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ABSTRACT: A technique used widely to forecast the potential for QLCS mesovortices is known as the “Three Ingredients
Method” (3IM). The 3IM states that mesovortices are favored where 1) the QLCS cold pool and ambient low-level shear are
said to be nearly balanced or slightly shear dominant, 2) where the component of the 0–3-km wind shear normal to the convec-
tive line is$30 kt (1 kt’ 0.51 m s21), and 3) where a rear-inflow jet or enhanced outflow causes a surge or bow along the con-
vective line. Despite its widespread use in operational settings, this method has received little evaluation in formal literature.
To evaluate the 3IM, radiosonde observations are compared to radar-observed QLCS properties. The distance between the
gust front and high reflectivity in the leading convective line (the “U-to-R distance”), the presence of rear-inflow surges, and
mesovortices (MVs) were each assessed across 1820 line segments within 50 observed QLCSs. Although 0–3-km line-normal
wind shear is statistically different betweenMV-genesis and null segments, values are#30 kt for 44% ofMV-genesis segments.
The 0–6-km line-normal wind shear also shows strong discrimination between MV-genesis and null segments and displays the
best linear relationship of the U-to-R distance (a measure of system balance) among layers tested, although the scatter and
overlap in distributions suggest that many factors can impact MV genesis (as expected). Overall, most MVs occur where the
U-to-R distance lies between 25 and 5 km in the presence of a rear-inflow surge, along with positive 0–1-km wind shear,
0–3-km wind shear. 10 kt, and 0–6-km wind shear. 20 kt (all line-normal).

SIGNIFICANCE STATEMENT: Near the leading edge of thunderstorm lines, areas of rotation that can produce torna-
does and strong winds (“mesovortices”) often develop rapidly. Despite advances in understanding mesovortices, few oper-
ational guidelines exist to anticipate their genesis. One popular method used to forecast mesovortices}the “Three
Ingredients Method”}is evaluated in this study. Our work confirms the importance of two of the ingredients}a surge of
outflow winds and thunderstorms that stay nearly atop the leading edge of the outflow. However, we find that many meso-
vortices occur below the threshold of low-level wind shear ascribed by the forecast method. Refinements to the method are
suggested, including the favorable distance between the leading edge of the outflow and thunderstorm updrafts and lower
bounds of wind shear over multiple layers, below which mesovortices may be unlikely.
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1. Introduction

Quasi-linear convective systems (QLCSs) often pose a risk to
life and property through the generation of mesovortices (MVs)
that can produce damaging straight-line winds and tornadoes
(Atkins et al. 2005; Wakimoto et al. 2006; Wheatley et al. 2006).
Approximately 20% of tornadoes across the central and eastern
United States may be attributable to QLCSs (Trapp et al. 2005;
Ashley et al. 2019). While most QLCS MV tornadoes are
weak}rated a 0 or 1 on the (enhanced) Fujita (EF) scale}
strong/intense QLCS tornadoes do occur (Trapp et al. 2005;
Smith et al. 2012). Beyond the presence of severe convective
hazards, MVs can develop quickly, relative to our ability to rou-
tinely observe them, presenting a challenge in current warning
decision-making. Brotzge et al. (2013) and Gibbs and Bowers

(2019) note that QLCS tornadoes have a lower probability of
detection (POD), a higher false alarm rate (FAR), and a greater
number of “missed events” for significant (EF21) tornadoes
than their supercell counterparts.

Understanding the mechanisms behind the generation of
QLCS MVs has been the topic of many studies over the past
two decades. Common to most of these studies is the presence
of a convectively generated cold pool of air that is crucial to the
development and maintenance of the parent QLCS (Hane 1973;
Thorpe et al. 1982; Rotunno et al. 1988). However, the degree
to which cold pool properties are important can be modulated
by large-scale forcing mechanisms, particularly when conditional
instability is relatively weak (van den Broeke et al. 2005; Jewett
and Wilhelmson 2006; Evans 2010; King et al. 2017). Idealized
simulations have shown that MV genesis can occur by the tilting
and subsequent stretching of baroclinic horizontal vorticity gen-
erated by the cold pool within updrafts (Atkins and St. Laurent
2009a,b) or downdrafts (Weisman and Trapp 2003; Trapp and
Weisman 2003; Wakimoto et al. 2015). Other mechanisms that
can contribute to MV genesis, and that are less dependent on
cold-pool baroclinicity, include the release of horizontal shearing
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instability (HSI) (Carbone 1983; Lee and Wilhelmson 1997a,b;
Wheatley and Trapp 2008; Conrad and Knupp 2019; Goodnight
et al. 2022) and the tilting and stretching of frictionally induced
horizontal vorticity (Schenkman et al. 2012, 2014; Xu et al.
2015). Recent studies note that MV-genesis mechanisms may be
quite varied, even within the same QLCS (Lovell and Parker
2022). Processes like those that generate low-level rotation in
supercells, including the downward tilting of horizontal vorticity
associated with descending rear-inflow jets (RIJs) (Atkins and
St. Laurent 2009a,b; Wakimoto et al. 2015; Flournoy and
Coniglio 2019) and possibly the ingestion of large low-level hor-
izontal streamwise vorticity (Schenkman et al. 2014; Flournoy
and Coniglio 2019), may also generate MVs in QLCSs.

Despite growing knowledge of MV-genesis mechanisms, a
relative lack of predictive tools currently exists in operational
settings to assist forecasters in anticipating MV genesis. One
attempt to address this need is the “Three Ingredients Method”
(henceforth 3IM), developed by Schaumann and Przybylinski
(2012) (henceforth SP12). The 3IM defines favored QLCS
MV-genesis conditions to help in their early prediction and
warning and can be summarized as follows:

1) a portion of a QLCS in which the system cold pool and
ambient low-level shear are nearly balanced or slightly
shear dominant;

2) where 0–3-km line-normal bulk shear magnitudes are$30 kt
(1 kt’ 0.51 m s21); and

3) where an RIJ or enhanced outflow causes a surge or bow
in the line.

The first ingredient describes the relationship between ambient
environmental vertical wind shear and the system cold pool. Al-
though there are different interpretations of why this relationship
is important for squall lines (Xu and Moncrieff 1994; Bryan and
Rotunno 2014; Alfaro 2017; Alfaro and Lezana 2022), this ingre-
dient invokes the principles described in Rotunno et al. (1988)
who show, in simplified conditions, that a certain amount of low-
level shear is needed to balance the vorticity generated by the
cold pool to maximize lifting of environmental air (Rotunno et al.
1988; Weisman and Rotunno 2004; Bryan and Rotunno 2014).
Without ambient low-level shear (i.e., horizontal vorticity), vortic-
ity generated by the cold pool sweeps inflowing air rearward, and
updrafts are subsequently weaker than if they were more vertical
(Parker 2010). Likewise, inflowing parcels within strong shear
regimes (i.e., shear dominant modes) lean in the downshear direc-
tion and tend to be weaker than their balanced counterparts (as-
suming they are not supercellular).

Although the concepts mentioned above are derived in two
dimensions under several dynamical constraints, the importance
of ambient shear in approximately the same layer occupied by
the cold pool to produce deep lifting is also observed in less-
constrained squall-line simulations across various models and
levels of realism (Weisman et al. 1988; Bryan et al. 2006; Bryan
and Rotunno 2014; Mulholland et al. 2021). Aside from the
cold pool/shear effects on overall QLCS behavior, Atkins and
St. Laurent (2009a,b) show that deep and nearly upright up-
drafts along the gust front facilitates the most efficient stretch-
ing of near-surface vertical vorticity, which is an important
component to MV genesis.

While some amount of low-level shear is vital to counter the
detrimental effects of the cold pool on upright updrafts in sim-
plified conditions, studies attempting to apply these results to
real-world squall lines have suggested that additional factors
can promote nearly balanced systems (Stensrud et al. 2005).
Shear induced by rear-inflow jets within the cold pool (Weisman
et al. 1992) and shear above the cold pool can bring systems
closer to a balanced state and increase lifting (Shapiro 1992;
Szeto and Cho 1994; Fovell and Dailey 1995; Coniglio et al.
2006), particularly when low-level shear is suboptimal in the
Rotunno et al. (1988) framework. One consequence of shear
above the cold pool is the so-called “updraft in shear” effect
(Parker and Johnson 2004); as updrafts ascend through shear
above the cold pool, a pressure-perturbation gradient develops
that promotes updraft propagation in the downshear direction
leading to updrafts closer to the leading edge of the cold pool.
When shear extends above the cold pool, Coniglio et al. (2006)
show that parcels rise for longer periods above the gust front
and can produce deeper lifting than would otherwise occur if
shear was weaker and confined to low levels. A motivation for
exploring this latter result is that shear is often observed to ex-
tend well above cold pools in QLCS environments (Thompson
et al. 2012). Cohen et al. (2007) and Coniglio et al. (2006)
highlighted the greater utility in using deep-layer shear to quan-
tify the overall severity and maintenance of QLCSs compared
to shear over shallower depths.

Other studies (James et al. 2005; Alfaro 2017; Mulholland
et al. 2021) emphasize that differences in low-level mass flux
and the modulating effects of low-level shear on entrainment
in updrafts can have a strong control on QLCS behavior.
These factors may be particularly important when cold pools
are deep and lifting becomes “slabular” meaning lifting occurs
in layers rather than solely in individual convective cells locally
along the gust front, the latter of which may be more applica-
ble to the vorticity-balance perspective of Rotunno et al.
(1988). However, regardless of the physics at play, it is appar-
ent that balanced QLCSs become more favored as the shear
increases, and a nearly balanced system may be crucial for the
development of MVs through strong updrafts persisting close
to the gust front.

The second ingredient of the 3IM is achieved when the mag-
nitude of the environmental wind shear in the lowest 3 km
above ground level1 normal to the convective line is $30 kt.
SP12 notes (based on examining wind shear computed from un-
specified model output) that the likelihood of MVs increases as
the 0–3-km line-normal wind shear passes this threshold. In gen-
eral, a line-normal wind shear of 30 kt (;15 m s21) is also con-
sistent with the idealized experiments of Trapp and Weisman
(2003) who identified 20 m s21 of wind shear in the 0–2.5-km
layer to favor the presence of cyclonic MVs within QLCSs. Con-
currently, Atkins and St. Laurent (2009a) note weaker and
shorter-lived MVs tend to develop when wind shear is,15 m s21

in 0–2.5- and 0–5-km layers (although cold pool strengths in these
studies were not varied). Later studies that explore MV-genesis

1 Henceforth, all references to heights refer to above ground
level.
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mechanisms typically use shear profiles well above this threshold
(Marion and Trapp 2021; Lovell and Parker 2022).

SP12 notes that the physical significance of the 30-kt
threshold is unclear, although it is assumed to be tied to the
vorticity-balance principles of Rotunno et al. (1988), which are
derived in a two-dimensional plane normal to the cold pool.
Therefore, it is the line-normal component of the shear that is
beneficial for a balanced state. Additionally, the findings of
Engerer et al. (2008), who used cold pool pressure rises from
Oklahoma Mesonet observations as a proxy for assessing cold
pool strength/depth across hundreds of mesoscale convective
systems, were interpreted by SP12 to imply that 15 m s21 (30 kt)
of low-level shear is strong enough to balance a “typical” cold
pool. It should be noted that the Engerer et al. (2008) findings
use a regionally confined set of observations, and thus, applying
them across regionally disparate environments may come with
caveats. Clearly, the first and second 3IM ingredients are physi-
cally connected in the sense that QLCSs capable of MV genesis
are assumed to have cold pools where a moderate amount of op-
posing shear is needed to produce vertically upright updrafts of
sufficient strength to support MVs. The choice of 30 kt by SP12
partially reflects this concept, but it could also be important as a
source of horizontal vorticity to be tilted into the vertical (Trapp
and Weisman 2003; Atkins and St. Laurent 2009a,b; Wakimoto
et al. 2015).

The third ingredient of the 3IM is the presence of a surge or
bow within the main convective line, caused by an RIJ or en-
hanced outflow. The RIJ in QLCSs has been extensively studied
since the mid-twentieth century, with Fujita (1978) describing the
damage potential of the descending RIJ at the bowing apex or
leading edge of the surge. Additional studies (Jorgensen and
Smull 1993; Przybylinski 1995; Atkins et al. 2004; Wakimoto et al.
2015) have further validated early findings and have shown that
surface wind damage can often be traced to the presence of a me-
soscale RIJ. Atkins et al. (2004) also noted that all tornadic vorti-
ces observed within a QLCS during the Bow Echo and MCV
Experiment (BAMEX) field campaign formed coincident with
the genesis of an RIJ. The above studies focus on the impacts of
mesoscale RIJs, but later studies show that smaller-scale surges,
related to enhanced downdrafts or embedded microbursts, may
be associated with MV genesis (Atkins and St. Laurent 2009b;
Newman and Heinselman 2012; Xu et al. 2015; Flournoy and
Coniglio 2019).

The physical importance of an RIJ surge to MV genesis is not
entirely known, but one direct possibility is the abundance of cy-
clonic shear along the gust front and on the north side of surges
that can break down (through HSI) into vortices and subse-
quently stretched into MV strength (Carbone 1982; Conrad and
Knupp 2019). Wakimoto et al. (2006), Atkins and St. Laurent
(2009b), and Flournoy and Coniglio (2019) show that horizontal
vorticity, generated baroclinically along localized downdrafts/
surges, can be tilted downward to generate cyclonic vertical vor-
ticity that is then stretched to MV strength. Localized surges
may also act to help tilt inflowing crosswise environmental vor-
ticity on the south side of the surge into cyclonic vertical vorticity
on the north side (Flournoy and Coniglio 2019).

To evaluate the 3IM, and to concurrently explore environ-
mental controls on QLCS MV-genesis potential, this study

assesses both internal QLCS properties and environmental
characteristics in relation to 50 observed QLCSs. WSR-88D
observations are used to assess the internal system properties in-
cluding the relative shear/cold pool balance of each system (ingre-
dient 1), RIJ features and localized outflow surges (ingredient 3),
and the presence of MVs. Radiosonde observations (soundings)
from both field programs and operations2 (National Weather
Service) are used to evaluate the 30-kt 0–3-km line-normal shear
threshold (ingredient 2), as well as the impact of varying shear
magnitudes and depths for MV-genesis outcomes.

The primary goals of this study are to evaluate the 3IM, to
identify scenarios where the 3IM may not properly identify
QLCS MV genesis, and to develop operational recommenda-
tions in these scenarios. To the authors’ knowledge, this study
represents one of the few to quantitatively test the 3IM approach
over a large dataset of observed cases. Of note, Gibbs (2021) as-
sessed the 3IM, along with combinations of environmental MV-
genesis precursors outlined by National Weather Service (NWS)
Warning Decision Training Division (WDTD) guidance, to as-
sess its skill in identifying MV-genesis tornado environments.
The 3IM was found to demonstrate reasonable skill for QLCS
tornado prediction, especially when combined with additional en-
vironmental variables. The discussion herein differs from Gibbs
(2021) in a few fundamental ways. First, this study attempts to
objectively quantify the shear/cold pool balance regime observed
with each QLCS with the method described in section 2. Addi-
tionally, the assessment of wind shear from observed proximity
soundings, along with different wind shear depths and orienta-
tions, is novel to this study.

2. Data and analysis methods

a. Case selection overview

To quantitatively assess the performance of the 3IM, a data-
set of QLCS events, spanning the period from 1 January 2010
through 31 December 2020, was constructed. This included
data from multiple field experiments, including Plains Ele-
vated Convection At Night (PECAN; Geerts et al. 2017) and
the various NOAA-sponsored Verification of the Origins of
Rotation in Tornadoes Experiment-Southeast (VORTEX-
Southeast; Rasmussen et al. 2015) campaigns. All convective
periods (1200–1200 UTC), spanning the above period, within
the Storm Prediction Center Storm Events Database that have
at least one severe wind or tornado report were also included
for preliminary analysis.

Composite (column-maximum) radar reflectivity imagery was
interrogated for all identified convective periods to determine
primary storm mode using the Interactive National Reflectivity

2 Data from the field-project soundings were accessed via the
Earth Observing Laboratory (EOL) (available at https://www.eol.
ucar.edu/all-field-programs), and data for the National Weather
Service soundings were accessed via the National Center for Envi-
ronmental Information (NCEI) Integrated Global Radiosonde
Archive (IGRA) version 2 (available at https://www.ncei.noaa.
gov/pub/data/igra). WSR-88D data were accessed via NCEI/
Amazon Cloud Database (available at https://s3.amazonaws.com/
noaa-nexrad-level2/index.html).
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Mosaic from the National Centers for Environmental Informa-
tion (NCEI; available at https://www.ncei.noaa.gov/maps/radar/).
While many criteria to define a QLCS exist in the literature, this
study follows the definition used by Haberlie and Ashley (2019)
of a contiguous or semicontiguous line ($100 km) of convective
cores ($40 dBZ) that persists at least three hours. Applying
these criteria, and using the NCEI interactive mosaic, over
500 QLCSs were identified in the study period.

To expedite the case selection process, and ensure omission
of cases with long spatiotemporal lag to the relevant sounding
profiles, QLCSs were not considered in this analysis if there
was no sounding released #3 h and/or #200 km on their in-
flow side. In addition, omitting soundings that likely sampled
unrepresentative environments (e.g., post-convective releases,
those that contained superadiabatic lapse rates or wet-bulb
temperature profiles from heavy precipitation) reduced the
number of potential QLCSs to 125 [18 field program/107 op-
erational (NWS)] tied with 208 proximity soundings. The re-
maining 125 QLCSs (“intermediate events”) were further
interrogated using WSR-88D Level-II data using the Gibson
Ridge 2 Analyst (GR2Analyst) version 2.80 software. This ad-
ditional case refinement was done to identify QLCSs that
1) best maintained QLCS structure (based on Haberlie and
Ashley 2019) while approaching the sounding release location
and 2) were closest in space/time to the sounding release. For
the former, we retained those QLCSs that best resembled a
“classic” QLCS structure of a contiguous linear region of high
reflectivity. In practice, it is often difficult to confidently pre-
scribe a single convective mode to linear-type convection, as
embedded supercells or highly 3D structures sometimes
evolve rapidly within linear-type systems (Smith et al. 2012;
Ashley et al. 2019). The more complex QLCS structures, with
some evidence of “discreteness” (i.e., cellular structures/
updrafts with gaps in requisite (.40 dBZ) reflectivity), were
avoided here in favor of the more clearly linear structures. In
total, 50 QLCSs were selected for analysis.3 The majority

(;80%) of study cases arrived within 2 h of the sounding re-
lease with a mean QLCS distance of ;95 km from the release
location (Figs. 1 and 2). Additionally, nearly three-quarters
(76%) of selected cases met an acceptable criterion for a
“1-hour” proximity profile (i.e., temporal lag between 30 and
90 min to feature of interest). This is akin to Thompson et al.
(2003), and related later studies, who chose the closest analysis
grid hour to time of severe report for their definition of a proxim-
ity profile. Additionally, nearly half of QLCSs (;44%) arrived
#1 h from the proximity sounding release. When considering the
study case with longest temporal lag (i.e., proximity sounding
release until QLCS arrival), tested variables (section 2) are com-
parable in the ;2 h between sounding release (;2300 UTC)
and the last analysis available prior to the QLCS arrival, as esti-
mated by the Storm Prediction Center objective mesoanalysis
(Fig. 3). Finally, magnitudes of tested kinematic variables
(sections 3b and 3d) from observed soundings in this study were
compared against vertical wind profile (VWP) hodographs (when
available, 44 of 50 cases). VWP hodographs from the closest/
collocated WSR-88D radar, at time nearest to sounding release,
were assessed here. Comparisons across all wind shear depths
evaluated (section 3) show little separation among the two obser-
vational techniques, with each failing to show statistically signifi-
cant differences when applying a Student’s t test (not shown)
(Fig. 4). Despite the limitations in using proximity sounding data
(discussed further in section 4), the above discussion, and compar-
isons to other observational techniques, offers support to the out-
comes discussed herein. Additionally, the regional dispersion of
cases (Fig. 5) matches well with previous QLCS climatological
studies (Smith et al. 2012; Ashley et al. 2019), most notably with
the highest density of QLCSs across the Mississippi, Ohio, and
Missouri River valleys. The climatological similarity to past stud-
ies extends to the seasonality of study events (Fig. 6), with;60%
of the QLCSs occurring between April and July.

b. Radar analysis

Only those portions of a QLCS within 100 km from the ra-
dar site, and within the final hour prior to the QLCS arrival at
the sounding release site, were analyzed via WSR-88D data.
Best resolution of assessed MV and gust front characteristics

FIG. 1. Kernel density estimation (KDE) plots of (a) elapsed time (min) between sounding release and QLCS ar-
rival at release location and (b) shortest distance (km) between the QLCS and the sounding release location at release
time comparing the 50 selected study events (black) to “intermediate events” (dashed blue).

3 The time-intensive nature of the analysis method described
later led to stopping the analysis at 50 cases.
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[sections 2b(1) and 2b(4)] occurs at smaller distances from a
single site radar. Because of the manual, labor-intensive nature
of the radar analysis, every other full volume scan within the
previously described range of time and distance constraints was
examined, which resulted in analyses every 10–12 min.

1) ASSESSMENT OF INGREDIENT 1: SHEAR/COLD

POOL BALANCE

As discussed previously, the first ingredient (henceforth in-
gredient 1) of the 3IM attempts to assess the relative balance
between the cold pool and ambient environmental shear.
However, this condition is difficult to quantify in practice be-
cause the cold pool depth and the vertical distribution of
buoyancy are required and cannot be estimated accurately us-
ing routine observations. This facilitates the need to approxi-
mate ingredient 1 via alternate approaches. The approach
used in SP12 and in this study is to assume a system is bal-
anced, with nearly upright convection, when high radar re-
flectivity is located close to the leading edge of the cold
pool/gust front. Likewise, a gust front that has surged well
ahead of the strongest convection within the line is assumed
to represent an upshear-tilted (cold-pool dominant) system,
and one with updrafts tilted away from the cold pool repre-
sents a downshear-tilted (shear dominant) system. This is
based on the bevy of past QLCS simulations that generally
show cold-pool dominant convection to slant upshear along
the gust front (either individual updrafts or in a time-mean
sense), placing the strongest convective cores and reflectiv-
ity behind the gust in radar imagery. The opposite effect
(from a radar imagery perspective) occurs for shear dominant
systems.

In practice, the gust front, or as defined by SP12, the up-
draft–downdraft convergence zone (UDCZ), can be identified
following Schaumann and Gagan (2018) using a four-panel ra-
dar visualization (illustrated in Figs. 7 and 8). Broadly speak-
ing, the UDCZ can be identified where sharp gradients in
spectrum width and velocity (magnitudes) exist. Distance be-
tween the UDCZ and high reflectivity within the convective
line was used to approximate the balanced state of the

QLCS.4 Given uncertainties in the exact position of the con-
vective line, the UDCZ-to-reflectivity (U-to-R) distance was
computed for three reflectivity values (40, 45, and 50 dBZ),
along with an “All” dBZ distance (the mean of the 40-, 45-,
and 50-dBZ distances). Because QLCS properties can vary in
the along-line dimension, the above steps were repeated (be-
ginning from the first point meeting the QLCS criteria on the
northernmost portion of the line) every 15 km along the con-
vective line until the next analysis point fell $100 km from
the radar, the convective line ($40-dBZ echoes) reached the
sounding release location, and/or no echoes $ 40 dBZ were
assessed. An overview of this process is shown in Fig. 9. The
final U-to-R distances used in the analysis are averages of two
adjacent calculation points, resulting in U-to-R distances ev-
ery 15 km along the line. For example, in Fig. 9, the U-to-R
distances at points A and B (representing analysis points
along the analyzed UDCZ) are averaged to compute a mean
U-to-R distance representative of the along-line region be-
tween A and B, likewise for points B and C, and continuing
down the line. While variability in the U-to-R distance can oc-
cur over spatial scales smaller than 15 km, this approach cap-
tures at least some of the mesoscale along-line variability of
the QLCS orientation and U-to-R distances while also balanc-
ing against the overall time burden of this manual approach.
In total, 1820 line segments (each 15 km in length) were ana-
lyzed among the 50 studied QLCSs.

Occasionally, convective cells or “enhanced stratiform” re-
flectivity (.40 dBZ) occurred immediately ahead of the main
UDCZ that complicated the calculation of the U-to-R dis-
tance. Figures 9 and 10 illustrate examples in which leading-
line convective cores and “enhanced stratiform” reflectivity

FIG. 2. Tile plots displaying the spatiotemporal characteristics of (a) all study (50) cases and (b) cases containing at least
one MV-genesis event (21). Warmer colors represent a greater number of cases according to the color bar.

4 Single- and dual-polarimetric products can have small time dis-
crepancies, which were accounted for when computing the U-to-R
distances through manual interpolation of the position of the
features. The position of the UDCZ was primarily assessed using
spectrum width and storm-relative velocity/motion. In the
GR2Analyst software, these products have a slightly longer proc-
essing time lag when compared to reflectivity imagery over each
volume scan.
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were deemed distinct enough from the QLCS to compute
U-to-R distances using only the 50-dBZ threshold, as using
lower dBZ thresholds created ambiguity regarding convection
that was tied to the UDCZ/gust front. In total, 561 out of the
1820 segments are missing at least one (i.e., 40, 45, and/or
50 dBZ) measure because of this ambiguity. Removing an
additional 25 segments that contain no U-to-R distance mea-
surement (primarily due to beam blockage), the number of

segments in the final analysis containing all four U-to-R
distance measures computed is 1234.

2) ASSESSMENT OF INGREDIENT 2: 0–3-KM

LINE-NORMAL SHEAR

The second ingredient (henceforth ingredient 2) of 3IM is
0–3-km line-normal wind shear, assessed from the proximity

FIG. 3. Storm Prediction Center objective mesoscale analysis valid at 0100 UTC 29 Dec 2019. (a) 0–1-km wind shear
vectors (barbs) and magnitude (contours). (b) As in (a), but over the 0–6-km depth. (c) Surface-based convective
available potential energy (CAPE) (contours), 10-m winds (barbs), and convective inhibition (CIN; shaded).
(d) Mixed-layer CAPE within the 0–3-km depth (red contours). (bottom) An overview of observed measures from
the 0000 UTC sounding launch from National Weather Service, Springfield, MO. The orange star represents the ap-
proximate location of the National Weather Service, Springfield, MO, upper-air release site. Images courtesy of the
NOAA Storm Prediction Center Severe Event Archive.
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sounding associated with each QLCS case. The 0–3-km wind
shear (henceforth 3Shear) was computed by a simple subtrac-
tion of the 10-m wind vector from the (linearly interpolated)
3-km wind vector. An online tool/GUI (Pennsylvania State
Univ.; https://courseware.e-education.psu.edu/courses/meteo361/
javascript/Lesson3/shear_calc.html), along with manual calcula-
tion applying the Law of Cosines, helped determine the

appropriate 3Shear vector from the individual (surface and
interpolated 3 km) wind components. To compute the com-
ponent of the 3Shear normal to the convective line, the
initial bearing between the latitude/longitude of adjacent
analysis points (e.g., A and B in Fig. 9) was used to define
the line segment orientations, which were then compared
against the 3Shear vector. A similar process is shown in

FIG. 4. (left) Scatterplot comparison of 0–1-km bulk wind shear as analyzed from vertical wind profile hodographs (VWP) vs sounding
profiles. A linear regression line is represented as the gray line (95% confidence interval, via bootstrapping) with the Pearson correlation
coefficient (R) displayed in the top-left corner. (center) As in the left panel, but for a comparison of 0–3-km bulk wind shear. (right) As in
the left panel, but for a comparison of 0–6-km bulk wind shear.

FIG. 5. Geographical overview of proximity sounding release sites. Image created using Google Earth software.
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Fig. 11. A magnitude of line-normal 3Shear was then com-
puted for all 1820 unique line segments among the 50 stud-
ied QLCSs.

3) ASSESSMENT OF INGREDIENT 3:
REAR-INFLOW SURGES

The third ingredient (henceforth ingredient 3) of the 3IM
assesses surges or bows within the convective line, often in-
duced by an RIJ or enhanced outflow. Identification of rear-
inflow surges was conducted manually by (visually) comparing
the character of radial flow relative to the reflectivity structure

of the UDCZ (Fig. 12). A surge was noted to occur across any
segment where an otherwise “straight” (meridional) UDCZ
was perturbed, or in other words, displayed a bowing structure
(in radar imagery). In general, bows (surges), the size as those
displayed in Fig. 12, and smaller, were considered in this
analysis.

4) RADAR ASSESSMENT OF MESOVORTICES

Following SP12 and operational practices (J. Schaumann
2022, personal communication), an area of storm-scale rota-
tion, identified in storm-relative velocity/motion, was consid-
ered an MV if

1) rotational velocities (VROTs) $ 20 kt;
2) the VROT criterion was met at every scan below 8000 ft

(;2438 m); and
3) persisted at least two full volume scans.

Previous studies have applied similar approaches to identify
MVs via WSR-88D data interrogation (Smith et al. 2015;
Sessa and Trapp 2020). Qualitatively, these criteria follow the
findings of Atkins et al. (2004), which describe tornadic MVs
as being “longer-lived and stronger at low levels” and deepen-
ing rapidly prior to tornadogenesis. In applying the above cri-
teria, 42 unique MVs (within 39 unique line segments) across
21 of the 50 QLCSs were identified. Because the focus of the
3IM is on conditions that support the genesis of MVs, we ex-
plore differences in distributions between these 39 line seg-
ments for which an MV developed (“MV-genesis segments”)
and the remaining segments with no MVs (“null segments”).

FIG. 6. Bar graph plot showing distribution, by month, of 50 study
QLCS cases.

FIG. 7. Four-panel visualization in Gibson Ridge 2 Analyst (GR2Analyst) for assessing U-to-R distance (i.e., shear/
cold pool balance) as shown in Schaumann and Gagan (2018). (from top left and moving clockwise) Radar reflectivity
(dBZ), storm-relative velocity/motion (SRV/M), base velocity (BV), and spectrum width (SW). Image from Gaylord,
MI (KAPX), (at 0.58 elevation) valid at 2304 UTC 28 Aug 2018. The dashed white line represents an approximation
of UDCZ position at 2304 UTC in a typical manner to that conducted at each analysis period.

WEATHER AND FORECAS T ING VOLUME 382448

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/02/24 05:03 PM UTC



During the radar analysis of MVs, multiple areas of rotation
often occurred that failed to meet one of the above MV con-
ditions. These weaker/shorter-lived signatures, for which one
MV criterion is not met, are termed “transient mesovortices”
(MVTs). In total, 47 unique MVTs (within 47 unique line seg-
ments) were identified across 27 of the 50 QLCSs.

The focus of this study is evaluating the original “Three
Ingredients Method”; however, we also explore differences in

distributions for different wind shear orientations and depths
guided by the MV and QLCS process studies mentioned in the
introduction (section 1). Furthermore, given the large disparity
between MV and null segments (;1:32 ratio), we evaluated MV
outcomes relative to operational guidance (WDTD/CR-CWIP
QLCS “nudgers”; Fig. 13) intended to raise forecaster situa-
tional awareness to a tornadic MV threat. This included a
particular focus on low-level (0–3-km) instability, although two
additional (non-“nudger”) thermodynamic variables (0–1-km
lapse rate and LCL height), hypothesized to favor tornadic out-
comes, were also evaluated (Thompson et al. 2003; Kirkpatrick
et al. 2007; Sherburn and Parker 2014). Preliminary outcomes
show that LCL height (of a mixed-layer parcel) may prove use-
ful in differentiating tornadic versus nontornadic MV signatures.
However, even so, with nearly half of tornadic cases occurring
after local sunset time, results may show temporal skew. With
only 9 MVs associated with a confirmed tornado in this dataset,
thermodynamic outcomes are not presented here and await the
development of a larger dataset of cases/MVs. Additionally, no
substantial differences among the thermodynamic variables tested
were identified between MV-genesis segments and null segments.
Therefore, only kinematic variables related to ingredients 1 and 2,
and their impact to MV genesis, are discussed further.

3. 3IM evaluation results

a. Ingredient 1: 3Shear/cold pool balance

As discussed previously, ingredients 1 and 2 are not inde-
pendent. Ingredient 1, or a cold pool in a balanced or slightly
shear dominant regime, is theorized to be favored when ingre-
dient 2, or the line-normal 3Shear, is $30 kt. Therefore,
a direct comparison of the first two ingredients can help illus-
trate the relative strength of this theorized relationship. In

FIG. 8. Overview of study-adjacent methodology of how to ana-
lyze and determine the balance state of a QLCS. Obtained from a
graphic produced by the National Weather Service Central Region
Convective Warning Improvement Project (CR-CWIP) team.

FIG. 9. A portion of a study QLCS across northern Michigan on 28 Aug 2018. Image from
KAPX (at 0.58 elevation) valid at 2325 UTC. Point “BP

” represents position of point “B” (analy-
sis point) at the prior analysis period (i.e., full volume scan), which is used to determine the
storm motion vector and the path along which U-to-R distances are computed. Points “A” and
“C” represent additional analysis points in the along-line direction at 15-km intervals.
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other words, comparing ingredients 1 and 2 provides observa-
tional evidence of how much the balanced state (estimated by
the U-to-R distance herein) relates to the ambient line-normal
shear.

First, the U-to-R distances for the 1626 line segments that
contain a valid 50-dBZ distance were compared to the line-
normal 3Shear (Fig. 14). The 50-dBZ threshold is used to illus-
trate the relationship between ingredients because all MV-genesis
segments are captured using this value as discussed earlier
[section 2b(1)]. Overall, a weak-to-moderate negative linear re-
lationship is evident between these two variables (Pearson corre-
lation coefficient, or R, of 20.27). As line-normal 3Shear
increases from small values, the U-to-R distance tends to de-
crease toward zero or negative values (i.e., the convective line
becomes closer aligned, or leans away from, the gust front) as
expected. However, only 7% of the variance in the U-to-R dis-
tance is explained by the line-normal 3Shear (R2 magnitude of
0.07), indicating that the U-to-R distance is likely influenced by
additional factors. Figure 14 also shows that ;79% (31/39) of
MV-genesis segments (red dots) have a U-to-R distance be-
tween 24 and 4 km (using the 50-dBZ threshold). Physically,
this means that updraft cores (centroid of highest analyzed radar
reflectivity when calculating the U-to-R distance) are between
4 km behind and 4 km ahead of the UDCZ for ;79% of MV-
genesis events. This percentage increases to ;90% if the range
is extended to 65 km. This agrees with the assessment in SP12
that portions of QLCSs that tend to produce MVs are usually
nearly balanced or slightly shear dominant (at least to the degree
that the U-to-R distance can be used as a proxy for the degree
of balance of the system).

Additional comparisons were made to assess ingredients
1 and 2 using the 40- and 45-dBZ thresholds among the 1403
and 1392 individual segments, respectively. While not shown,
none of these comparisons result in substantial differences and
continue to yield weak-to-moderate (negative) linear correlation

FIG. 10. A portion of a study QLCS across southwest Louisiana on 4 Apr 2014. Image from Lake Charles, LA
(KLCH), (at 0.58 elevation) valid at 1217 UTC. (left) Radar reflectivity and (right) spectrum width. The dashed black
line represents the identified position of UDCZ. Point “P” and the white arrow represent a plausible analysis location
and U-to-R calculation path, respectively.

FIG. 11. Methodology to determine the line-normal component
of wind shear used in this study and in operational settings. Ob-
tained from a graphic produced by the National Weather Service
CR-CWIP team.
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(20.27 . R . 20.34) as with using the 50-dBZ threshold.
MV-genesis segments, across all additional reflectivity thresh-
olds, continue to observe U-to-R distances mostly between
25 and 5 km.

b. Ingredient 2: Distribution of bulk and line-normal
0–3-km wind shear

The distribution of bulk 3Shear magnitudes among the
50 QLCSs is approximately normal, with a peak near 30 kt
(Fig. 15). Among all 1820 line segments, the peak in the distribu-
tion of the line-normal 3Shear is ;18 kt (Fig. 15). When only
considering the 39 line segments associated with MV genesis, the
peak in the distribution is only slightly larger (;21 kt), which
reveals that many MV-genesis events (17 out of 39, or ;44%)
occurred with line-normal 3Shear under the 3IM threshold value.

Although many events occur with line-normal 3Shear under
30 kt, the line-normal 3Shear does tend to be larger for MV-
genesis segments than for null segments (Fig. 16a). However, a
significant overlap still exists between these distributions (e.g.,
the 25th–50th percentile of MV-genesis segments and the
50th–70th percentile of null segments). Furthermore, the mean
and median of the line-normal 3Shear for MV-genesis segments
are ;30 kt. For transient MVs (MVT-genesis segments), not
only is the mean and median of the line-normal 3Shear , 30 kt,
there is even greater overlap of the distributions between seg-
ment outcomes (Fig. 16b). This has important ramifications on
the utility of ingredient 2 as a means to identify favorable MV-
genesis segments. If one intends to use the line-normal 3Shear as
a true lower threshold below which QLCS MVs become unlikely,
then Figs. 15 and 16 suggest that a substantially smaller value than

30 kt may be more appropriate. While study cases are widely
spaced across the continental United States (CONUS), espe-
cially east of the Rocky Mountains, the requisite shear threshold
may also show seasonal and/or temporal variance and should be
investigated in future studies.

c. Ingredient 3: Presence of rear-inflow surges

As shown in Fig. 17a, a momentum surge in the convective line
is present for a large majority of MV-genesis segments (33 out of
39, or 85%). This agrees with SP12, along with numerous other
observational and numerical studies, on the importance of this
feature for MV genesis. A fewer proportion of MVT-genesis seg-
ments are associated with surges (28/47, or 60%; Fig. 17b).

d. Additional shear depths and orientations

Additional interrogation of the QLCS environments was per-
formed by exploring other shear depths and orientations relative
to the convective line. First, the results of Flournoy and Coniglio
(2019) were used as motivation to explore the relationship of the
low-level line-parallel wind shear to MV genesis. Flournoy and
Coniglio (2019) analyzed trajectories of parcels that populated a
mesovortex within a real-data simulation of a PECAN QLCS.
One source of cyclonic vertical vorticity in the mesovortex (at
levels above ;500 m) was low-level (100–300 m AGL) inflow
parcels from the ambient environment within very strong near-
ground vertical wind shear oriented parallel to the gust front. As
air flowed toward the QLCS at a small angle to the convective
line, the crosswise horizontal vorticity within the environment
was tilted into the vertical on the south side of a local outflow
surge which contributed to cyclonic vertical vorticity on the north
side of the surge. Given this finding, and the common occurrence

FIG. 12. Example of the process to determine rear-inflow/outflow surges. Base velocity (BV) image (at 0.58 eleva-
tion) from KAPX valid at 2316 UTC 28 Aug 2018. Positions “A,” “B,” and “C” represent U-to-R analysis positions.
The yellow line represents the “AB” and “BC” line segments (15 km in length). The dashed white line represents a
hypothetical (locally) meridional UDCZ displaying no perturbations in flow structure. The dashed–dotted magenta
line represents the outline of an identified surge.
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of strong, meridional low-level jets in ;north–south-oriented
QLCS environments, we first assessed whether 0–1-km wind
shear (henceforth 1Shear) in the line-parallel direction showed
utility in discriminating MV-genesis potential. Additionally, in

line with the original 3IM approach, the line-normal component
of shear in the lowest 1 km was also explored given that cold
pools may be shallower than 3 km, especially across the south-
eastern United States where buoyancy is often limited in the
cool season (Sherburn and Parker 2014).

First, for line-normal 1Shear (Fig. 18), the linear relationship
to the U-to-R distance is even weaker than it is for the line-
normal 3Shear (R of20.22 for the former compared to20.27 for
the latter). Furthermore, the magnitude of line-normal 1Shear is a
slightly weaker discriminator than line-normal 3Shear for MV-
genesis events (not shown). For line-parallel 1Shear, there is little
to no linear relationship to the U-to-R distance as expected
(Fig. 19). There is no clear physical reason to expect this relation-
ship for line-parallel shear as opposed to line-normal shear, but
the results are presented this way for continuity with the other
figures. Figure 19 also shows no evidence that the distributions of
line-parallel 1Shear are different for MV-genesis segments com-
pared to null segments. Finally, we ask the question, does line-
parallel 1Shear tend to be large when the line-normal 3Shear is
relatively small for MV-genesis cases in the dataset? In other
words, does the MV-genesis process favored in strong low-level
line-parallel shear described in Flournoy and Coniglio (2019)
compensate for weaker line-normal 3Shear? The answer appears
to be no, as there is a weak positive relationship between line-
parallel 1Shear and line-normal 3Shear (Fig. 20). This latter result
does not mean that the processes inherent in strong line-parallel
shear described in Flournoy and Coniglio (2019) did not occur in

FIG. 14. Scatterplot comparing the U-to-R distance to line-nor-
mal 0–3-km wind shear using the 50-dBZ reflectivity threshold
(positive indicating a gust front ahead of main convective cores). A
linear regression line is represented as the gray line (95% confi-
dence interval, via bootstrapping, shown as light gray shading),
with the Pearson correlation coefficient (R) displayed in the top-
left corner. Red scatters represent segments where MV genesis was
assessed.

FIG. 13. Infographic from the Warning Decision Training Division (WDTD) and National Weather Service CR-CWIP
team outlining “nudgers,” used as warning precursor signatures, when applying the 3IM in operational settings.
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our cases; rather, this simply suggests that these processes do not
appear to have been the common way that MVs developed in the
cases with weak line-normal 3Shear.

Focusing on the MV-genesis segments in Figs. 18 and 19, a
few additional takeaways are evident. Most notably, a large
proportion of MV-genesis segments occurred with 0–20 kt of
line-normal 1Shear and 10–30 kt of line-parallel 1Shear. More
generally, 0 kt of line-normal and 10 kt of line-parallel 1Shear
are reasonable lower bounds for MV-genesis segments in the
study dataset. This suggests that MVs require at least some

positive line-normal low-level shear (oriented rear-to-front
relative to the orientation of the gust front). Likewise, the
bottom threshold of 10 kt for line-parallel shear might be
used as a lower limit for when MVs can be expected. How-
ever, this may simply reflect that QLCSs tend to occur in
environments of enhanced low-level southerly flow in the
convectively unstable warm sector of approaching larger-
scale cyclones, and may not indicate any routine storm-scale
dynamical importance of the line-parallel shear for MV
genesis.

FIG. 15. Kernel density estimation distribution comparison of 0–3-km bulk wind shear magni-
tude among the 50 QLCS soundings (solid black line), line-normal 0–3-km wind shear among
the 1820 line segments (dashed black line), and line-normal 0–3-km wind shear associated with
the 39 MV-genesis line segments (dashed–dotted red line). The vertical black line delineates the
30-kt threshold of the 3IM.

FIG. 16. (a) Boxplot of line-normal 0–3-km wind shear comparing MV-genesis (green) and null (orange) segments.
(b) As in (a), but now assessing segments that observed “transient” (MVT)-genesis (green). The black-dashed line de-
lineates the 30-kt threshold of the 3IM. Boxes cover the IQR (25th–75th percentiles), and whiskers extend to the 10th
and 90th percentiles, with outlier values in the null cases indicated as diamonds. Calculated p values, with an effective
sample size of n5 39 in (a) and n5 47 in (b), are displayed at the bottom center of each panel. Values indicate the in-
ner 95% distribution of p values obtained via bootstrapping.
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The impact of using 0–6-km wind shear (henceforth 6Shear)
was assessed based on the studies discussed previously suggest-
ing better discriminatory ability of deep-layer wind shear com-
pared to low-level wind shear for the severity and longevity of
QLCSs (Cohen et al. 2007; Coniglio et al. 2007). While the over-
all (negative) linear relationship remains modest, the best linear
relationships between (all) U-to-R distance radar reflectivity
thresholds and line-normal shear are seen when using 6Shear
(20.42 , R , 20.33). Figure 21, capturing the 6Shear relation
when using the 50-dBZ threshold, displays an R value of 20.33,
although relationships using lower reflectivity thresholds (i.e.,
40/45 dBZ) displayed the highest R values of any comparison
(20.42, not shown). Radar ambiguity issues [discussed in
section 2b(1)] reduced the sample size of MV segments when us-
ing the 40- and 45-dBZmeasures, and so the relationship for the
50-dBZ threshold is shown to maximize the sample size. This

suggests that line-normal 6Shear best relates (linearly) to the bal-
anced state of the system rather than the line-normal 3Shear and
1Shear, although the substantial scatter continues to show that
other factors can control the U-to-R distance (the balance state)
of the QLCS. In terms of discriminating MV-genesis segments
against null segments, line-normal 6Shear shows a significant vi-
sual separation of interquartile ranges (like that of line-normal
3Shear), with the mean and median of MV-genesis segments
lying above the 75th percentile for null segments (Figs. 16a
and 22). Line-normal 3Shear shows a slightly stronger signal of
statistical significance compared to line-normal 6Shear based
on distributions of bootstrapped p values (bottom center of
Figs. 16a and 22). However, as discussed above, given similar
distributions (and interquartile ranges) between line-normal
3Shear and 6Shear, we note similar practical application of each
shear depth in our dataset.

FIG. 17. Scatterplot of ingredients 1 and 2, using the 50-dBZ threshold U-to-R distance for (a) all MV-genesis seg-
ments and (b) MVT-genesis segments. The vertical black line represents the 30-kt wind shear threshold. Coloring rep-
resents subdivision based on MV-genesis and surge occurrences (green 5 surge present and dark red 5 no surge
present).

FIG. 18. Scatterplot comparing the U-to-R distance to line-
normal 0–1-km wind shear using the 50-dBZ reflectivity threshold.
A linear regression line is represented as the gray line (95% confi-
dence interval, via bootstrapping, shown as light gray shading),
with the Pearson correlation coefficient value (R) displayed in the
top-left corner. Red scatters represent segments where MV genesis
was assessed.

FIG. 19. Scatterplot comparing the U-to-R distance to line-
parallel 0–1-km wind shear using the 50-dBZ reflectivity threshold.
A linear regression line is represented as the gray line (95% confi-
dence interval, via bootstrapping, shown as light gray shading),
with the Pearson correlation coefficient value (R) displayed in the
top-left corner. Red scatters represent segments where MV genesis
was assessed.
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4. Summary and conclusions

Discussion

This study explored 50 quasi-linear convective systems
(QLCSs) to evaluate the “Three Ingredients Method” (3IM)
for forecasting QLCS mesovortices (MVs). Developed by
Schaumann and Przybylinski (2012), the 3IM was designed to
incorporate both internal and external QLCS characteristics
to aid in early identification of MVs. The first ingredient of
the 3IM is met when ambient environmental shear and the
system cold pool are said to be balanced or slightly shear
dominant. The shear/cold pool balance of each system was es-
timated by measuring the distance between the updraft–
downdraft convergence zone (UDCZ) and three reflectivity
(dBZ) thresholds (termed the “U-to-R distance”) every
15 km along the convective line. The second 3IM ingredient is
line-normal wind shear magnitudes, in the bottom 3 km of the
atmosphere, of at least 30 kt. This magnitude of line-normal
0–3-km wind shear (3Shear) is hypothesized to promote a fa-
vorable shear/cold pool balance regime. Wind shear magni-
tudes were assessed using radiosonde observations taken in
proximity to each study QLCS. The line-normal shear was as-
sessed across 15-km line segments over a roughly 1-h period of
analysis (concurrent with U-to-R distance calculation) for each
of the 50 QLCSs (1820 in total). The third 3IM ingredient is the
presence of a bow or surge of the main convective line, generally
resulting from enhanced outflow or rear-to-front flow. A subjec-
tive radar analysis was employed to determine the presence of
rear-inflow surges among the study cases.

A key finding was that almost half of the MV-genesis events
are observed with line-normal 3Shear below the 3IM threshold
(30 kt). In addition, line-normal shear within the 0–3-km layer
showed only a modest linear relationship against the U-to-R
distance. There are likely many reasons for these two results,
relating to the general likelihood that more factors than line-
normal 3Shear and the relative cold pool strength control the
generation of MVs and the degree of balance within a QLCS.

Investigating wind shear over additional layers and orienta-
tions revealed that statistical discrimination between MV/
MVT and null segments is strongest when applying line-normal
wind shear in the 0–3-km layer as ascribed by SP12 (as seen by
bootstrapped p-value distributions in Figs. 16a and 22). Con-
versely, line-normal 0–6-km shear, not 0–3-km wind shear,
provided the strongest relationship to the U-to-R distance
(R 5 20.42 versus 20.27 using the 40-dBZ threshold, not
shown). This indicates a greater ability to distinguish potential
storm structure and small U-to-R distance more so than shal-
lower shear depths. This result agrees with past studies (Cohen
et al. 2007; Coniglio et al. 2007) that show the best discrimination
between the severity and longevity of QLCSs is provided when
using deep-layer shear variables. However, aforementioned

FIG. 20. Scatterplot comparing 0–1-km line-parallel vs 0–3-km
line-normal wind shear over MV-genesis line segments. The linear
regression line represented as the red line (95% confidence inter-
val, via bootstrapping, shown as light red shading), with the
Pearson correlation coefficient value (R) displayed in the top-left
corner.

FIG. 21. Scatterplot comparing the U-to-R distance to line-nor-
mal 0–6-km wind shear using the 50-dBZ reflectivity threshold. A
linear regression line is represented as the gray line (95% confi-
dence interval, via bootstrapping, shown as light gray shading),
with the Pearson correlation coefficient value (R) displayed in the
top-left corner. Red scatters represent MV-genesis segments.

FIG. 22. As in Fig. 16, but for line-normal 0–6-km wind shear
binned by MV-genesis outcome. Calculated p values, with an effec-
tive sample size of n 5 39, are displayed in the bottom center.
Values indicate the inner 95% distribution of p values obtained via
bootstrapping.
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linear relationships are modest and combined with substantial
overlap in shear distributions (Figs. 16a and 22) suggest that
multiple factors beyond those examined in this study control
both MV-genesis and overall QLCS structure.

Also noteworthy is that almost all MV-genesis segments oc-
curred with line-normal 6Shear . 20 kt. This is an interesting
outcome because a wind profile with low-to-mid-level shear
largely parallel to the convective line can still be favorable for
linear/QLCS modes (Dial et al. 2010). Indeed, 29% of the total
line segments documented here occurred with 6Shear, ;20 kt.
Parker and Johnson (2004) show that QLCSs with weak line-
normal and strong line-parallel deep-layer shear often orient
themselves in a parallel stratiform configuration. Our analysis
suggests that MV genesis is not favored in these types of QLCSs
and that some deep-layer shear oriented line-normal is impor-
tant in MV genesis (as one of the multiple favorable environ-
mental factors).

The importance of deep-layer shear likely links to the parent
QLCS structure more so than to the development of the MVs
themselves. To explore reasons for why many MVs still occurred
in relatively weak line-normal 3Shear, the results of Flournoy and
Coniglio (2019) were explored as they presented a mechanism for
MV development in weak line-normal shear but large wind shear
parallel to the convective line closer to the ground}the type often
present within the warm sector ahead of approaching synoptic-
scale cyclones. However, there was no differentiation between
MV-genesis and null line segments provided by line-parallel
1Shear; in fact, line-parallel 1Shear had a weak positive relation-
ship to line-normal 3Shear suggesting that the mode of MV-
genesis identified in Flournoy and Coniglio (2019) does not make
up for the hypothesized lack of MV potential in the weak line-
normal shear cases (but they still may add to the MV-genesis pro-
cesses). It remains unclear why manyMVs developed in relatively
weak line-normal 3Shear in this study. Line-normal 1Shear was
also examined, as cold pools may often be shallower than 3 km,
but the results did not show strong discriminatory ability for
MV-genesis segments compared to null segments. One potentially
useful result is that all but one MV-genesis segment occurred
with positive line-normal 0–1-km shear.

Regarding the relationship between the U-to-R distance and
the line-normal wind shear, although the best relationship was
found for wind shear in deeper layers (i.e., 0–6 km), the overall
assessment of the results is that only weak-to-moderate linear
correlations are seen for all shear depths (0–1, 0–3, and 0–6 km)
and convective-line reflectivity thresholds tested. A reason why
all line-normal shear depths showed some linear relationship to
the U-to-R distance may be that cold pools likely vary substan-
tially in depth and strength across the cases. It is likely that
QLCS cold pools in the central United States (Bryan et al. 2005;
Engerer et al. 2008) are typically stronger and deeper than those
in the southeast United States (McDonald and Weiss 2021). Ap-
plying an approximation of 3 km to match all cold pools there-
fore appears suspect across a wide continuum of geographic and
seasonally disparate QLCS events. While this study does not ad-
dress ways to assess cold pool depth in operational settings (assess-
ing surface pressure deficits is one potential useful proxy; Engerer
et al. 2008), assessing wind shear within the 3-km depth ascribed

by the 3IM may prove unreliable as a one size fits all approach to
determine the shear needed for a favorable balance regime.

Contrary to the shortfalls identified in the assessment of line-
normal 3Shear, it is encouraging that most MVs occurred within
a relatively small range of U-to-R distances. While a wide variety
of UDCZ-to-reflectivity distances existed across study cases and
analysis segments, a distance range from 25 to 5 km was ob-
served for almost all MV-genesis events identified. This finding
offers the potential to better quantify the first ingredient in the
3IM approach using an objective criterion that can be readily ap-
plied in operational settings. Also, encouraging is the existence of
MV-genesis events exhibiting similar measures of the U-to-R dis-
tance, despite varying magnitudes of line-normal 0–3-km wind
shear (8 kt in Fig. 23a versus 39 kt in Fig. 23b).

Additionally, the frequent occurrence of rear-inflow surges
associated with MVs in this dataset confirms the appropriate-
ness of ingredient 3. Once again, the ability to readily identify
these features through radar analysis provides an opportunity
to immediately apply this finding in operational settings.
While the radar analysis conducted to identify surges was sub-
jective in nature, operational guidance that applies similar
methodology currently exists to identify these features in
warning-decision settings (LaDue and Przybylinski 2010).

Through the analysis conducted above, we have identified
possible guidelines to help identify convective environments
unlikely to support persistent MV genesis. In summary, per-
sistent QLCSMVs appear to be unlikely when

• updrafts are more than 5 km ahead of or behind the
UDCZ;

• there are ,0 kt of 0–1-km, ,10 kt of 0–3-km, and ,20 kt
of 0–6-km line-normal wind shear; and

• no rear-inflow surge or bowing structure is present or ap-
pears imminent along the leading convective line.

We recognize that the guidelines above introduce a wide
range of line-normal shear magnitudes for which MVs are
considered possible. However, this accurately reflects ob-
served environments over a geographically and seasonally dis-
parate set of observed QLCS events. In fact, applying the
lower bound (discriminatory) magnitude of 0–3-km line-normal
wind shear shows improved POD (with nominal increase/
decrease to FAR/CSI) when compared to the original 3IM
threshold value among cases in our dataset (Tables 1 and 2).
Similar performance measures are also captured when apply-
ing the 0–6-km line-normal wind shear magnitude above
(Table 3). However, with a decreasing true skill statistic (TSS)
(Tables 1–3) for the lower bound 0–3-km line-normal shear, the
above guidelines more accurately serve as a means to enhance
forecaster situational awareness rather than strict “rules” during
QLCS warning operations.

Although this study used a relatively large dataset of observed
QLCS cases/events, tested for internal characteristics at rela-
tively small intervals (i.e., 15 km), and used observed proximity
soundings in the inflow of QLCSs, a few caveats deserve addi-
tional discussion. The most important of these is the use of prox-
imity sounding data to quantify the background environment
that may undergo rapid modification (King et al. 2017). Rapid
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storm-scale modifications and large heterogeneities represent a
challenge in accurately capturing the “true” environment using
proximity sounding data. In addition, strong mid- and upper-
level winds may introduce significant horizontal displacement of
certain soundings (and associated measures) from a study event
of interest. As described in section 2, extra consideration was
given at the onset of case selection to choose events in which the
associated proximity sounding has the greatest potential to rep-
resent the true background atmosphere, but it is not possible to
precisely know the extent to which this dataset represents the
true ambient environment.

To continue to build operational guidance for MV-genesis
identification and warning strategies, future work should fo-
cus on increasing QLCS samples with more tightened proxim-
ity criteria among all cases, along with focusing on observed
soundings when possible given the errors in the depiction

of low-level wind profiles/shear found in model analyses of
environments (Taszarek et al. 2021; Coniglio and Jewell
2022). Although this study is unique in that the line orienta-
tions were defined every 15 km and approximately every
10–12 min for multiple periods within each case (identifying
1820 line segments to analyze), the overall case size here (50)
limits overall robustness of the variable outcomes as is typical
with most strictly observation-based analysis of environments in
proximity to convection. Traditionally, field projects with mo-
bile sounding and profiling systems have been a means to obtain
samples of storm environments much faster than waiting for for-
tuitous NWS operational releases. However, only 9 QLCS cases
with at least one usable proximity sounding from field projects
were identified among the 50 cases used here. This lack of ob-
served data near QLCSs provides significant motivation for the
ongoing VORTEX-SE projects, including the recent PERiLS

TABLE 1. Contingency table comparing the 3IM threshold
value of 0–3-km wind shear against MV-genesis outcomes.
Additional forecast verification statistics are also included.
Assumption of U-to-R distance 25 , x , 5 km and surge
present.

MV-genesis
event observed

Y N

0–3-km wind shear . 30 kt Y 16 102
N 14 194

Probability of detection (POD) 0.53
False alarm rate (FAR) 0.86
Critical success index (CSI) 0.12
True skill statistic (TSS) 0.18

TABLE 2. Contingency table comparing the “discriminatory”
value of 0–3-km wind shear, described in section 4, against
MV-genesis outcomes. Additional forecast verification statistics
are also included. Assumption of U-to-R distance 25 , x , 5 km
and surge present.

MV-genesis
event observed

Y N

0–3-km wind shear . 10 kt Y 29 257
N 1 39

Probability of detection (POD) 0.97
False alarm rate (FAR) 0.90
Critical success index (CSI) 0.10
True skill statistic (TSS) 0.10

FIG. 23. (a) Multipanel display of single and dual-polarimetric radar variables from an MV-genesis event, in a
regime with ,30 kt of (line-normal) 0–3-km wind shear, on 28 Aug 2018 across northern Michigan. Variables (and
respective panel position) are as in Fig. 7. Image from KAPX (at 0.58 elevation) valid at 2330 UTC. The cyan dot
corresponds to subjectively analyzed centroid of MV. Approximate bulk wind shear vectors displayed in the top-left
panel of (a) and (b), with the wind profile shifted so that surface wind is zero at the origin. The red arrow corresponds
to 0–1-km bulk wind shear, orange corresponds to 0–3-km bulk wind shear, and light blue corresponds to 0–6-km
bulk wind shear. (b) As in (a), but for an MV-genesis event in a regime with .30 kt of (line-normal) 0–3-km wind
shear, on 11 Apr 2011 across central Alabama. Image from Birmingham, Alabama (KBMX), (at 0.58 elevation) valid
at 2348 UTC.
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(Propagation, Evolution and Rotation in Linear Storms;
Rasmussen et al. 2015) project, for which a primary motiva-
tion was to better understand the rapidity of environment
evolution and the connection between QLCSs and their envi-
ronments. Proximity soundings and vertical profiles of the
wind (and thermodynamic) variables are being collected dur-
ing these campaigns that should provide a large increase in
the data available to continue exploring the robustness of the
results presented here.
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