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ABSTRACT

The southeastern United States has become a prime area of focus in tornado-related literature due, in part, to
the abundance of tornadoes occurring in high-shear low-CAPE (HSLC) environments. Through this analysis of
4133 tornado events and 16 429 tornado warnings in the southeastern United States, we find that tornadoes in the
Southeast do indeed have, on average, higher shear and lower CAPE than tornadoes elsewhere in the contiguous
United States (CONUS). We also examine tornado warning skill in the form of probability of detection (POD;
percent of tornadoes receiving warning prior to tornado occurrence) and false alarm ratio (FAR; percent of tornado
warnings for which no corresponding tornado is detected), and find that, on average, POD is better and FAR is worse
for tornadoes in the Southeast than for the CONUS as a whole. These measures of warning skill remain consistent
even when we consider only HSLC tornadoes. The Southeast also has nearly double the CONUS percentage of
deadly tornadoes, with the highest percentage of these deadly tornadoes occurring during the spring, the winter, and
around local sunset. On average, however, the tornadoes with the lowest POD also tend to be those that are weakest
and least likely to be deadly; for the most part, the most dangerous storms are indeed being successfully warned.

1. Introduction

The common perception of tornadoes in the United
States has historically been dominated by Tornado
Alley, a region centered on the Great Plains in which
tornadoes overwhelmingly occur in the late afternoon
and early evening during springtime months (Kelly et al.
1978; Brooks et al. 2003; Coleman and Dixon 2014;
Anderson-Frey et al. 2016, 2017; Krocak and Brooks
2018). In addition to this prominent Great Plains—centric
discussion, the southeastern United States, nicknamed
“Dixie Alley” (Schaefer et al. 1980), also has been
identified as a region of particular concern when it
comes to tornado risk. More focused research [such as
the Verification of the Origins of Rotation in Tor-
nadoes Experiment-Southeast (VORTEX-SE)] has
emphasized the Southeast’s unique juxtaposition of
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physical risk factors (e.g., relatively high frequency
of nocturnal tornadoes, disproportionate percentage
of long-track tornadoes, low visibility of tornadoes in
forested regions, a less easily defined storm season;
Skaggs 1969; Kelly et al. 1978; Bounds and Soulé 1993;
Egentowich et al. 2000; Boruff et al. 2003; Brooks et al.
2003; Coleman and Dixon 2014; Davis and Parker 2014;
Sherburn and Parker 2014; Agee et al. 2016; Anderson-
Frey et al. 2016; Sherburn et al. 2016; Krocak and
Brooks 2018; Long et al. 2018) and social risk factors
(e.g., large segment of population in poverty, high
population of elderly residents, high concentration of
mobile homes; Grazulis 1990; Ashley 2007; Ashley et al.
2008; Sutter and Simmons 2010; Sherman-Morris 2013;
Wallace et al. 2015; Childs and Schumacher 2018). Both
of these have resulted in several prominent devastating
tornado outbreaks in the region (e.g., Kincer 1936;
Grazulis 1990; Egentowich et al. 2000; CDC 2012; May
and Bigham 2012; Knupp et al. 2014) with, frequently, a
disproportionately high loss of life versus comparable

© 2019 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).

Unauthenticated | Downloaded 08/28/22 01:30 AM UTC


mailto:aka@ualberta.ca
mailto:aka@ualberta.ca
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1018

events in the Great Plains (Sims and Baumann 1972;
Ashley 2007).

Much of the previous research into the unique char-
acteristics of southeastern U.S. tornadoes has either fo-
cused on multidecadal summaries of nonenvironmental
factors (seasonal and diurnal data, latitude, longitude,
path width; e.g., Kelly et al. 1978; Grazulis 1990; Bounds
and Soulé 1993; Boruff et al. 2003; Brooks et al. 2003;
Coleman and Dixon 2014; Agee et al. 2016) or much
shorter-term environmental studies (generally compris-
ing fewer than five years of data; e.g., Davis and Parker
2014; Sherburn and Parker 2014; Sherburn et al. 2016),
although Thompson et al. (2013) examined nine years of
tornado near-storm environments in the context of the
spatial distribution of convective mode.

Past studies have been centered on identifying and
characterizing the physical attributes of southeast-
ern tornadoes and their environments as inputs for
ingredients-based forecasting and updates for con-
ceptual models, with a special focus on the atypical
tornadic environments common in this region (e.g.,
environments with marginal instability but large wind
shear). Previous work, however, has not explicitly
associated tornado warning skill with near-storm en-
vironmental parameters in this region. In addition to
this forecast evaluation approach, this paper divides a
relatively long-term tornado event, warning, and en-
vironment dataset by intensity, time of day, season,
and storm mode, providing a wealth of directly com-
parable information that previously has been spread
across several datasets and different times of record.

Defining the southeastern United States as in the
following section, we make use of 4133 tornado events
(refer to section 2 for the definition of an “event”) and
16429 tornado warnings from 2003 to 2017. A 15-yr
dataset helps partially offset the strong influence of
individual tornado outbreaks when compared with a
briefer period of study (although, for instance, the
27 April 2011 outbreak still features prominently in the
data) without moving into multidecadal time scales that
are more likely to encompass significant secular (non-
meteorological) shifts in the data. Associated with each
event (or warning) is a set of model sounding parame-
ters describing the environment in which the tornado
occurred (or in which the warning was issued), and
verification data are also available to help assess warn-
ing strengths and weaknesses in this high-vulnerability
region of the country.

First, a description of the dataset and several relevant
analytical methods are introduced. Southeastern tor-
nado events and warnings will then be described on the
basis of their near-storm environments, their seasonal and
diurnal distributions, and finally their statistics pertaining
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to human vulnerability. Since tornado environments
in the Southeast are disproportionately likely to have
relatively low convective available potential energy
(CAPE) and relatively high 0-6-km vector shear mag-
nitude (Sherburn and Parker 2014; Sherburn et al.
2016), a subset of the data is created that consists of only
these high-shear, low-CAPE events and warnings, and
the properties of this subset are compared with the
dataset as a whole. Finally, we discuss our findings and
highlight future avenues of research suggested by the
results.

2. Data and methods

The data used in this paper consist of an updated
version of the dataset developed in Smith et al. (2012)
and used in Anderson-Frey et al. (2016, 2017, 2018),
consisting of all CONUS tornado events and warnings
for 2003-17. Smith et al. (2012) discuss the creation of
the tornado event dataset: county tornado segment data
is filtered, and the highest (E)F-scale rating is kept
within a given hour and 40 X 40 km? area; that is, mul-
tiple tornadoes occurring within a 40 X 40 km? grid box
will be counted as a single event. Convective mode
has been classified manually for each of these events
through the examination of radar data and the use of a
convective mode decision tree (Smith et al. 2012, their
Fig. 2), resulting in mutually exclusive categories such
as quasi-linear convective system (QLCS) and right-
moving supercell (RMS) as well as potentially over-
lapping categories such as tropical cyclone (TC). Only
those tornado events or warnings occurring in Alabama,
Arkansas, Georgia, Kentucky, Louisiana, Mississippi,
and Tennessee are included so as to align with the area
of interest for the VORTEX-SE campaign. Despite its
location in the southeast of the country, Florida is
omitted from this analysis, as it has a relatively high
percentage of tornadoes associated with tropical cy-
clones and generally is not representative of the tornadic
environments of the other states in the region (Edwards
et al. 2012). Between 2003 and 2017, these 7 states
(hereafter referred to as the Southeast) contained 4133
tornado events and 16429 tornado warnings.

Environmental data are matched with each tornado
event using the grid box containing the initial tornado
location and are matched with each tornado warning
using the grid box containing the location of highest
significant tornado parameter (STP; Thompson et al.
2003) within the warning area (Smith et al. 2012). The
background for these mesoanalyses is obtained from
the Rapid Update Cycle model (RUC; Benjamin et al.
2004) for January 2003-April 2012 or the Rapid Re-
fresh model (RAP; Benjamin et al. 2016) for later
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FIG. 1. Distribution of tornado events in the southeastern United States by (a),(c) time of day (day in red, EET in
green, night in blue) and (b),(d) season (spring in pink, summer in green, fall in orange, winter in blue) for (top) all

Southeast events and (bottom) Southeast HSLC events.

dates. Model horizontal grid spacing is 40km, and
the models assimilate rawinsonde, profiler, radar,
lightning, and other data (Benjamin et al. 2016, their
Table 3). The reader is referred to Thompson et al.
(2012) and Anderson-Frey et al. (2016) for a more in-
depth discussion of limitations of the dataset.

The STP (Thompson et al. 2003) is a parameter of
interest that combines mixed-layer CAPE (MLCAPE),
0-6-km vector shear magnitude (SHR6), mixed-layer
lifting condensation level (MLLCL), and 0-1-km storm-
relative helicity (SRH1)." Thompson et al. (2012) have

!Here, we make use of the fixed-layer STP (rather than the
effective-layer STP) since effective-layer parameters are not avail-
able in the dataset until March 2005.

found that this parameter discriminates well between
significantly severe but nontornadic supercell environ-
ments and significantly tornadic [i.e., capable of sup-
porting tornadoes rated (E)F2+] supercell environments,
and the individual parameter spaces of MLCAPE-SHR6
and MLLCL-SRHI1 have been found to provide addi-
tional insight (Anderson-Frey et al. 2016, 2017). To avoid
cluttered scatterplots in these two parameter spaces,
kernel density estimation (KDE) is employed as a
smoother, replacing each data point with a Gaussian
kernel [see Anderson-Frey et al. (2016) for a more
detailed explanation].

Figure 1 shows the geographical distribution of tor-
nado events for the Southeast region. Here, time of day
is split into three categories: day (from 12 to 2 h before
local sunset), early evening transition (EET; from 2h
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FIG. 2. Parameter-space distributions of only tornado events in the Southeast region (blue) and all CONUS non-
Southeast tornado events (green) for (a) the MLCAPE-SHR6 parameter space and (b) the MLLCL-SRH1 pa-
rameter space. Each set of contours is centered on the location of highest density of events, with the innermost
contour enveloping 25% of the data, and contours moving outwards enveloping 50%, 75%, and 90% of the data.
Note that MLCAPE is on a nonlinear scale [converted to a speed via (2 X MLCAPE)"?], and MLLCL is on a
logarithmic scale. A Gaussian kernel is used for the KDE.

before local sunset through 2 h after local sunset), and
night (from 2 to 12h after local sunset). Seasons are
defined as follows: spring (MAM), summer (JJA), fall
(SON), and winter (DJF). Figures la and 1b depict
all Southeast tornado events, while Figs. 1c and 1d de-
pict only those events with MLCAPE = 1000J kg ! and
SHR6 = 18ms ! (35kt), which constitutes the high-
shear, low-CAPE (HSLC) subset based on the defini-
tions used by Sherburn and Parker (2014) and Sherburn
et al. (2016).

Comparing time-of-day and seasonal distributions, it
is apparent that nocturnal tornadoes (blue in Figs. 1a,c)
occurred during these 15 years in similar swaths to the
winter tornadoes (blue in Figs. 1b,d). Note also that,
most apparently in western Arkansas, EET tornadoes
(green in Figs. la,c) tend to occur in conjunction with
springtime tornadoes (pink in Figs. 1b,d).

Comparing the distributions of all Southeast torna-
does with distributions of the HSLC subset of Southeast
tornadoes, many daytime (red in Figs. 1a,c) and summer
(green in Figs. 1b,d) tornadoes are eliminated from the
HSLC subset, most prominently in western Tennessee
and northern Mississippi. Intuitively, we might expect
these tornadoes to have been eliminated on the basis
of their greater mean CAPE and weaker mean shear
(Anderson-Frey et al. 2017).

3. Southeastern tornado events and warnings
a. Environmental factors

Figure 2 draws a comparison between Southeast
tornado environments and tornado environments for

non-Southeast events occurring in the rest of the contig-
uous United States (CONUS), supported by Thompson
etal. (2013) using a similar period of record. In Fig. 2a, the
distribution of events in which Southeast tornadoes occur
has lower values of MLCAPE and higher values of SHR6
on average than the distribution of events in which tor-
nadoes occur across other parts of the CONUS. Figure 2b
shows that Southeast tornadoes on average occur for
higher values of SRH1 and somewhat lower MLLCL
heights than tornadoes across other parts of the CONUS,
which is a pattern that holds regardless of whether their
parent storm morphologies are RMS or QLCS. All dif-
ferences are statistically significant at the p = 0.05 level
using 10 000-sample bootstrap confidence intervals.

This picture of the typical Southeast tornado as one
occurring in high-shear but relatively moderate-buoyancy
environments is one that should be qualified by season,
by intensity, and by time of day, as there is a great deal
of overlap between the Southeast and non-Southeast
CONUS distributions. Figure 3 splits the Southeast
tornadoes according to three different categories: (E)F
scale, season, and time of day (see section 2 for defini-
tions of seasons and times of day).

Focusing on MLCAPE (Fig. 3a), MLCAPE values are
generally similar for (E)FO-2 tornadoes, but tend to
increase for more intense tornadoes, with very little
overlap between (E)F2 and (E)F4+ tornadoes’ boxes
[note that, while all the (E)F5 tornadoes in this dataset
occurred in conjunction with the 27 April 2011 outbreak,
the (E)FS5 boxplots here are consistent with those for
tornadoes occurring across the entire CONUS (not
shown)]. A similar signal was found for tornado events
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FIG. 3. Box-and-whiskers plots of (a) MLCAPE, (b) SHR6, (c) MLLCL, (d) SRHI, and (e) STP values for
Southeast events. The white line inside each colored box indicates the median value for that category, the limits of
the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data points that are not
considered outliers (i.e., that lie within 1.5 times the interquartile range from the box). (f) A color bar legend, along
with the number of Southeast events falling into each category.

for all convective modes by Smith et al. (2015) (cf. their
Fig. 9). Somewhat higher MLCAPE values occur for the
summer and near sunset, although there is a great deal of
overlap in these distributions.

SHR6 (Fig. 3b) and SRH1 (Fig. 3d) share similar
patterns, with values increasing more clearly with (E)F

scale (and the interquartile range of SHR6 tornadoes
decreasing with (E)F scale), and minimum values oc-
curring distinctly during the summer. On the other hand,
MLLCL (Fig. 3c) shows a less distinct pattern, with
heights in the 750-m range for all (E)F-scale ratings, and
only marginally higher values during the summer and

Unauthenticated | Downloaded 08/28/22 01:30 AM UTC



1022 WEATHER AND FORECASTING VOLUME 34

the EET. These low MLLCL heights. c.orrespond to “7; BN = Olowna 1SSz en
relatively large values of low-level humidity, and hence z E < E} cewne e~ —oaso

. S o
result in more moderate outflow temperatures. Thus, I 3

. . a

as long as tl'le outflow is not too cold (‘1.e., as long as - 5lg|2232058sm29nn
MLLCL heights are not excessively high), the main = E Z M oo
difference seems to be in the dynamic lifting that comes e g Sl | mamocmm oo oo oo o
from the low-level SRH, consistent with the findings of % z Rld|scegrgfe~nava
Coffer and Parker (2015, 2017). 2 5 "

Finally, Fig. 3e summarizes the results of the pre- B SI¥E28% | | =RE&x8C
ceding four panels in the form of STP values. Despite = o aemmmTe
MLLCL’s lack of visible trend in (E)F scale, the other 2 % O S VA

. £ 3 ElS|lgeZIcaderenan
three parameters result in an STP value that clearly g2 PlgldeFeSgFSdamem
increases with (E)F-scale rating in a nonlinear way. 13
Spring yields the highest STP values, due to favorable 23 = 38223889 RIS T

. . ST 4 C<|ldaddF oS F—=a e en
springtime values of all four STP component param- 4E€ =
eters. Summer’s relatively low SHR6 and SRH1 and ﬁni 3 "
. . . . Q
its somewhat higher MLLCL help offset its higher <: E 138238 | 183a388s88
) | — < || o M on NN o NN AN«
MLCAPE to result in the lowest STP values. Fi- S8 2|
nally, time of day has virtually no STP pattern, with 552(8ln
; ; : RIS SRIERITRESRR
daytime tornadoes having only slightly lower mean ‘:j 5 § TIE|a@aTana=caadnn
STP (2.8) than EET or nocturnal tornadoes (3.3 and SS B K
. =22 — —
3.4, respectively). o §§ 8 2 ER8320 8228823

Table 1 reproduces the values plotted in Fig. 3 but also 2 g5
depicts mean values by storm mode for RMS and QLCS EE g Ol e oo N oS —
tornadoes Sz |g|reeL | [RRELERR

e . . . o g

These distributions remain relatively consistent when g 8 g 3
examining only those Southeast tornadoes with an RMS ’§ o 8 S Slegagpnagseggngs

. . . OEE S N7 Bl i R ol =T Sl
storm mode (Table 1), with MLCAPE increasing from 5225

— — o
846 kg ! for (E)F1 tornadoes to 2463 J kg~ ! for (E)F5 E 2 § ZlgenToaganyans
. . Q —
tornadoes [note that all (E)F4+ tornadoes in this 8 E CEEEESEERSEO RN
dataset had the RMS storm mode]. For these RMS d =3 %

. . . IR Qe = A VSO NN
events, MLCAPE is only slightly larger in the summer B8~ 61 NEgo |l lefxdgxa
(1129J kg™ ') than the spring (1108 kg '), and even- S 2 ; T
ing MLCAPE (1005 J kg 1) is only slightly larger than 8= Q E § O A =NV OS TN R
daytime MLCAPE (934Jkg '). Hence, MLCAPE 3 EO||E|Z | SERECRRESRERE
values in RMS tornadoes are much more closely tied 283 &

. 'égm =l AN~ QNN X
to (E)F-scale value than to season or time of day S84 dlungovaserganss

Similar to the full Southeast dataset, RMS torna- kst %)s §
does have a monotonic increase in SHR6 (SRH1) with % E 21~ § § % § § | @ % § g % % §
(E)F scale, ranging from 26.1ms ' (287m?s ?) at é@@ lon| O -

(E)FO to 39.3ms™ ! (577m?s2) at (E)F5. The RMS e
. Q 7] D O FTARXNONDDNT VAN
subs;t also echoes the full Southeast.dataset .Wlth ég o A E 2E58F § SORRSES
maximum values of both parameters during the winter EE3 {5
(SHR6 = 30.4msfl, SRH1 = 358m2s72) and mini- 3 SE D Ll ormmwwwnmminowo w
: - E2z2|Z 2 2295588802288
mum values during the summer (SHR6 = 18.6ms™ ", 5o SRPIERe

— . . . e il
SRH1 = 184m?s ?). SHR6 is highest during the ° § 5 g
evening (29.4ms ') and SRH1 is highest overnight R E e £ 5 =

2 —2 ST 5 oﬁmmvm.ﬁe_‘};%[—hfb
(396 m~s™ ). Thus, for RMS tornadoes, as for the en- Z 83 E5TC s/l X
. . .. . g = 5> AaLZEAMmZ
tire Southeast dataset, intensity increases with the values ﬁ 8 g
of kinematic parameters, which have their smallest values = § g ° =
. . —_ o
for tornadoes occurring during the summer and day- 2E 8 5 - "
. . . . Row @ 5 °
time, and their largest values in the winter and near or S@ 2 B 2 g
52 ) 2 s
after sunset. L8 = 1% &

Unauthenticated | Downloaded 08/28/22 01:30 AM UTC



AuGusT 2019

The RMS subset also has the full Southeast tornado
dataset’s lack of obvious trend in MLLCL heights with
(E)F scale, but RMS MLLCL heights are somewhat
higher in the spring (800 m) than the winter (660 m), and
also higher in the evening (823 m) than at night (709 m).
Overall, the RMS subset follows the same STP behavior
as for the full dataset; STP increases with (E)F scale
[from 2.62 at (E)FO0 to 23.28 at (E)F5], and is highest for
springtime (4.62) and overnight (3.96) events.

In contrast to RMS tornadoes and the Southeast
dataset as a whole, QLCS tornadoes (Table 1) do not
have a linear increase in MLCAPE with (E)F scale, with
(E)F0-3 mean values of 494, 670, 535, and 4057 kgfl,
respectively. MLCAPE is considerably higher in the
summer for QLCS events (1657Jkg ') than in the
spring (685J kg '). Finally, similar to RMS events and
the Southeast dataset as a whole, evening MLCAPE
for QLCS events (690 T kg ') is again somewhat higher
than daytime MLCAPE for QLCS events (630Jkg ™ ').
The linear increase in SHR6 and SRH1 with (E)F scale is
also apparent for QLCS tornadoes, with SHR6 (SRH1)
increasing from 27.6ms ' (329m?s %) at (E)F0 to
332ms ! (562m*s~?) at (E)F3. Also in agreement with
RMS tornadoes and the full Southeast tornado data-
set, QLCS values of both measures of shear are highest
for winter tornadoes (SHR6 = 31.2ms ', SRH1 =
386 m?s~ ) and lowest for tornadoes occurring during
the summer (SHR6 = 14.7ms™ !, SRH1 = 94m?s?).

Similar to the lack of obvious trend in MLLCL
heights with (E)F scale for all Southeast events and the
RMS subset, the MLLCL heights of QLCS tornadoes
for (E)F0-3 intensities are 707, 678, 692, and 825m,
respectively. QLCS MLLCL values are considerably
higher for the summer (900m) than for the spring
(757 m), fall (620m), or winter (622 m) months, and
are only marginally higher during the EET (721 m)
than the daytime (655m) or overnight (711 m). Over-
all, similar to the patterns for all Southeast events and
for the RMS subset, the STP for QLCS events in-
creases with (E)F scale from 1.46 to 3.38, is highest for
spring (2.11) and lowest for summer (0.77). In contrast
to the results for RMS tornadoes, however, QLCS
tornadoes have their lowest STP during the evening
(1.65), not during the day (1.87). A more striking dif-
ference between RMS and QLCS tornadoes, however,
is that the mean (E)F-scale values of QLCS tornadoes
do not increase with MLCAPE in the way that RMS
tornadoes’ (E)F-scale values do; the kinematic envi-
ronment is more relevant than the thermodynamic
environment in determining the intensity of these
QLCS tornadoes.

The plots in Fig. 4 depict the shift in various relevant
atmospheric parameters depending on the start time of
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a given tornado relative to local sunset; each season is
depicted in a different color, and each tornado event’s
start time has been binned into its rounded-down hour.
Note that summer events are considerably less common
than the others (324 events, vs 854 in fall as the next-
smallest seasonal category), resulting in a noisier plot;
see Fig. 4f for the number of events in each hourly bin.

Unsurprisingly, MLCAPE (Fig. 4a) is generally highest
for tornadoes occurring in the spring and summer, and
it peaks in spring and fall for tornadoes occurring around
local sunset, at the warmest time of day. Both SHR6
(Fig. 4b) and SRH1 (Fig. 4d) are considerably lower
for tornadoes occurring in the summer than in any other
season, and SRH1 in particular peaks for all seasons
when tornadoes occur overnight. MLLCL (Fig. 4c)
has more of a diurnal trend for tornadoes occurring
in summer and spring than in fall or winter, with some-
what higher MLLCL heights for late-afternoon or early
evening tornadoes.

Outside of springtime, the summary plot of STP
(Fig. 4e) shows little coherent pattern (possibly a little
higher in the evening than overnight; the postsunset
peak in summer is striking but is likely an artifact of the
relatively small dataset for that season). Spring, how-
ever, has a coherent and well-defined pattern of values,
going from a peak hourly mean of about 4.2 for torna-
does occurring around sunset to an hourly mean of
about 2.8 for tornadoes occurring around sunrise.

Tornadoes in the Southeast are significant [i.e., rated
(E)F2+] about 21.0% of the time; this, too, has a sea-
sonal and diurnal variation (Table 2). Summertime
Southeast tornadoes are significant only 7.6% of the
time, and fall tornadoes only 13.7% of the time, whereas
spring and winter tornadoes are much more commonly
significant (24.9% and 24.6%, respectively). A dispro-
portionately high percentage of nocturnal tornadoes are
significant (26.0%, vs 20.4% of EET tornadoes and
17.1% of daytime tornadoes) in the Southeast. This may,
perhaps, be the result of a reporting bias wherein tor-
nadoes are simply less likely to be reported overnight
unless they cause substantial damage, with weaker tor-
nado damage attributed to straight-line winds if it is
observed at all.

(E)FO tornadoes in particular are much more common
during the day (47.4%) than during the EET (30.6%) or
especially during the night (22.0%), and the potential
for population biases in the (E)F0 dataset is a topic of
open discussion in the literature (e.g., Agee and Childs
2014). In contrast, even (E)F1 tornadoes show a closer
balance, with 39.8% during the day, 29.0% during the
EET, and 31.2% at night. On the other hand, meteorol-
ogy may be the strongest factor involved: the high per-
centage of significant nocturnal tornadoes is consistent
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FIG. 4. Diurnal variation of Southeast tornado event (a) MLCAPE, (b) SHR6, (c) MLLCL, (d) SRH1, and
(e) STP, with (f) the number of events sorted into each bin. Each season is depicted in a different color. The black
vertical line on each plot indicates local sunset, the EET is the shaded area near sunset, and the light red indicates
hours presunset while the light blue indicates hours postsunset. Note that y axes are different for all plots. A 5-h

moving average is used to smooth the hourly mean data.

with the higher SRH values for tornadoes reported at
night (Thompson et al. 2012).

QLCS tornadoes make up 12.4% of all tornadoes in
the CONUS, but that percentage increases to 17.9% for
Southeast tornadoes, and further increases to 23.2%
for HSLC Southeast tornadoes. Nocturnal tornadoes

in the Southeast are most common in AL and MS
(22.2% and 19.7%, respectively, of all nocturnal tor-
nadoes in the Southeast), as are winter tornadoes
(18.5% and 23.7%, respectively); thus, this South-
east dataset provides an opportunity to study ‘‘non-
traditional” tornado events outside of the typical
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TABLE 2. Percentage of significant [(E)F2+] tornadoes for the entire dataset of Southeast tornado events and the HSLC subset, further
divided by season and time of day.

All Spring Summer Fall Winter Day EET Night
Southeast (E)F2+ 21.0 24.9 7.6 13.7 24.6 17.1 20.4 26.0
HSLC Southeast (E)F2+ 194 19.9 10.1 14.8 23.5 16.0 18.1 24.8

Great Plains springtime early evening RMS tornado
paradigm.

b. Warning skill and human impacts

The Southeast’s tornado environments, compared to
those of the CONUS as a whole, are shifted toward
higher values of SRH1 and SHR6 and lower values of
MLCAPE. Given how many forecasting indices and
rules of thumb have been built with the traditional Great
Plains tornadic environment in mind, how does warning
skill measure up in the Southeast?

Two imperfect but commonly used metrics of warning
skill are the probability of detection (POD; the per-
centage of all tornadoes that had alead time greater than
Omin) and the false alarm ratio (FAR; the percentage of
all tornado warnings that did not receive an associated
report). Generally speaking, unless there is a major par-
adigm shift in terms of technology or training, a small
reduction in FAR results in a relatively large decrease in
POD (Brooks 2004). The considerable impact of a missed
tornado detection event suggests POD should be given
more weight than the more nebulous and difficult-to-
define effect of repeated false alarms (Simmons and
Sutter 2009, Ripberger et al. 2015), but the combina-
tion of the two parameters tells a more detailed story
than the POD alone.

For tornadoes in the Southeast, POD is 71.5% and
FAR is 78.6%. In contrast, for the entire CONUS, POD
is lower (worse) at 65.6% and FAR is lower (better) at
75.6%; hence, in the Southeast, both correct (tornadic)
and incorrect (nontornadic) storms are being warned
at a higher relative rate. In Fig. 5, we break down pa-
rameter spaces into bins and calculate POD and FAR
for each of these bins (see Anderson-Frey et al. 2016 for
details).

It is apparent with a glance at Figs. Sa and Sc that the
parts of the parameter space in which POD is high are
also the parts of the parameter space in which FAR is
low; that is, warning skill as measured by detection of
tornadoes and warning skill as measured by avoidance
of false alarms are both enhanced in the same part of the
parameter space. The combination of high values of
MLCAPE and SHR6 results in more favorable values of
both POD and FAR (Figs. Sa,c).

For the second parameter space, however, the area
of most favorable FAR is for the combination of high

SRH1 values and relatively high MLLCL, whereas
the area of most favorable POD is for high SRH1
values, regardless of MLLCL (Figs. 5b,d). This sug-
gests that the worst warning performance (compara-
tively speaking) is for the lowest-MLLCL cases,
where the environment is nearly saturated. This re-
sult is counter to the association between significant
tornadoes and low LCL heights found by previous
studies (e.g., Craven and Brooks 2004 and Thompson
et al. 2012); note, however, that the dataset in Fig. 5
includes many (E)FO-1 (i.e., nonsignificant) torna-
does, whose range of MLLCL heights has been found
(Thompson et al. 2012) to overlap considerably with
that of nontornadic supercells. When these torna-
does are removed from the events dataset, while the
aforementioned POD trends in MLCAPE, SHR6,
and SRH1 are maintained, POD no longer decreases with
decreasing MLLCL heights; unfortunately, as (E)F-scale
ratings cannot be assigned to false-alarm warnings, a
similar shift cannot be demonstrated in the FAR data. As
it stands, the lack of clear relationship between warning
performance and MLLCL heights may be a reflection of
the “Goldilocks problem” of baroclinity described by
Markowski and Richardson (2009), in which baroclinic
enhancement of ambient vorticity may actually be sup-
pressed by particularly extreme (high) values of low-level
relative humidity.

Are the deadliest storms being warned? Figure 6a
depicts the percentage of each category that resulted in
at least one death; this percentage is higher for (E)F2+
tornadoes (16.5%) than it is for (E)FO-1 tornadoes
(0.6%), and well over half of all (E)F4+ tornadoes re-
sult in deaths. POD follows a similar pattern (not
shown): for (E)F2+ tornadoes, it is 86.9%, whereas for
(E)F0-1 tornadoes, it is only 67.6%; the POD for
(E)F4+ tornadoes is 100%. Hence, the tornadoes with
the lowest probability of detection also tend to be
weaker and less likely to be deadly.

The percentage of deadly tornadoes in the Southeast
(Fig. 6a) also has a seasonal and time-of-day component,
with highest fatality rates during spring and winter as
well as during the evening. On average, 2.0% of torna-
does in the CONUS result in deaths; this number rises to
3.8% in the Southeast (i.e., 3.8% of all Southeast tor-
nadoes result in at least one death). Figure 6b de-
picts the fraction of all tornadoes resulting in deaths for
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FIG. 5. Binned (top) POD and (bottom) FAR for Southeast tornado reports and warnings for the
(a),(c) MLCAPE-SHRG6 and (b),(d) MLLCL-SRHI1 parameter spaces. Only bins containing at least 10 re-
ports or warnings are shown, and all bins are smoothed using the mean of a 5 X 5 bin box surrounding

each value.

each hourly bin. Summertime tornadoes have the lowest
likelihood of being deadly (no deaths were reported
for tornadoes occurring in these seven states during
the period of this dataset), followed by tornadoes
occurring in fall. Both spring and winter have rela-
tively high fractions of deadly tornadoes, with peaks
occurring near local sunset. Fall has a relatively un-
changing percentage of deadly tornadoes throughout
the day; the jump overnight is likely the result of noise
due to the small number of fall events occurring at
those times.

The influence of storm mode can also be investi-
gated with the values presented in Table 1, with higher
mean percentages of deadly tornadoes in evidence for
the RMS subset than for the QLCS subset. For RMS
tornadoes, as for the entire dataset, deadly torna-
does occur most frequently for high-(E)F-scale events
[18.5% of (E)F2+ tornadoes, versus 0.5% of (E)F0-1
tornadoes], during the winter (7.0%) and spring
(6.6%), and during the EET (5.7%) and overnight
(5.5%).

Due in part to the low overall percentage of deadly
QLCS tornadoes (1.0%; cf. 5.1% for RMS tornadoes),
and in part to the low percentage of (E)F2+ QLCS
tornadoes (10.7%; cf. 25.1% for RMS tornadoes), there
is no coherent pattern in the percentage of deadly
QLCS tornadoes by (E)F scale (Table 1). The per-
centage of deadly QLCS tornadoes is slightly higher in
the fall (1.6%) than the winter (1.1%) and is higher in
the EET (2.8%) than either the night (0.7%) or the day
(0.4%).

4. High-shear low-CAPE tornado events and
warnings

HSLC tornado events have been a focus of recent
research since their description as a ‘‘key subclass”
of severe weather by Schneider et al. (2006) (see also
Sherburn and Parker 2014; Sherburn et al. 2016). These
events are characterized as having MLCAPE values less
than 1000J kg~ ' alongside SHR6 values greater than
18 ms ™' (35kt); of the 4133 tornado events and 16 429
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tornado warnings in our Southeast dataset, 2509 events
(60.7%), and 8709 warnings (53.0%) match these
MLCAPE and SHR6 criteria.

a. Environmental factors

Environmental parameter values are summarized in
Table 3 for all Southeast tornado events and for HSLC
tornado events; apart from the obvious differences (the
HSLC events have, by definition, higher SHR6 and
lower MLCAPE than the full set of Southeast events),
HSLC events also tend to have slightly lower MLLCL
heights and slightly higher values of SRH1 compared
with the full set of Southeast events, with lower STP
values overall reflecting the sharp drop in MLCAPE.
When compared with all Southeast tornadoes, the
MLLCL-SRH1 parameter space (Fig. 7a) shows very
little difference between the two categories.

Table 3 also depicts mean environmental parameter
values for the RMS and QLCS subsets of the data; for all
parameters plotted, RMS tornadoes have, on average,
higher (MLCAPE, MLLCL) or comparable (SHR6,
SRH1) values when compared with QLCS events for
all Southeast tornado events as well as for the HSLC
subset. This results in higher mean values of STP for
RMS tornadoes than for QLCS tornadoes.
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b. Diurnal Variation of Southeast Deadly Tornado %
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FI1G. 6. Deadly tornado information for the
Southeast. (a) As in Fig. 3, but for the percentage
of deadly tornadoes. (b) As in Fig. 4, but for the
percentage of deadly tornadoes in a given hour
bin. (c) A color bar legend, along with the number
of deadly Southeast tornadoes falling into each
category.

Figure 8 splits the HSLC Southeast events by (E)F scale
[noting that there were no (E)FS5 tornadoes in this dataset],
season, and time of day. Generally speaking, SHR6
(Fig. 8b) and SRH1 (Fig. 8d) increase monotonically with
(E)F scale, whereas MLCAPE (Fig. 8a) and MLLCL
(Fig. 8c) show very little change; this results in an increase
in STP values (Fig. 8¢) with (E)F scale.

Seasonally, the thermodynamic parameters (MLCAPE
and MLLCL) have nearly the opposite pattern of the
kinematic parameters (SHR6 and SRH1), with ther-
modynamic (kinematic) parameters having their highest
(lowest) values in the summer. The seasonal values of
STP (Fig. 8¢) are lowest for the summer, reflecting its
especially low kinematic parameter values.

There are again no prominent patterns in time of day
for the parameters examined; MLLCL heights (Fig. 8c)
are somewhat lower in the EET and SRHI1 (Fig. 8d)
is somewhat higher overnight. Overall, STP for these
HSLC environments is slightly higher at night than during
the EET or the daytime (Fig. 8¢), although the overlap of
the boxes suggests this finding is not significant.

Table 4 expands this perspective to incorporate the
HSLC Southeast events as separated into RMS and
QLCS storm modes. For both RMS and QLCS HSLC
Southeast events, there is a monotonic increase with
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TABLE 3. As in Table 1, but featuring mean values for all Southeast and Southeast HSLC tornado events.
MLCAPE
kg™ SHR6 (ms™ 1) MLLCL (m) SRH1 (m?s~2) STP
All RMS QLCS All RMS QLCS All RMS QLCS All RMS QLCS All RMS QLCS
Southeast tornado events 869 922 597 275 281 281 744 758 691 326 334 341 316 359 194
Southeast HSLC tornado events 447 478 344 294 294 299 728 752 664 356 355 372 193 211 153

(E)F scale of MLCAPE, SHR6, SRH1, and STP, with
MLLCL showing a more complicated relationship once
more. For both modes, thermodynamic parameters
(MLCAPE and MLLCL) are highest and kinematic
parameters (SHR6 and SRH1) are lowest in the sum-
mer. For RMS HSLC Southeast tornadoes, STP is more-
or-less equally high in the spring (2.21) as in the winter
(2.22), whereas for the QLCS storm mode, spring’s
value (1.70) is more clearly higher than winter’s
(1.42). Both storm modes have their highest values of
MLCAPE during the day, SHR6 and MLLCL in the
EET, and SRH1 and STP at night.

The diurnal shift in these parameters is depicted for
each season in Fig. 9; once again, note that summer
events are considerably less common than the other
seasons and will hence appear more noisy (Fig. 9f).
Removing the high-CAPE events has resulted in very
similar MLCAPE distributions for tornadoes occur-
ring in all seasons (Fig. 9a); in the full Southeast event
dataset, springtime tornadoes generally featured higher-
MLCAPE environments than tornadoes in the other
seasons (Fig. 4a). The amplitude of the diurnal signal in
MLCAPE also has lessened (Fig. 9a), consistent with
nearly saturated environments.
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would simply be subsets of the previously presented data.
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FIG. 8. As in Fig. 3, but for Southeast HSLC tornado events. Note that there are no (E)F5 tornadoes in this data
subset. Values in (f) are the number of Southeast HSLC events falling into each category.

While all seasons have similar SHR6 and SRH1 values
for tornadoes occurring in the early morning hours, the
summer has notably lower values of both throughout
most of the day, EET, and night (Figs. 9b,d). Assuming
the summer trend is drowned out by the noise of the
smaller dataset, the spring is the only season with a pro-
nounced diurnal trend in MLLCL for tornado events
(Fig. 9c), with a peak around local sunset. In terms of STP
(Fig. 9¢), spring sees a slight nocturnal rise in STP com-
mensurate with its nocturnal increase in SRH1 (Fig. 9d).

Of all HSLC tornadoes in the Southeast, 19.4% (470)
are significant [(E)F2+; Table 2]; comparing this with
21.0% (868) significant tornadoes for the Southeast as a
whole, it is apparent that the removal of high-MLCAPE
events has not dramatically reduced the percentage of
significant tornadoes in the dataset, although the abso-
lute number of significant tornadoes has decreased. In
this HSLC dataset, winter tornadoes have the highest
percentage of significant tornadoes at 23.5%, which
is higher even than springtime tornadoes (19.9%).
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FIG. 9. As in Fig. 4, but for Southeast HSLC tornado events.

MLCAPE and MLLCL values and their generally higher
SHR6 and SRH1 values. In terms of STP, the Southeast
sees its highest values (i.e., environments generally con-
sidered to be most favorable for significant tornadoes) for
tornadoes occurring in the springtime and overnight.
The STP for the Southeast as a whole has a coherent
diurnal cycle for springtime, in which highest values are
around sunset and lowest values are around sunrise;
examining only HSLC environments flattens out this

cycle by removing much of the diurnal variability in
MLCAPE. A relatively high percentage of tornadoes in
the Southeast are rated (E)F2+, and in both the entire
set of southeastern tornadoes and the subset of HSLC
southeastern tornadoes, the percentage of (E)F1 tor-
nadoes is greater than that of (E)FO0 tornadoes. For all
times of day, the fraction of tornadoes that are (E)F0-1
has increased by about 0.15 when compared with the
1950-76 dataset of Kelly et al. (1978).
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For the Southeast, POD is generally better and FAR
is generally worse than for the CONUS as a whole. POD
and FAR are generally best (highest and lowest, re-
spectively) for the combination of high SHR6 and high
MLCAPE; POD and FAR are also generally best for
tornadoes occurring in environments with high SRH1,
regardless of MLLCL values. These measures remain
consistent for the HSLC subset of the southeastern tor-
nado dataset, suggesting that current warning methods
are more or less equally effective for this HSLC subset as
for the rest of the Southeast cases based on the evaluation
metrics of FAR and POD.

The Southeast has nearly double the percentage of
deadly tornadoes compared to the CONUS as a whole;
spring and winter have a relatively high percentage of
deadly tornadoes (with the peak occurring near sunset in
both seasons). Over half of all (E)F4+ tornadoes in the
Southeast result in deaths, but these tornadoes have a
perfect (100%) POD.? In general, the tornadoes with
the lowest POD also tend to be weaker and less likely to

%Since no data are available for deaths associated with false-
alarm warnings, and since an (E)F-scale rating cannot be assigned
to said warnings, a relevant value of FAR cannot be calculated.
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FI1G. 10. As in Fig. 6, but for deadly tornado in-
formation for HSLC Southeast events. Note that
the summer featured no deadly tornado events in
the dataset.

be deadly. In short, the most dangerous and deadly
tornadoes are indeed being well warned, in spite of the
many forecasting challenges related to, for example,
radar detection in heavily forested areas. Whether the
relatively high rates of death associated with these tor-
nadoes could be improved by longer warning lead times,
reductions in FAR, or improved communication of
warnings and preparedness actions is beyond the scope
of the current dataset but bears further investigation.
The next step of this work is to create statistical sum-
maries of these characteristic Southeast tornado envi-
ronments, using methods such as self-organizing maps
to cluster together similar spatial patterns of the variables
examined in this work. In contrast with the point-based
proximity sounding approach of this work, methods
(such as self-organizing maps) that represent fully two-
dimensional summaries of the near-storm environment
will allow for a more nuanced understanding of the spa-
tial patterns involved in these prototypical southeastern
tornadic scenarios. This work will also be expanded to
provide a deeper understanding of regional, seasonal, and
diurnal variations in favorable tornadic environments.
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