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ABSTRACT: Accurately forecasting mesovortex tornado potential within quasi-linear convective systems (QLCSs) re-
mains a major challenge. One technique used to support QLCS tornado warning operations is the three ingredients
method (3IM), which is based on system balance modulated by line-normal vertical wind shear. However, observational
studies examining prolific mesovortex- and tornado-producing QLCSs have identified a substantial line-parallel component
of the low-level environmental shear field, which is unaccounted for in the 3IM. Recent numerical studies suggest that line-
parallel shear promotes the development of strong, cyclonic mesovortices, thereby increasing the overall likelihood of
QLCS tornadoes. Motivated by these recent findings, this proof-of-concept study represents the first attempt to quantify
the physical factors comprising the 3IM using a prototype composite forecast parameter QTor. QTor integrates near-storm
environmental vertical wind shear components with leading-line geometry to generate system-relative probabilistic fore-
casts for mesovortex tornado potential. QTor is evaluated using three tornadic QLCS cases and one null case within the
Warn-on-Forecast System (WoFS), leveraging object-based methods to identify QLCS structures and isolate their leading
lines. Results indicate that QTor forecasts show promise in effectively identifying areas conducive to mesovortex tornado
development, providing qualitatively accurate probabilistic forecasts of tornadic portions of the QLCSs with up to 3 h of
lead time.

SIGNIFICANCE STATEMENT: Squall-line tornadoes are difficult to forecast due to their small size and transient
nature, leading to lower predictability and shorter warning lead times compared to supercell tornadoes. This study in-
troduces QTor, a new forecasting parameter designed to predict tornado potential within squall lines. Results indicate
that QTor may effectively identify areas of increased tornado likelihood, predicting tornadic portions of a squall line
over 3 h in advance. While still in early development, QTor shows great promise and has the potential to enhance
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squall-line tornado prediction in the future.
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1. Introduction

A large portion of past severe convective storm research
has focused on understanding and forecasting supercell thun-
derstorms (Trapp et al. 2005; Markowski and Richardson
2010; Smith et al. 2012; Brotzge et al. 2013), given their ability
to produce significant (EF3+) damaging tornadoes (Trapp
et al. 2005). However, supercells are not the exclusive pro-
ducers of tornadoes and other damaging hazards. Quasi-linear
convective systems (QLCSs; Trapp et al. 2005) are linearly
oriented mesoscale convective systems (MCSs; Houze 2018)
that are capable of producing a variety of dangerous and
destructive hazards such as straight-line winds, hail, flash
flooding, and tornadoes produced from shallow mesovorti-
ces (Atkins et al. 2004; Trapp et al. 2005; Smith et al. 2012;
Thompson et al. 2012; Brotzge et al. 2013; Ashley et al.
2019). A radar-based QLCS climatology found that QLCSs
account for around 21% and 28% of CONUS tornado and
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severe wind reports, respectively (Ashley et al. 2019). QLCS
hazards can occur year-round, including during the cold season
(October-February), when severe weather may be less an-
ticipated by the public (Trapp et al. 2005; Smith et al. 2012;
Ashley et al. 2019), and are especially dangerous at night or in
the early morning when people are asleep and fatality rates
tend to be higher (Ashley et al. 2008). Prediction is further
complicated by fast storm motion (SM) and occurrence in
areas with complex terrain and limited radar coverage, such as
the Southeast United States. As a result, QLCS hazards (espe-
cially severe wind and tornadoes) tend to be more difficult to
warn and have shorter warning lead times compared to super-
cells, which presents substantial forecasting and operational
challenges (Brotzge et al. 2013).

Mesovortices are meso-y-scale circulations (2-40 km in diam-
eter; Orlanski 1975; Weisman and Trapp 2003) that typically
form along the leading line of a QLCS and are the most intense
near the surface (1-2 km AGL; Flournoy and Coniglio 2019).
Mesovortices are often transient in nature, meaning they can
form and decay on the order of 10 min or less (Mahale et al.
2012; Newman and Heinselman 2012). Consequently, anticipating
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The Three Ingredients Method (3IM)

Ingredients

Confidence Builders

Descending R1J/reflectivity drop
Enhancing bow/surge

Line break

Paired front/rear inflow notch
Updraft-Downdraft Convergence
Zone (UDCZ) entry point

Front reflectivity nub

Boundary ingestion

Contracting bookend vortex with

1. System cold pool and
ambient low-level shear
nearly balanced or
slightly shear dominant

2. 0-3-km line-normal bulk
shear magnitude > 30 kts
(15msM)

3. Rear-inflow jet (R1J) or

V, > 25kt
enhanced outflow causes * Tight/strong mesovortex with
surge or bow within a V, =25kt
QLCS * Confirmed tornado/debris
signature (TDS)
Nudgers

Reflectivity tag intersecting a
surge

0-3-km MLCAPE = 40 J kg!
Cell merger/reflectivity spike

There is an increased likelihood for
mesovortexgenesis and
intensification (thus, increased
tornado potential) when all three of

the ingredients are co-located in a near surge . )
QLCS. * History of tornadoes (including
prior TDSs)

F1G. 1. The main ingredients, confidence builders, and nudgers
(i-e., supplemental factors that constitute the 3IM used by NWS
forecasters in warning operations for QLCS tornadoes). For more
information about 3IM assessment and visualization, refer to the
QLCS Reference Sheets at https://www.weather.gov/sgf/qlcs_
tornado_training (NWS 2023).

mesovortex tornado potential presents a considerable oper-
ational forecasting challenge.

Supercell forecast parameters such as the significant tornado
parameter (STP; Thompson et al. 2003, 2012) are used exten-
sively by National Weather Service (NWS) agencies like the
Storm Prediction Center (SPC) to assess the tornado potential
associated with supercells. However, an equivalent real-time,
composite forecast parameter for QLCS tornado likelihood has
yet to be developed. The current paradigm for issuing QLCS
tornado warnings employed by the NWS is known as the three
ingredients method (3IM; Fig. 1; Schaumann and Przybylinksi
2012). The first two ingredients of the 3IM are grounded in
Rotunno-Klemp-Weisman (RKW) theory (Rotunno et al. 1988;
Weisman and Rotunno 2004), which states that there should
be a balance in the circulations associated with the leading
edge of the QLCS cold pool and the environmental line-
normal wind shear (Fig. 1). This “optimal balanced state”
(Rotunno et al. 1988) favors strong and upright low-level
updrafts, leading to better vortex—updraft alignment and the
enhancement of near-surface rotation (Lee and Wilhelmson
2000).

The fundamental assumption underpinning the 3IM is that
system balance should also promote mesovortexgenesis, but
this is not always the case, leading to inherent limitations with
this technique. First, mesovortices have been observed in envi-
ronments where the line-normal (LN) shear magnitude is below
the 3IM threshold of 15 m s~! (Ungar and Coniglio 2023). Ad-
ditionally, observational studies examining prolific mesovortex-
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and tornado-producing QLCSs often note a line-parallel (LP)
component in the low-level (=1 km AGL) shear profile (Funk
et al. 1999; Lyza et al. 2017; Flournoy and Coniglio 2019). A re-
cent numerical study by Brown et al. (2024) found that in-
creased LP shear favors stronger, larger, and more persistent
mesovortices (particularly cyclonic mesovortices), which is
consistent with observational analyses by Ungar and Coniglio
(2023), who showed that most instances of cyclonic mesovortex
formation occur with at least moderate (=5 m s~ ') low-level LP
shear. Additional studies found that tornadic mesovortices
tended to be stronger, larger, and more persistent than non-
tornadic mesovortices (Atkins et al. 2004; Davis and Parker
2014; Pardun et al. 2025). Thus, an environment with more
LP shear may also increase the likelihood for mesovortex
tornadoes, suggesting that the 3IM is limited by its exclusive
focus on LN shear.

Additional weaknesses of the 3IM are driven by its subjec-
tive nature and manual application, making it extremely diffi-
cult to implement into numerical weather prediction (NWP)
guidance and thus limiting its applicability to very short lead
times. Its efficacy is also constrained by reliance on low-level
radar coverage since the majority of the 3IM ingredients and
confidence builders (Fig. 1) require high-fidelity radar reflec-
tivities and radial velocities. Past research has found that me-
teorologists issuing short-term forecasts for rapidly evolving
convective events can experience cognitive overload when
condensing large amounts of data into public forecasts (Wilson
et al. 2017; Karstens et al. 2018; James et al. 2020). Thus, the
3IM can potentially increase workload and become a time-
consuming process for operational meteorologists owing to the
inclusion of 10 confidence builders and four “nudgers” aimed at
bolstering a forecaster’s confidence in issuing a tornado warning
for a QLCS (Fig. 1). This can be particularly true during instan-
ces of nocturnal or mixed-mode convective events, during
which forecasters may be simultaneously tracking numerous
storms and/or circulations with varying hazards. Since meso-
vortex tornadoes can develop and strengthen rapidly, a fore-
cast tool that highlights the areas of increased mesovortex
tornado potential without requiring the detailed steps of the
3IM may help reduce the cognitive demand on forecasters
(Wilson et al. 2017).

The proliferation of convection-allowing NWP models facili-
tates the transformation of the 3IM into an objective framework,
creating a simpler and more effective approach for predicting
QLCS mesovortex tornadoes. This study serves as a proof of
concept introducing a new composite forecast parameter for as-
sessing QLCS mesovortex tornado potential. Given the explor-
atory nature of this study and the limited number and diversity
of case studies examined, the results are not intended for
quantitative verification or operational application at this stage.
Instead, the parameter is presented as an initial framework that
will require further refinement, testing, and evaluation across a
broader range of QLCS events before operational consider-
ation. This new parameter is implemented into the Warn-on-
Forecast System (WoFS; Stensrud et al. 2009, 2013; Wheatley
et al. 2015; Jones et al. 2016; Heinselman et al. 2024; Martin et al.
2024) to provide probabilistic forecasts for QLCS tornado poten-
tial for four case studies. WOFS is a rapidly updating, movable
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domain, convection-allowing ensemble developed by the Na-
tional Severe Storms Laboratory designed to improve forecasts
for hazardous weather and is in the first steps of transitioning to
operations at the NWS. WoFS provides skillful forecasts for a
wide variety of severe convective events, including tornadic
thunderstorms (Yussouf et al. 2013; Wheatley et al. 2015;
Yussouf et al. 2015; Jones et al. 2016; Skinner et al. 2018; Flora
et al. 2019; Britt et al. 2020; Galarneau et al. 2022), flash flood-
ing events (Yussouf et al. 2016; Lawson et al. 2018; Yussouf
and Knopfmeier 2019; Yussouf et al. 2020b), tropical cy-
clones (Jones et al. 2019; Yussouf et al. 2020a), and QLCSs
(Kerr and Alsheimer 2022; Britt et al. 2024).

The composite forecast parameter, called QTor, can be used
in tandem with operational radar data and convection-allowing
models to provide probabilistic forecasting guidance prior to a
potentially tornadic event. QTor leverages new insights into
QLCS dynamics, such as the importance of low-level LP shear
for fostering intense and long-lived cyclonic mesovortices (Un-
gar and Coniglio 2023; Brown et al. 2024), whether through
the release of horizontal shearing instability (e.g., Lee and
Wilhelmson 1997), tilting of horizontal vorticity (Flournoy
and Coniglio 2019), or modulations to inflow vorticity at-
tributes (Brown et al. 2026). Thus, LP and LN shear can be
incorporated into QTor and used to forecast the potential
for mesovortex tornadoes, as tornadic mesovortices are
typically stronger and wider than nontornadic mesovorti-
ces (Atkins et al. 2004; Marion and Trapp 2021).

The purpose of QTor is twofold. First, it aims to update the
3IM within the context of recent advances in QLCS science to-
ward improved prediction. Second, it transitions the 3IM from a
subjective framework to an objective, system-relative framework
that incorporates the evolution of the QLCS and its leading-line
geometry, rather than relying only on the upstream environ-
ment. While designed to be objective, the current imple-
mentation uses subjectively assessed SM; future versions will
rely entirely on objective SM estimates. Accurately calculating
LP and LN shear requires an estimate of line orientation, which
can vary along a QLCS’s leading edge. Using a single, system-
wide orientation results in QTor values that are only valid for
portions of the line matching that orientation. To address
this, the system-relative method determines the leading-line
orientation locally and calculates LP and LN shear relative
to that orientation. By adapting to local variations in line ori-
entation, this approach yields QTor values that better repre-
sent the spatial variability of the QLCS.

2. Data and methods

QLCSs can develop in a wide range of environments. There-
fore, it is important to test QTor’s forecast capability and effec-
tiveness over a broad spectrum of cases. QTor is evaluated
using three tornadic QLCS case studies that differ in loca-
tion, season, and mesoscale environment: 15 December 2021,
30 March 2022, and 12 May 2022, as well as a null case on
19 May 2024 (Fig. 2). The 15 December 2021 case was a cold-
season derecho that developed in a high-shear environment
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and produced 101 tornadoes.! The 30 March 2022 QLCS de-
veloped in a high-shear, low—convective available potential en-
ergy (CAPE) (HSLC) environment in the Southeast United
States that produced 47 tornadoes. The 12 May 2022 case was
a warm-season derecho in a high-CAPE environment that
produced 31 tornadoes. Unlike the other cases, the 19 May
2024 QLCS produced three weak tornadoes following a 2-h
nontornadic period and is included as a null case.

a. WoFS

WOoFS? is a 36-member ensemble data assimilation (DA) and
prediction system designed to provide probabilistic guidance for
severe convective events at temporal and spatial scales typical
of convective watches and warnings. It is initialized using the
High-Resolution Rapid Refresh (HRRR) Data Assimilation
System (HRRRDAS; Dowell et al. 2022), with lateral boundary
conditions provided by the 1200 UTC operational HRRR fore-
cast, which are perturbed using the first 36 members of the
Global Ensemble Prediction System (GEFS; Zhou et al. 2022).
The location of the 900 km X 900 km domain varies daily but is
typically positioned over the region expected to be the most fa-
vorable for severe convection, guided by the SPC’s day 1 con-
vective outlook. WoFS members have a 3-km horizontal grid
spacing, 51 vertical levels, and are cycled every 15 min using an
ensemble Kalman filter (EnKF; Houtekamer and Zhang 2016)
from the community Gridpoint Statistical Interpolation analysis
system (GSI; Kleist et al. 2009; Hu et al. 2016) DA system.
WOFS assimilates Multi-Radar Multi-Sensor (MRMS; Smith
et al. 2016) reflectivity, Weather Surveillance Radar-1988 Doppler
(WSR-88D) radial velocity, Geostationary Operational Environ-
mental Satellite (GOES) cloud water path retrievals (Jones et al.
2015, 2016, 2020), GOES clear-sky radiances (Jones et al. 2018),
and any available conventional observations from a variety of
observing systems (e.g., Automated Surface Observing System).

Each WoFS ensemble member employs the NSSL two-
moment microphysics scheme (Mansell et al. 2010) and the
Rapid Update Cycle (RUC) land surface model (Smirnova
et al. 2016). To account for uncertainties in model physics,
planetary boundary layer (PBL) and radiation parameteriza-
tions vary across ensemble members (see Table 1 in Skinner
et al. 2018). PBL schemes include the Yonsei University
(YSU; Hong et al. 2006), Mellor-Yamada—Janji¢ (MYJ;
Mellor and Yamada 1982), and the Mellor-Yamada-Nakanishi—
Niino (MYNN; Nakanishi and Niino 2004). Half of the ensemble
members use the Dudhia shortwave and Rapid Radiative Trans-
fer Model (RRTM) longwave scheme (Dudhia 1989), while the
others use the RRTM for global climate models (RRTMG) long-
wave and shortwave scheme (Iacono et al. 2008). WoFS issues
18-member forecasts that are initialized at the top of the hour
and the bottom of the hour, extending to 6- and 3-h lead times,
respectively.

! Tornado counts are valid for our WoFS domain and the time
periods analyzed (Fig. 2).

2 For the purposes of this study, only the WoFS configuration
during the 2021-24 case study period is provided. For a full history
of WoFS configuration changes, refer to Heinselman et al. (2024).
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MRMS QLCS Leading Lines, Tornado Reports, and
Observed Reflectivity
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FI1G. 2. Overview of the (first row) 15 December 2021, (second row) 30 March 2022,
(third row) 12 May 2022, and (fourth row) 19 May 2024 QLCS case studies showing the
MRMS leading line with time, tornado reports, and the observed reflectivity from a repre-
sentative time. Tornado icons represent the starting point for each tornado and are color
coded to represent the finalized EF-scale rating. Observed reflectivity is from the National
Centers for Environmental Information (NCEI) radar mosaic.
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TABLE 1. Object identification and QLCS classification thresholds for the three case studies. The same reflectivity thresholds are
used for MRMS and for the WoFS analysis (or 0-min forecast), but these thresholds change for all subsequent WoFS forecast times

(5-360 min, in 5-min increments).

Min reflectivity Max reflectivity Min area Merge distance
Case (dBZ) (dBZ) (grid cells) (grid cells)
15 Dec 2021 MRMS and WoFS analysis 39 44 25 2
30 Mar 2022 MRMS and WoFS analysis 40 45 45 2
12 May 2022 MRMS and WoFS analysis 40 45 6 4
19 May 2024 MRMS and WoFS analysis 40 45 45 2
15 Dec 2021 WOoFS forecast 44 49 25 2
30 Mar 2022 WoFS forecast 47 52 45 2
12 May 2022 WoFS forecast 45 50 6 4
19 May 2024 WoFS forecast 47 52 45 2

b. MRMS

MRMS generates real-time composite reflectivity from
WSR-88D observations collected across the CONUS. These
observations are interpolated to the 3-km WoFS grid using a
Cressman filter with a 3-km radius of influence (Skinner et al.
2018). Using the Cressman filter results in a smoother reflec-
tivity field compared to using the conservative remapping
scheme (Hill et al. 2004), which is advantageous in this study
as it results in more contiguous QLCS objects. The resulting
gridded composite reflectivity data from MRMS are used to
qualitatively assess errors in WoFS QLCS leading-line pre-
dictions. Additionally, MRMS is coupled with the WoFS
near-storm environment to provide a reference QTor forecast,
which is then used for comparison with the WoFS QTor
forecasts.

¢. QLCS object identification and isolation

The object identification and classification for the four
QLCS case studies applies the same methods as in Britt et al.
(2024) using the automated algorithm from Potvin et al.
(2022). The small number of case studies allows for the object
identification thresholds to be tuned individually for each
event (Table 1). In the future, separate tuning thresholds
will not be feasible for a real-time algorithm, but they are
used here to demonstrate the optimal performance of QTor for
these specific cases.

Two separate minimum and maximum reflectivity thresh-
olds are used for the WoFS forecasts (Table 1). The first
threshold represents the analysis (i.e., the 0-min forecast),
while the second threshold is for all subsequent forecast times
in 5-min increments (5-360 min; Table 1). The minimum and
maximum reflectivity threshold for the analysis is the same as
those used for MRMS, as DA will more closely fit MRMS ob-
servations in the analysis. However, the reflectivity for the
WoFS forecasts is driven primarily by the microphysics
scheme, which tends to have a high bias relative to MRMS
(Britt et al. 2024).

After identifying all possible QLCS objects in WoFS and
MRMS, the next step is to isolate the QLCS of interest for
each case study, referred to as the object isolation process.
This process is a semimanual, subjective process where only
the QLCS object(s) associated with the case study are

retained, while other objects are removed. This is also the last
step in which multiple objects belonging to the same QLCS
can be merged together. The isolation process results in only
one object per MRMS 5-min output or per WoFS ensemble
member for every 5-min output. The subjective nature of the
object isolation process is specific to this proof-of-concept
study, ensuring that the identified QLCS object(s) are con-
sistent with the case study being evaluated. Future imple-
mentations of the QTor algorithm will not require this step,
as QTor will be computed for each QLCS object across the
domain in real-time operations.

d. QLCS leading-line identification

After isolating the QLCS object, the next step is to identify
and extract its leading line. Determining which side of the
QLCS object contains the leading line uses a general SM vec-
tor that is manually estimated using radar reflectivity (see
section 4 for more information about how the SM calculation
will be automated in future work). For example, the SM of
the 30 March 2022 QLCS is to the east (Fig. 2) so the leading
line will be located along the eastern edge of the QLCS ob-
ject. The SM is decomposed into its zonal (longitudinal) and
meridional (latitudinal) components. If the components are
positive, then the search is done along the QLCS object’s lead-
ing edge zonally for the easternmost points (Fig. 3a) and
meridionally for the northernmost points (Fig. 3b). Figure 3
shows this process demonstrated for a QLCS moving to the
east (Fig. 3a) and moving to the north (Fig. 3b). In contrast, if
the components are negative, the search is conducted along
the QLCS zonally for the westernmost points and meridionally
for the southernmost points.

The zonal and meridional points are stored in separate lists
and undergo quality control (QC) to remove erroneous
points. If the SM is purely zonal or meridional, only the rele-
vant list is retained for QC. QC consists of first identifying
the QLCS object’s centerline (see Britt et al. 2024 for more
details), which is the line that runs down the center of the
QLCS object. The centerline serves as a reference line for fil-
tering the points that are not on the leading line. A KDTree
nearest-neighbor approach (Pedregosa et al. 2011) deter-
mines the closest centerline point to each of the leading-line
points. Using this reference, a vector is created between the
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FIG. 3. Simplified example showing the process of finding the (a) easternmost leading line points given a QLCS
(blue ellipse) with an easterly SM (black arrow) and (b) northernmost leading line points given a QLCS with a north-
erly SM. The red rectangle represents the indices/grid boxes that are being looped through, the red arrows illustrate
the direction that the box will move when the process is repeated, and the black dot denotes the (a) easternmost or

(b) northernmost point that is identified.

centerline and leading-line points. Any points misaligned
with the expected SM are excluded (i.e., not in the same
geometric quadrant).

After QC is completed, the zonal and meridional lists are
merged and resorted to create a continuous leading line. A
KDTree nearest-neighbor approach orders the points by defin-
ing the start and end points of the leading line and iteratively
selecting the nearest unsorted point. This sorting method pro-
gresses from the northwest corner to the southeast corner of
the WoFS domain. In cases like the 30 March 2022 case, where
the QLCS is oriented north-south, the sorting follows the
north-to-south order. Finally, the leading line is smoothed us-
ing a 2D Gaussian filter with a two-gridpoint radius.

1) LEADING-LINE SHEAR ANALYSIS

LN and LP shear depend on the orientation of the leading
line, so the local orientation is determined at each point to cal-
culate the line-relative values. This is done by iterating through
all leading-line points and selecting the 10 nearest points on
each side of the point of interest. Although the leading-line
points are not necessarily equally spaced, on average they are
spaced 3 km apart, which typically results in a segment length
of 60 km. Of those nearest points, only the endpoints are used
to calculate the local orientation, which in this study is defined
as degrees counterclockwise from east (0°).

The next step is to define the upstream sector of the QLCS
for extracting the WoFS shear data (Fig. 4). To the authors’
knowledge, no prior studies have defined a distance ahead of
a QLCS representing the near-inflow environment. However,
studies on supercell inflow environments suggest defining the
near-field environment as the first 040 km from the storm
(Parker 2014; Coffer et al. 2017; Flournoy et al. 2020; Britt
et al. 2020). Assuming a similar distance for QLCSs, we pro-
ject the leading line forward 40 km and normal to each point’s
local orientation. In other words, for each leading-line point,
we calculate a point that is 40 km ahead and perpendicular to

the local orientation at that point. Repeating this process for
each leading-line point will form a projection line (i.e., the
leading line that is projected forward by 40 km; Fig. 4a). The
equations to calculate each of the projection line points are as
follows:

OL = elocal * 900’ (1)
Xoroj = XL+ [dist X cos(6,)], 2)
Yoroj = Yz + [dist X sin(6,)], 3)

where 6 is the angle normal to the local orientation of the
leading-line point (fiocar), Xproj and yproj are the x and y com-
ponents of the projection line point, x; 1 and y; 1 are the x and
y components of the leading-line point, and dist is 40 km.
Note that in Eq. (1), the angle normal to the local orientation
is calculated either by adding or subtracting 90° depending on
SM.

The projection line (Fig. 4a) must also go through a QC pro-
cess to ensure it is ahead of the leading line. A QC polygon is
created that consists of the leading line and two additional lines
extending the leading line’s endpoints to the corner of the
WOoFS domain trailing the SM (Fig. 4b). This conical polygon
encloses the space behind the leading line (Fig. 4b). The
Shapely Python package is used to verify whether or not each
projection line point is contained within the QC polygon. If the
point is in the polygon, its x and y components are recalculated
using the complement angle to 6,. In other words, we test
points in both directions orthogonal to the leading line but
only retain points that are not within the QC polygon. This
process is repeated for each projection point to ensure each
point is outside the QC polygon (i.e., must be ahead of the
leading line).

Once identified, a zero-width Shapely buffer using a Minkowski
sum technique (Gillies et al. 2023) is added to the projection
line to smooth out any irregularities, such as kinks, holes, or
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c) QLCS Inflow Polygon
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Process for Creating Leading Line
Inflow Polygons
12 May 2022 Leading Line
2200 UTC 60-min WoFS Forecast, Member 2
) .
Storm Motion
mem  QLCS Leading Line
a) Projection Line b) Creating QC Polygon

Overlap/kink in the
44— projection line

— Leading Line

A/X to origin
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FIG. 4. Leading-line inflow sector development for the 12 May 2022 leading line from the 2200 UTC 60-min WoFS forecast for ensemble
member 2. First, (a) the projection line is created by projecting the leading line ahead by 40 km and perpendicular to each point; (b) the
QC polygon is created by connecting the endpoints of the leading line back to the domain origin and is used to ensure each point along
the projection line is ahead of the leading line; and (c) the leading line and projection line are combined to form the inflow polygon.

overlaps (Fig. 4c). Next, the projection line and leading
lines are combined to form a polygon (Fig. 4c). The result-
ing polygon represents the QLCS inflow environment, in
which the WoFS vertical wind shear information will be
extracted.

To extract the shear information relative to the QLCS lead-
ing line, each WoFS grid box contained within the inflow
polygon is matched to the closest leading-line point using a
KDTree nearest-neighbor technique. This enables the calcula-
tion of LP and LN shear relative to the local orientation angle
at each leading-line point (Fig. 5). Following the aforemen-
tioned literature, LP shear is calculated over the 0-1-km layer,

and LN shear is over the 0-3-km layer (hereafter referred to
as LP01 and LNO3, respectively).

LPO1 shear is calculated by taking the dot product of the lo-
cal orientation vector and the 0—1-km shear vector that is nor-
malized by the total 0-1-km shear magnitude. The result is
multiplied by 100% to yield the percentage of LPO1 shear and
then multiplied by total 0-1-km shear magnitude to determine
the magnitude of LP01 shear. LNO3 is calculated similarly, us-
ing the dot product between the local orientation vector and
the normalized 0-3-km shear vector. This value, also multi-
plied by 100%, gives the percentage of LP shear within the
0-3-km layer. To determine the magnitude of LNO3 shear, the
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FIG. 5. Schematic illustrating the extraction and calculation
of system-relative LP and LN shear components along the
QLCS’s leading line and how those vectors change with local
line orientation.

LP percentage is subtracted from 100% to obtain the LN0O3
percentage, which is then multiplied by the 0-3-km shear
magnitude. The sign (i.e., positive or negative) of the LN03
shear is determined by taking the cross product between the
normalized 0-3-km shear vector and the local orientation
vector.

The LNO3 shear and LP01 shear are calculated for each of
the grid boxes contained within the inflow polygon (Fig. 4c)
and matched to the nearest point along the leading line. The
LPO1 shear and LNO3 shear for each point along the leading
line are calculated as the mean LP01 or LNO3 shear from all
matched grid boxes.

2) LOCAL TORTUOSITY

Tortuosity is a dimensionless parameter that is used to
quantify the curvature of a line (Ciuricé et al. 2019; Britt et al.
2024). For the purposes of this study, local tortuosity is calcu-
lated at each point along the QLCS’s leading line to assess seg-
ment curvature and identify localized bowing structures. The
local tortuosity is determined at each leading-line point by con-
sidering five points on either side of the point of interest. The
shear and tortuosity terms are evaluated on different spatial
scales to avoid redundancy between predictors. If calculated
on the same scale, shear and tortuosity may become correlated,
effectively duplicating information rather than adding indepen-
dent value to QTor. Therefore, shear terms are evaluated on a
more “systemwide” scale, while tortuosity is evaluated on a
“segmentwide” scale. The equation for local tortuosity is as
follows:

VOLUME 41

seg , (4)

Tortuosity,,,; =

where L represents the length of the leading-line segment,
obtained by adding the distances between consecutive points
within the segment. The L, denotes endpoint line length,
measured as the straight-line distance between the first and
last segment points.

e. QLCS mesovortex tornado parameter (QTor)

We incorporate the influence of LN03, LP01, and local
tortuosity into a single parameter, QTor. QTor does not ex-
plicitly forecast individual mesovortices or tornadoes but
identifies portions of the QLCS with the highest potential
for mesovortex tornado development. The primary goal of
QTor is to transition the subjective, manual 3IM technique
into a streamlined parameter that can be automatically gen-
erated across a wide range of guidance products, including
observations and convection-allowing NWP output. QTor
values greater than one indicate areas meeting the base cri-
teria for mesovortex tornado development, with higher val-
ues signifying increased favorability. QTor is calculated as
follows:

oTor — 1Nos LP

X 0-1
10.0ms™1 "~ 8.0ms™! 4 )

factor?

= 5 E o 18 ©
> ylocal > 105’

where LN 3 represents the magnitude of the LNO3 shear and

LPy_; is the magnitude of the LPO1 shear relative to the lead-

ing line.

Initially, the LNO3 shear threshold was 15.0 m s~ as in the
3IM (Schaumann and Przybylinksi 2012; Gibbs 2021). How-
ever, other studies (Ungar and Coniglio 2023) have found that
the magnitude of LN shear present in mesovortex-producing en-
vironments is often below the 3IM threshold. After performing
sensitivity studies (appendix), the LNO3 threshold was lowered
to 10 m s™'. The LPO1 threshold of 8.0 m s~' is motivated by
the recent findings of Brown et al. (2024) and additional sensitiv-
ity experiments (appendix).

Both the LNO3 and LP01 shear terms have a minimum of
0.5 and are capped at 3.0 (appendix). A bottom threshold of
0.5 for each shear term allows QTor to be reduced but not ze-
roed out if there is no LN03 or LP01 shear as mesovortices
may still form in these environments. However, QTor can be
zero if LNO3 shear is negative, meaning the LN component
points behind the leading line. Negative LNO3 shear is indica-
tive of an outflow-dominant QLCS segment, where the gust
front overruns the main convective line. When this occurs,
any mesovortices that develop are quickly shed rearward into
the storm, lessening the potential for tornadogenesis. In fact,
this follows the first ingredient of the 3IM (Fig. 1; Schaumann
and Przybylinksi 2012), where outflow-dominant portions of
the QLCS are considered out of balance (according to RKW
theory; Rotunno et al. 1988) and, thus, have a lower potential
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for tornadoes. Incorporating the sign of the LNO3 shear into
the QTor equation is a way to objectively analyze the first in-
gredient of the 3IM and reduce areas of QTor false alarms.’

The final term, local tortuosity, quantifies the curvature along
the leading line and identifies local surges or bows along the
leading line, which is the third ingredient of the 3IM (Fig. 1;
Schaumann and Przybylinksi 2012). Traditionally, forecasters
must subjectively analyze the QLCS’s leading line for these
bowing structures that indicate a higher potential for mesovor-
tex tornadoes. However, incorporating local tortuosity into
QTor provides an automated proxy for identification of bow-
ing segments. The tortuosity term is conditional, such that if
the local tortuosity is greater than 1.05 (approximately the
75th-90th percentile depending on the case study), then the
Ttactor 18 set to 2. Conversely, if the tortuosity term is below
1.05, then the Ty.or 1S set to one and has no effect on the
QTor score. Four methods for treating the tortuosity term
were evaluated (appendix), with the conditional approach sub-
jectively performing the best.

f- OTor probabilistic forecasts

Probabilistic guidance products for storm-scale phenome-
non are typically not calculated at the gridscale, as small dis-
placement errors may reduce forecast usefulness (Schwartz
and Sobash 2017; Roberts et al. 2019). Therefore, neighbor-
hood approaches that spread and smooth the ensemble fore-
casts are employed to account for spatial uncertainty in shear
and local tortuosity. QTor is first calculated using the raw, un-
smoothed parameter fields and then smoothed with the neigh-
borhood technique. The neighborhood maximum ensemble
probability (Schwartz and Sobash 2017) is used where each
grid box is surrounded by a square neighborhood with a radius
of 13.5 km (27-km diameter), and its value is replaced by the
maximum value within that neighborhood. The resulting field
is then smoothed using a convolution kernel filter with a radius
of four grid boxes.

QTor is best suited for 0-3- and 0-6-h forecasts to highlight
segments of the QLCS’s leading line that are most favorable
for mesovortex tornado development. Current real-time
WOoFS guidance employs neighborhood diameters of 9, 15, and
27 km to provide hazard probabilities of individual thunder-
storms across areas comparable to typical NWS warnings
(Skinner et al. 2023). For this study, the 27-km neighbor-
hood is selected, as the smaller neighborhoods did not ade-
quately visualize the shear, tortuosity, and QTor data.

There are two types of probabilistic products that WoFS uses
to represent the severity and likelihood of a forecasted event:
percentile and ensemble probability of exceedance products
(Wilson et al. 2019; Skinner et al. 2023). The percentile products
represent forecasted event severity. The 90th and maximum
percentiles are shown in the WoFS online viewer, with the
maximum percentile depicting the most extreme outcome.
For the purposes of this study, the 75th percentile of QTor is

3 Considering the sign of LN03 shear removed a false alarm sig-
nature on the southern, nontornadic portion of the 12 May 2022
QLCS.

BRITT ET AL. 851

utilized as it provides a “middle ground” between the 50th
and 90th percentiles in describing parameter severity. The
75th percentile of the ensemble is computed after applying the
neighborhood and smoothing processes. Additionally, neigh-
borhood probability of exceedance is used to quantify the
likelihood of QTor meeting a specified threshold. An exceed-
ance threshold of 2.5 was selected because it most effectively
highlights areas favorable for mesovortex tornadoes across all
three case studies.

WOoFS QTor probabilistic forecasts are compared to corre-
sponding forecasts using leading lines associated with MRMS
observations. Since MRMS does not contain 0-1- and 0-3-km
shear fields like in WoFS, its QTor forecasts will be calculated
using the WoFS environment at the start of each forecast, as
it best represents the observed environment. The 18-member
WOFS forecasts issued at the top and bottom of the hour will
be used as representative inflow environments for MRMS
QTor calculations, with only the 0-25-min lead times consid-
ered to limit spatial displacements with observations. Inflow
shear sectors are extracted using the same methods as for
WOoFS but relative only to the MRMS leading line. MRMS
QTor probabilistic swaths are then generated using the same
approach as for WoFS. To avoid convective contamination,
the MRMS leading line is overlaid on WoFS temperature and
moisture fields to ensure it remains approximately aligned
with the leading edge of the cold pool in the WoFS environ-
ment (not shown).

g. Tornado reports

Tornado reports serve as a verification source for the WoFS
QTor forecasts. For each case study, the tornado reports are
obtained from the NOAA/NWS Damage Assessment Toolkit
(DAT; NOAA 2024). The start and end points for each tor-
nado are collected from the SPC’s tornado database (SPC
2023). Given that many of the tornado tracks are relatively
short, only the starting point of each tornado is plotted for all
figures. In cases where supercell tornadoes also occurred (e.g.,
30 March 2022), these tornadoes were manually excluded to
retain only those associated with the QLCS. There are inher-
ent limitations in using tornado reports, including the potential
for missed tornadoes in unpopulated areas and the misclassifi-
cation of weak QLCS tornadoes as straight-line winds (Trapp
et al. 2005; Skow and Cogil 2017), or vice versa (Thompson
2023).

3. Results
a. 15 December 2021 Iowa derecho

The 15 December 2021 QLCS developed along a dryline in
west-central Kansas around 1800 UTC, tracking northeast
through Kansas, Nebraska, Missouri, Minnesota (MN), and Iowa
before dissipating in Wisconsin around 0430 UTC 16 December
2021. This event was historic for both Iowa and the United
States, producing 63 confirmed tornadoes in Iowa alone, includ-
ing 21 rated EF2 (Fig. 2). It shattered the state’s single-day tor-
nado record (previously 35 on 31 August 2014) and set a new
record for the most EF2 tornadoes in a single day, surpassing

Brought to you by NOAA Library | Unauthenticated | Downloaded 09/14/26 03:13 PM UTC



852

15 December 2021

WEATHER AND FORECASTING

VOLUME 41

WOoFS 75t Percentile Swaths with a 27-km Neighborhood

Line-Normal Shear Line-Parallel Shear Local Tortuosity
Na Ao
O
H
-}
S - 38
‘S) g
| -1,
= 34 113
[= =]
NN
AN N
= - 30
s
@x % F1.11 g
]
- 26/_&;\ g,
2 2.
O L22% <
S -1.09
8 - 18
eg
2 |
8 g 14
Q] - 1.07
&
< -
s 10
w2
— 8 —L1.05

FIG. 6. WOFS 75th-percentile swaths of (left) LNO3 shear, (center) LP01 shear, and (right) local tortuosity for the 15 Dec 2021 QLCS
for the 22002300 UTC WoFS forecasts. Triangles represent the tornadoes reported during each swath time frame and are color coded by

EF-scale intensity.

the previous high of 16 on 7 June 1984. Classified as a serial der-
echo (Johns and Hirt 1987; Squitieri et al. 2023a,b), this QLCS
had strong forcing and multiple bowing segments along its con-
vective line. Notably, it was the first documented derecho to oc-
cur in December anywhere in the United States, causing over
$1 billion (U.S. dollars) in damages.

Only the 2200 and 2300 UTC WoFS forecasts are analyzed
for this QLCS, as earlier forecasts depicted the QLCS as cel-
lular convection rather than linear. This highlights a potential
source of error in QTor forecasts: If the model fails to accu-
rately predict the convective mode, particularly the develop-
ment of a QLCS, then there will be no QTor.

At 2200 UTC, the LNO3 shear forecast depicts a well-
defined corridor in northern Iowa with values ranging from
14 to 26 m s~ !, encompassing most tornado reports associated
with this QLCS (Fig. 6a). Similar to the 30 March 2022 case,
this environment also features strong LPO1 shear, with values
exceeding 18 m s~ ! (Fig. 6b). Areas with tortuosity greater than
1.07 are collocated with the majority of tornado reports in Iowa
and southeastern MN (Fig. 6c¢).

The 2200 UTC QTor forecast reveals two primary swaths: a
broad northern swath that aligns with most tornado reports
and a shorter southern swath (Fig. 7a). The northern swath ex-
hibits higher QTor values, ranging from 4 to 9, compared to
the southern swath. This pattern is also evident in QTor prob-
abilities of exceeding 2.5 (Fig. 7b). The southern swath initially

reaches probabilities near 1.0, coinciding with two tornado re-
ports, but then declines below 0.4 as the forecast progresses.
Conversely, the northern swath maintains probabilities above
0.5 for most of the forecast duration, with lower probabilities
toward the end of the swath, indicating lower confidence over
time (Fig. 7b).

In the 2300 UTC forecast, the distinction between the two
swaths becomes more pronounced. LN03 shear remains stron-
gest in the northern swath, ranging from 14 to 26 m s !, and
encompasses all but one tornado report, while the southern
swath exhibits comparatively weaker LNO3 shear (Fig. 6d).
LPO1 shear remains strong across both swaths, consistent with
the 2200 UTC forecast (Fig. 6e), and tortuosity values above
1.07 continue to align with most tornado reports (Fig. 6f).
Compared to the 2200 UTC forecast, the 2300 UTC QTor swath
shows a narrower northern swath and a broader southern swath
(Fig. 7c). The northern swath retains the highest QTor values
and remains collocated with nearly all tornado reports, while the
southern swath contains only one tornado report and is largely a
false alarm (Fig. 7c). QTor probabilities of exceeding 2.5 remain
elevated in both swaths but decrease toward the end of the fore-
cast, indicating reduced confidence with increasing forecast time
(Fig. 7d).

Overall, WoFS QTor forecasts identify the most favorable
area for mesovortex tornadoes, aligning closely with docu-
mented tornado reports (Fig. 7). The tornadic phase for this

Brought to you by NOAA Library | Unauthenticated | Downloaded 09/14/26 03:13 PM UTC



APRIL 2026 BRITT ET AL. 853
15 December 2021
WOoFS 75% Percentile with a 27-km Neighborhood
QTor Probability of QTor > 2.5
1.0
e
o) 0.9
Q
s
R 0.8
o O
[ )
[Q S
[\l q\]
,'-‘E": 0.7
<
3
« g
- 0.6 3
o
&
. r0.5&
H
-]
(=]
Q 0.4
oS
= |
[N )
R 0.3
o\l q\]
2
g 0.2
[75]
0.1

F1G. 7. As in Fig. 6, but for (left) QTor and (right) the probability that QTor will exceed 2.5.

QLCS was between 2205 and 0320 UTC. All tornadoes are
well captured by the northern QTor swath, including those
that occur later in the event, offering lead times between 4 and
5 h (Fig. 7). In contrast, the southern QTor swath is largely a
false alarm, corresponding with only a single tornado report.
However, QTor probabilities of exceeding 2.5 taper off quickly
in space and time, indicating reduced tornado potential with in-
creasing forecast time for the southern swath.

The WoFS maximum predicted swaths are compared to those
derived from MRMS. The MRMS swaths are calculated using
the same method as for WoFS but with one key difference:
They use the observed MRMS leading line and compute QTor
based on the near-storm environment from the 18-member
WOES ensemble. As a result, the MRMS swaths represent the
probability of mesovortex tornadoes given the observed line ori-
entation and the predicted mesoscale environment. In contrast,
WOoFS swaths represent the probability of mesovortex tornadoes
occurring anywhere along the line, assuming WoFS captures
sufficient variability in line orientation and evolution.

Compared to maximum predicted swaths in WoFS, MRMS
depicts a narrower corridor of strong LNO3 shear that closely
matches the tornado reports (Fig. 8a). The MRMS LPO1

shear swath features higher shear values, exceeding 30 m s ™!,

concentrated south of the tornado reports compared to WoFS
(Fig. 8b). Tortuosity also differs between MRMS and WoFS,
with MRMS showing the highest tortuosity values primarily
toward the end of the northern swath (Fig. 8c), whereas WoFS
maintains more consistent alignment with tornado reports.

The MRMS QTor swath mirrors the LNO3 shear swath,
with a much narrower corridor of strong QTor values coincid-
ing with the majority of tornado reports (Fig. 8d). Addition-
ally, while MRMS does show a smaller swath of enhanced
QTor to the south, it is not as broad or pronounced as in
WoFS. Last, MRMS QTor probabilities exceeding 2.5 are 1.0
almost everywhere, correctly identifying the northern swath
for tornado potential, but leading to false alarms in the south-
ern swath (Fig. 8e).

The differences between MRMS and WoFS maximum param-
eter swaths can be attributed to variations in leading-line orienta-
tion and length (Fig. 9). At the beginning of the 2200 UTC
forecast, the MRMS leading line is longer than the WoFS
convective lines, causing the MRMS southern swath to ex-
tend farther south, while the northern swath remains narrower
(Fig. 8). In contrast, after 0000 UTC, the WoFS leading
lines become longer than the MRMS convective line, resulting
in broader northern and southern swaths (Figs. 7 and 9).
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FIG. 8. MRMS 75th-percentile swaths from 2200 to 0320 UTC of (a) LNO3 shear, (b) LP01 shear, (c) local tortuosity, (d) QTor, and
(e) probability of QTor exceeding 2.5 for the 15 Dec 2021 QLCS. Note that when calculating QTor using just the MRMS line, any point

on the line that exceeds 2.5 will produce a spot of 100% likelihood.

Additionally, as the QLCS evolves, differences in line orien-
tation (Fig. 9) between the WoFS and MRMS leading lines
contribute to discrepancies across all parameter swaths.

b. 30 March 2022 southeast QLCS

On 30 March 2022, a QLCS initiated along a dryline in
southwest Oklahoma and northern Texas at approximately
0030 UTC. It moved through central Oklahoma and Texas be-
fore becoming disorganized around 0800 UTC. The convection
continued eastward, reorganizing over Arkansas and Louisiana
(LA) by 1700 UTC. The QLCS maintained a nearly meridio-
nal orientation, stretching from southern LA to central Illinois
and Indiana. As the QLCS moved through LA, Mississippi
(MS), and Alabama (AL), it produced numerous severe wind
and tornado reports (Fig. 2). Most of those tornadoes were pre-
dominately rated as EF0 or EF1, with a few stronger tornadoes
rated as either EF2 or EF3 (Fig. 2). Finally, the QLCS dissi-
pated in Georgia around 1700 UTC 31 March 2022. This QLCS
was chosen for this study as it exhibited a leading-stratiform,
trailing-leading-line structure, and it developed in a HSLC

environment typical of cool season southeastern U.S. severe
weather environments (Sherburn and Parker 2014).

The 2000 UTC forecast for this QLCS shows minimal LN03
shear (Fig. 10a) but strong LP01 shear exceeding 26 m s~
(Fig. 11b), consistent with the 0-1-km shear vector being pre-
dominately parallel to the QLCS’s convective line. Strong
LPO1 shear is expected in the southeastern United States, as
this area is characterized by a HSLC environment, known for
having considerable low-level hodograph curvature and thus
higher LP01 shear (Sherburn and Parker 2014; Sherburn et al.
2016; King et al. 2017; Chasteen and Koch 2022). This QLCS
exhibits shorter-lived, localized bowing segments rather than
a long-lived bow echo like in the other case studies. There-
fore, as the QLCS evolves and develops bowing segments, the
local tortuosity will become more important for tornado po-
tential. Consequently, many of the tornado reports for this
QLCS are collocated with pockets of enhanced tortuosity
(Figs. 10 and 11).

At 2000 UTC, sufficient LNO3 shear (Fig. 10a) and tortuosity
(Fig. 10c) are present in western MS, aligning with tornado re-
ports in this area. The corresponding QTor forecast (Fig. 11a)
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F1G. 9. (left) WOFS and (right) MRMS leading lines valid at 1150 UTC showing the differ-
ences in line orientation and length for the 15 Dec 2021 QLCS case. (top) LNO3 shear, (middle)
LPO1 shear, and (bottom) QTor are shaded along the leading lines.

shows values between 3 and 8 where tornadoes occurred, with
probabilities of QTor exceeding 2.5 above 0.5 (Fig. 11b). How-
ever, tornadoes in Tennessee (TN) and eastern MS are not cap-
tured by the QTor forecast (Fig. 11a) due to the absence of
LNO3 shear (Fig. 10a), leading to lower QTor values.

The 2100 UTC forecast for all maximum predicted parameter
swaths (Figs. 10d-f) is similar to the 2000 UTC forecast. LN03
shear greater than 8 m s ! is concentrated in northcentral MS,

while LPO1 shear exceeds 26 m s~ ! everywhere in the swath. In-
creased values of tortuosity are present in the vicinity of many
of the tornado reports, indicating the convective line is bow-
ing outward in those locations (Fig. 10f). The QTor values
(Fig. 11c) and probabilities (Fig. 11d) are highest in western
MS, corresponding with the increase of LNO3 shear and tortu-
osity in that area. There is also a small area of QTor between
3 and 5 along the border of central MS and AL but with low
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FIG. 10. As in Fig. 6, but for the 2000-2300 UTC forecasts for the 30 Mar 2022 QLCS.

probabilities. At the time of this forecast, this small spot of
QTor along the MS/AL border is a 4-h forecast. While it has
low confidence, QTor is picking up on a signal that aligns with
the tornado reports observed in this area.

For the 2200 UTC forecast, LN0O3 shear above 8 m s~ ! is con-
centrated in northern MS/AL and TN (Fig. 10g). On the other
hand, LPO1 shear greater than 30 m s~ ' has increased in area

(Fig. 10h), compared to the 2100 and 2000 UTC forecasts. Similar
to the 2000-2100 UTC forecast, increased values of tortuosity co-
incide with the majority of the tornado reports, especially along
the central border of MS/AL (Fig. 10i). For QTor, there are in-
creased values in north-central MS and southern TN that corre-
spond to the increases in LNO3 shear (Fig. 11e). As first observed
in the 2100 UTC forecast, there is a small swath of QTor

Brought to you by NOAA Library | Unauthenticated | Download

ed 09/14/26 03:13

PM UTC



APRIL 2026 BRITT ET AL. 857

30 March 2022
WOoFS 75% Percentile with a 27-km Neighborhood

QTor Probability of QTor > 2.5

2000 UTC
Swath: 2000 — 0200 UTC
<
<

Vv

V V'V EFO,EFLEF2 } b oa

2100 UTC
Swath: 2100 — 0300 UTC

2200 UTC
o
o

Swath: 2200 — 0400 UTC

T
o
~

T
o
(<))

2
w
Ayiqeqord

- 0.3

2300 UTC
Swath: 2300 — 0500 UTC

- 0.2

FIG. 11. As in Fig. 7, but for the 30 Mar 2022 QLCS.
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FIG. 12. As in Fig. 8, but for the 30 Mar 2022 QLCS.

values between 3 and 5 along the central border of MS/AL
(Fig. 11e) but now with higher probabilities (Fig. 11f). Though
enhanced QTor values do not encompass the full swath of tor-
nado reports in this area, the enhanced values provide an ad-
vanced indication that tornadic mesovortices are relatively
more likely along this portion of the QLCS.

By 2300 UTC, LNO3 shear is minimal throughout the domain
(Fig. 10j) with a small bull’s-eye in TN coinciding with tornado
reports. LPO1 shear remains above 26 m s~ ! throughout the
swath (Fig. 10k). Tortuosity surpasses 1.11 in TN, southern MS,
and west-central MS, aligning well with tornado reports
(Fig. 101). QTor closely mirrors the tortuosity forecast
(Fig. 11g), reflecting the expected link between bowing seg-
ments and tornado potential. As a convective line bows or
surges outward, enhanced convergence leads to a higher tor-
nado potential, making these bows a common location for
tornadogenesis and a key ingredient in the 3IM (Fig. 1;
Przybylinski 1995; Atkins et al. 2005; Xu et al. 2015). The
QTor probabilities increase near the tornadoes reported in
TN and central MS/AL, improving confidence compared to
previous forecasts (Fig. 11h).

Comparing WoFS and MRMS swaths (Fig. 12), MRMS
LNO3 shear (Fig. 12a) is minimal in TN and northwest MS,

aligning with WoFS values (Figs. 10a,d,g,j). However, MRMS
shows an LNO3 shear increase in north-central AL that is not
present in WoFS and does not correspond with any tornado
reports. LPO1 shear is consistent between MRMS (Fig. 12b)
and WoFS (Figs. 10b,e,h,k), exceeding 26 m s~ ! throughout
the swath. The MRMS tortuosity swath (Fig. 12c) is similar to
WOoFS (Figs. 10c.f,i,]), except for a region of low values in
western MS. There are also higher tortuosity values in
northeastern AL, collocated with a maximum in LNO3 shear.
These maxima in LNO3 shear and tortuosity are attributable to
individual cells that initiate upstream and merge into the line.
These mergers cause local areas of greater-line tortuosity in
the leading line that increase values of LNO3 shear and tortuos-
ity. One of these bumps can be observed in the MRMS leading
line at 0200 UTC in Fig. 2. The MRMS QTor swath (Fig. 11d)
highlights values between 5 and 10 near the TN tornadoes,
though with many other high QTor regions being false alarms.
MRMS QTor probabilities of exceeding 2.5 (Fig. 12e) are
1.0 across the swath, capturing some of the tornado reports but
also resulting in a large number of false alarm areas. Since
there is only the MRMS leading line to calculate QTor from,
any point on that line exceeding QTor of 2.5 will generate a
spot of 100% likelihood.
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The 30 March 2022 QLCS was selected as a representative
HSLC event in the southeastern United States. The tornadic
phase for this QLCS occurred from 2019 to 0450 UTC, within
the domain of interest. The most pronounced areas of en-
hanced QTor typically occurred within the first 2-3 h, with
both QTor and exceedance probabilities decreasing beyond
that window (Fig. 11). Although QTor values and probabili-
ties exceeding 2.5 were generally lower than in other case
studies, QTor still identified portions of the QLCS with higher
tornado potential that were collocated with tornado reports.
However, large areas of false alarms remained, primarily
owing to elevated tortuosity along bowing segments that were
incorrectly predicted (e.g., cell mergers). This case highlights
the need for further refinement of QTor thresholds using a
broad range of HSLC events. Future improvements may also
incorporate region-specific shear thresholds to better predict
QLCS tornado potential in HSLC environments across the
southeastern United States.

¢. 12 May 2022 Midwest derecho

The 12 May 2022 QLCS developed along a cold front
around 1500 UTC in southwestern Kansas. Initially, the
convection consisted of disorganized cells, which grew rap-
idly upscale to become quasi-linear over southern Nebraska
by 1830 UTC. The system moved northeast, evolving into a
classic leading-line, trailing-stratiform structure by 2200 UTC.
It persisted until reaching east-central MN around 0200 UTC.
Accordingly, the 2000-2300 UTC WOoFS forecasts are ana-
lyzed for this study to examine the LNO3 shear, the LPO1
shear, local tortuosity, and their influence on QTor forecasts.

This QLCS, also classified as a derecho (Johns and Hirt
1987), caused over a billion dollars in damage due to wide-
spread straight-line winds and 31 confirmed tornadoes, pri-
marily in northeast South Dakota (SD) and west-central MN.
Most tornadoes were rated EFO-EF1, though five EF2 torna-
does caused extensive damage in eastern SD and west-central
MN (Fig. 2).

This case was selected for this study due to its high-impact
nature, producing both destructive straight-line winds and tor-
nadoes indicative of embedded mesovortices. Additionally, it
serves as a classic warm-season Midwest case, which makes it
relevant to understand how QTor performs for this com-
mon type of QLCS. The QLCS also exhibited two distinct
leading-line orientations (Fig. 2): a northern segment aligned
approximately east-west and a southern segment oriented
more north-south. These differing orientations allow for a
comparative analysis of LN03 and LP01 shear relative to the
leading-line orientation and how it influences mesovortex
tornado development.

Starting with the 2000 UTC forecast, a 5-h and 20-min
swath of predicted maximum LNO3 shear exceeding 14 m s~
encompasses the majority of the tornado reports associated
with this storm (Fig. 13a). LPO1 shear spans a broader area
than LNO3 shear but exhibits similar magnitudes also coincid-
ing with reported tornadoes (Fig. 13b). Additionally, local tor-
tuosity values (Fig. 13c) indicate ample curvature along the
leading line as it traverses the region.

BRITT ET AL. 859

Since both LN03 and LPO01 shear exceed the QTor equation
thresholds [Eq. (6)], QTor values range from 3 to 7 in the pre-
dicted maximum swath, aligning with the tornado reports
(Fig. 14a). This northern QTor swath corresponds with
probabilities of QTor exceeding 2.5 being greater than 0.5
(Fig. 14b), indicating that more than half of the WoFS ensem-
ble members identify this area as favorable for mesovortex tor-
nado formation.

Subsequent, shorter lead-time forecasts initialized at 2100
(Figs. 13d-f), 2200 (Figs. 13g-i), and 2300 (Figs. 13j-1) UTC
are consistent with the 2000 UTC forecast. The most substan-
tial change is in the LNO3 shear field, where areas of magni-
tudes exceeding 22 m s~! expand to include more tornado
reports. This increase in LNO3 shear corresponds to higher
QTor values (Figs. 14c,e,g), with some areas exceeding 7. The
QTor probabilities also increase (Figs. 14d,f,h), covering
more tornado reports compared to the 2000 UTC forecast
(Fig. 14b). Therefore, confidence in this portion of the QLCS-
producing mesovortex tornadoes strengthens with subsequent
forecast initializations.

The MRMS swaths for LNO3 shear, QTor, and probability
of QTor exceeding 2.5 (Figs. 15a,d,e) resemble those from
WOFS, aligning with most of the reported tornadoes. How-
ever, the MRMS swaths show a northwestern offshoot through
SD and North Dakota that is not associated with tornado re-
ports and is not present in the predicted WoFS QTor swaths
(Fig. 15). Further inspection reveals this offshoot results from
a limitation in the leading-line object identification process
(Fig. 16). The northern portion of the MRMS leading line
shows a sharp bow, also coinciding with high QTor values due
to the increase in curvature (Fig. 16). However, composite re-
flectivity indicates this bowing segment in the MRMS leading
line is distinct from the QLCS and is made up of disorganized
convection to the northwest of the QLCS.

Additionally, MRMS shows a clear slot in LPO1 shear, with
values around 10-14 m s~' near the reported tornadoes in
northeast SD and western MN (Fig. 15b). While this feature is
also visible in the 2100 (Fig. 13e) and 2200 (Fig. 13h) UTC
WOoFS forecasts for LP01 shear, it is smaller and less promi-
nent compared to MRMS. The low LPO1 shear values in
MRMS arise because this portion of the QLCS is oriented
more east-west than in WoFS (Fig. 17), meaning all of the
shear is LN relative to the MRMS leading line. In contrast, the
WOFS leading lines are oriented more northwest-southeast in
this area resulting in a more substantial LP component to the
shear, which is not observed in MRMS (Fig. 17). This explains
why a clear slot of very low LPO1 values appears in MRMS
but not in WoFS.

Opverall, the 12 May 2022 QTor forecasts highlighted the
portion of the QLCS associated with the greatest apparent
risk for mesovortex tornadoes, based on the observed reports
from this day. The first WoFS forecast initialized at 2000 UTC
suggested the area most favorable for mesovortex tornado de-
velopment also aligned with the observed tornado reports.
Since the tornadic period for this QLCS was between 2240
and 0050 UTGC, the 2000 UTC forecast provided an estimated
lead time of 2.5-4.5 h. Subsequent forecasts refined this area
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FIG. 13. As in Fig. 6, but for the 2000-2300 UTC forecasts for the 12 May 2022 QLCS.
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FIG. 15. As in Fig. 8, but for the 12 May 2022 QLCS.

and increased the confidence for tornado development (seen
in QTor exceedance probabilities; Figs. 14b,d,f,h).

d. 19 May 2024 null case

The 19 May 2024 QLCS was selected as a null case to sub-
jectively analyze QTor capabilities in a system that produced
little to no tornadoes. Convection initiated at approximately
1830 UTC in west-central Kansas and organized into a linear
structure by 2230 UTC. Although a few tornadoes occurred
prior to 2300 UTC, these are excluded from consideration as
they fall outside the analysis window selected for this study.

By 0000 UTC, the QLCS had developed a prominent bow
echo and an intense northern bookend vortex. From 2300 to
0100 UTC, the system remained nontornadic, after which it
produced three weak tornadoes: one at 0119 UTC and two af-
ter 0200 UTC (Fig. 2). By 0300 UTC, the QLCS reached the
edge of the WoFS domain and began to weaken into disorga-
nized convection. Accordingly, only the 2300 and 0000 UTC
WOFS forecasts are analyzed, with the evaluation period end-
ing at 0300 UTC for both forecasts. This setup provides a 2-h
nontornadic period (2300-0100 UTC) followed by a 2-h tor-
nadic period (0100-0300 UTC), making it a useful null case
for evaluating QTor under conditions of minimal tornadic
activity.

In the 2300 UTC WOoFS forecast, LNO3 shear is weak, with
only localized increases near the reported tornadoes (Fig. 18a).
LPO1 shear, in contrast, exceeds the 8 m s~ ! threshold across
the entire swath (Fig. 18b). Tortuosity greater than 1.05 is also
present near the reported tornadoes (Fig. 18c). Correspond-
ingly, QTor values remain low, generally 1-2, but with isolated
increases to 2-3 near the EF0 tornadoes (Fig. 19a). Probabili-
ties that QTor will exceed 2.5 are zero across most of the
swath, increasing slightly to 0.1-0.3 only near the EF0 tornado
reports (Fig. 19b).

The 0000 UTC WOoFS forecast shows a similar pattern.
LNO3 shear remains below the 10 m s ™! threshold except near
the later tornadoes (Fig. 18d). LPO1 shear resembles the pre-
vious forecast but extends farther south to include the EF1
tornado (Fig. 18e). Local tortuosity is less widespread than in
the 2300 UTC forecast, with increases confined mainly near
the three tornado reports, indicating the formation of bowing
segments before tornadogenesis occurs (Fig. 18f). The QTor
values again range from 1 to 2 across most of the swath but in-
crease to 3-5 near the tornadoes, with maxima slightly dis-
placed east of the reports (Fig. 19¢c). The QTor exceedance
probabilities follow a similar pattern, with the greatest confi-
dence (60%) east of the EF1 tornado report (Fig. 19d).

MRMS swaths from 2300 to 0300 UTC closely resemble
WOoFS. LNO3 shear is below 8 m s~' in most of the swath,
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FIG. 16. (left) Composite reflectivity and (right) QTor along the MRMS leading line showing a limitation of the ob-
ject identification methods used in this study. Opaque reflectivity denotes the MRMS QLCS object, while the trans-
parent reflectivity represents the full composite reflectivity field. While the MRMS leading line shows a bowing seg-
ment (red circle), this is associated with trailing cellular convection rather than the QLCS. While this is a limitation of
object-based identification methods, these problems can be diagnosed by viewing reflectivity with QTor forecasts.

with values greater than the 10 m s~ ' threshold concentrated
near the tornado reports (Fig. 20a). LPO1 shear has a similar
extent to the 2300 UTC WoFS forecast but is slightly stronger
near the tornadoes (22-26 m s~ !; Fig. 20b). Tortuosity is
also slightly higher, with localized maxima exceeding 1.15
(Fig. 20c). MRMS QTor values are similar in extent and mag-
nitude, with broad areas of 1-2 values and maxima of 3-5 near
the tornadoes (Fig. 20d). MRMS QTor exceedance probabili-
ties are also similar in location and spatial extent to WoFS,
with maxima to the west of the reported tornadoes (Fig. 20e).
The primary difference is the spatial displacement of the QTor
maxima compared to the tornado reports: MRMS places the
maxima to the west of the tornadoes, while WoFS places them
to the east. This offset may be attributable to QLCSs in WoFS
moving faster than observed (not shown).

In summary, both WoFS and MRMS have low QTor values
and negligible exceedance probabilities during the QLCS’s
nontornadic phase, with localized increases only near the ob-
served tornadoes. This case highlights QTor’s ability to reflect
the low tornado risk during quiescent periods while signaling
enhanced potential during tornadic phases. The observed tor-
nadoes develop after 0100 UTC, so QTor provides 1-2 h of
lead time. These results are encouraging, but additional null
cases are needed to fully assess QTor’s capability in distin-
guishing tornadic from nontornadic QLCS environments.

4. Discussion of limitations

QTor shows promise in identifying regions along QLCSs
that are most favorable for mesovortex tornado development,
with lead times extending up to 3 h. While quantitative verifi-
cation is still needed, forecasts that depict large, contiguous

areas of elevated QTor values, especially when those areas re-
main consistent across successive model runs, can help increase
forecaster confidence in pinpointing specific QLCS segments
most conducive to tornado formation. As with any derived
forecasting parameter, particularly in a proof-of-concept study,
QTor is subject to several inherent limitations that must be ad-
dressed through continued evaluation and refinement.

A primary limitation is the lack of generalizability across
the full spectrum of QLCS environments and line orientations
due to the small number of cases analyzed. This study evalu-
ates QTor’s forecast capabilities across three events represent-
ing distinct seasonal and regional QLCS regimes: cold-season,
warm-season, and southeastern U.S. setups, as well as a null
case. While these cases provide a useful initial test, the limited
sample precludes robust statistical evaluation and may not
fully capture the variability in QLCS structure or environmen-
tal shear profiles. Future work will address this by applying
QTor to a larger, more diverse set of QLCS cases.

In addition, because this study is intended as a proof of con-
cept with a small number of cases, verification was conducted
subjectively/qualitatively. This approach is both feasible and
informative, providing early insight into how the algorithm be-
haves across different QLCS environments and whether the
methods function as intended. While subjective assessment
cannot fully quantify forecast skill, it highlights aspects that
may require refinement and provides a first look at algorithm
functionality. Future application to a larger QLCS dataset will
incorporate objective, quantitative verification metrics to rig-
orously evaluate QTor’s skill and performance.

Another limitation is that forecast errors inherent to WoFS
can impact QTor’s accuracy. WoFS has been shown to mis-
represent the leading line’s orientation (e.g., 12 May 2022;
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F1G. 17. As in Fig. 9, but for the 12 May 2022 case valid at 0030 UTC.

Fig. 17) and spatial extent (e.g., 15 December 2021; Fig. 9),
which directly affects system-relative shear calculations. Previ-
ous work has documented a tendency for WoFS to overpredict
the strength of the northern bookend vortex and rear-inflow
jet, often causing QLCSs to bow excessively (Britt et al.
2024). This artificial bowing alters leading-line geometry, sub-
sequently impacting QTor calculations. In more extreme in-
stances, WoFS may fail to predict the correct storm mode
(e.g., 15 December 2021), precluding QTor calculation. Al-
though not directly addressed in this study, errors in the near-
storm environment, such as inaccuracies in shear direction or
magnitude, may also degrade QTor performance.

Additional limitations arise from the object and leading-
line identification algorithms. These automated algorithms
can struggle in complex convective scenarios. For example, on
12 May 2022, trailing cellular convection resulted in errors in
leading-line orientation (Fig. 16), while on 30 March 2022, cell
mergers caused the algorithm to erroneously identify bowing
segments. These structural complexities can produce spurious
QTor signals or mask actual tornado-favorable segments. As
a result, in operational settings, forecasters are encouraged to
interpret QTor forecasts in conjunction with observed radar
reflectivity (when available) to identify errors and adjust their
interpretation of the forecast accordingly.
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FIG. 18. As in Fig. 6, but for the 2300-0000 UTC forecasts for the 19 May 2024 QLCS.

The final limitation of the current QTor algorithm is that
the SM calculation is not yet fully automated. Full automation
is essential for operational implementation, particularly with
rapidly updating ensemble systems like WoFS. To address
this, ongoing work is exploring the use of QLCS object cen-
terlines (Britt et al. 2024) to track mean SM over time. Using
a KDTree nearest-neighbor approach, each point along the
object’s centerline is matched to the nearest point of the cen-
terline at the next time step. Taking the average of the storm
speed and direction from each point gives a mean SM vector
for the entire QLCS. This SM vector is then used to identify
the leading edge of each QLCS object.

Initial tests show that this method produces SM vectors
consistent with manual estimates. While some errors are ex-
pected in cases with messy or disorganized centerlines, the
algorithm only requires a general SM vector (i.e., which math-
ematical quadrant the motion lies in) to identify the leading
lines, making it robust to such issues. More extensive testing
will be conducted prior to fully integrating this step into the
automated QTor algorithm.

5. Summary and conclusions

The current QLCS tornado warning paradigm used opera-
tionally, 3IM, leans heavily on system balance modulated by
LN shear and is applied subjectively along with numerous ra-
dar-derived “nudgers.” This study sought to develop and test
a parameter which evaluates the 3IM in a more objective
framework while also incorporating recent advances in QLCS
theory, including the importance of low-level LP shear for
mesovortex formation. Motivated by the recent findings of
Brown et al. (2024), this study explored the potential of using
upstream LPO1 and LNO3 shear relative to the leading line as

predictors for mesovortex tornadoes. A novel leading-line
analysis technique was created to isolate the leading line of
QLCSs in both WoFS forecasts and MRMS observations to
calculate system-relative LPO1 and LNO3 shear (Fig. 5). These
shear components were combined with local tortuosity, a mea-
sure of local-line curvature, to produce a new composite pa-
rameter for QLCS tornado prediction, QTor [Eq. (6)]. This
study serves as an initial proof of concept for system-relative,
probabilistic mesovortex tornado prediction using a convec-
tion-allowing ensemble.

To subjectively evaluate QTor’s performance, forecasts
from four QLCS case studies were analyzed, which differed in
location, environment, and season (Fig. 2). The results from
each case study are summarized as follows:

¢ 15 December 2021 cold-season derecho: This case featured
a broad area of enhanced QTor and high exceedance proba-
bilities that fully encompassed all tornado reports (Fig. 7).
Though exceedance probabilities decreased with increasing
forecast time, QTor still predicted regions most conducive
for tornado formation with high confidence over 5 h in
advance. Leading-line extent errors contributed to a false
alarm region along the southern portion of the QLCS,
but this signal dissipates in space and time, unlike the
broader, persistent signal in the northern swath.

30 March 2022 Southeast U.S. QLCS: QTor forecasts ex-
hibited smaller areas of enhancement due to strong LP01
shear and weak LNO3 shear (Figs. 10 and 11). Nonetheless,
most tornado reports were collocated with local maxima
in QTor 75th percentile and probability of exceeding 2.5
(Fig. 11). False alarm areas were primarily linked to cell
mergers with the leading line.
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FIG. 19. As in Fig. 7, but for the 19 May 2024 QLCS.

12 May 2022 warm-season derecho: QTor forecasts highlighted
the region most favorable for mesovortex tornadoes, align-
ing well with documented tornado reports and providing
lead times exceeding 3 h in some forecasts (Fig. 14).

19 May 2024 null case: In this null case, QTor values and
exceedance probabilities remained low during the QLCS’s
2-h nontornadic phase and increased only in localized areas
near the reported tornadoes (Fig. 19).

These results demonstrate QTor’s potential to identify tor-
nadic segments of QLCSs with substantial lead time, but sev-
eral limitations currently hinder its broader utility. First, the
dataset of cases is small and relies on subjective verification,
limiting the generalizability of results across all QLCS envi-
ronments. Additionally, QTor forecast accuracy is sensitive to
WOoFS errors in line orientation, extent, and storm mode, each
of which impact shear and tortuosity calculations and can
degrade performance. Limitations in the QLCS object and
leading-line identification algorithms also contribute to false
alarms, particularly in cases involving trailing cellular convec-
tion or merging cells. Moreover, calculations of SM are cur-
rently manually estimated, and automating this step will be
crucial for real-time, operational applicability.

To address these limitations, several key avenues for future
work are proposed. First, QTor will be applied to a broader
and more diverse set of observed QLCS cases spanning differ-
ent regions, environments, and seasons. Objective verification
techniques and bulk performance metrics will be used to rig-
orously evaluate QTor’s skill. Expanding the case database

will also help clarify how to interpret QTor’s numerical
values. For example, while a QTor value of eight may indi-
cate a more favorable environment for mesovortex torna-
does than a value of five, but the precise implications of
such differences remain uncertain given the current subset of
cases.

Machine learning techniques will be explored to optimize
the QTor equation, tune thresholds, and explore the possibil-
ity of using region-specific shear criteria. QTor will also be
compared to explicit measures of mesovortex potential, such
as 0-2-km vertical vorticity and updraft helicity from WoFS
forecasts. These fields may eventually be incorporated into a
refined QTor equation. Additionally, sensitivity analysis and
tuning of the object identification algorithm will be conducted
to reduce errors associated with trailing cellular convection
and storm mergers.

QTor has the potential to function as both a diagnostic
tool, when applied to observations and a state analysis, and as
a predictive tool when implemented into convection-allowing
models, ensembles, and real-time analysis systems. However,
several challenges must be addressed before operational imple-
mentation. The QTor algorithm must be fully automated and
adapted for seamless integration into WoFS and other NWP
systems. The incorporation of machine learning approaches
may further enhance QTor by integrating its components,
along with other predictors relevant to mesovortex tornado-
genesis, to improve efficiency and forecast skill. Ultimately, a
finalized, automated QTor prototype will be tested in an oper-
ational environment such as the NOAA Hazardous Weather
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Testbed (HWT; Clark et al. 2020, 2021) to assess real-time APPENDIX

performance and gather forecaster feedback that will guide
future refinements.
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Data availability statement. All datasets and software used
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puting server, and the data are available upon request. Proc-
essing software for object tracking and matching is hosted at
https://github.com/WarnOnForecast/MontePython.

QTor Sensitivity Experiments

Sensitivity experiments were conducted to better under-
stand QTor’s behavior under varying environmental and
geometric conditions. The first experiment examines how
LPO1 shear, LNO3 shear, and QTor respond to variations in
leading-line orientation relative to a uniform shear field (orien-
tation of 45°) and a fixed shear vector (Fig. Al). For simplic-
ity, we assume no curvature of the leading line (i.e., tortuosity
is one).

QTor reaches a minimum of zero whenever the LNO3 shear
is negative, meaning the LNO3 shear vector points into the
storm. In these cases, developing mesovortices are quickly
shed rearward, reducing the potential for tornadogenesis.
This behavior is also consistent with outflow-dominant
QLCS segments, such as those described in the 3IM (Fig. 1;
Schaumann and Przybylinksi 2012) framework and RKW
theory (Rotunno et al. 1988). In contrast, QTor is maxi-
mized when both LP0O1 and LNO3 components are present,
reflecting the combined influence of RKW theory and the
findings of Brown et al. (2024). QTor reaches a secondary
minimum when the leading line is either fully parallel or or-
thogonal to the shear vector. When the leading line and
shear vector are aligned (e.g., both are 45°), all the shear is
LP, leaving zero LNO3 shear. Conversely, when the line is
oriented 90° from the shear vector (e.g., 135° in this case;
Fig. A1), all shear is LN, so LPO01 is zero.
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FIG. Al. (top) Sensitivity of LPO1 and LNO3 shear and (bottom)
QTor to changes in leading-line orientation, assuming a constant
shear field, constant shear angle (fghear), and no curvature. This
pattern has a periodicity of .

These trends hold across different shear vector orienta-
tions (not shown). However, the precise orientation angles
at which QTor minima and maxima occur shift depending
on the background shear direction. Additionally, QTor am-
plitude is sensitive to the environmental shear magnitude,
with stronger shear yielding higher QTor.

The second sensitivity experiment examines how QTor
responds to bowing segments within an idealized QLCS
embedded in a uniform flow field (Fig. A2). In a southerly
flow regime, QTor is zero on the southern side of the bow
apex, where the shear points into/behind the storm. QTor
is maximized on the northern side of the bow apex due to
the increased curvature, with values ranging between 3
and 4 (Fig. A2a). QTor reaches a secondary minimum
anywhere along the straight portions of the leading line.
A similar pattern occurs in a northerly flow regime, ex-
cept the QTor maximum shifts to the southern side of the
bow apex, while QTor drops to zero on the northern side
(Fig. A2b).

Under purely westerly flow, QTor is minimized along the
straight portions of the line but maximized on both sides of
the bowing apex (Fig. A2c). In contrast, easterly flow yields
zero QTor everywhere along the leading line as the shear
vector points into the storm. More generally, whenever
the shear has a negative u component (i.e., an easterly
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component), QTor is zero everywhere along the leading
line (Fig. A2d).

Similar to the southerly flow regime (Fig. A2a), QTor is
maximized north of the bow apex in southwesterly flow
(Fig. A2e). However, QTor along the southern side of the
bow apex is no longer zero as the shear vector points away
from the storm. The QTor values are also higher (3-4)
along the straight portions of the leading line compared to
the southerly example because both the LP and LN compo-
nents contribute (consistent with Fig. Al). Similar differ-
ences are present between the northerly and northwesterly
flows (Figs. A2b.f). With northwesterly winds, QTor is maxi-
mized along the southern edge of the bow echo, and QTor is
nonzero along the northern edge (Fig. A2f). The values of
QTor along the straight portions of the leading line are also
higher in the northwesterly flow than compared to when the
flow is purely northerly.

Overall, this experiment highlights how bowing segments
increase QTor through the combined effects of increased
curvature [via the tortuosity multiplier in Eq. (6)] and varia-
tions in local leading-line orientation relative to the ambient
shear vector.

The next two experiments assess the impact of various
shear (Fig. A3) and tortuosity thresholds (Fig. A4) on QTor
calculations [Eq. (6)]. Only results from the 30 March 2022
case are shown, as it exhibited the most sensitivity to these
changes.

Initially, LPO1 and LNO3 shear thresholds were set to
7 and 15 m s~ !, respectively (Figs. A3ab). The LNO3 threshold
aligned the 3IM threshold (Fig. 1), while 7 m s~! was cho-
sen based on findings from Brown et al. (2024), where cyclonic
mesovortices were more prevalent above this threshold.
However, using an LN03 threshold of 15 m s™' resulted in
QTor values being overly dependent on LP01 shear. Alter-
native thresholds were tested to determine the most effective
combination for the three cases examined. For 30 March
2022, setting LP01 and LNO3 thresholds to 8 and 10 m s
respectively, increased QTor values near the TN tornadoes
and in the southern swath from southeast MS to central AL
(Figs. A3c,d). Conversely, increasing both thresholds to 10
and 15 m s™! resulted in lower QTor values (Figs. A3e,f).
When the LNO3 shear threshold was reduced to match the
LPO1 threshold of 10 m s~ ! (Figs. A3g,h), results were simi-
lar to the 8 and 10 m s~ ' experiment (Figs. A3c,d) but with
lower QTor values around the TN tornadoes and in southern
MS (Figs. A3gh). Overall, the 8 and 10 m s™' thresholds
were selected, as they provided the best discrimination of
QTor values near reported tornadoes, a more continuous
QTor field between 2.0 and 4.0, and better representation
for all case studies (not shown).

The next experiment examines QTor’s sensitivity to differ-
ent tortuosity thresholds and methods (Fig. A4). Initially, the
local tortuosity term was normalized by 1.03, which was
roughly the 50th-75th percentile of tortuosity depending on
the case study, and multiplied with the LPO1 and LNO3
terms [Eq. (6)]. However, since tortuosity values are small
compared to LP01 and LNO3 terms, its effect on QTor was
minimal (Figs. A4a,b vs Figs. A4c,d). Doubling tortuosity
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Changes in QTor within a Bowing Segment
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FIG. A2. Sensitivity of QTor in the presence of a bowing segment, assuming a straight north-south-oriented QLCS and a uniform flow
field with (a) southerly, (b) northerly, (c) westerly, (d) northeasterly winds (this pattern is the same anytime the u component of shear is

negative), (¢) southwesterly, and (f) northwesterly.

(Figs. Adef) only inflated QTor values without adding any
additional information. Consequently, a conditional tortuosity
approach was adopted [Eq. (6)]. If local tortuosity exceeded
1.05, its term was set to 2, doubling QTor in high-curvature
areas like bowing segments (Fig. A2). Otherwise, the term re-
mained 1, leaving QTor unchanged. This method better iden-
tified tornado-prone areas, particularly from southeast MS to
central AL (Figs. Adgh), and was retained for the QTor
equation’s final version [Eq. (6)].

The final sensitivity experiment evaluates the effects of
applying upper and lower bounds to the LPO1 and LNO3
shear components in the QTor equation [Eq. (6)]. An up-
per cap of 3.0 limits QTor to a maximum value of 18, as-
suming both shear components reach their cap and the
tortuosity is 2 (Figs. ASa,b). This cap is especially useful in

environments where one shear component dominates, such
as the 30 March 2022 case (Fig. 10), by preventing that com-
ponent from disproportionally influencing QTor and over-
shadowing contributions from the other terms. A lower
cap of 0.5 was also applied to each shear component
(Figs. AS5c,d) to address cases where one shear term ap-
proaches zero. Although mesovortex tornado potential is re-
duced in such scenarios, a nonzero risk still exists. The lower
cap ensures QTor does not drop to zero solely due to the ab-
sence of one shear component. Without these constraints, QTor
values can become excessively large or zero (Figs. ASe,f),
reducing interpretability. Thus, applying both upper and
lower bounds helps to regulate QTor behaviors and main-
tain the parameter’s relevance across a range of environ-
mental conditions.
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QTor Sensitivity to Shear
Thresholds
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FIG. A3. Sensitivity of QTor [Eq. (6)] to changes in shear thresholds for the
(left) 2200 UTC and (right) 2300 UTC forecasts from the 30 Mar 2022 QLCS
case. The LP and LN thresholds, respectively, are (a),(b) 7 and 15, (c),(d) 8 and
10, (e),(f) 10 and 15, and (g),(h) 10 and 10 m s~ '. Note: Different QTor color
bar intervals are used to better illustrate differences.

Brought to you by NOAA Library | Unauthenticated | Downloaded 09/14/26 03:13 PM UTC



APRIL 2026 BRITT ET AL. 871

QTor Sensitivity to Tortuosity
Thresholds
2200 UTC 2300 UTC
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FIG. A4. As in Fig. A3, but for changes in tortuosity thresholds. (a),(b) The local
tortuosity of each segment is normalized by 1.03 (approximately the 50th-75th per-
centile of tortuosity depending on the case), (c),(d) no tortuosity term, (e),(f) the lo-
cal tortuosity of each segment is doubled, and (g),(h) a conditional tortuosity term

is used as in Eq. (6).
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QTor Sensitivity to Shear Caps
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F1G. AS. Sensitivity of QTor to (a),(b) an upper cap of 3.0, (c),(d) a lower cap of 0.5, and
(e),(f) no upper or lower cap for the (left) 2200 UTC and (right) 2300 UTC 30 Mar 2022 WoFS
forecasts.
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