornado.
Identifying and tracking supercells
UH data produced by WRF-BCC represents the maximum UH value in the 2-5 km AGL
layer for each grid cell over the previous hour (“hourly maximum 2–5-km AGL UH”). We
apply a three-dimensional (x, y, and time) object generation approach to these UH data to
identify, track, label, and catalog UH “swaths” that exhibit hour-to-hour continuity (e.g.,
Clark et al. 2012). Initially, hourly maximum 2–5-km AGL UH is thresholded to remove
regions <75 m2 s-2; the remaining regions are segmented and assigned unique labels using a
3x3 pixel neighborhood. The 75 m2 s-2 threshold is based on research that has used this
criterion to delineate and/or forecast supercells and their perils in simulation output at or near
the 4-km horizontal grid spacing scale (Clark et al. 2012; Gallo et al. 2016; Sobash et al.
2016a,b; Gagne et al. 2017; Molina et al. 2021; Gropp and Davenport 2021). A consequence
of the 75 m2 s-2 threshold is that the procedure does not capture weaker events, and, because
we are only considering positive UH values, we capture only those cells that are cyclonic
and/or “right moving.” Next, spatial buffers of 10-km are generated around each labeled
region, and regions are connected in time by checking for spatial overlap between two
subsequent hours. Three scenarios can occur: 1) there is no overlap, resulting in track
cessation; 2) there is one overlap, resulting in track continuation; or 3) there is more than one
overlap, in which case the most similar region (i.e., Hungarian Method; Lakshmanan et al.
2013) to the one in the previous timestep will be considered the continuation of the track.
Matching the most similar regions—determined by finding the smallest difference in area,
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shape, length, and intensity variables between regions in adjacent hours—is employed to
reduce incorrect splits, mergers, initiations, and cessations during storm tracking
(Lakshmanan et al. 2013). That said, no tracking method is perfect, and subjective tuning
decisions will influence any derived results (Haberlie and Ashley 2018). The tuning decisions
made for this work favored retaining robust supercells, while purposely not capturing more
transient events. We further enforced this objective by only keeping those tracks that lasted at
least two hours. The two-hour threshold is based on prior works that have studied the
lifespans of mesocyclones in supercells (e.g., Burgess et al. 1982, Wood et al. 1996, Hocker
et al. 2008).
We are interested in assessing all supercell candidates, whether they are isolated or
embedded in a mixed-mode system; the latter have received increased attention over the last
two decades due to their improved detection and understanding (Ashley et al. 2019). Thus,
we did not discriminate for particularly intense, long-lived, and discrete cells using additional
data or techniques such as hourly reflectivity maximum, reflectivity isolation buffers around
cells, or 3D environmental fields to assess deviant cellular motion from the mean wind. These
additional data and methods may be used to identify and track a subtype of supercells that
typify the Great Plains in the warm season and are characterized by their intensity and
longevity (Bunkers et al. 2006; Gropp and Davenport 2021).

Fig. 1. Demonstration of the method used to segment, track, and catalog supercell in the simulation output. A 10-km
buffer (dashed gray line for 22 UTC and solid gray line for 23 UTC) is placed around hourly max 2–5-km AGL UH
(colored pixels) that exceed 75 m2 s-2. This hourly “slice” is segmented and assigned a unique label. Next, regions are
connected in time by checking for spatial overlap between two subsequent hours, or slices. The valid overlapping
slices are then concatenated to form a valid “swath”, or footprint to a supercell. Only those tracks lasting at least two
hours are retained for our analysis, which are illustrated here by two unique id numbers and valid track lines in red.

UH is a relatively noisy field in two-dimensions after integration due to the centered finite
differencing used when solving on the Arakawa C-grid that the WRF-ARW employs
(Skamarock et al. 2021). The WRF-ARW applies a nine-point smoother before outputting the
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final UH field. Therefore, it is difficult to obtain extremely high values of UH on the WRFARW grid unless the vertical vorticity of a candidate storm has a radius that spans multiple
grid points, which may be difficult for some supercells due to their inherent small size
relative to larger convective structures. Thus, there is a caveat that the output from the WRFBCC is conservative when it comes to “true” maximum UH values, or at least in comparison
to output that may be produced from other dynamical cores. Nevertheless, each epoch has
this possible conservative bias, which should not affect cross-epoch delta comparisons.
The tracking procedure’s two-hour criterion and assessment of UH in the 2–5-km layer,
rather, than say, 0–2-km layer, likely misses those events that may be characterized by
smaller, shallower, transient, and/or weaker mesocyclones and/or mesovortices, especially
those supercells affiliated with tropical cyclones (Morin and Parker 2011) and quasi-linear
convective systems (QLCSs; Weisman and Trapp 2003; Trapp and Weisman 2003;
Schenkman and Xue 2016; Flournoy and Coniglio 2019). Many of these events occur within
the Southeast, which may account for the lower-than-expected counts obtained in this region
(Smith et al. 2012; Edwards et al. 2012; Sobash and Kain 2017; Ashley et al. 2019). This
suggests that 2–5-km UH may not be a reasonable proxy for SCS in some geographies and/or
seasons because they may not be characterized by events with strong, mid-level
mesocyclones. Further research to remedy this potential issue may need to employ shorter
time constraints, evaluate UH in the 0–2-km layer, use a lower threshold of UH, assess 1-km
AGL relative vertical vorticity, and/or bias-correct 2–5-km UH to diagnose seasonal and
regional variations in “weaker” or more transient supercells and their hazard reports.
Given the horizontal grid spacing of 3.75 km in the simulations, we are unable to resolve
and quantify how smaller-scale processes (e.g., boundary layer turbulence (Markowski
2020)) and any affiliated changes due to ACC in those processes may affect supercell
character. While such processes may be important for the perils supercells can generate, we
believe that they are less important for understanding the overall climatological
characteristics of supercells, which is our focus in this study.
Finally, we provide statistical significance tests (p < 0.05; Mann-Whitney U test) in many
of our supercell count and environmental analyses, but caution that confidence in statistically
significant differences is relatively low due to 1) small sample sizes (n = 15) and 2) in the
case of supercell events, we are examining extreme event data that is highly variable and may
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be influenced by singular events and/or outlier periods of (in)activity. Significance tests use
15 years (or seasons) of data (counts, means, etc.) for HIST and respective FUTR epochs.

RESULTS
Cumulative updraft helicity
Initially, we evaluate the frequency of the full spectrum of hourly maximum 2–5-km
AGL UH thresholds for the central and eastern CONUS (Fig. 2). Generally, a separation in
total grid cell counts by UH magnitude for the three epochs does not occur until a threshold
of ~150 m2 s-2 is exceeded, with the overall count ceiling much greater for particularly intense
UH (≥200 m2 s-2) grid cells in the projections for the end-of-the-21st-century. While there is
much separation in intense thresholded grid cell counts between the HIST and FUTR epochs,
there is little difference in annual counts between the FUTR epochs. This lack of difference
between FUTR epochs is largely due to a seasonal discrepancy in grid cell counts,
particularly in the winter, spring, and summer. Intense threshold counts in the FUTR4.5
epoch exceed the FUTR8.5 epoch in the spring, whereas the FUTR8.5 exceeds the FUTR4.5
counts in the winter and summer. Despite seasonal differences, it is projected that particularly
intense storm rotation will be more prevalent in a future climate under both intermediate and
pessimistic greenhouse gas concentration trajectories. The strong correlation between UH and
SCS perils (Clark et al. 2013; Sobash et al. 2016a; Gagne et al. 2017) suggests that this would
lead to more hazards in the future, including significant tornado and hail events.
Spatial and temporal climatology
Spatially, the WRF-BCC does an admirable job of representing the probable climatology
of supercells (Fig 3a; Gensini and Ashley 2011; Smith et al. 2012; Taszarek et al. 2020;
Davenport 2021), though an extensive climatology of CONUS supercells based on observed
data has not been generated to date. As discussed in the methods, we are likely undercounting
supercells that tend to be shallow or transient as inferred by environmental proxies and/or
SCS peril climatologies (Sherburn and Parker 2014; Davis and Parker 2014; Childs et al.
2018; Ashley et al. 2019), which may lead to climatological unrepresentativeness—
depending on how one defines a supercell—in parts of the Southeast, Ohio Valley, and MidAtlantic.
Deltas, or changes, between the HIST and FUTR epochs follow a similar pattern with
increased supercell tracks found east of the 95th meridian west and, generally, decreases in

10
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-22-0027.1.
Authenticated washley@niu.edu | Downloaded 10/06/22 02:52 PM UTC

the Great Plains (Rossum and Lavin 2000), or west of Interstate 35 (Fig. 3b-e). The greatest
positive track change is found between HIST and FUTR8.5, with increased events
maximizing in north Texas,

Fig. 2. The frequency (y-axis) of 3.75 km grid cells of hourly maximum 2–5-km AGL UH that meet certain thresholds
(x-axis) for the three epochs (colored lines) for a) annual, b) winter (DJF), c) spring (MAM), d) summer (JJA), and fall
(SON) for the central CONUS (cf. Fig. 3.a dashed rectangle for domain).

the Ark-La-Tex, and Ozark Plateau regions with broad increases found elsewhere in the MidSouth and western Great Lakes. The net positive pattern is similar in the HIST and FUTR4.5
delta but is more muted in the eastern Arkansas River Valley, with delta maxima displaced
towards the Mid-South and central Gulf Coast. The FUTR increases in the eastern Arkansas
and lower Mississippi River valleys are driven by rising seasonal numbers, particularly in the
spring and, to a lesser extent, the winter (Fig. ES1). Future decreases in both delta
11
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assessments are concentrated in portions of the Great Plains, from south Texas to South
Dakota, with a notable reduction found from the High Plains of Colorado through the middle
Missouri Valley (Fig. 3). Contrary to the South, these changes are caused by reduced
supercell counts across wide expanses of the central CONUS during the summer (Fig. ES1).

Fig. 3. Mean annual supercell track counts on an 80-km grid for the three simulation epochs: a) HIST, b) FUTR4.5,
and d) FUTR8.5. Panels c) and e) represent the mean annual supercell count track differences, or deltas, between
FUTR4.5 and HIST and FUTR 8.5 and HIST, respectively. Panel a) illustrates domains assessed, which include: east
CONUS (solid outline east of Continental Divide); central CONUS signified (dashed rectangle); and subregions
centered in the Northern Plains, Southern Plains, Midwest, and Mid-South (circles). Stippling denotes a significant (p <
0.05; Mann-Whitney U test) difference between HIST and FUTR8.5.

Like UH grid cell counts, a dichotomy is found in the HIST and FUTR deltas, with robust
and, in some cases, significant, supercell count and areal footprint increases found in the late
21st century epochs for February, March, and April and declines in June, July, and September
(Fig. 4; Table 1; ES Table 1 and Figs. ES2-5). Thus, supercells are projected to be more
prevalent in the early severe weather season, while declining in frequency in the late season.
12
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Considering the seasonality of SCSs and their environments, this suggests that the earlyseason supercells will affect regions of the southern tier of the CONUS, which is an area that
is particularly vulnerable to supercell perils (Ashley 2007; Ashley et al. 2008; Ashley and
Strader 2016; Strader et al. 2017a,b, 2021). Meanwhile, late season events, which typify the
High and Northern Plains, will be less frequent, likely a consequence of the increasing CIN
that is expected across that geography (Hoogewind et al. 2017; Rasmussen et al. 2017; cf.
Environmental ingredients section).

Fig. 4. a) Annual cumulative frequency of supercell counts for the three epochs for the eastern CONUS (cf. Fig 3.a for
domain), as well as b) seasonal supercell counts and c) monthly supercell counts for the three epochs illustrated using
box-and-whisker diagrams. d-f) as in a-c) except for cumulative areal footprint of supercells. In a) and d), means are
denoted by thicker lines with the 25th and 75th percentile bounds provided in epoch-respective color shading. For b-c
and e-f, means are denoted by black dots, medians by the black lines, the boxes represent the interquartile range, the
whiskers illustrate the 5th and 95th percentiles, and the clear circles denote outliers. A triangle (square) denotes a
significant (p < 0.05; Mann-Whitney U test) difference between HIST and FUTR 4.5 (FUTR 8.5).

Additional annual metrics—supercell hours, total accumulation of UH values for all
supercells, and cumulative spatial extent of UH within supercells—follow similar trends as
those found in annual supercell track counts (Fig. 5; Table 1; ES Table 1 and Figs. ES2-5),
with overlap in the interquartile range, but with general increases found for future epochs,
though with mixed results when testing for statistical significance. The annual UH track
accumulation, which is effectively the sum of all UH pixel values in all qualifying supercells
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swaths, has less overlap in the interquartile range compared to track counts and hours, with a
notable increase—though, not statistically significant—in central tendencies. This jump in
future total track accumulation suggests the potential for not only more supercells, but longerlived, or more intense ones, when they do occur. The most striking differences between HIST
and FUTR epochs were found in the annual UH cumulative areal extents for strong (≥100 m2
s-2) and intense (≥200 m2 s-2) thresholds. Track accumulation extents at the strong threshold
have a mean (median) increase of 9.3% (28.7%) from HIST to FUTR4.5 and 19.2% (26.8%)
from HIST to FUTR8.5, whereas intense threshold accumulation extents have a mean
(median) increase of 25.8% (11.9%) from HIST to FUTR4.5 and 60.2% (92.1%) from HIST
to FUTR8.5. These projected FUTR threshold areal extent increases are concerning as these
extreme mesocyclones are more likely to produce perils that have societal impacts.

mean
median

Annual
Supercell Counts
HIST
FUTR 4.5
595
634
553
642

FUTR 8.5
682
702

mean
median

Supercell Hours (hr)
1,474
1,547
1,375
1,542

1,645
1,712

% Change

% Change

HIST v FUTR 4.5 HIST v FUTR 8.5
6.6%
14.5%
16.1%
26.9%
5.0%
12.1%

11.6%
24.5%

9.3%
12.1%

19.2%
28.9%

Cumulative Areal Extent UH ≥75 m s (km x 10 )
mean
354,274
384,985
417,736
median
336,783
405,211
421,116

8.7%
20.3%

17.9%
25.0%

Cumulative Areal Extent UH ≥100 m 2s-2 (km2 x 105)
mean
150,120
163,943
179,756
median
135,703
174,698
172,069

9.2%
28.7%

19.7%
26.8%

25.8%
11.9%

60.2%
92.1%

2 -2

5

Supercell Swath UH Accumulation (m s x 10 )
mean
26.3
28.7
31.3
median
24.6
30.1
31.7
2 -2

2

2 -2

2

5

5

Cumulative Areal Extent UH ≥200 m s (km x 10 )
mean
5,208
6,553
8,345
median
4,627
5,175
8,888

Table 1. Measures of central tendency for eastern CONUS annual supercell metrics illustrated in Fig. 5. Two right
columns include positive percent changes in central tendencies for FUTR versus HIST epochs. The only significant (p
< 0.05; Mann-Whitney U test) difference is in the 200 m2 s-2 threshold at RCP8.5.

Despite net positive percent changes in annual mean and median values for all supercell
metrics from HIST to FUTR epochs (Table 1), seasonal trends during the typical peak of
SCS season are varied (Table ES1). Much like supercell counts, supercell hours, spatial
extents, and cumulative UH metrics all have dramatic increases in the winter and early spring
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for both FUTR epochs, while stable to decreasing values for summer. This, again, suggests a
more robust earlier SCS season in the future due to increased supercell populations and/or
magnitudes, with reduced presence of supercells and their perils during June through
September. The most dramatic percent increases in supercells metrics from HIST to FUTR

Fig. 5. Box-and-whisker plots illustrating annual eastern CONUS a) supercell counts, b) sum of supercell track hours,
or a count of hourly supercell slices, c) UH accumulation, or the sum of all UH values in all qualifying supercell slices,
and d-e) areal track accumulation extents for 75 m2 s-2, 100 m2 s-2 (intense), and 200 m2 s-2 (extreme) thresholds,
respectively. Box-and-whisker distributions and central tendencies as in Fig. 4. A triangle (square) denotes a
significant (p < 0.05; Mann-Whitney U test) difference between HIST and FUTR 4.5 (FUTR 8.5).

are found during the winter and early spring, with, in some cases, a near doubling of monthly
metrics, particularly for the FUTR8.5 delta. Conversely, many of the June through September
supercell metrics decline, on average, from 10 to 30% in the FUTR. Despite the notable
increases found in the cool and spring transition seasons, we acknowledge that our data and
methods do not fully account for the potential changes that may occur since events during
this period have a higher likelihood to be supercells, sometimes embedded in QLCS
structures, that tend to be smaller, shallower, transient, and/or weaker due to a weakness in
environmental ingredients such as moisture and instability (Smith et al. 2012; Sherburn and
Parker 2014; Ashley et al. 2019). Thus, the net increase in the number of supercells, their
magnitudes, and their perils may be even more substantial during future early SCS seasons.
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May, which is typically the CONUS peak climatology for supercell-related perils of hail and
tornadoes, is the only month during the climatologically active part of the season without
substantial changes in supercell metrics. This may be due to the environmental “goldilocks”
character of this month, when ingredients of SCSs have, and will likely continue to, comingle
frequently and at just the proper amounts, while months on either side of May deal with
dichotomous changes in their respective overlap of important ingredients (Hua and
Anderson-Frey 2022).
A regional perspective on the differences in supercell counts between epochs
reinforces the narrative of “more early, less later”, with the eastern CONUS, Northern and
Southern Plains, and Midwest all having a notable increase in counts for their respective early
severe weather seasons, with decreases in the latter half of the season (Fig. 6). The MidSouth domain has notable FUTR positive increases restricted to February, March, and April,
with negligible change in all other months.
Environmental ingredients
The patterns found in the supercell population analyses are a consequence of
fundamental SCS environmental ingredients and their expected changes in the future
(Diffenbaugh et al. 2013; Seeley and Romps 2015; Hoogewind et al. 2017; Glazer et al. 2020;
Lepore et al. 2021). Specific to our simulations, WRF-BCC reveals increasing instability
throughout the central and east CONUS in the FUTR epochs, with very large, and significant,
changes in annual (Fig. 7.a-c) and seasonal MUCAPE (Fig. ES6-9.a-c; cf. Haberlie et al.’s
(2022) Fig. 4) found east of the Mississippi River, particularly in the HIST-FUTR8.5 delta
during the warm-season. Conversely, MUCIN increases throughout the central CONUS (Fig.
7.d-f), with maximum MUCIN deltas between the HIST and FUTR epochs found across the
Great Plains during the warm season (Fig. ES6-9.d-f; cf. Haberlie et al.’s (2022) Fig. 4),
consistent with that found in recent research using RCP 8.5 (Hoogewind et al. 2017;
Rasmussen et al. 2017). This suggests that, although MUCAPE may increase in the future,
some of this instability may not be realized due to increasingly capped environments that will
not support convection initiation and/or sustenance (Hoogewind et al. 2017; Rasmussen et al.
2017), especially near and just east of the elevated mixed layer source regions along the
western fringes of the supercell climatological maximum.
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Fig. 6. Chiclet charts of the mean annual UH counts per month for the three simulation epochs for the a) eastern
CONUS and subregional domains (c,e,g,i) illustrated in Figure 3.a. Right column (b,d,f,h,j) illustrates mean annual
monthly count differences, or deltas, between epochs labeled on y-axis.

While CAPE is a fundamental ingredient for thunderstorms, it is not the only
environmental constituent required for SCS. Deep-layer vertical wind shear, which is the
atmospheric condition that promotes organization in storms like supercells, generally
decreases across the study domain in the future on an annual basis (Fig. 7.g-i); though, these
changes are more complex when assessed seasonally (Fig. ES6-9.g-i). For instance, there is a
notable increase in shear across regions that are frequented by supercells during the FUTR8.5
spring. That said, it is the overlap of fundamental ingredients that promotes supercells and
other forms of SCS. A well-known composite parameter that may be used to gauge the
juxtaposition of CAPE and various qualities of shear (e.g., 0–6 km bulk wind shear and 0–3
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km storm relative helicity using the Bunkers et al. [2000] storm motion estimate) supportive
of rotating storms is the Supercell Composite Parameter (SCP; Thompson et al. 2003). This
parameter is used frequently in forecast and climatological applications to assess
environments supportive of supercells and their perils (e.g., Gensini and Tippett 2019,
Krocak et al. 2021; Taszarek et al. 2021). Only SCP deltas between HIST and FUTR8.5 are
examined herein, as not all variables needed to calculate SCP were retained for the FUTR4.5
simulations due to data storage constraints.

Fig. 7. Mean annual hourly: MUCAPE for a) HIST, b) FUTR8.5, and c) FUTR8.5 versus HIST; MUCIN for d) HIST, e)
FUTR8.5, and f) FUTR8.5 versus HIST; and 0-6 km shear for g) HIST, h) FUTR8.5, and i) FUTR8.5 versus HIST.
Mean annual Supercell Composite Parameter (SCP) days for j) HIST, k) FUTR8.5, and l) FUTR8.5 versus HIST. A
SCP day is defined as a day when at least one hourly SCP value at a grid point was greater than or equal to 1.
Stippling denotes a significant (p < 0.05; Mann-Whitney U test) difference between HIST and FUTR8.5.
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Except for a small portion of the central High Plains, most of the study domain experiences a
significant increase in the number of mean SCP days in FUTR8.5, with greatest increases in
the Midwest, through the Ozarks, and equatorward to the Gulf Coast (Fig. 7.j-l). The most
notable seasonal increases in SCP days in the FUTR8.5 are clustered in the spring across the
south-central CONUS and Mid-South, and, during the summer, across the Great Lakes,
Northeast, and East Coast. FUTR8.5 seasonal declines in SCP days are prominent in portions
of the Great Plains during JJA, which is also the region and season that is expected to
experience an increasingly hostile environment for convective initiation and sustenance due
to robust increases in MUCIN. Generally, this macroscale analysis of ingredients suggests
there will be a reduced number of future environments supportive of supercells in portions of
the Great Plains, with broad increases found east of the 95th meridian west. Changes in the
spatiotemporal trends in the environmental analysis are similar to the shifts in the WRF-BCC
supercell populations, illustrating the importance of overlapping SCS ingredients and how
any modification in this overlap in the future may result in change to the overall SCS
climatology. This will have consequences for not only SCS peril production, but an important
hydrologic input in many regions of the CONUS (Smith et al. 2001; Hitchens and Brooks
2013).
Diurnal cycle
There is little change in the diurnal cycle of supercell counts as measured by their
initiation, cessation, and total hourly counts between the FUTR and HIST epochs in the
eastern CONUS domain (Fig. 8). However, regionally, the Mid-South and Northern Plains
have noteworthy shifts in future supercell populations over the course of the day. Of
particular concern is the Mid-South. As discussed, supercells in the Mid-South are projected
to become more frequent, with the diurnal analyses showing large increases in supercell
occurrences in both FUTR scenarios for the midafternoon through overnight hours. Similarly,
the cumulative supercell extent, or footprint, increases by roughly 70% in both FUTR
scenarios during the evening and overnight period (not shown) for the Mid-South. This
increasing supercell frequency and footprint extent will be clustered in the winter and early
spring, when daylength is at a minimum; this may result in an enhanced threat of nocturnal
tornadoes (Duda and Gallus 2010; Schoen and Ashley 2011; Smith et al. 2012; Krocak and
Brooks 2018; Anderson-Frey and Brooks 2019; Ashley et al. 2019). Evening and overnight
tornadoes are an impediment to warning efficacy (Mason et al. 2018) and are up to two-and-
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a-half times as deadly as their daytime counterparts (Ashley et al. 2008; Strader et al. in
review), which suggests an increasing likelihood of future deadly events in this region unless
mitigation efforts are improved. Conversely, supercells in the Northern Plains are projected to
decrease, with most of that decline occurring during the afternoon and evening hours during a
season when daylength is near maximum, which may reduce the overall societal threat in the
region (Ashley et al. 2008; Strader et al. in review). The Midwest has mixed diurnal results,
with a large uptick in hourly counts during the evening hours for FUTR8.5, but little
difference between the FUTR4.5 and HIST.

Fig. 8. Total hourly supercell counts (bars) for the three simulation epochs for a) eastern CONUS and b-e)
subregional domains illustrated in Fig. 3.a. Panel a) also contains initiation (lines) and cessation (dashed lines) for the
eastern CONUS domain.

20
Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-22-0027.1.
Authenticated washley@niu.edu | Downloaded 10/06/22 02:52 PM UTC

CONCLUSION
Our understanding of how ACC will affect SCSs is in its infancy (Kunkel et al. 2013;
NAS 2016). Continued research employing both implicit and explicit methods will be
required to increase our knowledge of how ACC may change SCS frequency, intensity, and
location (Gensini 2021). Herein, we used an explicit approach, employing updraft helicity
generated from both historical and future dynamically downscaled simulations as a proxy for
supercells to evaluate how this important peril producer may change in the future. We offered
two end-of-century perspectives, employing intermediate and pessimistic greenhouse gas
concentration trajectories to reveal prospects on the future of supercells and their hazards in
the CONUS.
Projections from WRF-BCC suggest that supercells will become more frequent in the 21st
century in regions of the eastern CONUS, while decreasing in frequency in portions of the
Great Plains. This mimics a recent observed trend in tornado environments and reports
(Gensini and Brooks 2018; Taszarek et al. 2021), which is conflating with elevated—and,
projected to escalate—exposure and vulnerability in these increasingly risky areas. With
supercell risk, human and built-environment exposure, and socioeconomic vulnerabilities
projected to rise in the Ozarks, Mid-South, and Tennessee Valley, the likelihood for more
impactful tornado events in these regions is certain for the 21st century (Ashley and Strader
2016; Strader et al. 2017a,b, 2021). Supercell risk is likely to escalate outside of the typical
SCS season, with these storms and attendant perils projected to increase in late winter and
early spring months under both intermediate and pessimistic trajectories. Conversely, the
latter part of the SCS season may be curtailed, with supercell populations projected to
decrease in June through September. Events during the summer and early fall typically affect
regions that have relatively low exposure and vulnerability (Ashley 2007; Ashley et al. 2008;
Ashley and Strader 2016), which suggests disaster potential in these areas may remain
relatively curbed. Of particular concern for future impacts is the growing likelihood of
supercells to contain more strong and intense UH-defined mesocyclones, which correlates
with the production of SCS perils such as significant tornadoes and hail (Clark et al. 2013;
Sobash et al. 2016a; Gagne et al. 2017).
The projected spatiotemporal changes in supercells are driven by likely changes in the
ingredients required for these storms and other SCS morphologies (cf. summaries by Brooks
2013; Tippett et al. 2015; Allen 2018; Raupach 2021; Gensini 2021). While not the focus of
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this study, the background states of increasing moisture and instability in a warming climate,
particularly during the early season, will lead to more supportive environments, and
potentially more robust updraft formation, in the future (Trapp et al. 2007, Diffenbaugh et al.
2013, Marion and Trapp 2019). The latter part of SCS season is characterized by a more
hostile capping environment, with CIN expected to increase across regions where supercells
climatologically roam (Hoogewind et al. 2017; Trapp et al. 2019; Taszarek et al. 2021). Our
projections reveal a decrease in supercells under both RCPs assessed across broad swaths of
the Great Plains west of Interstate 35, which, on one hand, could lessen the threat for SCS
perils such as tornadoes and hail, but also reduce one of the more important hydrologic inputs
in a region with water-dependent agriculture as its economic foundation (Smith et al. 2001;
Hitchens and Brooks 2013; USGCRP 2018).
This study provided an initial set of perspectives on how the climatology of supercells
may change in the CONUS during the 21st century. Our non-PGW approach permitted two
future views—intermediate and pessimistic—on how changes in fundamental SCS
ingredients and the general circulation may affect relatively long-lived, robust, cyclonic
supercell populations. As stated, additional implicit and explicit research is required to
improve our understanding of how ACC is affecting, and will affect, SCSs. These efforts
should employ an ensemble modeling approach as computing and storage resources advance,
as well as artificial intelligence methods to distill findings from voluminous simulation
datasets. Indeed, our effort herein should be considered nascent, if limited, due to the
computational, storage, and processing required to generate results using this simulation
framework. There is considerable need for future work using multiple GCM inputs, both
PGW and non-PGW approaches, additional RCP and/or shared socioeconomic pathways, use
of multiple model cores, microphysics, and other parameterization schemes, and stochastic
perturbations to initial model states to provide a more robust set of future climate solutions,
as well as appreciate model biases and sensitivities (Gensini 2021). Further, the number of
years we simulated was relatively small, but is equivalent to existing and ongoing dynamical
downscaling efforts at this resolution. As computational and storage capabilities improve,
simulations assessing the decades preceding the end-of-the-21st-century are needed as many
stakeholders are concerned—and, understandably so—with more imminent changes.
Additional implicit efforts (cf. summaries provided by Brooks 2013; Tippett et al. 2015;
Allen 2018; Raupach 2021; Gensini 2021) examining fundamental SCS ingredients, and their
overlap, is needed to help uncover the reasoning behind the trends this and other implicit
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studies are uncovering in simulated convective elements and their proxy hazards. Finally,
integrating our new knowledge of how SCS risk will shift with the dynamic human-built
environment exposure and vulnerability landscape is essential to understand the future of
societal impacts from SCSs (e.g., Strader et al. 2017). A community effort will be required to
satisfy these immense research needs (Giorgi and Gutowski 2015; Kendon et al. 2021; LucasPicher et al. 2021; Takayabu et al. 2022; Giorgi et al. 2021) so that we can inform policy
makers, weather-sensitive economic sectors, and the multiple publics that stand to be affected
by SCSs.
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