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Abstract

While supercells are responsible for a majority of long-lived significant tornadoes,

tornadoes occur frequently in both supercellular and linear convective modes. Quasi-

linear convective systems (QLCSs) and embedded mesovortices are responsible for up

to 25% of tornadoes in the United States, and this proportion is even higher in the

Southeastern United States. Whether supercell mesocyclones and QLCS mesovortices

possess fundamentally distinct characteristics and dynamics is an active topic of dis-

cussion. In this work, results from idealized simulations and observational datasets of

Southeastern QLCSs suggest that the mechanisms involved in both storm-scale and

tornado-scale rotation are widely variable, and many of these processes strongly re-

semble known mesocyclone and tornado processes in supercells.

Idealized simulations are used to study the evolution of rotation in a QLCS-supercell

merger in an observed high-shear, low-CAPE environment in the Southeast. Mergers

between QLCSs and isolated supercells have been linked to the generation and inten-

sification of low-level rotation. In this work, the post-merger mesocyclone is stronger,

deeper, and more persistent than mesovortices in a non-merging QLCS, suggesting

that the merged mesocyclone retains its supercellular characteristics after the merger.

Trajectory analysis reveals that parcels from near the top of the boundary layer are a

key supercell-like feature of the merged mesocyclone, with distinct vorticity generation

processes from the other source regions. These parcels follow an up-down trajectory

before entering the mesocyclone. The predominant mechanism for vertical vorticity

generation is upward tilting of primarily crosswise horizontal vorticity via the updraft,

but upward tilting and downward tilting in the downdraft are also present. Horizon-

tal vorticity is generated during descent via tilting and baroclinic processes. After

the merger, horizontal vorticity is also amplified during descent via strong stretching

within a developing low-level rotor. The vertical vorticity generation processes are pri-

marily those that are typically associated with supercells, but have been seen in QLCS

mesovortices as well. By contrast, the horizontal vorticity generation mechanisms are
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those that are typically seen with QLCS mesovortices. These simulations reveal that

the merged mesocyclone is characterized by a combination of supercell- and QLCS-like

features and processes.

The QLCS processes seen in the idealized simulations are contrasted by observa-

tions of comparable resolution obtained by the Propagation, Evolution, and Rotation

in Linear Storms (PERiLS) field campaign. In particular, the Rapid-scanning X-band

Polarimetric (RaXPol) mobile radar collected close-range, low-level observations of a

nontornadic mesovortex and a cluster of transient tornado-scale vortices in a severe

QLCS. The processes inferred from observations appeared to differ from those diag-

nosed in the simulations. As these nontornadic vortices (NTVs) form, they rapidly

advect back into the cold pool and dissipate, with only one NTV persisting for >3 min

after forming from the merging of two weaker NTVs. Radar observations show that

the NTVs are substantially tilted from surface to cloud base, dissipate in a top-down

direction, and never develop strong near-surface rotation. Mobile mesonet surface

measurements reveal a weak cold pool (θ′v ≈ −1.1 ◦C), which may have caused tor-

nadogenesis failure by (1) limiting baroclinic horizontal vorticity generation along the

gust front, preventing the development of strong surface rotation, and (2) displacing

the NTV from the leading updraft, preventing the amplification of vertical vorticity via

surface convergence and upward vertical pressure gradient accelerations. Immediately

prior to and during the genesis of the cluster of NTVs, low-level radar velocity fields

reveal line-parallel streaks of enhanced vertical vorticity, or “vorticity worms,” in the

near inflow of the nontornadic mesovortex, suggesting their potential role in NTV gen-

esis. The role of the cold pool in tornadogenesis failure and the implication of vorticity

worms in NTV genesis are both similar to tornado-scale processes in supercells—the

rearward displacement of a vortex from the parent updraft due to cold pool weakness

is known to contribute to tornado dissipation in supercells, and vorticity worms have

been found in the highly sheared near-surface inflow of simulated and observed tor-

nadic supercells but have not yet been examined in QLCS environments or in nocturnal

surface layers.
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Chapter 1

Introduction

Quasi-linear convective systems (QLCSs) are responsible for an estimated 18–25% of

tornadoes across the United States, and this proportion is even higher in the South-

east United States (Trapp et al. 2005; Smith et al. 2012; Ashley et al. 2019). Despite

this, the variety of mechanisms that produce QLCS tornadoes is relatively unclear, re-

sulting in lower probability of detection, higher false alarm rates, and shorter warning

lead times than supercell tornadoes (Brotzge et al. 2013; Anderson-Frey et al. 2019;

Gibbs and Bowers 2019). In the Southeast, the fatality rates and societal impacts of

tornadoes are compounded by a convergence of unique meteorological conditions and

socioeconomic vulnerability, including higher frequency of nocturnal, cold season, and

QLCS tornadoes, greater population density, and manufactured home density (Ashley

2007). The prevalence of QLCS tornadoes in the Southeast underlies a need for im-

provements in our ability to detect and predict them, motivating further investigation

into how and why they occur.

1.1 Research background

Different convective organizational modes are often associated with different severe

weather hazards (Gallus et al. 2008; Smith et al. 2012). Supercell thunderstorms

are the predominant producers of significant tornadoes and large hail (Doswell and

Burgess 1993; Davies-Jones et al. 2001; Smith et al. 2012), while QLCSs are typically
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responsible for widespread severe straight-line winds (Fujita 1978; Przybylinski 1995;

Wakimoto 2001). While supercells are responsible for a majority of long-lived signif-

icant (EF2+) tornadoes, tornadoes occur frequently in both supercellular and linear

convective modes.

Most of our knowledge of severe convection and tornadoes is based on observa-

tional and modeling studies of supercell tornadoes (for comprehensive reviews of cur-

rent knowledge on supercell and tornado dynamics, see Markowski and Richardson

2009; Davies-Jones 2015; Fischer et al. 2024). The mechanisms that drive rotation in

supercell mesocyclones are well-understood. Mesocyclone rotation is typically several

km in depth, extending from ∼1 km AGL or lower to well into the mid-levels (>3 km

AGL). Rotation first develops aloft via the tilting and stretching of horizontal stream-

wise environmental vorticity by the updraft (Rotunno 1981; Davies-Jones 1984). The

development of low-level (<∼1 km AGL) rotation requires positive vertical vorticity

closer to the surface. If tilting by the updraft is to generate vertical vorticity near the

ground, more abrupt tilting of horizontal vorticity than what the mid-level updraft

can provide is necessary. The processes responsible for the development of mesocy-

clone rotation near and just below cloud base include a combination of reorientation of

barotropic vorticity (e.g., Davies-Jones 1984; Dahl 2017; Coffer et al. 2023; Fischer et al.

2024) and baroclinically generated vorticity in storm-cooled air (e.g., Davies-Jones and

Brooks 1993; Markowski and Richardson 2009; Dahl 2015). Horizontal vorticity is re-

oriented into the vertical direction and transported downward in the downdraft before

ascending (e.g., Rotunno and Klemp 1985; Davies-Jones and Brooks 1993; Trapp and

Weisman 2003; Markowski and Richardson 2009; Dahl 2015). Near-surface (<∼250

m AGL) cyclonic vertical vorticity is then generated by tilting and stretching via the

updraft, creating rotation below the updraft base. Coherent sources of vorticity (e.g.,

“streamwise vorticity currents” or “vorticity rivers”) generated baroclinically along
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storm outflow may be important to low-level rotation development (Dahl et al. 2014;

Orf et al. 2017; Schueth et al. 2021; Finley et al. 2023). Other work suggests that

upward tilting and stretching of environmental barotropic horizontal vorticity, which

could be generated via low-level wind shear or surface friction, may contribute signif-

icantly to mesocyclone rotation below 1 km (e.g., Rotunno et al. 2017; Roberts and

Xue 2017; Boyer and Dahl 2020; Coffer et al. 2023; Fischer et al. 2024).

The most damaging QLCS tornadoes and straight-line winds are frequently asso-

ciated with embedded strong mesovortices (e.g., Fujita 1978; Forbes and Wakimoto

1983; Przybylinski 1995; Weisman and Trapp 2003; Trapp and Weisman 2003; Atkins

et al. 2004, 2005; Trapp et al. 2005; Wakimoto et al. 2006a; Atkins and St. Laurent

2009a,b; Schenkman et al. 2012; Lyza et al. 2017). Mesovortices are typically shallower

and more transient than supercell mesocyclones, with rotation extending to approxi-

mately 3 km above the surface and persisting for an hour or less. There are multiple

proposed sources for rotation development and maintenance in mesovortices: (1) re-

lease of horizontal shearing instability (HSI) along the leading edge of the gust front

(e.g., Forbes and Wakimoto 1983; Przybylinski 1995; Lee and Wilhelmson 1997a,b;

Wheatley and Trapp 2008; Conrad and Knupp 2019); (2) tilting of baroclinic crosswise

vorticity via an updraft or downdraft (e.g., Davies-Jones and Brooks 1993; Bernardet

and Cotton 1998; Trapp and Weisman 2003; Wheatley and Trapp 2008; Atkins and

St. Laurent 2009b; Richter et al. 2014); (3) tilting of streamwise horizontal vorticity

via the updraft (e.g., Atkins and St. Laurent 2009b; Schenkman et al. 2011; Parker

and Dahl 2015; Boyer and Dahl 2020), similar to mechanisms for low-level supercell

mesocyclone formation; and more recently, (4) tilting of frictionally induced horizontal

vorticity within a low-level rotor via the updraft (Schenkman et al. 2012; Xu et al.

2015). The range of findings from past work suggests that the mechanisms responsible

for QLCS rotation may vary on a case-by-case basis, and some studies have found that
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multiple simultaneous mechanisms can contribute to the development of a mesovortex

(e.g., Atkins and St. Laurent 2009b; Flournoy and Coniglio 2019).

The accepted conceptual model for supercell tornadogenesis is detailed in Davies-

Jones (2015), and is comprised of three stages: (1) development of mesocyclonic ro-

tation, (2) production of surface vertical vorticity, and (3) concentration of rotation

into a tornadic vortex. The low-level mesocyclone provides enhanced upward accelera-

tion below the cloud base via a dynamically induced pressure deficit, which drives the

stretching of surface vertical vorticity for tornadogenesis. There have been multiple

proposed pathways for the development of surface vertical vorticity, but the primary

accepted pathway is the Davies-Jones and Brooks (1993) downdraft mechanism, where

near-surface baroclinic horizontal vorticity is generated as descending parcels encounter

buoyancy gradients in the downdraft. The horizontal vorticity is partially tilted into

the vertical as parcels approach the surface, resulting in predominantly positive verti-

cal vorticity at the surface. Tornadogenesis occurs when the surface vertical vorticity

contracts and intensifies. Surface friction has an important role in this stage by inter-

rupting cyclostrophic balance near the surface, resulting in a shallow, intense inflow

layer and development of a corner flow region. Fischer et al. (2024) further divides the

third stage into two substages: (3a) stretching and organization, and (3b) transition.

The stretching and organization substage of tornadogenesis encompasses the converg-

ing of disorganized surface vertical vorticity patches under the updraft and subsequent

amplification via stretching. After organizing and intensifying, the near-surface vortex

transitions out of cyclostrophic balance as surface friction decelerates the rotational

flow within the tornado boundary layer (Fischer and Dahl 2022). The now-imbalanced

inward pressure gradient acceleration creates strong near-surface inflow that abruptly

“turns the corner” into the central updraft. Once the corner flow region forms, the

downdraft mechanism is no longer needed for the tornadic vortex to maintain surface
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vertical vorticity. Tornado maintenance is dominated by the “in-and-up” mechanism,

where surface vertical vorticity is produced by the abrupt upward tilting of surface

horizontal vorticity in the corner flow (e.g., Rotunno et al. 2017; Boyer and Dahl 2020;

Fischer and Dahl 2022).

The processes for QLCS tornadogenesis and maintenance are comparatively less

understood. Past work has shown that baroclinic generation of near-surface horizontal

vorticity is important in QLCS mesovortices (e.g., Trapp and Weisman 2003; Weisman

and Trapp 2003; Wheatley and Trapp 2008; Atkins and St. Laurent 2009b; Flournoy

and Coniglio 2019). Baroclinity is also implied to be important in QLCS tornadogenesis

(McDonald and Weiss 2021), but the precise role of the cold pool in QLCS tornadoge-

nesis is unknown. Some early work found HSI release and vortex sheet roll-up to be a

mechanism for simulated nonsupercell tornadogenesis along an outflow boundary (Lee

and Wilhelmson 1997a,b). More recently, Schenkman et al. (2012) and Tochimoto and

Niino (2022) found that frictionally generated horizontal vorticity was a crucial source

of surface vorticity for tornadogenesis in simulated QLCSs. Schenkman et al. (2012)

additionally found that the frictionally generated vorticity was amplified within a low-

level horizontal rotor behind the gust front before being ingested into the developing

tornadic vortex. Boyer and Dahl (2020) found that the in-and-up mechanism is pri-

marily responsible for surface vertical vorticity in existing tornadoes in both simulated

supercells and QLCSs, but did not address the initial generation of surface vertical

vorticity during tornadogenesis.

QLCS mesovortices and tornadoes are notoriously difficult to observe and predict

due to their transience and our limited understanding of the processes involved in

their formation and evolution. As with supercells, most mesovortices do not produce

tornadoes (although the frequency of tornadic mesovortices is less documented), and

our ability to diagnose the tornadic potential of a pretornadic mesovortex is relatively
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weak. QLCSs tend to produce weaker tornadoes than supercells (EF1 or lower; Trapp

et al. 2005; Smith et al. 2012), but are still responsible for an estimated 10% of sig-

nificant (EF2+) tornadoes (Smith et al. 2012), and the reasons for this disparity are

unclear. Mesovortices that produce tornadoes and severe winds frequently form along

the leading edge of bow echoes (e.g., Weisman and Trapp 2003; Trapp and Weisman

2003; Wakimoto et al. 2006b,a). Tornadic and pretornadic mesovortices tend to be

stronger, deeper, and longer-lived than their nontornadic counterparts (e.g., Atkins

et al. 2004, 2005; Blind-Doskocil 2023).

Recent QLCS tornado research has provided more insight into factors potentially

influencing the tornadic potential of QLCSs. Lovell and Parker (2022) found that sim-

ulated QLCS tornado-like vortices were associated with common reflectivity features

like gust front cusps, bow echoes, and hook echo-like structures, suggesting that local

cold pool morphology (and potentially its influence on baroclinic vorticity production)

likely plays a prominent role in QLCS tornadogenesis. This would be consistent with

past supercell tornado studies, which have shown that the characteristics of the rear-

flank downdraft (RFD) are important to supercell tornadogenesis and maintenance.

Higher tornadic potential in supercells is typically associated with warmer, less nega-

tively buoyant cold pools (e.g., Markowski et al. 2002; Grzych et al. 2007; Hirth et al.

2008; Lee et al. 2012; Flournoy et al. 2020). The RFD is also an important source

of surface convergence and baroclinity, so a balance between too-strong and too-weak

RFD buoyancy deficits is needed for tornado formation and maintenance in super-

cells. By comparison, cold pool and microphysical processes in QLCSs and their role

in tornado formation are substantially less understood. McDonald and Weiss (2021)

found that tornadic mesovortices are associated with stronger cold pools than non-

tornadic mesovortices in Southeastern QLCSs. Recently, Kuster et al. (2024) found

that tornadic and wind-damaging mesovortices tend to be accompanied by low- and
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mid-level specific differential phase (KDP ) cores in polarimetric radar observations,

indicating that tornadic potential in a QLCS is associated with enhanced precipita-

tion production within the mesovortex. This finding is consistent with past research

linking tornadic potential in QLCSs with both stronger, deeper mesovortices (implied

by the presence of mid-level KDP cores) and stronger cold pools (low-level KDP cores

could indicate stronger precipitation loading, resulting in locally intense downdrafts

and outflow). However, these features are largely either impossible to directly observe

in an operationally meaningful way (e.g., cold pool strength) or develop with little

lead time—before the introduction of polarimetric capabilities to the operational radar

network, Trapp et al. (1999) found that the mean lead time between detection of a pre-

tornadic vortex signature and tornadogenesis in a QLCS was only 5 min. More recently,

Davis and Parker (2014), Sessa and Trapp (2020), and Blind-Doskocil (2023) all found

that the lead time between detection of a pretornadic mesovortex and tornadogenesis

is often 10 min or less.

Southeast QLCS mesovortices and tornadoes are even more difficult to anticipate.

This is in part because QLCSs and tornadoes in the Southeast frequently occur in

unique environments characterized by strong wind shear and low convective available

potential energy (CAPE) (Schneider et al. 2006; Smith et al. 2012). These high-shear,

low-CAPE (HSLC) environments are defined as having ≤500 J kg −1 of surface-based

CAPE (SBCAPE) and ≥18 m s−1 of 0–6-km bulk wind shear (Schneider et al. 2006;

Sherburn and Parker 2014). HSLC convection is especially common in the Southeast

during the cold season and overnight (e.g., Kis and Straka 2010; Sherburn and Parker

2014; Sherburn et al. 2016), and is estimated to be responsible for approximately half

of all significant (EF2+) tornadoes and 45% of all QLCS tornadoes in the United

States (Schneider et al. 2006; Thompson et al. 2012). HSLC convection and QLCS

mesovortices tend to have shallow updrafts and lack the mid-level rotation present
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in high-CAPE supercells, and are therefore driven primarily by low-level processes

that are difficult to observe (Davis and Parker 2014). Despite their frequency in the

Southeast, HSLC QLCS tornadoes have been studied far less than those occurring in

more typical high-shear, high-CAPE environments and supercells, resulting in higher

false alarm rates, lower probability of detection, and shorter warning lead times (e.g.,

Brotzge et al. 2013; Davis and Parker 2014; Anderson-Frey et al. 2016).

Whether the mechanisms for storm- and tornado-scale rotation are significantly

different between supercells and QLCSs is a topic of substantial discussion. Tradition-

ally, it is assumed that the dynamics of QLCS mesovortices are distinct from supercell

mesocyclones. While the Trapp and Weisman (2003) mechanisms are generally ac-

cepted as the primary route for QLCS mesovortex formation, the release of HSI may

play a more prominent role in HSLC environments. HSI release is a compelling theory

for mesovortex genesis in the Southeast in particular due to the prevalence of HSLC

environments, where the highly sheared low-level winds are readily conducive to vor-

tex sheet development and subsequent roll-up into cyclonic vortices along a QLCS

gust front without the need for a strong mid-level updraft. Other potential support

for distinction between QLCS and supercell processes is the importance of the gust

front as a vorticity source for mesovortex and tornadogenesis. Baroclinic generation

of crosswise horizontal vorticity along the cold pool contributed to mesovortex genesis

in a modeled QLCS in Flournoy and Coniglio (2019), and a low-level horizontal rotor

behind the gust front was crucial to amplifying ambient horizontal vorticity leading

to tornadogenesis in a simulated QLCS in Schenkman et al. (2012). Finally, the fact

that QLCS tornadoes tend to be significantly weaker and shorter-lived than supercell

tornadoes could imply different mechanisms for the generation and maintenance of

vorticity in QLCSs. In all, it would be reasonable to assume that the driving processes

are inherently different.
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However, there is also considerable evidence supporting the idea of similar mecha-

nisms for storm- and tornado-scale rotation in supercells and QLCSs. Strong low-level

wind shear is an important driver of tornadic potential and development of low-level

rotation in both supercells and QLCSs in any thermodynamic environment. Mainte-

nance of a strong low-level updraft is critical for the tilting and amplification of vortic-

ity at the surface in the tornadogenesis process. Many observed and simulated QLCS

mesovortices form in ways that are wholly inconsistent with HSI—some may form

in isolation or at irregular spacings, while others may form in cyclonic-anticyclonic

pairs—implying that other processes must contribute to QLCS mesovortex and tor-

nado formation. These other hypothesized mechanisms for mesovortex formation, as

outlined earlier in this section, bear much stronger resemblance to supercell mesocy-

clone formation mechanisms. While the exact sources of vorticity may be different due

to distinct storm morphologies and structures, the processes involved in generating

and amplifying vertical vorticity for low-level mesovortex and tornado formation may

be more similar than different. Ultimately, our knowledge about the dynamics and

genesis of mesovortices and tornadoes in Southeast QLCSs is still too limited to draw

definitive conclusions about any similarity or dissimilarity to supercells.

1.2 Research objectives

The overarching goal of this dissertation is to examine the processes involved in the

development and maintenance of storm-scale and tornado-scale rotation in Southeast

linear storms using a combination of numerical simulations and field campaign obser-

vations. The broad research questions guiding this work are:

• What is the nature of storm-scale processes in a Southeast QLCS?

• What is the nature of tornado-scale processes in a Southeast QLCS?
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• Are any of these processes common to both QLCSs and supercells, or are they

fundamentally distinct?

In Chapter 2, an idealized modeling study of a QLCS-supercell merger in a South-

east HSLC environment is conducted to evaluate the impacts of a merger on the evo-

lution of a simulated mesocyclone and sources of low-level storm-scale rotation. In

Chapter 3, an observational study of a nontornadic mesovortex examines the poten-

tial mechanisms for tornadogenesis failure in a Southeast QLCS using high-resolution

observations from rapid-scanning radar and mobile mesonets. Finally, the overall con-

clusions from these studies and avenues for future work are presented in Chapter 4.
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Chapter 2

Mesocyclone Evolution in a Simulated

QLCS-Supercell Merger

2.1 Introduction

Storm interactions and mergers can complicate the processes relating to the formation

and evolution of rotation in supercells and QLCSs. Past studies on storm mergers

have focused largely on mergers between supercells (e.g., Hastings and Richardson

2016; Flournoy et al. 2022; Lyza and Flournoy 2023; Fischer and Dahl 2023; Fischer

et al. 2023; Nixon et al. 2024). Mergers between supercells and QLCSs have been

comparatively less studied, and most existing work has been observational case studies

of individual merger events (Fujita 1978; Goodman and Knupp 1993; Sabones et al.

1996; Wolf et al. 1996; Wolf 1998; Calianese et al. 2002; Sieveking and Przybylinski

2004; French 2017). Goodman and Knupp (1993) found that tornado formation and

intensification were preceded by a QLCS-supercell merger, suggesting that interaction

of the QLCS gust front with the supercell rear flank downdraft (RFD) may have con-

tributed to tornadogenesis through enhanced convergence and baroclinity, resulting

in increased tilting, amplification, and generation of vorticity (similar to RFD internal

surges in supercells; e.g., Lee et al. 2012; Kosiba et al. 2013; Schenkman et al. 2014). In

a comparison of tornadic and nontornadic merger case studies, French (2017) showed

that QLCS-supercell mergers can have both constructive and destructive effects on
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tornadogenesis. However, these past studies focus primarily on the role of mergers in

severe weather hazards like tornadoes and damaging straight-line winds, leaving open

questions about their impacts on above-surface storm-scale features.

Some of these observational studies and some simulation studies have examined

the influence of QLCS-supercell mergers on storm morphology. Most of these have

found that the supercell becomes the new leading edge of the QLCS while a prominent

bowing segment develops south of the merged mesocyclone (e.g., Goodman and Knupp

1993; Wolf et al. 1996; Wolf 1998; French and Parker 2012b, 2014; French 2017). In

French and Parker (2012b), two predominant evolutionary patterns of QLCS-supercell

merger systems were found: a system-scale bowing pattern, where the supercell be-

comes the line-end vortex at the northern end of a large bow echo, and an embedded

bowing pattern, where the supercell becomes the northern end of a smaller embedded

bowing segment that develops within the QLCS. In idealized simulations of QLCS-

supercell mergers, French and Parker (2014) found that bow echo and severe wind

development arose from a combination of localized cold pool strengthening due to

increased precipitation, a strong descending rear-inflow jet resulting from downward

buoyancy-induced pressure perturbation accelerations, and outflow enhancement by

intense counter-rotating line-end vortices. These features were not present in a non-

merging QLCS simulation, indicating that the processes for bow echo formation were

instigated and amplified by the merger. An earlier qualitative analysis of vorticity

evolution in a simulated merger by French and Parker (2012a) suggested that the su-

percell’s RFD forced the QLCS rear-inflow jet to the surface, forming a region of strong

vertical wind shear and horizontal vorticity where an intense low-level vortex then de-

veloped out of the remnant mesocyclone. They speculated that updraft tilting of the

horizontal vorticity was an important driver for the formation of this vortex, and that
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these processes were directly resultant from the merger. However, none of these stud-

ies have performed a quantitative analysis of storm-scale vortex evolution and rotation

mechanisms in mergers.

There is a need for more detailed study on the influence of QLCS-supercell mergers

on storm-scale processes specifically relating to the generation, intensity, and evolution

of rotation. Motivated by the findings from French and Parker (2012a) and French

and Parker (2014), this work will use idealized simulations to address the following

questions regarding storm-scale vortex characteristics and processes in QLCS-supercell

mergers:

1. How do vortex characteristics evolve during a QLCS-supercell merger, and how

do they compare to vortex characteristics in an isolated supercell or QLCS?

2. What processes drive the evolution of rotation in a QLCS-supercell merger?

This study will primarily focus on how these characteristics and processes change be-

fore and after the merger with the goal of determining the nature of low-level vortex

formation and maintenance mechanisms in a merger—i.e., whether these mechanisms

are analogous to supercell mesocyclone processes, QLCS mesovortex processes, or po-

tentially a combination of both.

2.2 Data and methods

2.2.1 Model setup

This work uses Cloud Model 1 (CM1; Bryan et al. 2003) release 19.5 to simulate a

QLCS-supercell merger (“MERGER”), a control QLCS without the merging supercell

(“QLCSONLY”), and an isolated supercell (“SUPERCELL”). A uniform horizontal

grid spacing of 125 m was used across the full 360 km × 360 km × 15.08 km grid to
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resolve storm-scale features. The vertical grid spacing is stretched from 20 m in the

lowest 300 m to 280 m above 12 km. Lateral boundary conditions are open radiative in

x and periodic in y, and the bottom boundary is semi-slip. More details on the model

setup are given in Table 2.1.

Table 2.1: CM1 model configuration parameters.

Parameter Description

Domain extent 360 km × 360 km × 15.08 km

Horizontal grid ∆x = ∆y = 125 m

Vertical grid 104 scalar levels starting at 10 m

∆z = 20 m below 300 m, stretched to 280 m

Microphysics NSSL two-moment

(Ziegler 1985; Mansell 2010; Mansell et al. 2010)

Subgrid-scale TKE (Deardorff 1980)

Lateral boundaries Open radiative x, periodic y

Bottom boundary Semi-slip with CD = 0.0014 (Coffer and Parker 2017)

In the MERGER and QLCSONLY simulations, the QLCS was initialized at 0 s

by a cold dam at x = −125 m with a depth of 4000 m and minimum θ′ of –8 K

to emulate linearly forced convection initiation. In the MERGER and SUPERCELL

simulations, he supercell was initialized 85 km ahead of the QLCS using the tendency

nudging technique from Flournoy and Rasmussen (2023) over the first 3600 s of the

simulation. The tendency nudging area was an oblate bubble centered at 3500 m

above the surface, with a horizontal radius of 5000 m and vertical radius of 1500 m.

Heating tendency was maximized at the center of the bubble and decreased outward

toward the edges. Between 0–1800 s, the heating tendency S ramped up linearly

from 0 K s−1 to a maximum magnitude of S0 = 0.021 K s−1, was held constant at
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S0 for 1 s, then ramped down linearly back to 0 K s−1 between 1801–3600 s (Fig.

2.1). Tendency nudging was used for supercell initiation instead of a traditional warm

bubble to emulate gradual, time-varying forcing and mitigate premature tornado-like

vortex development (Flournoy and Rasmussen 2023). In the MERGER simulation,

both initialization methods were employed simultaneously to generate a QLCS and a

supercell in the same domain.

Figure 2.1: Timeline of convection initialization for the cold dam and tendency nudging
techniques.

The base state environment was an observed environmental sounding from the Prop-

agation, Evolution, and Rotation in Linear Storms (PERiLS) field campaign (Kosiba

et al. 2024). The sounding was collected by the National Severe Storms Laboratory

mobile sounding facility at 1959 UTC on 30 March 2022 (Waugh 2023). Simulations

were initialized with random surface θ perturbations of ±0.25 K or smaller through-

out the domain. Additionally, a Coriolis acceleration was applied to the perturbation

winds with f = 0.8 × 10−4 s−1. Because both the semi-slip bottom boundary and

Coriolis acceleration result in gradual changes in the low-level base state wind profile,

the environmental profile was first simulated in a dry run with the same configuration

as in Table 2.1 to obtain a quasi-steady state low-level wind profile, as in Coffer and

Parker (2017). The resulting environmental profile after 4 h was then used as the base

state for all three simulations (Fig. 2.2). This profile is representative of high-shear,

low-CAPE (HSLC) environments frequently associated with severe thunderstorms in
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the southeastern United States (Schneider et al. 2006; Thompson et al. 2012; Davis

and Parker 2014; Sherburn and Parker 2014; Anderson-Frey et al. 2016).

Figure 2.2: Skew T -logp diagram and hodograph of the quasi-steady base state en-
vironmental profile beginning at the 10-m AGL vertical level. Select environmental
thermodynamic and kinematic parameters are listed.
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2.2.2 Vortex identification and trajectory analysis

Low-level storm-scale rotation was quantified using the Okubo-Weiss parameter (OW;

Okubo 1970; Weiss 1991), given by

OW =

(
∂u

∂x
− ∂v

∂y

)2

+

(
∂v

∂x
+

∂u

∂y

)2

−
(
∂v

∂x
− ∂u

∂y

)2

, (2.1)

where u and v are the x and y components of velocity, respectively. OW is used to

isolate rotation from deformation in the flow field, and is negative where rotation is

more significant than deformation. The criteria for vortices used here are modified

from the criteria used in Sherburn and Parker (2019) and Lovell and Parker (2022) for

identifying vortices in QLCSs simulated in HSLC environments. Here, mesocyclones

and mesovortices are considered to be contiguous regions of maximum vertical velocity

w ≥ 5 m s−1 and minimum OW ≤ −0.001 s−2 within at least the lowest 1 km AGL.

Identification and tracking of vortices was done subjectively.

To analyze the evolution of storm-scale processes in the MERGER mesocyclone,

parcel trajectories were initialized in CM1 from a restart at 180 min and integrated

forward in time for one hour, with initial parcel positions ahead of the merger location

in all three simulations. Parcels were spaced every 200 m horizontally and every 50

m vertically from 10 m to 2000 m AGL. A total of 5,000,000 parcels were initialized

in the MERGER and QLCSONLY simulations, and 1,600,000 in the SUPERCELL

simulation. Parcels are defined as being in a low-level mesocyclone at a given time

if they have (1) height of 100 m ≤ z ≤ 1000 m AGL, (2) vertical velocity w ≥ 5

m s−1, and (3) vertical vorticity ζ ≥ 0.01 s−1, and (4) are within a 10 km × 10 km

box surrounding the subjectively identified low-level mesocyclone. Horizontal vorticity

components are interpolated from the model grid to parcel locations. This includes the
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x and y components of vorticity (ξ and η, respectively); horizontal vorticity magnitude

|ωH |, given by

|ωH | =
√

ξ2 + η2; (2.2)

and streamwise (ωSW ) and crosswise (ωCW ) vorticity, given by

ωSW =
uSR

|VSR|
ξ +

vSR
|VSR|

η (2.3)

and

ωCW =
vSR
|VSR|

ξ − uSR

|VSR|
η, (2.4)

where VSR is the storm-relative parcel velocity vector and uSR and vSR are the x and

y components of VSR.

Vorticity tendency terms are calculated from model output to infer vorticity genera-

tion processes for parcels ingested into the MERGER mesocyclone. These calculations

are based on the vorticity budget calculations from Boyer and Dahl (2020), but they are

not integrated due to limitations from the model configuration. The tendency budgets

for ξ, η, and ζ are given as

dξ

dt
=

(
ξ
∂u

∂x

)
︸ ︷︷ ︸
Stretching

+

(
η
∂u

∂y
+ ζ

∂u

∂z

)
︸ ︷︷ ︸

Tilting

+
1

ρ2

(
∂ρ

∂y

∂p

∂z
− ∂ρ

∂z

∂p

∂y

)
︸ ︷︷ ︸

Baroclinic generation

+

(
∂Fz

∂y
− ∂Fy

∂z

)
︸ ︷︷ ︸
Turbulence/Diffusion

, (2.5)

dη

dt
=

(
η
∂v

∂y

)
︸ ︷︷ ︸
Stretching

+

(
ξ
∂v

∂x
+ ζ

∂v

∂z

)
︸ ︷︷ ︸

Tilting

+
1

ρ2

(
∂ρ

∂z

∂p

∂x
− ∂ρ

∂x

∂p

∂z

)
︸ ︷︷ ︸

Baroclinic generation

+

(
∂Fx

∂z
− ∂Fz

∂x

)
︸ ︷︷ ︸
Turbulence/Diffusion

, (2.6)

and

dζ

dt
=

(
ζ
∂w

∂z

)
︸ ︷︷ ︸
Stretching

+

(
ξ
∂w

∂x
+ η

∂w

∂y

)
︸ ︷︷ ︸

Tilting

+
1

ρ2

(
∂ρ

∂x

∂p

∂y
− ∂ρ

∂y

∂p

∂x

)
︸ ︷︷ ︸

Baroclinic generation

+

(
∂Fy

∂x
− ∂Fx

∂y

)
︸ ︷︷ ︸
Turbulence/Diffusion

. (2.7)
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where u, v, w, ξ, η, and ζ are as above, ρ is density, p is pressure, and F represents

diffusion and subgrid-scale turbulence. The effect of each term on overall horizontal

vorticity generation or destruction can be determined by substituting the terms from

Eqs. 2.5 and 2.6 into the following equation for |ωH | tendency, given as

d|ωH |
dt

=
1

|ωH |

(
ξ
dξ

dt
+ η

dη

dt

)
. (2.8)

Because the vorticity budgets are not integrated, the evolution of horizontal and vertical

vorticity generation processes is examined in a primarily qualitative analysis.

2.3 Results

2.3.1 Mesocyclone evolution

All three simulations have mature storms with persistent updrafts and low-level rota-

tion by 180 min. The QLCSONLY simulation has a mature slab updraft and shallow,

transient low-level vortices along the leading edge of the cold pool, with intense con-

vective precipitation and several small bowing segments along the line (center column,

Figs. 2.3 and 2.4). The convective intensity of the QLCS remains relatively steady

throughout the 1-h analysis time period—there are no marked increases in updraft

speeds, precipitation intensity, cold pool strength, or low-level vortex formation and

persistence. The SUPERCELL simulation also has a persistent low-level updraft and

developing rotation by 180 min (right column, Figs. 2.3 and 2.4). The low-level rota-

tion and rear-flank cold pool in the supercell continually strengthen between 180 and

240 min, with a large, intense low-level mesocyclone developing by 225 min.

As in the two control simulations, both the QLCS and supercell in the MERGER

simulation have persistent updrafts and low-level rotation by 180 min, with the merger

19



Figure 2.3: Simulated radar reflectivity at the lowest model level for the MERGER (left
column), QLCSONLY (center column), and SUPERCELL (right column) simulations
at (a)–(c) 180 min, (d)–(f) 195 min, (g)–(i) 210 min, (j)–(l) 225 min, and (m)–(o) 240
min. Black contours denote maximum 0–1 km w = 5 m s−1.

occurring at 210 min (left column, Figs. 2.3 and 2.4). Evolution of the MERGER
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Figure 2.4: As in Fig. 2.3, but with θ′ρ at the lowest model level shaded. Black contours
denote maximum 0–1 km w = 5 m s−1, and pink contours denote minimum 0–1 km
OW = −0.001 s−2. Ground-relative wind vectors at the lowest model level are plotted
every 22 grid points.

simulation is very similar to the evolution of QLCS-supercell mergers in previous stud-

ies (Goodman and Knupp 1993; French and Parker 2012b, 2014). Compared to the
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QLCSONLY, the portion of the MERGER QLCS behind the leading supercell initially

has less intense precipitation, a much weaker updraft, and few vortices along its lead-

ing edge. The decline in convective intensity (Fig. 2.3a,d) and weakening of the θ′ρ

gradient (Fig. 2.4a,d) continues as the QLCS updraft encounters the supercell cold

pool, as observed in Goodman and Knupp (1993) and French and Parker (2014). The

MERGER supercell is initially more intense than the SUPERCELL simulation, with a

broader low-level updraft and rotation. When the supercell merges with the approach-

ing QLCS at 210 min, it becomes the new leading edge of the convective line and the

northern portion of a large developing bow echo (Fig. 2.3g). The remnant supercell

remains the most intense portion of the line after the merger, and low-level vortices

develop and intensify rapidly along the leading edge of the bow echo (Fig. 2.4j,m).

The QLCSONLY simulation does not exhibit this large bowing segment or rapid for-

mation of low-level vortices. These differences between the MERGER, QLCSONLY,

and SUPERCELL simulations imply that the QLCS-supercell interaction influences

both pre-merger supercell evolution and post-merger low-level vortex production.

The vertical structure and temporal evolution of the MERGER and SUPERCELL

mesocyclones and a QLCSONLY mesovortex are shown in Fig. 2.5 to characterize

the impacts of the merger on the vertical structure of the merging mesocyclone. The

MERGER pre-merger supercell develops a low-level mesocyclone beginning at 190 min,

with w reaching 10 m s−1 below 200 m AGL and 15 m s−1 at 500 m AGL (Fig.

2.5a). The MERGER mesocyclone then intensifies rapidly during and after the merger,

especially in the mid levels where updraft speeds strengthen to w > 20 m s−1 and

rotation intensifies rapidly to OW < −1.2 s−2. At 225 min, the mid-level updraft

begins to weaken, but enhanced OW persists at both low and mid levels through

the end of the 1-h period. For consistency in describing the MERGER simulation,
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“mesocyclone” is used to refer to the remnant post-merger mesocyclone even after the

supercell merges with the QLCS.

Before 210 min, the QLCSONLY mesovortex initially has stronger low-level OW,

but rotation is very shallow (∼1 km deep) and transient, and updraft speeds through-

out the lowest 4 km are consistently the weakest of all three simulations (Fig. 2.5b).

The overall intensity of the QLCSONLY mesovortex does not change significantly at

any point during the 1-h time period. In contrast, the SUPERCELL mesocyclone

shows steady intensification comparable to the MERGER mesocyclone, but there are

clear differences in their evolution. Intensification of the mid-level SUPERCELL meso-

cyclone tends to lag ∼5–10 min behind that of the mid-level MERGER mesocyclone, as

SUPERCELL mesocyclone updraft speeds above 2 km do not reach w > 20 m s−1 until

around 215 min (Fig. 2.5c). While rotation above 2 km in the SUPERCELL mesocy-

clone rapidly strengthens to OW < −1.2 s−2 at 190 min (∼ 30 min earlier than the

MERGER mesocyclone), it quickly weakens after 200 min and does not redevelop until

around 230 min. This early mid-level rotation is somewhat present in the MERGER

mesocyclone as well, but is much weaker than in the SUPERCELL simulation. The

SUPERCELL simulation does not develop a substantial low-level mesocyclone until

around 215 min. While a low-level updraft develops in the SUPERCELL simulation

around 195 min, there is little low-level rotation until 215 min, and the overall inten-

sity of the SUPERCELL low-level mesocyclone is not comparable to the MERGER

low-level mesocyclone until nearly 230 min.

The earlier intensification of the low-level MERGER mesocyclone is similar to re-

sults from French (2014), which found that a supercell ahead of an approaching QLCS

had increased low-level vorticity compared to an isolated supercell due to QLCS-

induced environmental perturbations. The differences between MERGER and SU-

PERCELL mesocyclone evolution suggest that an approaching QLCS can modulate
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Figure 2.5: Time-heights of minimum OW (s−2; shaded) in 10 km × 10 km boxes
following (a) the MERGER pre- and post-merger mesocyclone, (b) a QLCSONLY
mesovortex, and (c) the SUPERCELL mesocyclone. Maximum w is contoured in
black at the 10 m s−1 (thin gray), 15 m s−1 (thin black), and 20 m s−1 (thick black)
levels. The vertical dashed line at 210 min denotes the time of the merger. For the
QLCSONLY mesovortex, the boxes follow the y position of the MERGER mesocyclone
boxes, but are adjusted in the x direction to the position of the QLCSONLY leading
edge.

the characteristics of a nearby supercell, and that unique physical processes associated

with QLCS-supercell mergers may further modify storm evolution. Importantly, Fig.

2.5 shows that the QLCSONLY mesovortex is persistently weaker and shallower than

the MERGER mesocyclone, while the SUPERCELL mesocyclone eventually exhibits
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comparable depth and intensity. The characteristics and evolution of the MERGER

mesocyclone appear overall more similar to a supercell mesocyclone than a QLCS

mesovortex.

The evolution of low- and mid-level mesocyclone intensity throughout the merger

can be quantified using updraft helicity (UH) for further comparisons between sim-

ulations (Figs. 2.6 and 2.7). Before 210 min, the MERGER low-level mesocyclone

is consistently more intense than the SUPERCELL low-level mesocyclone, with 0–2

km UH centered around ∼750 m2 s−2 and occasionally exceeding 1000 m2 s−2 while

the SUPERCELL mesocyclone only reaches ∼650 m2 s−2 (Fig. 2.6a). The larger 0–

2 km UH in the MERGER mesocyclone is a result of its stronger low-level rotation

and updraft (Fig. 2.5a,c). The MERGER and SUPERCELL mid-level mesocyclones

are more comparable in strength before 188 min and between 198–208 min; however,

the MERGER mesocyclone spikes to much larger 2–5 km UH magnitudes (∼1400 m2

s−2) than the SUPERCELL mesocyclone (∼850 m2 s−2) between 188–198 min (Fig.

2.7a), despite the SUPERCELL having stronger rotation above 2 km AGL during this

time (Fig. 2.5c). The larger 2–5 km UH in the MERGER mesocyclone can be at-

tributed to the stronger mid-level updraft speeds in the pre-merger supercell. These

differences further support the potential role of QLCS-supercell mergers in modify-

ing pre-merger supercell evolution. Between 208–210 min, the MERGER mesocyclone

strengthens in both low and mid levels as it begins to merge with the QLCS, with

the mid-level mesocyclone intensifying dramatically. Unsurprisingly, the pre-merger

portion of the MERGER QLCS has much weaker 0–2 km and 2–5 km UH than the

QLCSONLY mesovortex before 210 min (less than 500 m2 s−2) due to the interaction

of the MERGER QLCS with the supercell cold pool (Figs. 2.6b and 2.7b).

The MERGER mesocyclone is much stronger than both the SUPERCELL meso-

cyclone and QLCSONLY mesovortex immediately after the merger. In the 5 min
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Figure 2.6: Time series of maximum 0–2 km UH for the MERGER pre- and post-merger
mesocyclone (red), QLCSONLY mesovortex (black), and SUPERCELL mesocyclone
(blue) following the same 10 km × 10 km boxes as described in Fig. 2.5, except
for the following difference: Before 210 min, the MERGER line in (a) follows the
pre-merger mesocyclone as in Fig. 2.5a, while the MERGER line in (b) follows the
segment of the pre-merger QLCS that merges with the supercell. After 210 min, both
panels show the same post-merger UH time series for MERGER because the merged
mesocyclone becomes the new leading edge of the MERGER QLCS. The QLCSONLY
and SUPERCELL time series are the same in both panels. The vertical dashed line at
210 min denotes the time of the merger.

following the merger, the merged mesocyclone peaks at 1200 m2 s−2 of 0–2 km UH and

nearly 1800 m2 s−2 of 2–5 km UH. After 215 min, the MERGER mesocyclone weakens
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Figure 2.7: As in Fig. 2.6, but for maximum 2–5 km UH.

in the low levels and becomes comparable in strength to the SUPERCELL mesocy-

clone, while remaining slightly stronger than the QLCSONLY mesovortex (Fig. 2.6).

In the mid levels, the MERGER mesocyclone also weakens by 220 min to the same

strength as the SUPERCELL mesocyclone, but is much stronger than the QLCSONLY

mid-level mesovortex (Fig. 2.7). The MERGER and SUPERCELL mesocyclones have

similar intensity in both low and mid levels until the SUPERCELL mesocyclone be-

gins to rapidly intensify around 230 min. During this time, the MERGER mesocyclone

27



remains slightly stronger than the QLCSONLY mesovortex in the low levels and sub-

stantially stronger in the mid levels.

The MERGER mesocyclone intensity after the merger is generally more compara-

ble to the SUPERCELL mesocyclone than the QLCSONLY mesovortex at both low

and mid levels. This suggests that the MERGER mesocyclone retains its pre-merger

structure and characteristics, with the merged mesocyclone becoming an embedded

supercell-like structure within the QLCS rather than being “absorbed” and transition-

ing to a more typical QLCS mesovortex. This is consistent with findings from French

and Parker (2012b) for mergers occurring in strongly forced environments and with the

simulated merger evolution in French and Parker (2012a). The difference is far more

pronounced in the mid levels, where the much larger 2–5 km UH in the MERGER

mesocyclone implies deeper supercell-like updraft rotation rather than the shallower

rotation of QLCS mesovortices. In contrast, the smaller differences in 0–2 km UH

of the MERGER mesocyclone and QLCSONLY mesovortex suggest a more similar

intensity in low levels. All of these results raise two questions: (1) Do the overall

supercell-like characteristics of the MERGER mesocyclone mean that the dynamics of

the MERGER mesocyclone are also more supercell-like? (2) Do the differences in low-

and mid-level MERGER mesocyclone evolution imply the presence of both QLCS-like

and supercell-like processes in the post-merger mesocyclone?

2.3.2 Trajectory and vorticity analysis

To assess the evolution of processes related to low-level rotation, we examine how bulk

trajectory characteristics vary during the analysis period, starting with identifying

the source regions of parcels in the low-level mesocyclone at various times as defined

in Section 2.2.2. Source regions were determined based on their starting height and

buoyancy at 180 min. In the MERGER, there are four distinct source regions that
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evolve over the course of the merger (Fig. 2.8). Parcels entering the pre-merger su-

percell low-level mesocyclone at 200 min originate from low-level environmental inflow

and the supercell’s forward-flank outflow (Fig. 2.8a,d,g). By 210 min, two additional

source regions emerge (Fig. 2.8b,e,h). One is a mid-level environmental inflow stream

originating from the environment aloft (around 1.5 km AGL) and south of the merger

location. The other is the QLCS outflow, with parcels from near the surface within the

QLCS cold pool entering the merged mesocyclone from the rear. The QLCS outflow

source becomes increasingly dominant over time, and the mid-level parcel source re-

mains present for at least 10 minutes after the merger (Fig. 2.8c,f,i). The total number

of parcels in the low-level mesocyclone at 200, 210, and 220 min is given in Table 2.2,

along with the number of parcels from each source region.

Table 2.2: Number of parcels in the MERGER low-level mesocyclone at 200 min, 210
min, and 220 min.

Time Total Low-level inflow Mid-level inflow Supercell outflow QLCS outflow

200 min 1548 1370 (88.5%) 0 178 (11.5%) 0

210 min 708 539 (76.1%) 65 (9.2%) 96 (13.6%) 8 (1.1%)

220 min 350 132 (37.7%) 51 (14.6%) 26 (7.4%) 141 (40.3%)

By comparison, mesovortices in QLCSONLY have only two source regions of three

possible, excluding supercell outflow (not shown): low-level environmental inflow and

QLCS outflow. The QLCSONLY parcel source regions do not show appreciable changes

throughout the 20-min period. The SUPERCELL mesocyclone has all three possible

source regions, excluding QLCS outflow (not shown): low-level environmental inflow,

mid-level environmental inflow, and low-level outflow. Parcels entering the SUPER-

CELL mesocyclone from both the low-level inflow and low-level outflow sources are
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Figure 2.8: Trajectories of all parcels in the MERGER mesocyclone at 200 min (left),
at 210 min (center), and at 220 min (right). The trajectories are shaded by (a)–(c)
height AGL z (km), (d)–(f) parcel thermal buoyancy B (m s−2), and (g)–(i) source
region. Source regions are colored as low-level inflow (gold), mid-level inflow (red),
supercell outflow (light blue), and QLCS outflow (dark blue).

present throughout the 20-min period, while the mid-level inflow source does not ap-

pear until 220 min when the mid-level mesocyclone begins to intensify. The mid-level

inflow source that develops around the time of mid-level intensification is yet another

similarity between the MERGER and SUPERCELL mesocyclones, which further sup-

ports the persistence of supercellular characteristics after the merger. This could also
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reflect supercell-like mechanisms for the development and intensification of rotation in

the merged mesocyclone. Given our focus on the evolution of low-level rotation in the

MERGER simulation, and because that simulation features the most source regions

and greatest variability during the analysis period, we focus on trajectory analysis of

the MERGER simulation for the remainder of the chapter. Time series of the char-

acteristics of parcels entering the pre-merger mesocyclone at 200 min and the merged

mesocyclone at 210 and 220 min are shown in Fig. 2.9 for further analysis.

The low-level inflow and supercell outflow parcels in the MERGER mesocyclone

maintain relatively steady characteristics over time, along with the QLCS outflow

parcels when they are present after the merger. Most low-level inflow and supercell

outflow parcels entering the pre-merger mesocyclone at 200 min remain close to the

surface before beginning rapid ascent around 198 min, with some parcels briefly un-

dergoing weak ascent and descent before entering the updraft (Fig. 2.9a,g). Low-level

inflow parcels feature very small magnitudes of ζ until they ascend rapidly (Fig. 2.9j).

Supercell outflow parcels have predominantly negative ζ between 186–193 min, which

becomes positive during ascent around 195 min and negative again during descent

around 197 min; however, median ζ magnitudes remain small until the rapid ascent

after 198 min. Parcels entering the merged mesocyclone at 210 min and 220 min from

these two source regions largely exhibit the same behavior; the same is true for the new

QLCS outflow source region for parcels entering the mesocyclone at 210 and 220 min.

In Fig. 2.9h,i,k,l, parcels from the low-level inflow and both outflow sources generally

have small or near-zero ζ magnitudes until beginning their rapid ascent, with some

parcels gaining more substantial negative ζ during brief descent.

The evolution of parcels in the mesocyclone at 210 min suggests this period of brief

descent may be an important stage for ζ generation (Fig. 2.9h,k). Low-level inflow

and supercell outflow parcels descend and gain substantial negative ζ around 208 min,
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while QLCS outflow parcels do not. By 210 min, the parcels that descended have much

larger cyclonic ζ magnitudes than the parcels that did not—nearly twice the magnitude.

These differences are also present leading up to 220 min, though less pronounced (Fig.

2.9i,l). At all stages of the merger, ζ generation is most significant during rapid ascent

into the mesocyclone, implying that updraft processes (e.g., horizontal vorticity tilting

and ζ stretching) are the most important factor in the generation of cyclonic ζ for

parcels that originate in low levels. However, the negative ζ generated in some parcels

during periods of descent and resulting enhanced positive ζ in the mesocyclone suggests

that downdraft processes may still have an important role in cyclonic ζ generation and

intensification.

The evolution of mid-level inflow parcel characteristics is different from any of the

other sources. The rest of this analysis will focus on the mid-level inflow source, and

“parcels” will refer to just the mid-level parcels unless stated otherwise. These parcels

originate from the environment at a height of 1.5 km AGL and undergo ascent and

then substantial descent before finally entering the mesocyclone (Fig. 2.9b,c,h,i). This

updraft-downdraft path is similar to the “up-down” downdraft trajectory identified as

a feature of derecho-producing mesoscale convective systems by Bernardet and Cotton

(1998), and later seen in a supercell by MacIntosh and Parker (2017). In both of these

studies, this path is characterized by dynamically forced ascent ahead of a mesovortex

followed by strongly forced descent due to negative thermal buoyancy, after which

parcels reach the surface and accelerate horizontally away from a dynamic high pressure

perturbation. Forced ascent of the mid-level parcels is clear in Fig. 2.9b–c and e–f,

which shows initially neutral parcel buoyancy quickly becoming negative as parcels

ascend in the up-down trajectory. Parcel buoyancy remains negative through descent

and subsequent ascent into the mesocyclone. Descent of the mid-level parcels appears
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Figure 2.9: Time series of median parcel (a)–(c) z (km), (d)–(f) B (m s−2), (g)–(i) w
(m s−1), and (j)–(l) ζ (s−1) of MERGER parcels from all source regions, starting 15 min
before parcels ascend into the low-level mesocyclone. The 25th and 75th percentiles of
each variable are shaded. Each 15-min block follows parcels in the mesocyclone at 200
min (left), at 210 min (center), and at 220 min (right).

at least partially forced by strongly negative buoyancy, consistent with past findings

from studies like Bernardet and Cotton (1998) and Weisman and Trapp (2003).

Like the other source regions, the mid-level parcels have very small ζ magnitudes

until they ascend into the mesocyclone (Fig. 2.9h–i and k–l). In parcels approaching

the mesocyclone at 210 min, median ζ is slightly positive during the initial ascent,

then becomes weakly negative after parcels begin to descend and accelerate downward.

ζ becomes positive again as parcels decelerate in their descent, and then increases

rapidly when they begin to ascend into the mesocyclone after 208 min. For parcels
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entering the mesocyclone after the merger at 220 min, median ζ is again slightly positive

during initial ascent, but becomes negative after 209 min, just before the ascending

parcels start to decelerate—however, the distribution of parcel ζ during deceleration

is skewed positive. Median ζ oscillates between weakly positive and negative while

the parcels accelerate downward between 212–217 min, then becomes positive again as

parcels decelerate in their descent. ζ increases rapidly when parcels ascend into the

mesocyclone at 219 min.

In general, parcels acquire positive ζ during periods of upward acceleration and

negative ζ during periods of downward acceleration. The rapid increase in ζ during

ascent into the mesocyclone is consistent with findings from Rotunno et al. (2017) and

Boyer and Dahl (2020) showing that tilting via the updraft is the dominant mechanism

for cyclonic ζ generation in mature supercells and QLCSs. However, the small positive

ζ acquired as parcels decelerate in their descent (206–208 min in Fig. 2.9k, 217–219 min

in Fig. 2.9l) is reminiscent of the Davies-Jones and Brooks (1993) downdraft baroclinic

mechanism for upward vortex line tilting via the downdraft, and suggests that residence

within the downdraft could be an important period for cyclonic ζ generation. The

generation of cyclonic ζ during strong descent is an important characteristic unique to

the mid-level inflow source.

The evolution of vorticity components along parcel trajectories can help to further

characterize ζ generation processes, and is shown in Fig. 2.10 and Fig. 2.11. Parcels in

the mesocyclone at 210 min initially have positive ωSW and ωCW , with a median |ωH |

magnitude of 0.02 s−1 (Fig. 2.10e,g). During the ascent portion of the up-down trajec-

tory (195–203 min), ωSW remains positive and nearly constant while ωCW decreases and

becomes negative, and horizontal vorticity becomes predominantly streamwise. In this

framework, the transition of crosswise horizontal vorticity from “positive” to “negative”

implies that the crosswise component evolves from pointing left of the storm-relative
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wind vector to the right (as in Fig. 2.11a). As parcels descend and accelerate between

203–206 min, the horizontal vorticity vector flips to become predominantly crosswise,

with ωSW decreasing to near-zero as ωCW increases sharply to around 0.02 s−1. As

parcels decelerate in their descent between 206–208 min, ωCW continues to increase

sharply, and ωSW also becomes slightly positive. As parcels ascend in the mesocyclone

after 208 min and ζ increases rapidly as shown earlier, ωCW and |ωH | magnitude both

decrease sharply.

The transition of the parcel horizontal vorticity vector from primarily streamwise

to primarily crosswise during descent is illustrated in Fig. 2.11a. As parcels descend

from their peak height of 2.75 km AGL, the ωH vector orientation rotates clockwise

from westward to northwestward while the magnitude remains approximately constant

(corresponding to the increase in ωCW and decrease in ωSW between 203–206 min in

Fig. 2.10g). Reorientation of the ωH vector takes place during most of the parcels’

residence time within the downdraft. The ωH vector orientation then becomes constant

and the magnitude increases dramatically as the descending parcels decelerate and

begin to ascend (corresponding to the continuing increase in ωCW and |ω| magnitude

after 206 min in Fig. 2.10e,g). This suggests that ζ is generated via conversion of

low-level crosswise vorticity, which is acquired and amplified during descent. This will

be explored further below.

In Fig. 2.10f,h, the evolution of vertical and horizontal vorticity for parcels in the

mesocyclone at 220 min is similar to 210 min, but there are some important differences

for the parcels entering after the merger. Between 205–210 min, as parcels accelerate

in the ascent portion of the up-down trajectory, ωSW and ωCW both increase, with

|ωH | increasing to around 0.03 s−1. As parcels decelerate in their ascent between 210–

212 min, ζ and ωCW become negative, and ωSW decreases while remaining positive.

As parcels descend and accelerate downward between 212–218 min, ωSW continues to
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Figure 2.10: Time series of median (a)–(b) w (m s−1; black), (c)–(d) total |ω| (s−1;
dark blue), (e)–(f) ζ (red) and |ωH| (blue), and (g)–(h) ωSW (light blue) and ωCW

(purple) of the MERGER mid-level inflow parcels, starting 15 min before they ascend
into the mesocyclone. 25th and 75th percentiles are shaded. Positive ωCW is oriented
to the left of the storm-relative parcel velocity vector. Similar to Fig. 2.9, the time
series are divided into 15-min blocks following parcels in the mesocyclone at 210 min
(left) and 220 min (right).

decrease, and magnitudes of negative ωCW gradually decrease as well. |ωH | and total

|ω| also decrease considerably during this time. When parcels are in their peak descent

at 218 min, ωSW becoming slightly negative and ωCW becomes positive. Between 218–

219, as parcels decelerate in their descent, ωCW increases rapidly along with |ωH |,

while ωSW remains slightly negative. After 219 min, parcels begin ascent into the
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Figure 2.11: Plan views of the median trajectories for MERGER mid-level inflow
parcels in the low-level mesocyclone at (a) 210 min and (b) 220 min. Trajectories
are shaded by their median height AGL (km). Vectors show parcel ωH (silver) and
storm-relative velocity (black). The 30 dBZ contour for simulated lowest-level radar
reflectivity at 210 min and 220 min is underlaid (gray).

mesocyclone. During ascent after 219 min, ζ increases rapidly as shown before, and

median ωCW decreases sharply while ωSW rapidly increases.

The effects of the merger on vorticity generation are evident in Fig. 2.11. As before,

the horizontal vorticity vector for parcels in the mesocyclone at 220 min transitions

from primarily streamwise to primarily crosswise during descent, but the subsequent

amplification of ωSW and decrease in ωCW after 219 min indicates another reorientation

of the vorticity vector from crosswise back to streamwise during ascent. This reorienta-

tion back to streamwise is not seen in the parcels approaching the mesocyclone before
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the merger. In Fig. 2.11a, the horizontal vorticity vector reorients clockwise during

descent from westward to northwestward, becoming nearly orthogonal to the storm-

relative velocity vector, and does not continue rotating during ascent. However, in

Fig. 2.11b the vorticity vector reorients counterclockwise during descent and continues

to rotate, eventually performing a full 360◦ rotation between the start of descent and

acceleration into the mesocyclone. This is consistent with the evolution of horizontal

vorticity from streamwise to crosswise and back to streamwise in Fig. 2.10h. While

the overall evolution of vertical vorticity appears to be similar throughout the merger,

these results imply that themechanisms for vorticity generation may be different before

and after the merger.

The changes in vorticity evolution and generation processes throughout the merger

could reflect the development of different storm-scale features and structures before

and after the merger. Parcels in the mesocyclone at 210 min first cycle through the

pre-merger supercell updraft, then into the rear-flank downdraft where they rapidly

descend into the supercell’s cold pool (Fig. 2.12a). The parcels then ascend from near

the surface into the updraft of the merged mesocyclone as they are forced back and over

the QLCS cold pool. As in French and Parker (2012a), the merged mesocyclone then

moves rearward and persists behind the gust front (visible in the parcel traces in Fig.

2.13b). Parcels in the mesocyclone at 220 min also cycle through an initial weak updraft

and a locally intense downdraft. However, these parcels descend well behind the cold

pool leading edge, where the trajectory wraps around a local warm perturbation in the

cold pool associated with strong unsaturated descent in the downdraft (Figs. 2.12b

and 2.13b). As the parcels exit the downdraft and start to ascend, their trajectories

slightly curve back forward toward the leading edge, suggesting a developing rotor-like

feature with the mesocyclone located on its upward branch.
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Figure 2.12: X-Z cross sections of θ′ρ (shaded) and p′ (contoured every 1 hPa, with
red denoting p′ > 0 hPa and blue denoting p′ < 0 hPa) at (a) 208 min and (b) 218
min, with the median trajectory overlaid for MERGER mid-level inflow parcels in the
low-level mesocyclone at 210 min and 220 min, respectively, and shaded by median
parcel w. Time is annotated along the trajectories.

To show changes in vorticity generation mechanisms before and after the merger,

Figs. 2.14 and 2.15 show time-composited vorticity tendency fields during important

portions of the parcel trajectories. At each time, the tendency terms are calculated

in 2-km wide boxes centered on each parcel position and height AGL, which are com-

posited to create a mean tendency field for that time. The mean tendency fields are

then composited again over time to capture the bulk vorticity tendency characteristics

during key periods of the trajectories.
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Figure 2.13: Plan views of θ′ρ at the lowest model level at (a) 208 min and (b) 218
min, with the median trajectory overlaid for MERGER mid-level inflow parcels in the
low-level mesocyclone at 210 min and 220 min, respectively, and shaded by median
parcel w. Time is annotated along the trajectories.

For parcels that enter the mesocyclone at 210 min (Fig. 2.14a–b), tilting is the pre-

dominant mechanism for vertical vorticity generation within the downdraft between

203–208 min, with little contribution from stretching. Stretching contributes more

strongly to the ζ budget in the final two minutes (not shown). During this time, the

parcels are in a region of upward tilting, which is consistent with the transition from

negative to positive ζ during descent. Since the horizontal vorticity is almost purely

crosswise by 208 min, upward tilting of crosswise vorticity during the transition from

descent to ascent is likely the primary mechanism for cyclonic ζ production in the

mesocyclone at 210 min. To clarify how horizontal vorticity is acquired and amplified,

Fig. 2.15a–c shows that tilting and baroclinity contribute to |ωH | generation during

descent. |ωH | generation from tilting is likely associated with the transition from de-

scent to ascent right at 208 min. Fig. 2.12a shows parcels descending just ahead of the

QLCS cold pool, which is likely where baroclinically generated vorticity is acquired.

Since the storm-relative parcel velocity is nearly orthogonal to the QLCS leading edge
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Figure 2.14: Time composites of parcel-centered ζ tendency terms for tilting (left)
and stretching (right) for the MERGER mid-level inflow parcels. Top: composite ζ
tendencies during descent (203–208 min) for parcels in the low-level mesocyclone at 210
min. Middle: composite ζ tendencies during descent (214–218 min) for parcels in the
low-level mesocyclone at 220 min. Bottom: composite ζ tendencies during residence
within the rotor (218–219 min) for parcels in the low-level mesocyclone at 220 min.
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Figure 2.15: Time composites of parcel-centered |ωH | tendency terms for tilting (left),
stretching (center), and baroclinic generation (right) for the MERGER mid-level inflow
parcels. Top: composite |ωH | tendencies during descent (203–208 min) for parcels in
the low-level mesocyclone at 210 min. Middle: composite |ωH | tendencies during
descent (214–218 min) for parcels in the low-level mesocyclone at 220 min. Bottom:
composite |ωH | tendencies during residence within the rotor (218–219 min) for parcels
in the low-level mesocyclone at 220 min.

at this time (see Fig. 2.11a), baroclinity likely contributes substantially to the rapid in-

crease in ωCW during descent before 208 min, which is then tilted upward and stretched

during ascent into the mesocyclone.
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For parcels that enter the updraft at 220 min, tilting contributes positively to ζ

generation while stretching contributes negatively during descent (Fig. 2.14c–d). This

is consistent with Fig. 2.10f, which shows a less pronounced increase in ζ during descent

than in Fig. 2.10e. During this time, Fig. 2.15d–f shows that stretching and tilting

contribute strongly to |ωH | generation during descent, while baroclinity contributes

negatively to |ωH |. This is in direct contrast to the downdraft during 203–208 min,

where stretching was negligible and baroclinity was positive. In the downdraft during

214–218 min, stretching is the most significant source of |ωH | generation. While parcels

are in the rotor-like feature (Fig. 2.14e–f), positive tilting and negative stretching of

ζ approximately offset each other. However, the parcels are on the edge of a very

strong region of upward tilting most likely associated with the mesocyclone. This

again implies that upward tilting via an updraft is the most significant contributor to

cyclonic ζ generation in the merged mesocyclone. In Fig. 2.15g–i, tilting, stretching,

and baroclinity all act to generate |ωH |. As noted previously, the downdraft around

220 min is associated with a warm surface perturbation in the cold pool, creating a

baroclinic zone where the parcels descend behind the leading edge. However, stretching

is by far the most significant source of |ωH | within the rotor.

The presence of upward tilting within the downdraft for both sets of parcels suggests

that the Davies-Jones and Brooks (1993) downdraft baroclinic mechanism may play

an influential role in low-level cyclonic ζ production before and after the merger. At

the same time, parcels in the downdraft appear to have also interacted with a region of

downward tilting earlier in their descent. This is consistent with findings from Boyer

and Dahl (2020), which showed similar acquisition of negative ζ via downward tilting

in a downdraft that was then tilted upward in an updraft to generate cyclonic near-

surface ζ. Finally, Rotunno et al. (2017) and Boyer and Dahl (2020) both found that

upward tilting of horizontal vorticity via the updraft is the primary mechanism for
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cyclonic ζ generation in mature supercells and QLCSs, and this appears to be the

most significant source of ζ in the merger mesocyclone in our simulations as well. Both

the downdraft baroclinic and the “in-and-up” mechanisms for ζ generation appear to

be present before and after the merger.

By contrast, the sources of ωH change over the course of the merger. Before the

merger, the primary mechanism for ζ generation is upward tilting of primarily crosswise

vorticity, which was generated along the leading edge of the QLCS cold pool during

descent. A similar process was seen in Flournoy and Coniglio (2019), where ζ generation

in a QLCS mesovortex was due to upward tilting of primarily crosswise horizontal

vorticity along a gust front. This process is also suggested to occur in supercells

by Rotunno et al. (2017) and Boyer and Dahl (2020). After the merger, horizontal

vorticity generation and amplification is primarily associated with a low-level rotor

collocated with the merged mesocyclone. This rotor is similar to a low-level rotor seen

in a simulated QLCS in Schenkman et al. (2012). In their work, the rotor was found

to be an important region for the amplification of horizontal vorticity via stretching,

which contributed directly to QLCS tornadogenesis. The rotor in this work appears

to play a similar role in horizontal vorticity amplification before upward tilting via

the updraft. This mechanism is only present after the merger, demonstrating that

the merger influenced the physical storm-scale processes associated with mesocyclone

vorticity generation and augmentation.

2.4 Conclusions

The overarching objective of this work was to evaluate the impacts of a QLCS-supercell

merger on storm-scale evolution using idealized simulations from CM1, with a primary
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focus on underlying physical processes related to the generation and evolution of rota-

tion and how those processes may change during a merger. Consistent with previous

work by Goodman and Knupp (1993), French and Parker (2012b), French and Parker

(2014), and others, these simulations show that the merging supercell is important in

modifying the structure and evolution of the QLCS. The merger results in a prominent

bow echo with the supercell as its leading edge and enhanced mesovortex production

along the leading edge, which is also characteristic of strong bow echoes that occur

in QLCSs without mergers. Importantly, the merged supercell mesocyclone retains

supercell-like characteristics, with updraft rotation remaining deeper, more intense,

and more persistent after the merger than a typical QLCS mesovortex. These find-

ings motivated more detailed study into the evolution of storm-scale processes in the

MERGER mesocyclone and how they compare to processes conventionally attributed

to either supercells or QLCSs.

Retention of supercell-like characteristics in the MERGER mesocyclone is evident

in trajectory analysis. The MERGER mesocyclone develops a mid-level inflow source

just before the merger, with these parcels originating from the environment at a height

of 1.5 km AGL near the top of the boundary layer. This source region is also present

in the SUPERCELL mesocyclone, suggesting that the presence of the mid-level inflow

source in the merged mesocyclone may be a reflection of the enhanced mid-level up-

draft rotation and associated dynamic pressure perturbations. Moreover, this implies

that processes for the development, intensification, and maintenance of rotation in the

MERGER mesocyclone are similar to processes seen in isolated supercells. The evolu-

tion of mid-level inflow parcel trajectories entering the mesocyclone reveals changes in

vorticity generation processes throughout the merger.

Before the merger, the primary mechanism for ζ generation is upward tilting via the

updraft of predominantly crosswise low-level horizontal vorticity, which was generated
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baroclinically and amplified during descent. After the merger, ζ generation still occurs

primarily due to upward tilting via the updraft, but horizontal vorticity is amplified sig-

nificantly in a low-level rotor that develops after the merger. The pre-merger baroclinic

and post-merger rotor mechanisms for ωH generation are both associated with QLCS

mesovortices (Schenkman et al. 2012; Flournoy and Coniglio 2019), while the processes

found for ζ generation are associated with both supercells and QLCSs (Davies-Jones

and Brooks 1993; Rotunno et al. 2017; Boyer and Dahl 2020). Furthermore, the mid-

level inflow source region is itself a supercell feature, but the up-down trajectory those

parcels follow has been seen in both QLCSs (Bernardet and Cotton 1998) and supercells

(MacIntosh and Parker 2017). Thus, this simulation of a QLCS-supercell merger fea-

tures a combination of “QLCS-like” and “supercell-like” mechanisms for the evolution

of rotation, with inflowing source regions and trajectory vorticity tendencies changing

throughout the merger.

The implication from these results that QLCS-supercell mergers are associated with

a combination of supercell-like and QLCS-like processes raises larger questions that

warrant future study. Do these processes take place in all QLCS-supercell mergers?

Are conventionally “supercell-like” and “QLCS-like” processes truly distinct from each

other, or can all of these processes occur in any rotating updraft, with or without a

merger? Finally, are the storm-scale processes in these simulations actually reflective

of processes that occur in mergers in the real world—and how do we appropriately

observe them?
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Chapter 3

Close-Range Radar Observations of QLCS

Tornadogenesis Failure Processes During PERiLS

3.1 Introduction

Among decades of field campaigns seeking to observe and understand supercell torna-

does, the Propagation, Evolution, and Rotation in Linear Storms (PERiLS) project in

2022 and 2023 was the first major field campaign to specifically target QLCS tornadoes

(Kosiba et al. 2024). The overarching objective of PERiLS was to collect comprehensive

datasets targeting poorly understood QLCS processes, including (1) mesovortexgene-

sis, (2) tornadogenesis, (3) QLCS environments, and (4) cold pool processes. High-

resolution datasets are crucial to observing the evolution of QLCS processes, particu-

larly relating to mesovortex and tornadogenesis due to their rapidly evolving nature.

Therefore, rapid-scan mobile radars were an important component of the project for

targeting mesovortex and tornadogenesis processes. The work in this chapter provides

an observation-based analysis to supplement the investigation of mesovortex processes

identified in the QLCSONLY simulation in Chapter 2.

There is an extensive body of past work studying supercell tornadoes using rapid-

scanning mobile radars. High-resolution radar observations have been used to study

tornado structure and dynamics, especially at low levels within a tornado, to validate

simulation-based conceptual models of tornado vortex structures and their evolution
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(e.g., Wurman and Gill 2000; Bluestein et al. 2003a, 2004; Kosiba et al. 2008; Wurman

et al. 2010; Kosiba and Wurman 2010; Wakimoto et al. 2011, 2012; Tanamachi et al.

2012, 2013; Wurman and Kosiba 2013; Kosiba and Wurman 2013; Wakimoto et al.

2015; Bluestein et al. 2018; Mahre et al. 2018). Rapid-scanning radars are also ideal

for observing the rapidly evolving, small-scale, and very-low-level processes involved in

tornadogenesis (e.g., Bluestein et al. 2003b; Wurman et al. 2007; Kosiba et al. 2013;

Houser et al. 2015; Bluestein et al. 2019; Houser et al. 2022) and tornado dissipa-

tion (e.g., French et al. 2014; Houser et al. 2015; Griffin et al. 2019; McKeown et al.

2020). Tornado damage and debris have also been studied using rapid-scanning radar

to resolve wind maxima and small-scale debris processes (e.g., Bluestein et al. 2007;

Wakimoto et al. 2020, 2022).

By contrast, there are very few rapid-scan radar studies of QLCS mesovortices and

tornadoes. In a study of QLCS mesovortices using 1-min targeted sector scans from a

fixed X-band polarimetric radar network, Mahale et al. (2012) found that severe wind

associated with embedded mesovortices can produce tornado-intensity damage, and

that the mesovortices had a differential reflectivity (ZDR) arc signature during periods

of intensification. The same QLCS event was also analyzed by Newman and Heinsel-

man (2012) using an S-band phased array radar with 1-min volumetric updates, and

they found the same association between embedded mesovortices and the production

of tornado-intensity straight-line winds. Both studies concluded that high-resolution

radar data is important for better detection, understanding, and prediction of QLCS

mesovortices. Newman and Heinselman (2012) further concluded that rapid-update

volumetric radar observations of mid-level processes are crucial for detection and pre-

diction of QLCS processes that precede severe weather production. Blind-Doskocil

(2023) later analyzed the characteristics of tornadic and nontornadic mesovortices dur-

ing PERiLS using the University of Illinois C-band on Wheels (COW) mobile radar

48



(Wurman et al. 2021), which performed low-level scans every 3 min during the 2022 field

phase and every 90 s during the 2023 field phase. They found that tornadic mesovor-

tices had stronger rotational velocities, smaller diameters, and longer lifetimes than

nontornadic mesovortices. They also found that the time between when a mesovortex

is detected and when it first produces a tornado is frequently ≤10 min, highlighting the

need for high-resolution observations of potentially tornadic mesovortices to capture

these processes.

On 3 March 2023, a tornadic QLCS targeted by PERiLS in southeastern Arkansas

produced multiple mesovortices near the observing network. The University of Okla-

homa Rapid-scanning X-band Polarimetric (RaXPol) mobile radar and National Se-

vere Storms Laboratory (NSSL) mobile mesonets successfully sampled a nontornadic

mesovortex at very close range (<6 km), allowing the resolution of small-scale storm

features very close to the surface (i.e., within tens of meters) to be analyzed with coordi-

nated surface observations along transects surrounding the mesovortex. During the pe-

riod when the mobile mesonets were transecting, RaXPol captured the rapid formation

and dissipation of multiple nontornadic vortices within the mesovortex. The strongest

and most persistent of these nontornadic vortices is analyzed in depth to investigate

the potential processes involved in tornadogenesis failure. The science questions we

seek to address in this work are as follows:

1. What are the characteristics of the nontornadic vortex in rapid-scan radar data,

and how do they evolve?

2. How do the surface characteristics of the environment and cold pool relate to the

evolution of the nontornadic vortex?

3. What physical processes may have inhibited QLCS tornadogenesis?
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The close-range RaXPol observations and simultaneous mobile mesonet transects com-

prise a novel set of targeted observations uniquely suited for studying small-scale,

rapidly evolving phenomena like QLCS mesovortices and tornadoes. The objective of

this work is to present a detailed high-resolution radar analysis of the evolution of

the nontornadic vortex, which will be supplemented with analysis of surface environ-

ment and cold pool characteristics to ultimately clarify the processes involved in QLCS

tornadogenesis failure.

3.2 Data and methods

3.2.1 RaXPol and mobile mesonet data

RaXPol is a rapid-scanning mobile radar designed for observing severe storms at high

spatiotemporal resolution (Pazmany et al. 2013). Rapid-scanning mobile radars were

a key component of the PERiLS campaign instrumentation to capture the rapidly

evolving and frequently transient nature of QLCS mesovortices and tornadoes. In ad-

dition to the primary objective of sampling low-level mesovortices at close range, a

secondary objective of the RaXPol mission was to coordinate observations with the

NSSL mobile mesonets as they performed circuit transects around the target mesovor-

tex. This coordinated “vortex intercept” mission was planned to obtain a detailed set

of targeted mesovortex observations nested within the larger storm-scale network of

PERiLS mobile radars and other instrumentation platforms (Fig. 3.1).

RaXPol is a mobile parabolic dish radar with a maximum scanning rate of 180◦ s−1

for 2-s sweeps. Operating in rapid-scanning mode results in short dwell times, which

leads to insufficient decorrelation between samples. To ensure that enough indepen-

dent samples are collected to meaningfully estimate radar moments without sacrificing
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Figure 3.1: (a) Instrument configuration for the PERiLS IOP on 3 March 2023 in
the Clarksdale subdomain (yellow outline) with the locations of the C- and X-band
mobile radar network, mobile radiosonde systems, RaXPol, and NSSL mobile mesonets
labeled. (b) Zoomed-in locations of RaXPol and the NSSL mobile mesonets along U.S.
Hwy. 165 in position for the vortex intercept mission.

scanning speed, RaXPol employs frequency hopping techniques, where the transmit fre-

quency is shifted between consecutive pulse pairs to speed up the decorrelation time.

A complete description of RaXPol’s design and specifications can be found in Pazmany

et al. (2013). More details on select specifications and parameters used during PERiLS

are shown in Table 3.1.
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Table 3.1: Select RaXPol specifications and operating parameters during PERiLS on
3 March 2023. Adapted from Pazmany et al. (2013).

Parameter Value

Peak transmit power 20 kW

Center frequency 9.73 GHz

Bandwidth 40 MHz

3-dB beamwidth 1.0◦

Maximum rotation rate 180◦ s−1

Range resolution 30.0 m

Pulse repetition time 0.25 ms

Nyquist velocity 30.8 m s−1

The NSSL mobile mesonets are mobile surface observing platforms equipped with a

roof-mounted suite of sensors and a data logger. These sensors include a fast-response

temperature sensor, slow-response temperature and relative humidity sensor, pitot tube

pressure sensor, propeller anemometer, and a fluxgate magnetometer for recording ve-

hicle speed and heading (Straka et al. 1996; Waugh 2012). The temperature and

humidity sensors are housed inside a U-tube to shield the sensors from the effects of

solar radiation heating and evaporative cooling of surface condensation while ensuring

proper aspiration of the sensors (Waugh 2012). Vehicle speed and heading data from

the magnetometer are used to correct for vehicle motion in the raw wind speed obser-

vations. Mobile mesonet data are recorded at a frequency of 1 Hz. A more detailed

description of the initial and current mobile mesonet design and specifications can be

found in Straka et al. (1996) and Waugh (2012). The two mobile mesonets used in this

analysis are referred to individually as Probe 1 and Probe 2.
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Measured variables were de-biased for each mesonet by spatially interpolating the

observations from nearby platforms (within 5 km) to the location of a mesonet ob-

servation at a given time, then computing the bias magnitude as the mean difference

between the spatially interpolated value and the observed value over a 30-s bias cor-

rection window (Pardun et al. 2025). An additional correction was applied to the

u and v wind components specifically during vehicle heading changes, as the lateral

acceleration from turning results in systematic wind errors (E. Rasmussen, personal

communication). Correcting this wind bias requires using wind measurements from at

least three data points before and after a turn to triangulate the expected correct wind

vector during the turn (T. Pardun, personal communication). This derived wind vector

is compared to the measured wind vector during the turn to determine u and v offsets

for wind measurements during turns. A constant offset was applied to the tempera-

ture observations from Probe 1 to correct a warm bias of approximately +1.2◦C in the

fast-response temperature (Tfast) data. This bias was identified by comparing Probe

1 Tfast to Probe 2 Tfast and the slow-response temperature data from both mesonets,

and the offset was determined by comparing the measurements during a time period

when the mesonets were positioned together before the start of the circuit.

RaXPol’s observing strategy during PERiLS was designed to fulfill the need for

low-level radar data with high spatial resolution and fast volumetric update times.

During the intensive observation period (IOP), RaXPol collected 30-s rapid volumes

of plan-position indicator (PPI) sweeps using a 180◦ s−1 scanning speed, with 13 tilts

at elevation angles every ∼1.5◦ between approximately 1.0–19.0◦ plus two transition

sweeps between successive volumes (note that the actual elevation angles may be close

but not exactly equal to the planned elevation angles). In contrast to the fixed network

configuration of most other mobile radars on PERiLS, RaXPol’s mission was to operate

in a common mobile radar “roaming” mode to opportunistically target potentially
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tornadic mesovortices at a range of 10 km or less to sample the wind and precipitation

fields at very low levels. The observed beam heights of the lowest and highest tilts at

various ranges are shown in Table 3.2. Importantly, the beam height of the lowest tilt

was around 157 m above radar level (ARL) at the maximum target range of 10 km.

At a 2-km range—the closest range from RaXPol to the observed mesovortex during

this IOP—RaXPol was able to sample at a height of approximately 31 m ARL at the

lowest tilt. The depth of a full volume ranges from approximately 3 km at a 10-km

range to around 600 m at a 2-km range.

Table 3.2: Observed beam heights ARL of the lowest and highest tilts at ranges of 10
km, 5 km, 2 km, and 1 km from the radar.

Range Height of lowest tilt Height of highest tilt

10 km 157.1 m 3222.6 m

5 km 78.5 m 1611.3 m

2 km 31.4 m 644.5 m

Targeting and positioning decisions were made with the NSSL mobile mesonets

to collect simultaneous transects near the target mesovortex as part of the vortex

intercept coordinated mission. The transect strategy involved performing a circuit ma-

neuver in order to obtain surface observations in a closed circuit around a mesovortex.

Two mesonets are initially positioned together along a north-south road ahead of an

approaching mesovortex. To carry out the circuit maneuver, the mesonets drive in

opposite directions just ahead of the mesovortex (the forward leg of the circuit), wait

stationary as the mesovortex passes over the road (the north and south legs of the

circuit), then re-converge to their starting positions behind the mesovortex (the rear

leg of the circuit). The combined transects from the two mobile mesonets form a closed

54



circuit surrounding the mesovortex, allowing bulk properties like surface convergence

and horizontal heterogeneities in the cold pool to be inferred.

3.2.2 Analysis and correction methods

To identify and analyze tornado-scale circulations observed by RaXPol, pseudovorticity

fields are inferred from the Doppler velocity fields. Vertical pseudovorticity, denoted

as ζ ′, is estimated as the azimuthal derivative of Doppler velocity, given by:

ζ ′ =
2

r

∆Vr

∆θ
, (3.1)

where Vr is Doppler velocity, r is the distance from the radar, and θ is the azimuthal

angle in radians, and ∆ represents a central finite difference. Pseudovorticity maxima

were tracked manually in range, azimuth, height, and time to obtain the positions, ver-

tical structure, and basic evolution of any vortices. An advection correction was applied

to remove any artificial vortex tilt or shape caused by storm translation during vol-

umes. The storm motion vector during each volume was estimated from the mesovortex

motion during the 2 min surrounding the analysis time, and the gridded fields were

advected forward or backward to the central grid time. The advection-adjusted vol-

umes were then interpolated to a common 10×10×2 km3 Cartesian grid with 30-m

grid spacing using the Py-ART Barnes objective analysis scheme (Helmus and Collis

2016). These methods are the same as in Houser et al. (2016), and more details on

the technique are contained there. Reconstructed range-height indicator (RHI) fields

are retrieved from along-radial cross sections through the advection-corrected volumes.

It is important to note that RHI reconstruction also assumes that the actual storm

structure does not change significantly during the course of the volume scan. Because

there are only 2 s between successive sweeps and ∼24 s between the first and last sweep
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in a volume, we feel that the update times are rapid enough for this assumption to

reasonably hold, even for rapidly evolving phenomena.

The mobile mesonet sensor suite directly measures air temperature, relative humid-

ity, atmospheric pressure, and wind speed and direction. These observations are used

to calculate other quantities, including potential temperature θ and virtual potential

temperature θv. To calculate perturbations of these quantities, the base state is as-

sumed from the mobile mesonet observations within the pre-storm environment prior

to the circuit. Mesonet data are also used to qualitatively evaluate bulk spatial proper-

ties, such as surface convergence and thermodynamic gradients around the mesovortex,

using time-space conversion techniques as in Markowski et al. (2002). Time-space con-

version of the mesonet data uses storm motion estimates to transform quasi-stationary

time series observations into an estimated spatial field. This transformation is based

on the Taylor (1938) frozen-field hypothesis and assumes that the observed feature

does not change significantly over the averaging time period. For this analysis, the dis-

tance traveled by the mesovortex between consecutive RaXPol 30-s volumes was used

to derive storm motion estimates at the start time of each volume. Time-space conver-

sion was then applied to any mobile mesonet observations within 60 s of the start of

each RaXPol volume to estimate the mesovortex-relative positions of the observations

throughout the circuit observing period.

3.3 Case overview

The second IOP of PERiLS Year 2 took place in southeastern Arkansas during the

overnight and early morning hours of 3 March 2023. The potential for a severe QLCS

in the PERiLS domain was identified as early as 23 February, and the IOP was declared

on 27 February in response to forecasts of a supportive thermodynamic and kinematic

56



environment for tornadic storms in the Mississippi Delta region. Throughout the day

and overnight hours of 2–3 March, a negatively tilted 500-mb trough and associated

100-kt jet streak moved across Texas, resulting in increasingly divergent upper-level

flow, synoptic-scale ascent, and surface cyclogenesis across Arkansas throughout the

night (Figs. 3.2 and 3.3). In response to the strengthening surface low, a warm front

progressed northward into Arkansas from the Gulf, forming an expansive warm sector

with deep low-level moisture over the mid-Delta (Fig. 3.4). Linear forcing via a strong

cold front supported the initiation and maintenance of a severe QLCS.

Figure 3.2: 500-hPa geopotential heights (black lines), temperature (dashed red lines),
and winds (barbs and shaded) from SPC mesoanalysis valid at 0800 UTC 3 March
2023. Image from Storm Prediction Center archive.
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Figure 3.3: Mean sea-level pressure (black lines) and winds (barbs) from SPC meso-
analysis valid at 0800 UTC 3 March 2023. Image from Storm Prediction Center archive.

Isolated supercells initiated in west Texas in the late morning and early afternoon

of 2 March and began growing upscale in the mid-afternoon. By 2230 UTC, a tornadic

QLCS stretched across central Texas while more supercells began to initiate within the

warm sector ahead of the line. The QLCS continued to intensify overnight into 3 March

in response to an approaching shortwave trough, which contributed to enhancement

of 0–6 km bulk wind shear and low-level storm-relative helicity (SRH), erosion of

convective inhibition (CIN), and development of a surface-based effective inflow layer

(Fig. 3.5) in the mid-Delta region. IOP operations began at 0500 UTC on 3 March as

the QLCS approached the Clarksdale, Mississippi subdomain (see Kosiba et al. 2024,

their Figs. 2 and 3), where the evolving high-shear, low-CAPE (HSLC) environment
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Figure 3.4: 850-hPa geopotential heights (black lines), temperature (dashed red and
blue lines), dewpoint (green lines), and winds (barbs) from SPC mesoanalysis valid at
0800 UTC 3 March 2023. Image from Storm Prediction Center archive.

was becoming increasingly supportive of severe linear convection. Low-level SRH in

eastern Arkansas continued to increase dramatically after 0600 UTC, reaching values

of 0–1 km SRH >600 m2 s−2 and 0–3 km SRH >700 m2 s−2 by 0800 UTC (Fig.

3.5). In response to real-time data from PERiLS radiosondes and surface observing

networks during the IOP, the Storm Prediction Center issued a mesoscale discussion

MCD 0241 for enhanced tornado potential in southeastern AR and the ArkLaMiss

area at 0626 UTC. Over the next two hours, the QLCS produced multiple strong low-

level mesovortices and an EF0 tornado within range of the PERiLS observing network.
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Operations ended shortly after 0900 UTC as the line weakened and moved out of

Arkansas.

Figure 3.5: Skew T -logp diagram and hodograph of the observed vertical thermody-
namic and wind profiles from an upper-air sounding from the NSSL Lidar and mobile
sounding system at 0702 UTC, along with calculated and derived environmental and
convective parameters. Image from the Earth Observing Laboratory PERiLS 2023
field catalog.

3.4 Results

3.4.1 Nontornadic vortex evolution

Between 0740–0840 UTC, two low-level mesovortices developed within the target QLCS

near the PERiLS observing network. Both of these mesovortices were observed by the

C-band On Wheels (COW) mobile radar as they formed approximately 50 km apart

and reached their peak intensity within 30 min of each other (Fig. 3.6). However,
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despite occurring in similar environments around the same time, only one mesovortex

was tornadic. The earlier northern mesovortex produced a brief EF-0 tornado at 0757

UTC near Jefferson, Arkansas, while the later southern mesovortex reached its peak

intensity between 0820–0825 UTC but never produced a tornado. The differences in

the evolution of these two nearby mesovortices suggest that their tornado potential

was likely influenced by local storm-scale features and processes. The nontornadic

mesovortex was sampled by RaXPol at very close range, and these observations offer

more detail on the fine-scale processes occurring in the lowest levels of the QLCS near

the mesovortex.

Figure 3.6: COW Doppler velocity observations at the 1.2◦ tilt at (a) 0749:52 UTC, (b)
0800:22 UTC, (c) 0809:22 UTC, (d) 0819:52 UTC, (e) 0824:22 UTC, and (f) 0830:22
UTC. The black squares show the location of the tornadic and nontornadic mesovor-
tices. Data: (Wurman and Kosiba 2023).
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The nontornadic mesovortex develops at the northern end of a prominent bow echo

and associated outflow surge (Fig. 3.6d–e, Fig. 3.7a–e). Bow echoes and outflow surges

are a known preferential location for QLCS mesovortex and tornado genesis due to the

development of line-end vortices as well as enhanced low-level convergence, which leads

to locally stronger updrafts and vertical vorticity stretching (e.g., Weisman and Trapp

2003; Trapp and Weisman 2003; Wakimoto et al. 2006b,a; Atkins et al. 2004; Atkins

and St. Laurent 2009a,b). RaXPol was positioned within 6 km of the mesovortex

for a 5-min time period between 0820–0825 UTC, and the low-level reflectivity and

radial velocity fields in Figs. 3.7–3.8 show a variety of fine-scale heterogeneities and

storm features along the bow echo. Between 0820–0821 UTC, wave-like streaks of

reflectivity are present ahead of the convective precipitation along the bow echo and

near the mesovortex (Fig. 3.7a–c). These reflectivity streaks merge back into the main

convective line by 0821:30 UTC (Fig. 3.7d). Many local, small-scale heterogeneities

are also apparent along the leading edge. For example, a hook echo-like structure is

visible in Fig. 3.7c along the northern end of the bow echo. This apparent hook echo is

collocated with weak rotation and a region of locally stronger inbound radial velocities

in Fig. 3.8c, suggesting the development of a local outflow surge south of the hook echo

feature, potentially similar to a rear-flank downdraft internal surge in a supercell. In

the low-level environmental wind field, thin line-parallel streaks of enhanced outbound

velocities are present ahead of the mesovortex between 0820–0821:30 UTC (Figs. 3.8a–

d). A full discussion of all of these features is outside the scope of this study, but

their presence illustrates the fine level of detail that can be resolved in the RaXPol

observational datasets.

Radial velocity and derived pseudovorticity fields reveal the presence of transient

tornado-scale circulations within the low-level mesovortex between 0820–0825 UTC.

These nontornadic tornado-scale vortices (NTVs) are associated with clear maxima in
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Figure 3.7: RaXPol radar reflectivity factor PPIs at 2.4◦ elevation from volumes at: (a)
0820:00 UTC, (b) 0820:30 UTC, (c) 0821:00 UTC, (d) 0821:30 UTC, (e) 0822:30 UTC,
(f) 0823 UTC, (g) 0823:30 UTC, (h) 0824:00 UTC, (i) 0824:30 UTC, and (j) 0825:00
UTC. (Note: there is no 0822:00 UTC volume due to brief transceiver malfunctions.)

derived ζ ′ fields (as in Fig. 3.9a) and weak horizontally oriented couplets in recon-

structed velocity RHIs (as in Fig. 3.9c). The NTVs develop quasi-cyclically along

the gust front, then rapidly advect backward into the convective precipitation before

dissipating. The most intense and persistent NTV forms around 0820:30 UTC (Fig.

3.8b) and is associated with the visible velocity couplet that develops in the velocity

field after 0822:30 UTC (Fig. 3.8e) and persists through at least 0825 UTC. This main

NTV (hereafter simply referred to as “the NTV”) is the primary focus for the analyses

in this work.
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Figure 3.8: As in Fig. 3.7, but for radial velocity (m s−1).

The NTV first forms at 0820:30 UTC as part of a cluster of weak, transient tornado-

scale vortices (Figs. 3.9a and 3.10a). While most of the vortices rapidly dissipate within

1–2 min of genesis, the NTV persists for several minutes longer than the rest of the

vortex cluster. The ζ ′ maxima associated with the NTV are used to track the center

of rotation through the depth of the radar volume. The vertical structure of the NTV

can then be inferred from vertical cross sections of ζ ′ through the radar volume along

the center of rotation (as in Fig. 3.9b). The ζ ′ cross sections shown in Figs. 3.9–3.13

are reconstructed from the advection-corrected gridded volumes, and encompass the

the genesis of the NTV at 0820:30 UTC through the beginning of its demise at 0823:00

UTC. Reconstructing the composite vertical structure of the NTV allows the intensity

and evolution of its rotation to be examined in greater detail.
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Figure 3.9: From the RaXPol volume at 0820:30 UTC: (a) PPI of column-maximum
ζ ′ (s−1) with white markers showing the trace of a cross section through the NTV.
Lines surrounding the overhead trace of the NTV (solid black) and the azimuth of the
reconstructed RHI (dashed black) are overlaid. (b) Composite vertical cross-section
of ζ ′ magnitude (s−1) along the NTV trace between the solid black lines in (a). (c)
Reconstructed RHI of radial velocity (m s−1) along the dashed black line in (a).

During genesis, rotation in the NTV initially develops above the lowest 150 m (Fig.

3.9a–b) before quickly extending downward closer to the surface (Figs. 3.10a–b, 3.11a–

b). At this point, the NTV is not yet associated with a prominent velocity couplet, and

its characteristics are generally similar to the other vortices in the cluster during the

first minute after their genesis. The evolution of the NTV becomes increasingly distinct

from the other vortices around 0822:30–0823:00 UTC, at which point the NTV is the
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Figure 3.10: As in Fig. 3.9, but at 0821:00 UTC.

only remaining vortex and the prominent velocity couplet appears in the radial velocity

fields. The NTV exhibits considerably stronger rotation and persists for a much longer

time (>5 min) compared to the other vortices (∼1–2 min). Before 08210:30 UTC, other

small patches of ζ ′ maxima are located very close to the NTV within a larger elongated

region of maximum ζ ′ (Figs. 3.9a–3.11a). After 0822:30 UTC, the NTV is the only

remaining ζ ′ patch, and an elongated ζ ′ region is no longer apparent (Figs. 3.12a–

3.13a). Although this is mostly speculative, this could indicate a possible merging of

nearby subtornadic vortex patches or contraction of the larger ζ ′ maximum between

0821:30 and 0822:30 UTC, which could have influenced on the enhanced intensity and

lifespan of the NTV. This could be reminiscent of the role of vortex patch roll-up in
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tornadogenesis, where regions of surface vertical vorticity coalesce and contract into

a coherent surface vortex via self-organization (e.g., Dahl 2020; Parker 2023). In this

case, the merging of the two vortices or roll-up of the elongated ζ ′ maximum may

have resulted in the contraction and intensification of the NTV through a similar

self-organization mechanism. There may be other processes that contributed to the

formation and evolution of the NTV, which will be addressed in a later section.

Figure 3.11: As in Fig. 3.9, but at 0821:30 UTC. Note that this volume is shallower
than the others due to missing sweeps at higher tilts.

To begin to identify processes that could have inhibited tornadogenesis, two key

characteristics of the NTV’s vertical structure are identified and examined in greater

detail: (1) its tilt, and (2) its lack of strong near-surface vorticity. These characteristics
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Figure 3.12: As in Fig. 3.9, but at 0822:30 UTC.

are hypothesized to reflect mechanisms that could have contributed to tornadogenesis

failure, and they are present throughout the entire observed lifespan of the NTV. In all

cross sections (Figs. 3.9b–3.13b), the axis of rotation exhibits some vertical tilt toward

the leading edge of the convective line, with the layer of maximum tilt located aloft—

generally between 300–400 m ARL and 800–1000 m ARL. This tilt is also illustrated

by the presence of weak horizontal velocity couplets in the reconstructed RHIs through

the NTV (Figs. 3.9c–3.13c). Comparisons between the NTV orientation and RaXPol’s

reflectivity fields indicate that the center of rotation near the surface is located farther

back within the cold pool (storm-relative rearward), while the center of rotation aloft

tends to remain closer to the leading edge of the convective line. In addition to the
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Figure 3.13: As in Fig. 3.9, but at 0823:00 UTC.

rearward displacement of near-surface rotation into the cold pool, the lowest levels of

the NTV never achieve ζ ′ magnitudes comparable to those aloft.

Time-heights of maximum ζ ′ and gate-to-gate rotational velocity (Vrot) profiles in

Figs. 3.14 and 3.15 illustrate how the vertical structure of the NTV evolves throughout

the analysis period. Because ζ ′ inherently decreases as the NTV moves away from

the radar due to its dependence on 1
r
, profiles of Vrot are also included to provide a

less range-dependent representation of the vertical structure of rotation in the NTV.

However, Vrot is still somewhat range-dependent due to increasing gate width with

distance, which impacts the ability to resolve fine-scale rotation farther from the radar.

A potential alternative to using Vrot or ζ ′ could be to evaluate linear least-squares
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derivative estimates of azimuthal shear (AzShear), which is normalized to mitigate

range dependence and could allow for more quantitative analyses of NTV rotational

intensity.

Figure 3.14: Time-height plot showing vertical profiles of maximum ζ ′ within the NTV
between 0820:00–0825:00 UTC.

These time-height analyses further confirm that the strongest rotational intensity

in the NTV is located aloft, while rotation near the surface remains comparatively

weak. During the entire 5-min analysis period, Vrot magnitudes are almost entirely

subtornadic through the depth of the profile, with magnitudes <10 m s−1 (equivalent

to the 20 m s−1 ∆Vmax threshold used by Houser et al. 2015). While the overall

strongest Vrot magnitudes are generally confined to within the lowest 500 m, the Vrot

maxima tend to be around 100–200 m ARL and nearly always located above the lowest

tilt. However, the decrease in Vrot and ζ ′ magnitudes after 0822:00 UTC may be at

least partially an artifact of the NTV moving away from RaXPol, which limits the

analysis of their evolution to a primarily qualitative evaluation.
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Figure 3.15: As in Fig. 3.14, but for Vrot.

These analyses also illustrate a third key feature that may be related to tornadogen-

esis failure mechanisms: the directionality of vortex dissipation. In Fig. 3.15, the NTV

shows periods of weakening between 0820:30–0821:30 UTC and again after 0824:00

UTC, with a brief period of reintensification below 1 km ARL around 0823:00 UTC

(Note: because of the range dependence of ζ ′, the directionality of vortex weakening is

primarily determined using Vrot). During the first weakening period, the NTV decays

in a top-down manner almost immediately after it forms at 0820:30 UTC, with Vrot

rapidly decreasing throughout the profile except in the lowest 100 m. Figs. 3.9b and

3.10b show that from 0820:30 to 0821:00 UTC, rotation weakens most rapidly within

the layer of maximum tilt between 800–1000 m ARL. The second weakening period

after 0824:00 also shows dissipation happening more rapidly aloft than near the sur-

face, although the overall magnitudes of Vrot weaken simultaneously throughout the

full profile. Moreover, in Figs. 3.12b and 3.13b, the NTV appears shallower overall
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after 0822:30 UTC, with the depth of positive ζ ′ only extending to ∼600 m AGL—

coincident with the layer of maximum tilt during the first weakening period. As the

Vrot maximum is in the lowest few hundred meters throughout the entire time period,

and both Vrot and ζ ′ tend to weaken more rapidly aloft during periods of vortex weak-

ening, top-down dissipation appears to be the dominant mode of decay for the NTV,

and dissipation initiates in the layer of greatest tilt. Processes potentially related to

this NTV decay mode and tornadogenesis failure are discussed further in the following

section.

3.4.2 The role of the cold pool

Cold pool processes are important to storm- and tornado-scale processes in QLCSs

just as they are in supercells. The important NTV features discussed in the previ-

ous section—vortex tilt, lack of surface vorticity, and top-down weakening—may all

be connected to the characteristics of the cold pool. In combination with the radar

evolution of the NTV and its vertical structure, the surface observations collected by

the mobile mesonets around the mesovortex can provide further insight into processes

that may have impeded tornadogenesis. Since it is hypothesized that the role of the

cold pool in inhibiting tornadogenesis is substantial, this analysis focuses on identifying

mechanisms by which the cold pool could have contributed to tornadogenesis failure.

Fig. 3.16 shows mobile mesonet measurements of temperature deficits (θ′v) and

surface winds collected around the circuit, with vortex-relative locations determined

using the time-space conversion described in Section 3.2.2. Overall, these observations

reveal an extremely weak cold pool surrounding the mesovortex and the NTV. At the

start of the circuit (Fig. 3.16a), Probe 2 immediately enters the cold pool north of

the mesovortex, while Probe 1 transects through the near-inflow environment directly

ahead of the mesovortex. The θ′v gradient measured by Probe 2 is extremely weak

72



Figure 3.16: Radial velocity PPIs at the 2.4◦ tilt with 2-min subsets of the time-space
converted mobile mesonet circuit (square and triangle markers), shaded by derived θ′v
(K). (a) Radial velocity at 0821 UTC with θ′v between 0819–0821 UTC. (b) Radial
velocity at 0823 UTC with θ′v between 0821–0823 UTC. (c) Radial velocity at 0824:30
UTC with θ′v between 0823–0825 UTC. (d) Radial velocity at 0823 UTC with mobile
mesonet θ′v and wind vectors from the full circuit.

in this portion of the circuit, with cold pool temperature deficits of only ≈ −0.4◦C.

Probe 1 observed slightly warmer temperatures in the near-inflow compared to the
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ambient environment—however, these differences largely fall within the instrument

error of ±0.3◦C, so this may not be meaningful.

During the north and south legs in the middle of the circuit (Fig. 3.16b), Probe

1 crosses the gust front and both probes continue into the cold pool as the mesovor-

tex passes between them. Both mesonets display a continued decrease in θ′v. However,

Probe 1 shows a slightly more rapid decrease in temperatures across the gust front than

Probe 2 did, indicating a slightly stronger θ′v gradient to the south of the mesovortex.

During the final transect of the circuit (Fig. 3.16c), θ′v continues to decrease in the

cold pool behind and to the south of the mesovortex. Around the full closed circuit in

Fig. 3.16d, the measured winds indicate surface convergence surrounding the mesovor-

tex and NTV. As with cold pool strength, convergence is also strongest south of the

mesovortex, where the near-surface inflow wind speeds are strongest as measured by

Probe 1.

Although the cold pool temperature gradient is slightly larger to the south of the

mesovortex, it is important to note that the largest measured temperature deficits

during the transect are only around –1.1◦C. The cold pool surrounding the mesovortex

is extremely weak, which may be a result of the nearly saturated environmental profile

seen in Fig. 3.5. The strongest mass convergence in Fig. 3.16d is also focused more

to the south of the mesovortex, rather than directly near it, and the maximum surface

wind speeds are around 12 m s−1. The weakness of the cold pool may have contributed

to possibly weak surface convergence by limiting the cold pool outflow strength and

propagation speeds.

3.4.3 Inferred processes contributing to tornadogenesis failure

The key NTV characteristics identified in the previous sections—lack of strong surface

rotation, vortex tilt, and top-down dissipation mode—could all plausibly be explained
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by the weakness of the cold pool. While tornadogenesis failure in supercells is typically

associated with stronger cold pools, this relationship may not be completely applicable

to QLCSs, which feature more dominant cold pool processes. Baroclinic generation

of horizontal vorticity along the cold pool leading edge has been shown to contribute

to both tornadogenesis and mesovortexgenesis in QLCSs (Flournoy and Coniglio 2019;

McDonald and Weiss 2021). Stronger cold pools also generate stronger surface conver-

gence along the gust front, which is known to be important for amplifying near-surface

vertical vorticity during tornadogenesis (e.g., Marquis et al. 2012). Baroclinity and

surface convergence may be weak in this case, which would have inhibited both the

production and amplification of near-surface vorticity needed for tornadogenesis.

In addition to inhibiting the production of surface rotation, the cold pool could also

have contributed to the transience of the nontornadic vortices, or the storm’s inability

to maintain a tornado-strength vortex. Alignment with the parent updraft is known to

be important to tornado maintenance (e.g., Wicker and Wilhelmson 1995; Dowell and

Bluestein 2002; Lee et al. 2012; Marquis et al. 2012, 2016; McKeown et al. 2020). The

storm updraft provides the upward vertical perturbation pressure gradient acceleration

(VPPGA) necessary for a tornado to sustain itself; if the tornado becomes displaced

from this source, the VPPGA instead becomes directed downward due to the nonlinear

dynamic effect of the strong rotation, and the tornado dissipates. Displacement from

the updraft also advects the tornado away from the zone of surface convergence beneath

the updraft, disrupting the amplification of strong surface vertical vorticity to tornado

intensity. A balance between outflow and inflow strength is important to maintaining

this alignment—if outflow is too strong (e.g., Wicker and Wilhelmson 1995; Lee et al.

2012; Murdzek et al. 2020) or too weak (e.g. Dowell and Bluestein 2002), the tornado

is advected away from the updraft. The cold pool in this QLCS was extremely weak
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and the NTV displayed substantial tilt above the lowest few hundred m, suggesting

misalignment of the surface vortex with the leading edge updraft.

The top-down mode of dissipation of the main NTV is also consistent with the

loss of upward VPPGA due to displacement from the leading updraft, as well as the

observed vortex tilt. Top-down dissipation of tornadoes in supercells has been seen in

previous rapid-scan radar observations of tornado dissipation by French et al. (2014)

and Griffin et al. (2019), which also found that the tornadoes began to dissipate first

within the layer of maximum vortex tilt. Houser et al. (2015) found that while dissi-

pation of tornado-strength rotation happened simultaneously through the depth of the

tornado, dissipation of subtornadic rotation occurred in a top-down manner. Between

these studies, it can be concluded that tornado dissipation is partially related to dis-

placement from the parent updraft, while the top-down mode of dissipation may be

related to vortex tilt and the decoupling of the surface vortex from the vortex aloft.

The dissipation behavior of the NTV in this case study is consistent with all of these

previous studies and their conclusions. Once the NTV became separated from the

leading updraft, its rotation would first dissipate aloft, as a remnant upward VPPGA

would still exist at the lower levels of the tornado due to nonlinear dynamic effects of

the rotation in the layers above.

These processes are reminiscent of known mechanisms for occluding supercell tor-

nado dissipation, as in Dowell and Bluestein (2002). We hypothesize that those same

processes had a crucial role in QLCS tornadogenesis failure in this case, and more

broadly that tornado dissipation and tornadogenesis failure may have similar mech-

anisms. The location of the low-level rotation in the NTVs within the cold pool is

consistent with this process. Via this mechanism, the too-weak outflow would have

allowed the inflow to advect the NTVs into or above the cold pool, thereby (1) dis-

placing them from the parent updraft, (2) removing them from the zone of surface
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convergence, and (3) isolating them from buoyant inflow air. Because these processes

happened almost immediately after the genesis of the NTV, they could have inhib-

ited the development and amplification of rotation to tornado intensity. While the

role of tornado dissipation processes in tornadogenesis failure has not been definitively

studied, similar implications have been suggested in past work. Sherburn and Parker

(2019) and Lovell and Parker (2022) found that most transient subtornadic vortices

in simulated QLCSs lacked either surface vorticity or a strong low-level updraft, and

hypothesized that the tilting and stretching process was too brief to fully generate and

consolidate a tornadic surface vortex as a result. While the findings of this research are

somewhat speculative as well, our observations are interpreted in the context of several

past studies that offer supporting insight into the processes underlying tornadogenesis

failure in this case.

3.4.4 Vorticity worms

While the primary focus of this work is the physical mechanisms of tornadogenesis

failure, there are some features worth discussing that may be related to the genesis of

the nontornadic vortices. Typically, the genesis of clusters of tornado-scale vortices in

a QLCS is attributed to horizontal shearing instability (HSI) release along the leading

edge of the gust front (e.g., Forbes and Wakimoto 1983; Przybylinski 1995; Wheatley

and Trapp 2008; Conrad and Knupp 2019). However, the theory of HSI release predicts

that the wavelength between shearing instabilities should be 7–8 times the width of

the vortex sheet, or on the order of ∼10 km. The spacing between the nontornadic

vortices in this work, by contrast, is on the order of 0.1–1 km, which is far too small

to be explained by HSI release.

As speculated previously, the persistence of the main NTV appears to be associated

with a potential contraction of several nearby ζ ′ patches and an elongated region of
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large cyclonic ζ ′, which could reflect processes similar to tornadogenesis via vortex

patch roll-up. However, this does not address the initial genesis of the cluster of NTVs.

As briefly mentioned at the beginning of Section 3.4.1, the low-level RaXPol velocity

fields in Fig. 3.8 feature thin line-parallel streaks of enhanced outbound velocities in

the near environmental inflow between 0820–0821:30 UTC. In ζ ′ fields at the lowest tilt,

the velocity streaks correspond to similarly oriented streaks of local ζ ′ maxima (Fig.

3.17). Such streaks of enhanced near-surface vertical vorticity, or “vorticity worms,”

have been seen in the near inflow ahead of observed and simulated tornadic supercells,

and are speculated to have some role in tornadogenesis or the tornadic potential of

supercell (Coniglio et al. 2024; Markowski 2024; Fischer et al. 2024). Vorticity worms

are organized vertical vorticity anomalies in supercell near-inflow environments, and

are located on the descending branch of coherent turbulent structures that are well-

known to occur in surface layers. These streaks are aligned with the mean flow and

oriented perpendicular to the environmental shear-generated vortex lines.

At 0820 UTC, the worms develop within the inflow approximately 2 km east of the

leading edge of the QLCS, and only one nontornadic vortex has formed at this point

(Fig. 3.17a). By 0820:30 UTC, the worms are much closer to the leading edge of the

QLCS, and they remain just ahead of the leading edge through 0821:30 UTC (Fig.

3.17b–d). The advection of the worms to the leading edge of the QLCS coincides with

the formation of three more nontornadic vortices in the cluster, which suggests that the

worms could have had a role in their genesis. The worms are no longer visible in the

near inflow by 0822:30 UTC (not shown), and their disappearance coincides with the

demise of the vortices except for the main NTV after 0823. These results suggest that

vorticity worms could have been an important source of low-level vorticity for both

the genesis and maintenance of the vortex cluster, and their disappearance may have

contributed to their transience. Their presence could reflect the strong environmental
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Figure 3.17: PPIs of ζ ′ at the 0.9◦ tilt at (a) 0820 UTC, (b) 0820:30 UTC, (c) 0821
UTC, and (d) 0821:30 UTC. Ground traces of all NTVs in the initial vortex cluster
are denoted by white circle markers. Vorticity worms are annotated by the black lines.

horizontal vorticity that is then tilted by the gust front, which may have additionally

contributed to the tilt and orientation of the vortices. Vorticity worms have so far only

been identified, observed, and studied in supercell near-inflow environments, so the

vorticity worms sampled by RaXPol would be the first instance of worms in a nocturnal

QLCS environment. Vorticity worms are a novel feature identified in simulated and
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observed convective inflow environments, so the degree to which they influence low-

level and surface vortex evolution is still generally uncertain, especially for QLCSs with

more dominant cold pool processes.

3.5 Conclusions

This work was motivated by the need for targeted observations of QLCSs to bet-

ter understand the genesis and evolution of QLCS mesovortices and tornadoes in the

Southeast. The observations collected by RaXPol and the mobile mesonets during

PERiLS comprise a highly novel dataset of high-resolution, close-range mobile radar

observations and a closed circuit of surface observations specifically targeting low-level

and near-surface processes occurring in mesovortices. RaXPol observations of a non-

tornadic mesovortex reveal the cyclic formation and dissipation of multiple transient

subtornadic NTVs over a 5-min analysis period. The characteristics and evolution

of the strongest, longest-lived NTV were analyzed in detail to investigate the poten-

tial influence of storm-scale features on tornadogenesis failure in a previously tornadic

QLCS.

RaXPol velocity observations and derived pseudovorticity fields were used to eval-

uate the intensity, structure, and evolution of the NTV. Three key characteristics for

inferring mechanisms of tornadogenesis failure were identified from the vertical struc-

ture and evolution of the NTV: vortex tilt, top-down dissipation, and lack of surface

vorticity. Composite cross sections of ζ ′ through the NTV reveal notable vertical tilt in

the axis of rotation aloft, with the lowest-level rotation located storm-relative rearward

from the rotation aloft. This vortex orientation indicates differential advection of the

near-surface vortex away from the leading edge and into the cold pool. In vertical

profiles of ζ ′ and Vrot, the maximum rotational intensity is consistently located above
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the lowest tilts, suggesting an inability of the storm to generate and amplify surface

rotation. The evolution of these vertical profiles shows that during periods of NTV

weakening, (1) ζ ′ and Vrot magnitudes tend to decrease more rapidly aloft than near

the surface, resulting in top-down dissipation similar to previous tornado studies (e.g.,

French et al. 2014; Griffin et al. 2019), and (2) the NTV appears to dissipate first in

the layer of maximum tilt and last near the surface.

Cold pool characteristics are known to modulate tornadic potential and tornado

evolution in both supercells and QLCSs. Mobile mesonet observations offer further

insight into the processes underlying tornadogenesis failure and the role of the cold

pool characteristics in inhibiting tornado formation. While many past studies have

concluded that nontornadic storms have relatively stronger cold pools than tornadic

storms (e.g., Wicker and Wilhelmson 1995; Markowski et al. 2002; Grzych et al. 2007;

Hirth et al. 2008; Lee et al. 2012; French et al. 2015; Flournoy et al. 2020; Murdzek

et al. 2020), there are also been studies that found nontornadic storms to be associated

with weaker cold pools (e.g., Naylor and Gilmore 2014; McDonald and Weiss 2021).

In this case study, the cold pool surrounding the mesovortex was extremely weak,

with a temperature deficit of only θ′v ≈ −1.1 K behind the leading edge. The notable

weakness of the cold pool is hypothesized to have had multiple roles in tornadogenesis

failure: (1) Inhibiting the storm’s ability to generate strong rotation, especially at the

surface; and (2) Inhibiting the storm’s ability to sustain strong rotation long enough

for a vortex to reach tornadic intensity.

Inability to generate rotation: The extremely small temperature deficit would have

resulted in a lack of baroclinity and surface convergence along the gust front, preventing

the production and amplification of near-surface vorticity.

Inability to sustain rotation: The weakness of the outflow would have allowed the

inflow to advect the NTV into the cold pool. This would have disrupted the NTV’s
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access to upward VPPGA from the leading updraft, surface convergence, and buoyant

inflow air. The top-down weakening and observed vortex tilt could also reflect this

process. Vortex tilt would similarly interrupt intensification by decoupling near-surface

rotation from the vortex aloft.

The processes that impede a storm’s ability to sustain strong rotation are reminis-

cent of known mechanisms for tornado dissipation in supercells. However, we hypothe-

size that these processes could potentially also serve to inhibit tornadogenesis by inter-

rupting the initial amplification of vorticity before the developing vortex could reach

tornadic strength in the first place, which was also proposed by Sherburn and Parker

(2019) and Lovell and Parker (2022) to explain the evolution of transient subtornadic

vortices in simulated HSLC QLCSs. One implication of this is that tornado dissipation

and tornadogenesis failure may result from similar processes. Another larger impli-

cation arising from these results is that conventionally “supercell-like” mechanisms

for the genesis, maintenance, and interruption of tornado-scale vortices may occur in

QLCSs alongside (and potentially simultaneously with) linear mode-specific processes

like horizontal shearing instability release and cold pool-driven dynamics. The po-

tential overlap between supercell and QLCS processes is evident in the similarities

between the hypothesized QLCS tornadogenesis failure modes and known supercell

tornado dissipation mechanisms, as well as in the apparent presence of vorticity worms

in the QLCS near-inflow and their potential influence on tornado-scale processes.
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Chapter 4

Conclusions and Future Work

The impacts of severe storms and tornadoes are uniquely compounded in the Southeast-

ern United States in part due to the frequency of QLCS tornadoes, which are associated

with lower probability of detection and higher false alarm rates. Much progress has

been made in recent years toward understanding Southeast QLCSs and their environ-

ments, dynamics, and impacts. However, there are still many unanswered questions

about how and why QLCS mesovortices and tornadoes form and what makes a QLCS

tornadic. These remaining questions culminated in the PERiLS field campaign in 2022–

2023, which was the first large field project to specifically target severe QLCSs in the

Southeast. Because of their substantial human impacts, this work has focused on un-

derstanding the processes involved in the formation and evolution of mesovortices and

tornadoes in Southeast QLCSs using both idealized simulations and high-resolution ob-

servations. This work has shown similarities between the physical processes occurring

in QLCSs and those known to occur in supercells, which are much better understood

from decades of supercell-focused research. The outcomes from this work can hopefully

be used to improve the detection of potentially tornadic mesovortices and ultimately

improve tornado warning lead times in Southeastern QLCSs.

The overarching objectives of this research were to evaluate the nature of physical

processes involving both storm-scale and tornado-scale rotation in potentially tornadic

QLCSs. This work was carried out using a combination of high-resolution idealized

simulations and novel observational datasets of high-resolution radar observations and
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coordinated mobile mesonet surface measurements from PERiLS. From these analyses,

the following conclusions are presented:

1. Storm-scale processes in an embedded mesocyclone in a QLCS-supercell merger:

• Low-level rotation in the mesocyclone originates partially in parcels from a

mid-level environment inflow source, which has been seen in both supercells

and mesoscale convective systems.

• Low-level vertical vorticity is produced via tilting by both the downdraft

and updraft through a combination of the Davies-Jones and Brooks (1993)

downdraft mechanism and the Boyer and Dahl (2020) in-and-up mechanism.

• Low-level crosswise horizontal vorticity is produced via baroclinity within

the downdraft and amplified before entering the mesocyclone via stretching

in a low-level horizontal rotor.

• The mechanisms for vertical vorticity generation are supercell-like, while the

mechanisms for crosswise horizontal vorticity generation are more uniquely

QLCS-like.

2. Tornado-scale processes in an observed nontornadic QLCS mesovortex:

• The weak cold pool allowed nontornadic vortices to be advected away from

the leading updraft, preventing them from intensifying to tornadic strength.

• Development of strong surface rotation was inhibited by the weak cold pool.

Baroclinic horizontal vorticity production and surface vertical vorticity or-

ganization were likely limited by the weak buoyancy gradient and possibly

weak surface convergence.

84



• Vorticity worms in the near inflow of the mesovortex may have contributed to

the formation of the nontornadic vortices. Vorticity worms have previously

been found in the near inflow of tornadic supercells.

• Cold pool weakness contributed to tornadogenesis failure via multiple mech-

anisms, and these processes may be similar to tornado dissipation processes.

The processes preventing vortex intensification are similar to supercell tor-

nado dissipation processes, while the processes inhibiting surface vortex de-

velopment are both supercell-like and QLCS-like in nature.

The various physical mechanisms involved in storm-scale mesocyclone rotation and

tornadogenesis failure in these analyses are comprised of a combination of supercell-like

processes and uniquely QLCS-like processes. In the simulated QLCS-supercell merger,

the downdraft and in-and-up mechanisms for generation of low-level vertical vorticity

were first identified in studies of supercell mesocyclones, and have since also been

found in QLCSs by previous work. However, the mechanisms for horizontal vorticity

generation via baroclinity and stretching in a rotor are more uniquely related to the

linear morphology of the QLCS. Likewise, tornadogenesis failure in the observed QLCS

mesovortex was attributed in part to the displacement of the nontornadic vortices

from the updraft before they could reach tornadic intensity due to the weakness of the

cold pool, which is a mechanism known to contribute to supercell tornado dissipation.

Strong surface rotation was inhibited by potentially weak surface convergence and

a probable lack of baroclinic horizontal vorticity production by the weak buoyancy

gradient, which are also important to supercell tornadogenesis. Vorticity worms have

only been found near supercells so far, and have never been observed in association

with a QLCS before these high-resolution radar analyses. These outcomes ultimately

imply that the mechanisms for mesocyclone/mesovortex formation and tornadogenesis

in supercells and QLCSs may not be as distinct as has been traditionally assumed.
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There are a wide range of potential avenues for future work stemming from these

results. Integrated vorticity budgets and pressure perturbation analysis for the sim-

ulated merger in Chapter 2 may provide more insight into the forcing mechanisms

and vorticity generation processes in the downdraft and how these processes evolve.

These simulations could also be extended to study the influence of mergers on tornado

production and the nature of tornadogenesis mechanisms in a merger. More work is

needed to address the influence of an approaching QLCS on supercell evolution. In our

simulations, the pre-merger supercell featured a more rapidly strengthening low-level

mesocyclone than the isolated supercell, implying that a QLCS meaningfully modifies

the near-storm ambient environment ahead of it, which is consistent with previous

work on this topic (e.g., French 2014). Ensemble simulation studies would be use-

ful to determine a range of outcomes of QLCS-supercell mergers and their intrinsic

predictability. These outcomes may vary with different thermodynamic environments,

different low-level wind shear vector, or the maturity of the supercell or QLCS. Any

simulation work will benefit from observations to corroborate findings—for example, a

windsonde launched into a tornadic QLCS mesovortex in Holly Pond, AL, followed a

similar trajectory to the up-down trajectories of the mid-level parcels in our simulations

(A. Lyza, personal communication 2024).

The outcomes from the radar and surface analysis in Chapter 3 motivate further

examination of existing PERiLS datasets to better understand the range of QLCS

tornadogenesis failure modes. More observations of potentially tornadic mesovortices

in varying Southeast convective environments are needed to better gauge a range of

outcomes for QLCS tornadogenesis and failure, and their relationship to the cold pool.

The convective environment is known to influence cold pool strength, and it may also

have a role in modulating how the cold pool influences a storm’s tornadic potential.

A limitation of this study is the lack of a tornadic case for comparison. The nearby
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tornadic mesovortex was not observed by either RaXPol or the mobile mesonets, so it

is unknown whether the cold pool characteristics were meaningfully different near the

tornadic mesovortex compared to the nontornadic mesovortex. Many open questions

remain about the mechanisms for tornadogenesis in QLCSs, and more observational

datasets of both tornadic and nontornadic mesovortices will enable more comprehensive

analyses of the processes involved in QLCS tornado formation and failure. These efforts

would greatly benefit from phased array radar technology, which will facilitate rapid

volumetric observations of these difficult-to-observe phenomena.

The overarching implication of this work is that Southeast QLCSs can feature

a combination of both supercell-like and QLCS-like processes for storm-scale and

tornado-scale rotation. These results raise larger questions that warrant future study.

What modulates how supercell-like a QLCS mesovortex or tornado is? For example,

are there relationships to the thermodynamic and kinematic environment, cold pool

characteristics, storm interactions, or other factors? How often do the supercell-like

processes found in this work occur in QLCS mesovortices and tornadoes? Do these

processes also occur in QLCSs in higher-CAPE environments? Finally, are convention-

ally “supercell-like” and “QLCS-like” processes truly distinct from each other, or can

any of these processes occur in any rotating updraft? Future research in these areas

will continue to clarify the small-scale processes important to QLCS tornado produc-

tion and identify possible ways to detect them in real time using current and future

observing technologies, ultimately improving forecasts of QLCS tornadoes.
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