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ABSTRACT

Tornadoes produced by right-moving supercells (RM) and quasi-linear convective systems
(QLCS) are compared across the contiguous United States for the period 2003—2021, based on
the maximum F/EF-scale rating per hour on a 40-km horizontal grid. The frequency of QLCS
tornadoes has increased dramatically since 2003 while the frequency of RM tornadoes has
decreased during that same period. Prior work noting that the most common damage rating for
QLCS tornadoes at night is EF1 persists in this larger, independent sample. A comparison of
WSR-88D radar attributes between RM and QLCS tornadoes shows no appreciable differences
between EFO tornadoes produced by either convective mode. Differences become apparent for
EF1-2 tornadoes, where rotational velocity is larger and velocity couplet diameter is smaller for
RM tornadoes compared to QLCS tornadoes. The frequency of tornadic debris signatures (TDS)
in dual polarization data is also larger for EF1—-2 RM tornadoes when controlling for tornadoes
sampled relatively close to the radar sites, and during daylight versus overnight. The weaker
rotational velocities, broader velocity couplet diameters, and lower frequencies of TDSs both
close to the radar and at night for QLCS EF1 tornadoes suggest that a combination of inadequate
radar sampling and occasional misclassification of wind damage may be responsible for the

irregularities in the historical record of QLCS tornado reports.

SIGNIFICANCE STATEMENT

A comparison of radar attributes between tornadoes with right-moving supercells and squall line
mesovortices suggests some irregularities in squall line tornado records in the contiguous United
States. The irregularities appear to be the result of both inadequate radar sampling for the
relatively shallow squall line tornadoes and occasional misclassification of wind damage in the
lack of other corroborating evidence, especially overnight.

1. Introduction

The threat to life and property increases dramatically as tornado intensity increases, such that the

vast majority of tornado fatalities are the result of significant (F/EF2+ rated damage) tornadoes,
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which account for fewer than 15% of all tornado reports (Ashley 2007; Anderson-Frey and
Brooks 2019). The majority of these significant tornadoes are produced by right-moving
supercells (RM) in the United States (Smith et al. 2012; Brotzge et al. 2013) and RM have
garnered the majority of the attention of the research, forecasting, and emergency management

communities during the past several decades (e.g., Brooks et al. 2019).

Approximately 21% of all tornadoes in the United States are produced by quasi-linear convective
systems (QLCSs; Ashley et al. 2019), in general agreement with the previous findings of Trapp
et al. (2005) and Smith et al. (2012); however, each of these studies varied in exactly what was
considered a QLCS tornado (i.e., Ashley et al. 2019 and Trapp et al. 2005 likely included
supercells embedded in a QLCS, whereas Smith et al. 2012 did not). QLCS tornadoes tend to

produce primarily weak (F/EF0—1) damage (Trapp et al. 2005; Gallus et al. 2008; Smith et al.

2012) and QLCS tornado reports have increased over time (Ashley et al. 2019). Examples of
RM and QLCS EF1 tornadic storms are shown in Fig. 1.

Trapp and Weisman (2003) and Weisman and Trapp (2003) examined mesovortex formation in
QLCSs from a theoretical perspective, focusing on a balance between low-level, vertical wind
shear in the ambient environment and vertical circulations generated by the QLCS cold pool.
Additional work by Atkins and St. Laurent (2009a,b) identified two potential mechanisms
responsible for mesovortex formation in QLCSs:

1) A cyclonic-only mesovortex forms as horizontal baroclinic vorticity (parallel to gust
front) is tilted downward to become cyclonic on the equatorward (Northern
Hemisphere) side of a downdraft, which combines with streamwise vorticity in the
storm inflow to support mesovortex formation.

2) A cyclonic-anticyclonic vortex couplet (cyclonic poleward, anticyclonic equatorward
in the Northern Hemisphere) results from a rear-inflow jet/downdraft surge that
enhances the low-level updraft on the nose of the surge/bow echo and this updraft tilts
barolinic vorticity generated along gust front, in addition to streamwise vorticity from

storm inflow.
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Figure 1. Four panel WSR-88D displays with EF1 tornadoes produced by a) RM from 29 June
2017 at 0058 UTC (KDVN site to the lower right) and b) QLCS from 8 April 2020 at 0355 UTC
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(KCLE site to the upper left). The upper left, upper right, and lower right images are the 0.5°
scan of base reflectivity (dBZ), storm-relative velocity (kt), and cross-polar correlation

coefficient, respectively. The lower left panel is the estimated echo tops (1000s ft).

Parker et al. (2020) identified additional complexity through their documentation of multiple
modes of mesovortex formation within a single QLCS — a mix of the aforementioned
baroclinic/cold pool processes, and a more supercell-like process where tilting of horizontal
vorticity (vortex lines orthogonal to the gust front) by updrafts supports mesovortex formation
(Flournoy and Coniglio 2019). Relatively little work has focused on the thermodynamic
characteristics of QLCS cold pools with respect to tornado production — McDonald and Weiss
(2021) examined a small sample of Southeast United States RMs and QLCSs and found only
small differences in the cold pool potential temperature deficits between nontornadic and weakly

tornadic events.

No clear consensus has yet emerged regarding the dominant mechanism for mesovortex
formation (assuming a single mechanism is most common), whether it is downward tilting of
crosswise vorticity along the gust front, baroclinic vorticity generation within the cold pool
(Schenkman and Xue 2016), or upward tilting of streamwise vorticity within the storm inflow
region. This lack of a clear consensus for QLCS tornado formation may contribute to the
inability to consistently and accurately anticipate QLCS tornado formation, which is reflected in
lower probability of detection (Anderson-Frey et al. 2016) and shorter lead times (~4 min less;
Brotzge et al. 2013) for QLCS tornado warnings. Warning performance is also likely hindered

by the relatively short-lived and shallow nature of QLCS tornadoes compared to RM tornadoes.

Regardless of the explicit mechanisms driving QLCS tornado formation, part of the increase in
QLCS tornado reports, as discussed by Ashley et al. (2019), can be attributed to an emphasis on
short-term forecasting techniques like the “three-ingredients method” outlined by Schaumann
and Pryzbylinksi (2012). The three-ingredients method focuses on anticipation of mesovortex
formation in bowing segments of a QLCS where the inflow-outflow interface (gust front denoted
by a wind shift in radar velocity data) is vertically aligned with the updrafts (denoted by the

high-reflectivity band along the QLCS in radar reflectivity). Mesovortex formation is expected

Accepted for publicafion in Weathe ang,Faracastng: PO| 10:JALRMARD-23:9008c1 - 0s/02/23 02:25 o utc



along the bowing QLCS segments where the component of the 0—3-km bulk shear vector
orthogonal to the line exceeds 30 kts (15 m s1), representing areas of potential “balance”
between the cold pool and low-level vertical wind shear. Given the primarily radar-centric
nature of the three-ingredients method, improvements in radar sampling, such as the introduction
of super-resolution velocity data (Brown et al. 2005; Torres and Curtis 2007), dual polarization
data (i.e., TDS detection) and more rapid updates to low-level scans (Chrisman 2014) have all

led to increased detection of QLCS mesovortices and associated tornadoes.

Trapp et al. (2005) speculated an underreporting of QLCS tornadoes of up to 12% based on a
disproportionate number of tornado damage ratings of F1 in their 3-year sample of QLCS
tornadoes from 1999-2001. Large numbers of tornadoes have been identified in individual
warm season case studies of events like 31 August 2014 across lowa (Skow and Cogil 2017) and
30 June 2014 across northwestern Indiana (Lyza et al. 2019). Detailed ground surveys, post-
event aerial imagery and analysis of WSR-88D data were part of each case study and they
provided recommendations for tornadic debris signature (TDS; Ryzhkov et al. 2005; Schultz et
al. 2012a,b; Van Den Broeke and Jauernic 2014) identification and potential warning strategies
for QLCS tornadoes. Large numbers of QLCS tornadoes have been reported in other events
since 2016 during the spring across the eastern Great Plains, the summer across the Midwest, and
during the cool season across the Southeast (e.g., the convective mode sample documented in
Lyons et al. 2022).

The increase in QLCS tornado reports is not without question, however. Few QLCS tornadoes
are accompanied by clear, visual evidence of a condensation funnel compared to RM tornadoes
that tend to last longer and/or occur in more open areas of the Great Plains. QLCS tornado
reports are also more prevalent at night compared to RM tornadoes (Trapp et al. 2005; Ashley et
al. 2019). Thus, the majority of QLCS tornadoes are based primarily on damage reports, with a
documented tendency for a greater relative frequency of F/EF1 maximum damage reports (Trapp
et al. 2005) compared to RM tornadoes. Given the occasional ambiguity in discriminating

F/EF0—1 tornado damage, characterized by convergent damage patterns, from other so-called

straight line wind damage with either unidirectional or divergent patterns in damage, there are
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reasons to question the veracity of some QLCS tornado reports, as discussed by Ashley at al.
(2019).

Obviously, there are near-storm environments that are more favorable for stronger tornadoes
with both RMs and QLCSs (e.g., Thompson et al. 2012). Likewise, there are stronger WSR-88D
signatures [i.e., low-level rotational velocity > 30—40 kt (~15—20 m s’%; hereafter Vo), per
Thompson et al. 2017; hereafter T17] that more clearly correspond to higher probabilities of any
tornado and are correlated with the potential strength of a tornado. This work focuses on two
primary questions:

1) Are WSR-88D signatures associated with QLCS and RM tornadoes different?

2) Do the differences in radar signatures corroborate differences in reporting tendencies

between QLCS and RM tornadoes?

2. Data and Methods

To answer the questions posed in the introduction, case selection followed the grid-hour filtering
procedure outlined in Smith et al. (2012), where the maximum tornado F/EF-scale damage rating
is retained per hour, on a 40-km horizontal grid that matches the Storm Prediction Center hourly
mesoanalysis system (Bothwell et al. 2002). Convective mode was assigned to each grid-hour
tornado event, based on a manual interpretation of full volumetric level 11 WSR-88D data in the
scan immediately preceding the start of each grid-hour tornado via Gibson Ridge Level Il radar-

viewing software (http://www.grlevelx.com/), as in Smith et al. (2012). Only RM (discrete,

cluster, and cell in line) and QLCS tornadoes (mutually exclusive) are considered in this work.

The grid-hour filtering procedure retained ~80% of the total number of tornadoes within each
grid during each hour (Smith et al. 2012). Once the first occurrence of the maximum F/EF-scale
damage rating was determined, all additional tornadoes were filtered out from the grid box
during each hour. In effect, the grid-hour filtering focused on the most intense tornadoes at the
expense of clustering of weaker tornadoes within the same grid-hour. Once the convective mode
was identified for each grid-hour event, the peak cyclonic Vot (defined as the average of the

magnitudes of the maximum inbound and outbound velocity gates, as in Smith et al. 2015 and
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T17) was manually extracted. T17 created a two-year “null” sample of Vot associated with
nontornadic severe thunderstorms, as well as corresponding convective modes. The T17
findings are applicable to this work in that they allow tornado probability estimates for each
reported tornado, based on binned ranges of couplet diameter (the linear distance between the
centroids of the maximum inbound and outbound velocity gates), the height above radar level
(ARL, where lower heights correspond to closer to the radar site), and Vot values for an
independent sample. Observed maximum tornado path widths for each grid-hour event were
retained for comparison with the WSR-88D attributes.

TDSs were identified and examined for a subset of EF1 tornadoes when the following criteria
were met: at least one range gate with a minimum cross-polar correlation coefficient (CC) <
92%, coincident with both a primarily cyclonic velocity couplet and reflectivity > 20 dBZ. TDS
height relied on contiguous TDS criteria in successively higher-elevation scans (sloping with
height in the direction of tornado movement), until one or more of the criteria were no longer
satisfied (typically CC rose above 92% or there was no longer an identifiable, cyclonic velocity
couplet). In the case of noisy CC data, such as non-uniform beam filling, TDS identification was

not always possible.

3. Results

QLCS tornadoes have increased since 2003 and the greatest numbers of summer, fall, and winter
QLCS grid-hour tornadoes have all occurred since 2017 (Fig. 2). Conversely, RM tornadoes
have generally decreased since the very active spring of 2011. Neither the convective mode
classification scheme nor the key contributors to the convective mode database have changed
since Smith et al. (2012), so changes in this database over time are unlikely to be the result of
changes in storm classification. An eastward shift in environments favoring RM tornadoes from
the Great Plains toward the Mississippi Valley was documented by Gensini and Brooks (2018),
and additional work is justified to explore the environmental aspects of the changes in the grid-

hour tornado reports from 2003-2021.
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2003-2021 Grid-Hour Tornadoes by Convective Mode and Year
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Figure 2. Counts of RM and QLCS tornadoes (y-axis) by year (x-axis) on a 40-km horizontal
grid per hour across the CONUS, for the period 2003—2021.

Similar to Trapp et al. (2005) who considered tornadoes from 1999—-2001, an unusually large

relative frequency of F/EF1 QLCS tornadoes (Fig. 3) persists in this sample from 2003—2021
with 47% of QLCS tornadoes rated F/EF1 and only 42% of QLCS tornadoes rated F/EFO.
Edwards et al. (2021) noted a clear increase in the overall frequency of EF1 tornadoes with
implementation of the EF-scale in 2007. With such obvious changes in tornado reporting by

convective mode exemplified in Fig. 2, the spatial distribution of these changes should be
explored. The full sample of tornadoes was separated into two temporal periods: 1) 2003—2011
matching Smith et al. (2012), and 2) 2012—2021. These two periods correspond well with the

observed changes in RM and QLCS tornado frequency, as illustrated spatially in Fig. 4. RM
tornadoes are most common for the full 2003-2021 period from MS/AL to KS/OK (Fig. 4a),

while QLCS tornadoes are most common from the lower Mississippi Valley into the Ohio Valley
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Relative Frequency of RM vs. QLCS Tornadoes by EF-scale Ratings 2003-2021
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Figure 3. Relative frequencies of RM and QLCS tornadoes by F/EF-scale rating category, with
sample sizes in parentheses (RM left, QLCS right).

(Fig. 4b). Some tendency for report clustering near radar sites is noted with both RM and QLCS
tornadoes. One obvious feature in Fig. 4c is the broad area of decreases in RM tornadoes across
the traditional areas of greatest RM tornado frequency from the first period to the more recent
period (KS/NE to MS/AL and the Carolinas), though the changes are lower in terms of
percentage decreases (Fig. 4e). The larger percentage increases noted across eastern OH are in
an area where RM tornadoes are relatively less common, such that smaller numerical increases
result in larger percentage increases. Pronounced increases have occurred in QLCS tornado
reports (Fig. 4d), with large local increases tending to focus relatively closer to radar sites (white
dots; Fig 4d). There are some indications of reporting changes aligning with National Weather
Service (NWS) County Warning Area borders (green outlines in Fig. 4), primarily across parts of

the lower Mississippi Valley and Southeast. However, net changes in QLCS tornado reports
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Count of RM Supercell events per grid cell (2003-2021)
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Difference in Supercell raw grid cell counts (2012-2021) & (2003-11)
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Percent Change in RM Supercell Relative Frequency (2003-2011) & (2012-2021)
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Figure 4. Raw grid-hour tornado counts for 2003-2021 a) RM and b) QLCS. Raw grid-hour
changes from 2003—2011 to 2012—2021 for c) RM and d) QLCS. Percent changes in tornado

reports are shown in €) RM and f) QLCS, masked for a minimum of 20 total events per grid in
the full 2003-2021 period. Data are plotted on the 40-km horizontal grid matching Smith et al.
(2012) and boundaries of NWS County Warning Areas are displayed in light green.

have been smaller across the traditional area of greatest QLCS tornado occurrence (i.e., the Ohio
Valley; Trapp et al. 2005, Smith et al. 2012, Lyons et al. 2022). The reasons for the smaller
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Tornado Path Width by Convective Mode
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Figure 5. Box-and-whiskers display of maximum tornado damage path widths (yards) for RM
and QLCS tornadoes across the contiguous United States for the full 2003—2021 grid-hour

tornado sample. The boxes display the 25" to 75" percentiles (including the median), and the

whiskers extend to the 90" and 10" percentiles.

changes in the traditional QLCS tornado belt are not known with high confidence, though earlier
application of the three-ingredients method (prior to 2012) at the local NWS Office level could
explain the more muted changes in QLCS tornadoes from the first period to the second period
(beginning in 2012).

Before considering radar signatures associated with the RM and QLCS tornadoes in this sample,
the ability of the WSR-88D to resolve tornado-related signatures must be considered. A logical

approach is to compare maximum tornado path widths, which should scale with tornado-related
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2009-2021 Grid-hour Tornadoes: RMvs. QLCS Peak Rotational Velocity
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Figure 6. Same as Fig. 5, except for peak Vit by maximum EF-scale damage ratings, for RM

(solid gray) and QLCS (black outline) grid-hour tornadoes from 2009—2021.

radar signatures. Observed maximum damage path widths for RM and QLCS tornadoes (Fig. 5)
are nearly identical from the 10" through 75" percentile values (RM tornadoes are wider at and
above the 90™ percentile), so differences in WSR-88D signatures do not appear to be the result of
an inability to resolve QLCS tornado-related velocity signatures more so than RM tornadoes
(Fig. 5). During the period of this investigation, as mentioned in the Introduction, there have
been multiple improvements to the WSR-88D that have likely contributed to increases in tornado
detection with QLCSs, namely the system-wide introduction of super-resolution velocity data by
2007, dual polarization data and the potential for lofted debris detection (TDSs) by 2012, and

more rapid base-elevation scan updates since 2014.
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2009-2021 Grid-hour Tornaddes: RMvs. QLCS Velocity Couplet Diameter
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Figure 7. Same as Fig. 6, except for velocity couplet diameter (n mi) at the time of peak Vrot.

Peak Vo, and associated radar attributes at the time of the peak Vo, reveal some differences
between the radar-sampled velocity couplets associated with RM and QLCS tornadoes. In terms
of peak Viot, both RM and QLCS EFO tornadoes are quite similar, but Vo tends to increase more
rapidly with RM tornadoes as EF-ratings increase to EF1 and EF2/EF3 (Fig. 6), which is similar
to Smith et al. (2015; their Fig. 5). The tendency is reversed for velocity couplet diameter, with
couplet diameters tending to decrease for more intense RM tornadoes, while couplet diameters
remain broader for QLCS tornadoes with the same categorical damage ratings (EF1-3; Fig. 7).
The reported QLCS tornado events tend to occur slightly closer to the radar site (a lower height
ARL, as shown in Fig. 8), which suggests that the differences are not solely a function of poor

radar sampling.
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2009-2021 Grid-hour Tornadoes: RMvs. QLCS Sampling Height ARL
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Figure 8. Same as Fig. 6, except for height ARL of the highest velocity gate with each peak
Viot.

While this analysis is limited to reported tornadoes, tornado occurrence is not always known in
real time with complete confidence. Thus, it can be useful to consider estimates of tornado
relative frequencies that account for false alarms that are inevitable in operational tornado
warning situations. Applying the prior work by T17, the relative frequency of tornado
occurrence can be estimated from the aforementioned WSR-88D attributes of Vo, couplet
diameter and the height ARL for the highest (farthest away) of the two Vot velocity gates.
Summarizing T17, tornado relative frequencies increased for larger Vyot with smaller couplet
diameter, sampled closer to the ground (closer to the radar site). Tornado relative frequencies,

based on the three aforementioned radar attributes from a robust sample of severe storms (both

QLCS and RM) in 2014—2015 by T17, are shown in Fig. 9. The values in Fig. 9 are the raw,

binned relative frequencies from Figs. 9—10 in T17 with no smoothing or interpolation, plus
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ARL ARL ARL
100- 3000-  6000-

Vrot 2900 5900 9900
10-

<lnmi 19.9 0.25 0.25 0.08
20-
29.9 0.42 0.27 0.15
30-
39.9 0.63 0.47 0.41
40-
49.9 0.78 0.62 0.71
50-
59.9 0.90 0.91 0.71
60+ 0.95 0.97

1-199n  10-

mi 19.9 0.12 0.12 0.18
20-
29.9 0.17 0.16 0.16
30-
39.9 0.32 0.27 0.19
40-
49.9 0.51 0.49 0.46
50-
59.9 0.73 0.67 0.61
60+ 1.00 0.88
10-

2-5nmi 19.9 0.02 0.09 0.07
20-
29.9 0.12 0.08 0.10
30-
39.9 0.10 0.18 0.14
40-
49.9 0.22 0.25 0.17
50-
59.9 0.27 0.33 0.32
60+ 0.92

Figure 9. Tornado relative frequencies derived from the 2014—2015 sample of RM and QLCS
grid-hour events from T17, based largely on their Figs. 8-10. The data are grouped into three
bins of velocity couplet diameter (n mi), with each subgroup displayed in three ranges of height
ARL (columns; ft) and six ranges of peak rotational velocity (Vrot; kt). Bold black values denote

sample sizes > 25 events, gray values denote sample sizes of 10-24, and sample sizes < 10
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events were left blank. Color shading highlights relative frequency 0.25-0.49 (light peach) and
> 0.50 (dark peach).

similar raw values for other combinations not shown explicitly in that paper. Specifically, cases
were sorted into three bins by circulation diameter (<1, 1-1.99, and 2-5 n mi), height ARL (100-
2900, 3000-5900, and 6000-9900 ft), and the tornado relative frequencies were calculated for
six bins of peak Vot (10-19.9, 20-29.9, 30-39.9, 40-49.9, 50-59.9, and > 60 kt), which resulted

in 54 unique values (four are not displayed due to sample size <10 events).

Each of the QLCS and RM grid-hour tornado events was assigned a single tornado relative

frequency value from Fig. 9, and the distributions of these values for the independent sample of
2009-2021 tornadoes (not including the 2014—15 cases used in T17) is shown in Fig. 10. Like

Figs. 68, the QLCS and RM samples appear to be quite similar in terms of expected tornado

occurrence for EFO tornadoes in the range of Vot where both sample sizes are relatively large
(i.e., <50 kt; per Fig. 9 in T17). Differences become more pronounced for EF2+ tornadoes, with
consistently higher relative frequencies based on WSR-88D signatures for RM versus QLCSs.
The higher tornado relative frequencies with RM tornadoes (i.e., the roughly one quartile offset
of the interquartile ranges) reflect the influence of the tighter velocity couplets from Fig. 7, while
the radar attributes (and resultant tornado relative frequencies) change much less as tornado
damage ratings increase from EF0 to EF2+ with QLCS tornadoes. Only 38% of the RM EF2+
tornadoes from 2009-2021 were associated with peak Vot < 50 kt, while 76% of the QLCS

EF2+ tornadoes were associated with peak Vot below this threshold. The net result is

discrimination between strong (EF2+) and weak (EFO—1) QLCS tornadoes is more difficult

compared to RM tornadoes, which agrees with the findings of T17 (see their Figs. 8—10).
Tornado relative frequency distributions are nearly identical for RM and QLCS EFO tornadoes
and ~93—96% of EFO tornadoes with each convective mode are associated with peak Vot < 50

kt.

19

Accepted for publicafion in Weathe ang,Faracastng: PO| 10:JALRMARD-23:9008c1 - 0s/02/23 02:25 o utc



2009-2021 Tomado Relative Frequency (after T17, excluding 2014-15)
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Figure 10. Same as Fig. 6, except for tornado relative frequencies based on peak Vi, velocity
couplet diameter and sampling height ARL. This plot estimates the relative frequency of tornado
occurrence (in the absence of a TDS or spotter reports confirming a tornado), and the values

were derived from the independent sample presented in T17.

4, Discussion

The percentage of TDSs by maximum EF-rating (Fig. 11) supports the possibility of some
reporting irregularities with QLCS compared to RM tornadoes. For example, a TDS was evident
for a larger percentage of QLCS EFO tornadoes than RM tornadoes, even though the other radar
attributes were essentially indistinguishable (i.e., Figs. 6—8). This could be related to an under-
reporting of weak QLCS tornadoes (as speculated by Trapp et al. 2005), though it is plausible
that the difference is also largely the result of RM EFO tornadoes that are observed more
frequently in open areas of the Great Plains with few potential damage indicators. When
considering only cases observed relatively close to the radar (< 3000 ft ARL), QLCS EFO

20

Accepted for publicafion in Weathe ang,Faracastng: PO| 10:JALRMARD-23:9008c1 - 0s/02/23 02:25 o utc



Relative Frequency of TDS by Maximum EF-rating and Storm Mode
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Figure 11. Relative frequency of TDS occurrence by maximum EF-scale damage rating for RM

and QLCS tornadoes (sample sizes in parentheses, respectively) from 2012—2021.

tornadoes are associated with a TDS more frequently than RM EFO tornadoes (40% vs. 33%,
respectively). Continuing with events close to the radar sites, RM EF1 tornadoes produced a
TDS almost two-thirds of the time (~64%), while QLCS EF1 tornadoes produced a TDS roughly
half of the time (52%); EF2+ tornadoes produced TDSs for both convective modes >85% of the
time. The tendency for QLCS tornadoes to occur more frequently to the east of the Great Plains
(mean longitude of all QLCS tornadoes in this sample with dual-polarization data available = -
89.20 west, and the same for RM tornadoes = -90.22 west), where potential damage indicators

and population density are generally greater, is at odds with the lower relative frequency of TDSs

compared to RM tornadoes in the range of EF1-EF2 peak damage ratings.
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Fig. 12. Maximum height (ft ARL) of TDS signatures associated with RM and QLCS EF1

tornadoes, with minimum sampling height <3000 ft. ARL. See section 2 for TDS criteria.

Some of the difference in TDS relative frequency is related to WSR-88D sampling in QLCS

tornado events. Maximum TDS heights are lower with EF1 QLCS tornadoes (Fig. 12), and the

relative frequency of TDSs increases as sampling occurs closer to the radar site (lower heights
ARL; Table 1), though RM EF1 tornadoes still produce a higher relative frequency of TDSs.
RMs clearly tend to produce deeper TDSs for the same (EF1) peak damage ratings, which

indirectly suggests the presence of stronger and deeper updrafts associated with RM tornadoes.

Overall, the balance of evidence supports RM tornadoes as lofting more debris to higher

elevations, given the lower CC values (Fig. 13) and higher TDS heights compared to QLCS EF1

tornadoes.
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Minimum CC % for RM and QLCS EF1 Tornadoes (sampled <3000 ft ARL)
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Fig. 13. Minimum cross-polar correlation coefficient (CC; %) in the lowest-elevation scan
during the lifespan of each TDS with RM and QLCS EF1 tornadoes (minimum sampling height
<3000 ft ARL).

RM EF1 tornado translation speeds (per mean movement of WSR-88D velocity couplet
centroids) are slower on average compared to QLCS EF1 tornadoes (~29 kt vs. ~39 kt,
respectively). The slower translation speeds result in longer durations of tornado conditions
along similar path lengths (not shown; on average ~8 min tornado duration for RM EF1 and ~5
min for QLCS EF1), which may be a partial explanation for the greater TDS depths. Regarding
peak tornado wind speeds and resultant damage potential, the sum of Vs and translation speed is
larger for QLCS EF1 events (~7 kt larger in the mean, based on ~10 kt faster translation and ~3
kt weaker Vot). This suggests somewhat greater damage potential with fast moving QLCS

tornadoes, despite a relatively weak vortex. Damage with a fast moving (>50 kt), modest
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intensity vortex (Vrot 30—40 kt) could produce winds consistent with EF1 damage indicators, but

skewed to the right half of the vortex.

The combination of weaker Vot and broader velocity couplets sampled slightly closer to the
ground (in aggregate) suggests the possibility that QLCS tornado damage might be rated EF1 too
frequently. However, it is unknown to what extent EF1 damage with QLCSs is misclassified as
tornadic, or the best way to classify strongly asymmetric damage (skewed almost entirely to the

right side of a vortex) associated with relatively weak/fast moving vortices within a QLCS.

Evidence of potentially misclassified damage is provided by a comparison of EF1 RM and
QLCS tornadoes that occurred close to the radar sites (< 3000 ft ARL), separated by those that
occurred during the day (1500—2259 UTC) versus those that occurred overnight (0400—1159
UTC). Per Table 2, RM EF1 tornadoes produced TDSs at rates of 67% and 69% during the day
versus at night, respectively. Meanwhile, QLCS EF1 tornadoes produced TDSs at rates of only
53% and 47% during the day versus at night, respectively. A lower rate of TDS occurrence
during the day for RM is somewhat expected, given the likelihood that some tornadoes can be
seen without lofting enough debris to produce a TDS. In contrast, daylight QLCS EF1 tornadoes
were associated with a higher relative frequency of TDSs compared to overnight QLCS tornado
reports. Per a one-tailed t-test assuming equal variance (Wilks 1995) there is high confidence
that QLCS EF1 tornadoes produce TDSs at a lower rate overnight compared to RM EF1
tornadoes (p=0.0004). On average, RM EF1 tornadoes last a few minutes longer than QLCS EF1
tornadoes, which allows more time for debris lofting. Also, the greater TDS heights with RM
EF1 tornadoes is indirect evidence of deeper, stronger updrafts with RM versus QLCS tornadoes.
Thus, QLCS tornadoes (on average) require better WSR-88D sampling (closer to the radar site)
to observe TDSs. Still, the possibility remains that some of the reported EF1 damage is
misclassified as tornadic, especially with overnight QLCS tornadoes and based on the

consistently lower rate of occurrence of TDSs, even very close to the radar site (Table 1).
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Sampling height RM TDS relative freq. EF1 QLCS TDS relative freq. EF1
<3000 ft ARL 0.64 (524) 0.51 (495)
< 2000 ft ARL 0.73 (300) 0.61 (311)
< 1000 ft ARL 0.76 (95) 0.69 (121)

Table 1. Relative frequency of TDS occurrence with RM and QLCS EF1 tornadoes by sampling
height ARL (sample sizes in parentheses).

Weak tornadoes (i.e., F/EF0 and F/EF1) produced by both QLCSs and RMs account for ~83% of
the total grid-hour tornado events in this study, but are responsible for <1% of deaths and 3—7%
of injuries caused by all of the grid-hour tornado events, respectively. By comparison, EF2+
tornadoes account for ~15% of grid-hour events, but are responsible for ~93—96% of the deaths
and injuries. Like the differences noted in the radar signatures between the QLCS and RM EF2
tornadoes, injuries and damage are greater with RM EF2+ tornadoes compared to QLCS EF2+
tornadoes by a factor of 510, in general agreement with the earlier work by Brotzge et al.

(2013). Thus, while weak (EFO0) tornadoes produced by RMs and QLCSs are largely
indistinguishable from one another in WSR-88D data, RM EF2+ tornadoes are typically longer

lived and more dangerous than QLCS EF2+ tornadoes.

RM TDS relative freq. EF1 QLCS TDS relative freq. EF1
Daylight (1500—2259 UTC) 0.67 (223) 0.53 (165)

Overnight (0400—1159 UTC) 0.69 (72) 0.47 (170)

Table 2. Relative frequency of TDS occurrence with RM and QLCS EF1 tornadoes, for those
occurring during typical daylight hours (1500-2259 UTC) and during the overnight hours (0400—
1159 UTC). Cases are limited to those sampled < 3000 ft ARL, with sample sizes in

parentheses.

If there are measurable differences in the threat posed by QLCS tornadoes compared to RM

tornadoes, then should all tornadoes be treated equally in forecasts and warnings? Current NWS
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directives (NWS 2022) do not specify tornado type nor intensity in warning verification metrics,
so a brief EFO (or EF-unknown) tornado counts the same as a violent (EF4-5) tornado. The lack
of specificity in tornado reports and verification efforts based on said reports, including their
damage-based intensity, can lead to unintended and unexpected problems for operational
meteorologists that include changes in forecast/warning procedures based almost solely on
tornado reporting practices. For example, should the increasing number of QLCS tornado
reports lead to a corresponding increase in tornado watches for QLCSs? Also, the ability to
justify EF2 ratings with trees alone (WSEC 2006; Edwards et al. 2021) likewise results in an
increase in the number of QLCS tornadoes rated EF2 (primarily in wooded areas east of the
Great Plains), which has historically been the threshold for “significant” tornadoes (Hales 1988).
A relatively recent example of such extreme reporting increases can be seen in the 15 December
2021 QLCS tornado outbreak from eastern Nebraska to the upper Mississippi Valley, with 22
maximum grid-hour tornadoes rated EF2, 30 rated EF1, and only 10 tornadoes rated EFO or EF-
unknown. These tornadoes were embedded within a squall line that produced a derecho (Corfidi
et al. 2016), with many measured “straight-line” surface wind gusts into the EF1 range.
Similarly, there were 24 grid-hour tornado events (all rated EFO—1) embedded within the high-
end derecho across [A and northern IL on 10 August 2020 — this convective system was the
most damaging severe thunderstorm event in United States history (estimated $11B in damage)
with “straight line” wind swaths of 100-120+ mph (NCEI, 2022). In the 10 August 2020 event,
the majority of the damage and injuries/fatalities were the result of the damaging wind swaths,
and the QLCS tornadoes were of secondary importance.

5. Summary

Overall, QLCS tornado reports have increased in the last 14 years while the number of reported
RM tornadoes has decreased across the contiguous United States. The cause behind the decrease
in RM tornadoes is not known with confidence, but may be related a relative paucity of larger
tornado outbreaks since 2013, or an eastward shift in tornado-favorable environments from the
Great Plains toward the Mississippi Valley. The increase in the number of QLCS tornado reports

has occurred during a period with improvements in WSR-88D velocity data resolution and

26

Accepted for publicafion in Weathe ang,Faracastng: PO| 10:JALRMARD-23:9008c1 - 0s/02/23 02:25 o utc



implementation of scan strategies that increased the number of radar scans closest to the ground.
Emphasis on short-term forecasts of QLCS tornado potential may have also contributed to

increases in both tornado warnings and tornado reports with QLCSs.

The increase in QLCS tornado reports is not without question, however. Unusual anomalies
remain in the reporting of QLCS tornadoes, with a maximum frequency of occurrence for EF1-
rated QLCS tornadoes while EFO-rated tornadoes are most common with RMs. Sampling of the
radar velocity couplets associated with the tornado reports, via the WSR-88D network across the
CONUS, suggests that QLCS tornadoes are associated with weaker Vot and broader velocity
couplets, despite being sampled a little closer to the ground (closer to the radar site) compared to
RM tornadoes. One could argue that QLCS tornadoes are inherently smaller (narrower) than
RM tornadoes, which would affect the ability of the WSR-88D to resolve the related velocity
couplets and Vo, though Fig. 5 clearly shows little difference in observed tornado damage path
widths between RM and QLCS tornadoes. A lower percentage of QLCS tornadoes produce
TDSs for the peak damage ratings of EF1—-2 ratings compared to RM tornadoes, despite the
tendency for QLCS tornadoes to occur farther east than RM tornadoes in areas with more
numerous and consistent potential damage indicators and lofted debris (e.g., trees and structures).

These findings suggest that:

1) Closer radar sampling (well below 3000 ft ARL) is necessary to identify relatively
shallow TDSs with QLCS tornadoes and a small fraction of QLCS wind damage reports
might be misclassified as tornadic (when a TDS is not observed).

2) EFO QLCS tornadoes may be underreported, and EF1—2 QLCS tornado ratings could be
somewhat inflated, similar to the discussion by Edwards et al. (2021) regarding changes
in tornado reporting following adoption of the EF-scale in 2007. Conversely, a lack of
damage indicators may tend to reduce the number RM tornadoes rated EF1—2 in the more

open areas of the Great Plains.
3) EF1-2 damage is relatively easier to achieve on the right side of a modestly strong, fast

moving QLCS mesovortex/tornado.
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When the probability of any tornado is relatively low (e.g., weak WSR-88D signatures) and the
expectation is for (at worst) relatively weak, short-lived tornadoes that are typical of the lower
margins of buoyancy in “high-shear, low-CAPE” (HSLC; Sherburn and Parker 2014)
environments, is there an opportunity to treat such situations differently than the higher-end
tornado scenarios? Most tornadoes are rated F/EFO (Smith et al. 2012), with estimated peak
wind speeds of 65-85 mph (Edwards et al. 2013), and such tornadoes pose a threat to life and
property that is similar to typical severe thunderstorm events with peak “straight line” winds in
the same speed range. Tornado warning performance is worst for the weakest and typically
shortest-lived tornadoes (e.g, Brotzge et al. 2013; Gibbs 2016; Anderson-Frey et al. 2016,
Anderson-Frey et al. 2019, Anderson-Frey and Brooks 2019, 2020; Bentley et al. 2021).
Moreover, the tendency to receive and respond to tornado warnings is already reduced during the
early morning hours (Krocak et al. 2021), which is the time when QLCS tornadoes are more
common than RM tornadoes (Trapp et al. 2005; Ashley et al. 2019). The combination of these
factors brings into question the necessity for substantially different actions in response to low-
end tornado threats, compared to typical severe thunderstorms with damaging winds. A counter
argument, though, can be made in response to increased vulnerability of manufactured housing
to even “weak” tornadoes, since this housing vulnerability coincides with areas where nocturnal
QLCS tornadoes are common across the Southeast (Ashley 2007; Ashley et al. 2008; Ashley and
Strader 2016; Ashley et al. 2019; Strader et al. 2022).

The differences in QLCS and RM tornadoes is not merely an exercise in semantics. There is
potentially an opportunity to reduce the number of tornado warnings for relatively weak, low-
impact tornadoes with most QLCSs. Likewise, this could reduce unnecessary fear in public
response to relatively short-lived and weak QLCS tornadoes that are unlikely to produce damage
appreciably different than straight-line winds often produced by severe QLCSs. Moreover,
reducing tornado warnings, or modifying warning and forecast verification to reflect convective
mode and tornado intensity, could have the added benefit of reducing pressure for increased
tornado probabilities in QLCS scenarios with convective outlooks and watches. The primary
mission of the NWS is the protection of life, which can be bolstered by some reduction in
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tornado warnings for weak tornadoes with QLCSs, potentially increasing the credibility (and
subsequent effective public response) of tornado warnings (and tornado watches) in more

substantial tornado scenarios.
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