ABSTRACT

DAVIS, JASONMATTHEW. Radar Climatology of Tornacland Nontornadic Vorticesn
High Shear, Low CAPE Environments in the MAdlantic and SoutheastUnder the
directionof Dr. Matthew D. Parkey.

Tornadoes occurringp environments characterized by strong vertical wind sheér (0
km bulk shear vector magnitude3% kts) but low Convective Aailable Potential Energy
(CAPE <500 J k@), also known as high shear, low CAPE (HSleB)vironmentsare an
important challenge for forecasteesspecially in the MidAtlantic and Southeastn this
study, 95 tornadic and 135 newrnadic supercell mesocyclones andhsilinear convective
system QLCS) mesovortices were tracked. Values oinazthal sheamwererecorded along
the vortex tracksand @erationally relevant radar reflectivity signatures were also manually
identified in association with these vortices.

Statistically significant differences in azimuthal shear were found betweeadtor
and nontornadic QLCS mesovortices (and all tornadic and #omadic vortices overall)
within 60 km of the radarHowever, no statistically significant differences were found
between tornadic and ndarnadic supercell mesocyclones within 60 km bé tradar
Beyond 60 km from the radarprstatistically sigificant differences were foundud to the
increasing beam heiglitausing lowlevel rotation to bgoorly observedland the increasing
beamwidth(causng vortices to beooorly resolved. Hook echoes anlounded weak echo
regions/weak echo regionBWERSYWERS were observewith almost all tornadic and nen
tornadic supercell mesocyclones close to the ratlaeydevelogd at least 15 min prior to
the tornaddimplying lead time), but thewere observed much less ofterd00 km from the
radar. Rear inflow notches, bowing segments, gust front cusps, and forward inflow notches
were found with most tornadic and ntornadic QLCS mesovortices close to the raddrey
typically develogd only a w minutes prior to the tornado aaldo werenot detected very
well far from the radarFalse alarm rates were high for almost all reflectivity signatures.
While azimuthal shear and radar reflectivity signatures show the potential for high
probability ofdetection within 100 km of the radar, high false alarm rateklead timewill

continue to be a challenge
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Chapter 1

Introduction

Issuing accurate tornado warnings with sufficient lead timdaile difficult in all
environments,is especiallychallenging in environments marked by strong vertical wind
shear but weak instability, known as high shear, low CAPE (HSLC) environnm¢®t<C
environments ardefined in this study asnvironmentsvith surfacebased CAPE (SBCAP)
< 500 J kg and 86 km bulk shear vector magnitudesl8 m s' (35 kts) a definition that
was determined by the consensuscoliaborating MidAtlantic and Southeadbrecasters
(see section 3.2 hese environments are especially commorng severaveather events
the Mid-Atlantic and SoutheagSchneider et al. 200&chneider and Dean 2008uyer and
Dean 2010 Sherburn and Parker 2013mproved understanding of the typical storm
environments and radar observations associated with HSLC tomasloeecessary for
improving forecasts and warnings. A study of mesoscale environmental parameters
associated with HSLC tornadogsand other significant severe eventalas recently
completedby Sherburn and Parker (2013The presenstudy focuss on improving the
understanding of storrscale radar observations of HSLC vortices

Compared to classic supercell structures in Plains high CAPE environments, HSLC
radar reflectivity and velocity signatures are often of smaller size and magnitude, with
markedly diferent structures at times (Grant and Prentice 1996, Lane and Moore 2006).
Challengeghat are especially a problem fBiSLC tornadoesnclude thatHSLC vortices
may not be sampled well by the radar due to radar beam widening with range, making it
difficult to resolve small diameter vortices far from the radae increase in the height of
the radar beam above treans that the fadas mayg poterftigly e wi
overshooshallow vortices far from the radar. Also, numerous vortices maydsemptron the
radar display, many of which are ntornadic. This makes it difficult to discriminate

between tornadic and ndarnadic vortices in a quickly evolving situation, as a forecaster



must determine which vortices are most deserving of close rsgrukhis study sought
methods by which radar reflectivity and velocity signatures associated with tornadic and non
tornadicHSLC vortices could be used by operational forecasters to improve detection and
warning skill. The approach was to study many toimathd nortornadic vortices from a
large number of HSLC cases.

Fundamentally, tere are still many aspects of tornadogenesis that are not fully
understood, and many stoispnale processes that currently cannot be -olederved
operationally. Environmentalfactors are also important, buabt all storms in favorable
environments are tornadic. All of thegwoblems contribute to warning uncertainties.
Currently radar observations awdill the best tool fortornado warningoperations even
though there arsome limitationsThis includeghe radar sampling limitations mentioned in
the previous paragraph that are especially troublesome in HSLC environments, as well as a
few more general limitations that will now be discussegerational Doppler radars rarely
can resolve the circulation of the tornado itself, due tordldar beamwidth typically being
much larger than the tornado. Therefoferecastersmust consider lowievel rotation
associated with the parent mesocyclone/mesovantggadwhen issuing torado warnings.

This can pose a challengeraany supercells have strong ld&vel mesocyclones yet are not
tornadic (Trapp 1999, Trapp et al. 2085 Many quasiinear convective system (QLCS)
mesovortices are also likely not tornadic, though the frequasfcytornadic QLCS
mesovortices is less wallocumentedAnother limitation ofDoppler radarss that theyonly
measure the component of the wind that is parallel to the radar beam, the radial velocity.
Therefore, rotation is not directly observed by thearadotation is inferred by strong
horizontal shear, a strong gradient in radial velocity in the azimdittegkion.

Previous papers have studied azimuthal shear and rotational velocity associated with
supercell mesocyclones and QLCS mesovortigeigaly in one of two ways. Some studies
have used a case study approach, manually calculatingsenees of azimuthal shear or
rotational velocity for a handful of tornadic storms (e.g. Funk et al. 1999, Atkins et al. 2004,
Atkins et al. 2005, Schumacher aBdustead 2011). Others have focused on azimuthal shear



at one point in time for the purposes of developing tornado and mesocyclone detection
algorithms (e.g. Sturipet al. 1998). These algorithms can be used to develop mesocyclone
climatologies (e.g. Wooeét al. 1996, Trapp 1999, Jones et al. 2004, Trapp et alapi0n5
order to determine the percentage of tornadic mesocyclones, for example. In this study, we
seek to studyghanges in azimuthal shear over time for a composite of a large number of
caseswhere supercelimesocyclones anQLCS mesovorticeghereaftercollectivelyreferred

t o as Nareotrackdd,met pisi detectelthe unique aspect of this study is the ability to
look at temporal changes in vortex strength for a large number of caseSLC
environments, an approach rarely used even for vortices in higher CAPE enviranments
Additionally, not only are tornadic vortices studied, but alsoteonadic vortices, in order to
determine if there are any discriminating factors that can impraraimg skill. Also, the
potential lead time for HSLC tornadossletermined.

In addition to radial velocity informationpfecasters also look at radar reflectivity
signatures for clues when issuing warninjeese signatures can provide insight into the
dynamical processes at work in a staamwell as storm intensity, whiciomplemert the
information provided by velocity dat&or example, a bounded weak echo region (BWER)
can indicate an area of strong updraft (Lemon and Doswell 1979), and a rear nofich
(RIN) can indicate the presence of a rear inflow jet (Przybylinski 1$6§e vortices may
not be wellsample by the radarforecastersnay use reflectivity to help determine where a
vortex could be or could developor examplein some QLCSnesovoréxtornado casg the
radar may not detect rotation until the tornado touches ddh,severalreflectivity
signaturesanecdotally appear tprovide greater lead time for tornado warningfs.is
important to determine how often these signataesally are associated with tornadoes,
how often they are present but a tornado does not occur, and when they occur relative to the
tornado.

Chapter 2 provides a review of HSLC tornado climatology and environments,
convective modes associated with HSLOhamtoesand their related dynamicandunique

radar signatures associated WHISLC tornadoes. Chapter 3 describes the cases and data



used,as well asthe method usel for identifying andtracking HSLC vorticesand radar
reflectivity signatures. Chapter gresents the results for the azimuthal shear and radar
reflectivity climatologies, as well as a brief study of environmental characteristics of the
vortex tracks. Chapter 5 discusses the results, includes recommendations for improving
HSLC tornado warningperations,suggestsavenues for future work, and summarizes the

primary conclusions of this study.



Chapter 2

Background

2.1HSLC Tornado Frequency and Annual/Diurnal Trends

HSLC tornadoes have only recenfiy comparison to their higher CAPE countng)come

under close scrutiny by researchers and forecasters. They are much more prevalent than
previously thought, especially in the Southeast and during the cool seastiangihg
conventional wisdom abotite typical annual and diurnal trends innadoes and traditional
methods of forecasting tornadog&herburn 2013Sherburn and Parker 2013) a study of
tornadoes in low CAPE environments, Guyer and Dean (2010) found®T@i of all
tornadoes between 2003 and 2009 occurred in environments mixtbd-layer CAPE
(MLCAPE?Y) less than 500 J kg More than half of these (156 all tornadoes) occurred in
environments with very low MLCAPE, less than 250 J'kBespite the presenced w
CAPE, HSLC tornadoes aretnall weak as might be expectegichneider and Dean (2008)
found that16.26 of all significant Enhanced Fujita (EF) scale rating BF2 or greater)
tornadoes between 2003 and 2@ec¢urredin environments with MLCAPE leshan 500 J

kg'. Guyer and Dean (2010) found that tornadoes in low CAPE environments were only
slightly less likely to be significant than tornadoes in environments with higher CARPE

vs. 10.%6 of tornadoesrespectively) In addition, they found thahtee tornadoes in low
CAPE environments reached EF4 strength during their six year period of study.

Guyer and Dean (2010) found that tornadoes in low CAPE environnfeats
necessarily high sheacan occur in numerous types of weather patterns, suichtaspical
cyclones, underneath cold core closgmperlows, andalong cold fronts associated with
extratropical cycloned.ow CAPE tornadoesan occur in locations such as California and

the Tennessee and Ohio Vallegsig. 2.1) However low CAPE tornades especially

Y In the current study, surfatesed CAPE (SBCAPE) is used to define a low CAPE environment.



significant onesare most common in the SoutheawtU.S.(Fig 2.2; Schneider et al. 2006,
Guyer and Dean 2018herburn and Parker 2012 number of studies biational Weather
Service (NWS) Weather Forecast Offices (WF@s)this regionhave noted that HSLC
tornadoes make up a significant fraction of all tornadoes that occur in their County Warning
Areas (CWAs;Reilly 2004,Konarik and Nelson 2008, Lane 2008, Latimer and Kula 2010)
Southeastern HSLMtnadoegend to occur during the oband transitional seasons, though
they can also occur durinigte summer and falin association with landfalling tropical
cyclones.During the winter months between 2003 and 2@ of all regionaltornadoes
occurred in low CAPE environmeniSuyer and Dean 2010)

Guyer and Dean (2010) found that the hourly distribution of low CAPE tornadoes
still had a diurnal peak during the afternpsimilar tothe hourly distribution ofornadoesn
environments with higher CAREowever, the low CAPEornadopeak was earlier in the
afternoon and much more subdued, as a substawimberof tornadoes occurred at other
times ofthe day and night Low CAPE tornadoes were comparatively more likely to occur
during the overnight, morning and early afterndaurs than tornadoes in higher CAPE
environmats. For example, between-88% of all tornadoes that occurred during each hour
between 0700 and 1700 UTC were in low CAPE environmé&igsand Straka (2010) also
found that nocturnal tornadoes tended to halatively lowML CAPE.

Sockty is more vulnerabldo tornadoesduring the night when many low CAPE
tornadoes occuAffected people may be asleep and not aware of tormvegmings, and it is
also more difficult to see tornadoes at night. Ashley et 8D&Rfound that 3% of tornado
fatalities occurred at night, and that given the occurrence of a tornado, it would be almost
twice as likely to cause fatalities during the nigistduring the day. HSLC tornadoe$so
tend to occur in seasons where the mublay not expect thenandin the Southeast, where
thereis a greater percentage of mobile home stihei other parts of the natidAshley
2007) Ashley et al. (2008) found that this also increases the vulnerability associated with
these tornadoedrinaly, it has proveddifficult to issue accurate warnings for HSLC
tornadoesBrotzge and Erickson (2010) and Brotzge et al. (20delgpectivelyfound that



the relative frequencies of unwarned tornadoes thedornado warning false alarm ratio
were greatasat night and during the cool season, when HSLC tornadoes are most likely.
2.2 HSLC Tornado Environments

HSLC tornado environments are distinct from higher CAPE tornado environments in
several waysTornadoes in low CAPE environments tend to hetwallerlow-level and mid
level lapse rategompared to environments with higher CARGuyer and Dean 2010)
However, Sherburn and Parker (2013) did find that a modest lapse rate thr¢gt®kim
lapse rate of 5.2 K kih and 700500 hPa lapse rate of 5.6 K Kjnwas skillful in
discriminating between significant HSLC severe weather and null HSLC ev@niger and
Dean (200) alsofound that low CAPE tornadoes associated withower temperatures and
dew pointsthan higher CAPE tornadoehe preceding findingare not surprising since
these parameters are all related to the amount of CAPE préssmt. and Dean (201@)so
found that low CAPE tornadoes tend to have somewhat higléekrd bulk sheawector
magnitudeshan tornadoes in higher CAPE environmeatgja more marked increase irf30
km and 01 km storm relative helicity$RH). Large amounts of lovkevel sheafas measured
by 0-1 km bulk sheaand 61 km SRH)arecommonly associated with significant tornadoes,
as has been consistently found by Thompst al. (2003), Markowski et al. (2003),
Thompson et al. (2012), and otheldting condensation leveld. CLs) tend to be lower in
low CAPE environments, whicMarkowski et al. (2002) found to be more favorable for
tornadogenesisThis is presumably bease low LCLs are associated with rear flank
downdraft (RFD) parcels that are less negatively buoyant and therefore more easily lifted by
an updraft, resulting in a greater potential for vortex stretching (Markowski et al. 2002). The
relative effects of lowLCLs and stronger shear versus weaker updraft buoyancy on
tornadogenesis in HSLC supercells is stiiclear Guyer and Dean (201@nd Sherburn and
Parker (2013) havéound that CAPE-shearcomposite parameters such as the Supercell
Composite Paramet¢BSCP) and the Significant Tornado Paramet8iTP, Thompson et al.
2003)tend to be lower for low CAPE tornado&dhis is becausthese parameters angost



directly influenced bylarge differences in CAPE, causing them to decrease despite favorable
shear values and LCLs.

Adding to the forecast challenge, HSLC environments are present much more often
than traditional high CAPE, high shear environmen&chneider and Dean (2008) sisul
that the number of thunderstorm hours (number of hours with conveuti@n grid cell
summed over all gridells) in HSLC environmentfar exceeds the number of high CAPE
high shearthunderstormhours (Fig 2.3). While HSLC environments are present foany
more hours across the country than high CAPE, high shear environmentsnthgonal
probability of severe weather occurrence given the presence of convection is much lower in
HSLC environments than in high CAPE, high shear environn{€&igs 2.4). Therefore, the
potentialfalse alarm rate associated with forecasting the development of tornadoes in HSLC
environments is larger, as convection is present in these environments for a lodgrtnge
which few tornadoes will occur. In high CAPE, high ahenvironmentspn the other hand,
convection may be present for a shorter period of time bebbgarativelymore likely to

produce a tornado.
2.3HSLC Convective Modes

The forecasting challenges associated with the somewhat unusual timing and emtsonme
of HSLC storms are hopefully by now clear. Because the present study concerns radar
detection of threatening HSLC storms, we next review the current knowledge of convective
structures and evolution in HSLC settings.

2.31 Mini -supercells

Supercells in HSLC environmertsnd to be smallan horizontal and verticadizethan their
higher CAPE counterpart@~igs. 25-6), and therefore are referred to as nsunpercells
(Davies 1990, Davies 1993)bservations of mirsupercells show thdhey can beslong

lived and have a similar structure as a normal supercell (e.g. Davies 1990 anketr883]y

et al. 1993 Knupp et al. 1998, Markowski and Straka 2000, Murphy and Knupp 2013)
However,their small size causes them to not be as-saiped by the radar as classic

supercellsThe small vertical size of a misupercell is typically due to a combination of a



weaker updraft and typically lower equilibrium levefar example, the high CAPE classic
supercell in the left panels of Figs5& wasin an environmensupportive of strong updrafts

due to the large buoyancy pres¢BBCAPE of 3457 J k§jin a nearby soundingpnd the
equilibrium level and storm top were both above 12 (kig. 2.7) In contrast, the mini

supercells irthe right paels ofFigs.2.5-6 were associated with SBCAPE of 450 J'lug the

Storm Prediction Centerés (SPCOs) mesoanaly
level of around 5 km in a nearby soundiftgg. 2.8) Storm tops were only around 3 km,

possibly die to the capping inversion present near 3 km in the nearby sounding.

Mini-s u p e r stnallerlhérigontal footprint appears to be due to a combination of
weaker updraft mass flux and precipitation not being advected as far downwind due to the
shallower sbrm depth (Wicker and Cantrell 199@)n observational study by Kennedy et al.
(1993) also similarly noted that the msupercell in their study had a horizontal footprint in
radar reflectivity thatvas half the size of a normal supercell, and its updrdit reached an
elevation of 6 kmThis minisupercellcontained anid-level mesocyclonghat preceded the
low-level mesocyclone antbrnado, as in normal supercells. Wicker and Cantrell (1996)
found in their simulations that the size of supercell feataygpeared to scale with storm
depth.

In HSLC environments, the large amount of shear can partially compensate for the
lack of buoyancy, as dynamic pressure perturbations caused by even a weak updraft tilting
large amounts oambienthorizontal shearvorticity into the vertical can lead to a strong
updraft through a vertical dynamic pressure gradient acceleration. In simulations of
supercells in the environments of landfallingpical cyclonesMcCaul and Weisman (1996)
found that updraft speeds in thevitevels of a supercell in an environment with around 600
J kg' of CAPE were comparable to those in the low levels of a typical Plains high CAPE
supercell a result also found by Wicker and Cantrell (1996)isis favorable for stretching
of nearground vertical vorticity, which is one of the necessary components for
tornadogenesidMcCaul and Weisman (1996) found that thisnilarity in low-level updraft
speeds was due to the fact that the dynarartical pressuregradientforcing dominates in
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the low levels of supercell updrafts. The vertical motion in the upper half of the Plains
supercell in this study was dominatey buoyancy, however, resulting stronger vertical
motion aloft than what was found in the lower CAPE supercell.

While tornalogenesis in mirsupercells has rarely, if ever, been explicitly studied,
the mechanisms are likely similar to those in higher CAPE supercells, sinceupercells
have similar processes as higher CAPE supercells despite having different Asales.
reviewed in Markowski and Richardson (201@)tation in a supercell initially develops in
mid-levels (the midevel mesocyclone), as an updratt tilts horizontal vortex lines from the
deeplayer environmental shear into the vertical. The-lewel mesocyclondater develops
primarily from tilting of horizontalvorticity generated baroclinicallpy the stormand also
potentially due to tilting of horizontal vorticity associated with lé@vel environmental
shear. Tornadogenesis requires vertical vorticity nélae ground, which requires that a
downdraft (if there is no prexisting vertical vorticity) be involved in the tilting process.
Once vertical vorticity is present near the grouhdnust be stretchefbr tornadogenesis to
occur, with an upward dynamiperturbation pressure gradient force associated witlothe
level mesocyclone likely playing a major role.

The small size of mirsupercells makes them difficult ®amplewith operational
radars. In an observational study of mesocyclones insnipercds by WSR88D (Weather
Surveillance Radér 1988 Doppler) radars, Burgess et al. (1995) found that-soijpercell
mesocyclones had smaller rotational velocities, horizontal diameters, and vertical depths
compared to classic supercells. Grant and Prentic®6j1%otal that the average
mesocyclone diameter for the msupercells they studied was a little more than half the
diameter assumed in operational mesocyclone nomograms, suggesting that typieal radar
based thresholds for issuing tornado warnings neeletonodified for minisupercells.
Similar to classic supercells, however, Grant and Prentice (1996) noted a downward trend in
mesocyclone base height, and upward trends inldo@l rotational velocity and shear
leading up to tornado touchdown in the nsapercell cases that they studied, which were
mostly close to the radaOverall, observational and modeling studies of rsuppercells
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have remained limited compared to their classic supercell counterparts, especially mini
supercells not associated withnédalling tropical cyclones, such as the typical HSLC
tornado environment in the Midtlantic and Southeast.

2.32QLCSs

Some HSLC tornadoesxd damaging wind events in QLE&re associated wittmbedded
mesovorticesQLCS nesovortices are circulations Witiameters on the order of the meso
gamma scale, or about2® km in diamete Trapp and Weisman 20Q3)jhe mesovortices of
interestin this study are on the lowend of this scaleélhey develop along the gust front of a
QLCS, quite close to the surfa¢€ig. 2.9). They are different fromsupercellmesocyclones,

as explained by Weisman and Trapp (20GR)CS mesovorticesnitially form at low levels,

and maylater extend wpard into mid-levels, whilesupercellmesocyclones begin in mid
levels, and ray later extend dowward into low levels. Supercell mnesocyclones are
correlated with an updraft in midvels They can strengthen due to a dynamic pressure
perturbation induced by the rotating updraft which causes greater vertical motion and an
increase invertical vorticity due to stretchingQLCS mnesovorticesdo not require a long
lived rotating updraft, and so they will only benefit from dynamic pressure perturbations if
they are undereathan updraft Both QLCS mesovortices andupercelimesocyclones cdoe
associated with tornadgesQLCS mesovortex would likely need to become collocated with
an updraft in order for vortex stretching to produce a tornado fromsoe@ce vertical
vorticity. Several theories have been proposed for RIMCS mesovortices r@ generated
(Funk et al. 1999Trapp and Weisman 2003, Weisman and Trapp 20&kimoto et al.
2006, Wheatley and Trapp 2008kins and St. Laurent 2009a and 20Q2b)d this is still an
area of active researchut not a topiairectly addressed by thistudy The lack of rotation

aloft in QLCS mesovortices compared ®upercellmesocyclones can make them more
difficult to detect byoperational radars.hiey can potentially develop underneath the height
of the lowest scan at longer ranges from the raatat,strong lowevel rotation can develop

with little lead time.
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Most of themechanisms of QLCS mesovortex genesis that have been studied involve
tilting of horizont al vorticity to produce
simulation, QCS mesovortices developed by downward tilting of horizontal shear vorticity
due to the rear inflow jet (RIJ) or horizontal vorticity baroclinically generated along the gust
front. On the other hand, Atkins and St. Laurent (2009b) found that QLCS mesesiorti
their simulationdeveloped bypward tilting of baroclinically generated vorticigiong the
gust front.Differing from these mechanismbBunk et al. (1999) and Wheatley and Trapp
(2008) haveproposedhat shearing instability generat®LCS mesovortices, through a sheet
of pre-existing vertical vorticity along the gust fronbeing wrapped up into a vortex.
Tornadogenesiassociated witlQLCS mesovortices has been rarely studied. For all of the
genesis mechanisms except shearing instalfikhere vertical vorticity is always present),
what is known is thah downdraft is necessary for vertical vorticity to be present near the
ground. There arprobablysome similarities in the tornadogenesis process between supercell
mesocyclones and QLC&esovortices, with the main differences being the lack of a mid
level mesocyclone correlated with an updraft in QLCS mesovortices, and potentially
differences in downdraft structure atite mechanism by which stretching of neaound
vorticity occurs However,the details of this process remain unresolved.

Atkins et al. (2003 and (D05) found that tornadi®LCS mesovortices usually had
stronger Dopplepbserved rotational velocity at lelevels and were longdived than non
tornadic mesovortice$lowe\er, their shallow nature and small size can make them difficult
to detect, especially far from the radar. Also, for@i€CS mesovortices studied by Atkins et
al. (2005), tornadogenesis occurred oatyaverage of 12 miafter the mesovortex formed,
much auicker than the typical time between the development of dewi mesocyclone and
tornadogenesis in a supercah the order of tens of minutéBrown et al. 1978)Atkins et.
al (2005) found that tornadogenesis @LCS mesovortices usually occurred eftthe
mesovortices quickly strengthened, as indicated by desuthcrease in azimuthal shéan
the order of 0.005™Y caused by an increase in rotational velocity and a decrease in vortex
diameter.The depth of theornadicQLCS mesovortices also ineasedapidly. Nontornadic
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QLCS mesovortices tended to be much shallower and have weaker azimuthal shear values,
without a sudden increase in shear or vortex depth.

QLCS nesovortices, especially tornadic onefien (but not exclusivelylorm near
or to thenorth of the apex of a bow echo, if presesich as irfrig. 210 (Weisman and Trapp
2003, Trapp and Weisman 2003, Atkins et al. 208&ins and St. Laurent 2009b)
However, some QLCS mesovortices may also occur south of the apex when a bowing
segment has not yet reached its mature stage (Trapp and WeismanT2@03dgsociation
between bow echoes and cool season tornadoealdmbeen mentionedby Przybylinski
(1995)and Burke and Sclitz (2004) Theynoted the importance of shoterfigth<20 km)
bow echoes embedded in a squall fimethe production of damaging winds and tornadoes
cool season environments with strong synoptic for¢ufigen HSLC)

RIJscan affectQLCS mesovortiesif they descend to near the surface antdrsect
the gust front The increased convergence associated with a descending Rigremse the
lifting along the gust front, resulting in a stronger updraft and more stretching of vertical
vorticity in themesovortex (Atkins et al. 20059s shown irFig. 211. Also, an elevated RIJ
can act asraadditionalsource of horizontal vorticity that can be tilted into the vertical,
producing aQLCS mesovortex Trapp and Weisman 2003In one of the bow echoes that
Atkins et al. (2005) studied, no tornadoes occurred prior to the development of the RIJ.
Notably, when the RIJ advects drier air into a QL@&Saporation of some of theailing
stratiform precipitationcan result inndentations in the back edge of tailing stratiform
precipitation, or rear inflow notchd&INs; Smull and Houze 198&nd 1987, Przybylinski
1995, Atkins et al. 2005)RINs can be used by forecasters as a surrogate that indicates the
presence of a RIJ (Przybylinski 1995), as often theifkhibt oriented parallel to the radar
beam and therefore is not obvious in radial velod#ia

Tornadoes have also been documented with-dimé vortices,a type of QLCS
mesovortexalso known asa bookend vorx (Weisman and Davis 1998uch tornadoes
typically occurin the southeast portion ofdlicommahead behind the bowing segment
(Pfost and Gerard 1997, skagy. 2.12). Pfost and Gerard (1997) observed that the bookend
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vortex diameter, typically rather large compared &upercellmesocycloneshrank in size
around the time of tornadogenesis. It is unknown what similarities this tornadogenesis
scenario shares with cases of tornadogenesis inpnegpitation(HP) supercells that take
on commashape echo morphologies as they transition to a kemho (Moller et al. 1990,
Finley et al. 2001) or commshape echoes that sometimes develop when a squall line
merges with a supercell asdibsequenbowing occurs (e.g. Wolf 1998, French and Parker
2012).

Detailed highresolution observational and mouhgl studies ofQLCS mesovortices
in low CAPE environmentare scarceso it is unclear how well the published results for
QLCS mesovortices apply to lower CAPE mesovortices. Also, radar sampling limitations,
already a problem forigher CAPE mesovorticebecomecompounded due to the typically
decreased horizontal and vertical sizes of HSLC convection.
2.3.3 Climatologyof Storm Types
One reason that HSLC tornadoes are challenging for forecasters is their tendency to occur
with linear and/or nowliscrete cavective modes, either in embedded supercells in QLCSs,
or in association with QLCS mesovortices. Numerous studies ihdirectly shed light on
this, indicating the prevalence of linear convective modes in both nocturnal and cool season
tornado climatolog, times when HSLC tornadoes are most comnioapp et al. (2005b)
and Kis and Straka (2010) found that most nocturnal tornadoes were associated with linear
convection, and Grams et al. (2012) found simiambersof nocturnal significant tornadoes
assocated with discrete supercells and linear convectidrapp et al. (2005b) foundhat
32% of tornadoes associated with linear convection occurred during the months of January,
February, and March. Smith et al. (2012) and Grams et al. (2012) found tlataesnwvere
almost as likely to occur with linear convective modes as with the typical discrete or cluster

right-moving supercell convective modes during the cool sealua.prevalence of linear

2 Note that Grams et al. (2012), Kis and Str&2@10) and Trapp et al. (2005) did not distinguish embedded
supercells from embedded mesovortices in QLCSs. Also, Kis and Straka (2010) did not require contiguous
radar reflectivity as a criteria for linear convection. See Smith et al. (2012).
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convection in HSLC environments poses a challenge to foezsasis embedded supercells
in QLCSs do not often clearly resemble classic Plains discrete supercells.

Narrowing the focus from all linear convectiondoly QLCS mesovortex tornadoes
(and not tornadoes from embedded supeicditeir likely importance irHSLC tornado
climatology becomes very clear. Thompson et al. (2012) found tt4t af5all QLCS
mesovortex tornadoes had MLCAPE less than 500%) wbile only 1846 of discrete right
moving supercell tornadoes occurred with MLCAPE below this threshold; dlse found
that, during the winter, B5 of significant tornadoes from rigimhoving supercells occurred
in environments with MLCAPE greater than 350 J'kdvieanwhile, 7% of QLCS
mesovortex tornadoes rated EF1 or greater occurred in environments with MLCAPE less
than 450 J K§ (Fig. 213). The prevalence of HSLC QLCS mesovortex tornadoes is
problematic ashe dynamics of QLCS mesovortex tornadoes are much less understood

compared to supercell mesocyclone tornadoes (section 2.3.2).
2.4Unique HSLC Radar Sgnatures

Several uniqueradar signatures have been associated WM8LC QLCS mesovortex
tornadoesn case studies by forecasters wi t h  t-$iee riiebd arkattrscting that ur e
most attention Forecasters have sought useful signatures in radar reflectivity due to the
difficulty of detecting HSLC QLCS mesovortices in radial velocity data with adequate lead
time (Lane and Moore 2006). TieokenS radar signature wdsst discussedy McAvoy

et al. (2000)in a study of several HSLC tornado cadesvas documentetdly Grumm and
Galzewski (2004)n warm season cases as wéllforms within a small bowing segment
developing in a QLCS. The southern portion of this Imgwgegment begins to move ahead of
the northern portion of the bowing segment,
radar reflectivity(Figs. 2.14 and2.15). This eventually results in a break in the convective

line. A circulation becomes evideim the area of the line break. A tornacghay develop in

this region shortly afterward. In some caddsAvoy et al. (2000) found thabrnadoesvere

only found to occur at the area of the brof&m the convective linenecdotallyindicating

the imporaince of looking for this signature during warning operatiMeAvoy et al. (2000)
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speculated thahe break in radar reflectivitjmay bedue toevaporation caused by adiabatic
warming of subsiding aifThe overall structuralsosomewhatesembles &IN.

Building on the work of McAvoy et al. (2000)ane and Moore (2006pundthat not
all brokenS radar signatures were associated with tornadoes. Some {8 ckgmturesare
notverydistinct, and, in one case they studied, the brekéke signature thiadid produce a
tornado was not the one that was most similar in appearance to the conceptual model. In
brokenS casesl.ane and Moore (2006) state tlstornado may develop concurrently with
or soon afterotationbecomesvidenton radarRatherthan wating until rotationis apparent
in the radial velocity field and a tornado is potentially already on the grdiarwke and
Moore (2006) suggest looking for signs of a developing br&kesignature in radar
reflectivity and issuing a warning if the enviroant is favorablen order to achieve warning
lead time

BrokenS signatures were also documented by Clark (2011) tSA.C environment
in the UK, associated witLCS mesovortices forming along bowing segments in a squall
line. While there were signs af brokenS developing a few minutes prior tot@nadoin
some instanceghe brokerS did not fully develop until after the tornado occurred. Clark
(2011) proposed two conceptual models for the breékdrased on this cagEig. 2.16). In
one type of evoltion, the southern segment surges eastward and weakens while the northern
segment may persist and contain supedfded| characteristics. In the other, cyclic brokén
development occurs, as ne@LCS mesovortices to the south of the original brof&en
signaure successively develop and maturais resuls in new bowing segmerst andnew
line breals.

Similar breaks in reflectivity, while not referred to as brol&esignatures by the
authors, can be seen in association with corahagped echoes in a bookeruttex tornado
case Fig. 2.12) documented by Pfost and Gerard (1998), and in a skualsupercell
merger caseHig. 2.I7) documented by Wolf (1998)Additionally, Trapp and Weisman
(2003) noted in their simulations thidfite development cdomeQLCS meovorticesled to
undulations and eventually breaks in the leading edge of the QLCS updraft, resulting in a
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segmentation of the convective ligig. 210). This was caused by a downward dynamic
pressure gradient force due to the {ewel QLCS mesovortexyhich weakens the updraft. It

is not yet known if this is related to the break in the convective line associated with the
brokenS signaturgClark (2011) suggests that it may. Bemilar evolutions weralso found

in observations by Wakimoto et al. (2008n exact definition of the broke8 signature and

its variations remains unresolved, and it has rarely been found in the formal literature, at least
under this name. Its kinematics and dynamics remain largely unknonmand t o t he a
knowledge it hasnot been explicitly studied in a numerical simulatiorAlso, the
climatological frequency of broke® signatures remains unknown, as well as how often
tornadoes are associated with this signature, a question that will be addressed in the present

studythrough examining tornadic and ntornadic vortices for brokeB signatures
2.5 Summary

It has been shown that HSLC tornadoes play an important role in tornado climatology,
especially in the Southeast and Midantic, and that they pose many challenges to
forecasters during warning operations. The frequency of HSLC tornadoes fredisnaete
supercells, minsupercells, and QLCS mesovortiggenvective modes that are less well
understood and not as wskhmpled by radar as classic Plains supejcedisows the
importance of aadar study ofarge population oHSLC tornadoes. The utility aizimuthal

shear for detecting HSLC tornadoes, which app&arshow skill in tornado detection in
mini-supercells (Grant and Prentice 1996) and QLCS mesovortices $Agkiml. 2005),
needs to be further explored. The usefulness of radar reflectivity signatures, such as the
brokenS radar signature an@INs, along with more traditional signatures such as hook
echoes and bounded weak echo regions (BWERS) also requiresstudy. These gaps in

the knowledge base serve as the motivation for the present study.
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Lightning Hours 2003-2007 (ML CAPE > 0)
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FiG. 2.3. Number of hourbetween 2003 and 20@7at a SPC mesoalysis 40 kmgrid cell
had lightning inside of it, binned by MLCAPE and®km bulk sheavector magnitudegrrom
Schneider and Dean (2008)
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Conditional Probabllity of Tornadoes 2003-2007*
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FiGc. 2.4. Number of hotly SPC nesoanalysis grid cells that heatnado reports dividedyb
number of grid cells that hdhtning, between 2003 and 2003inned by MLCAPE and-®
km bulk sheawector magnitude, from Schneider and Dean (200Bi)s produces a
conditionalprobability that a tornado will occur given the presence of lightning.
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FiG. 2.5. Radar reflectivity (dBZ) using the same spatial scale for (a) a classic Plains
supercell (nortornadic at the time) at 2343 UTC on 7 June 2009 from the Kansas City, MO
(KEAX) radar and (b) two mirsupercell{the one on the right was tornadic at this jirae
2238 UTC on 27 March 2009 from the Raleigh, NC (KRAX) radar.
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FiG. 2.6. Similar toFIG. 2.5,, but a vertical crossection ofradar reflectivity (dBZ).
Horizontal lines are drawn for every 10,000 ft (3.05 km) of altitude.
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SELY 2700
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LIFT -3.13
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FiG. 2.7. Observed sounding from Topeka, KS (TOP) at 0000 UTC on 8 June 2009,
representing the environment of the high CAPE supercell in the left panetsso? Band

2.6.
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representing the environment for the rréapercells in the right panels ofsB. 2.5and 2.6.
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FiG. 2.9. Horizontal crossection ofsimulatedvertical velocity contours antbrizontalwind
vectors at z = 3 km iIQLCS mesovortex simulation by Tragmd Weisman (2003).
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FiG. 2.10. Simulated gust frorgositions(dashed linepver time (left to right) and
mesovortex positions (cyclonic vorticesadedn grey, anticyclonic vorticeshadedn
black) in mesovortex simulation by Atkins and St. Laurent (2009a).
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Fic. 2.11. Time evolution of ertical crosssection through bow echo gust front in simulation
by Atkins and St. Laurent (2009a). The gust fr@®9-K d i sis thehselid Eck line,
stormrelative winds are plotteals vectorsgrey contours are grousrdlative wind speed,

and vertical vorticity is contoured in black. The mesovortex is shaded in light grey.
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Fic. 2.12. (G) Radar reflectivityat 1952 UTC, i) stormrelative velocity at 1952 UTC
(probabk tornado location indicated by red triangle),radar reflectivity at 2007 UTC, and

(J) radial velocity at 2007 UTC, all at the 0.5 degree elevation scan on 8 May 1995 from the
Jackson, MSWSR-88D, showing aookend vortexdgdaptedrom Pfost and Gerard 1997

with annotations added
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FiG. 2.13. Box-andwhiskers plot of MLCAPHy season for all righthoving supercell
mesocyclonethat produced EF2 or greater tornadoes (grey shading), and all QLCS
mesovorticeshat produced EF1 or greater tornad@i@ack outline) from Thompson et al.
(2012).The boxes span the 255" percentiles, and the whiskers extend upward to the 90
and downward to the f{percentiles, with values for these percentilis® reported. Median
values are marked within the boxes, and sample sizes for each season are shown in

parentheses.
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1

FiG. 2.14. Conceptual modedf abrokenS radar signature, courtesy of td&/S Greenville
Spartanburg, SC WEQ he blue line representadar reflectivity greater than 40 dBZ in a
QLCS plottedevery 5min. The yellow band represents the likely swath of wind damage.
The magenta arrow indicates whers hypothesized thdhe tornado is likely to occuAt
time 7, a second possible loicat for a brokerS to begin to develop is also shown.
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FiG. 2.15. Radar reflectivity of a broke8 radar signaturat the 0.5 degree elevation scan
from the Greer, SQVSR-88D at 2352 UTC on 13 January 20@06&m Lane and Moore
(2006). Solid white lines indicate the northern and southern segments of the t8oken
signature, and the dashed white line indicates the break in the convective line.
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FiG. 2.16. Conceptual modeadf radar reflectivity associated with different brok@rsignatve

/

evolutions as discussed in the text, from CI
Darker shading represents highadarreflectivityvalues 6 Rl1 N6 and | arge bol
denote the locationdhep r i mary r ear i nf |l ovwedgreyliods denokeWECO

the location of smaller weak echo channels associated with individual vortices.
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FiG. 2.17. Radar reflectivity at the 1.5 degrgeft pnel)and 3.3 degregight panel)
elevation scanat 0455 UTC on 17 April 1995 from the InplaK WSR88D for a HP
supercell commahead tornado césem Wolf 1998).
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Chapter 3

Data and Methods

3.1 Spatiotemporal Domain

The domain of this study encompasses 11 CWAs in the Southeast ai#dldftic states,
including portions of northern Alabama, extreme southern Tennessee, Georgia, the Carolinas,
Virginia, extreme southeastern West Virginia, and Maryland. The specific WkDsare
included in this study antheir respective CWAs are displayed in F&jl. These WFOs
collaborated throughout this study as a part of the NWS Collaborative Science, Technology,
and Applied Research (CSTAR) progrdrorecasters at these WFOs itiiged 107 potential

HSLC severe weatharasesbetween January 2006 and April 20thtough comparison of

storm reports fromStorm Data® with visual inspection of CAPE and shear fields in the
nati onal sector view of t he oaBayssanchivewhidedi ct i o
HSLC tornadoes can occur with landfalling tropical cyclones, these cases were omitted from
the dataset, as tropical cyclone tornadoes have received much more attention in the literature
(e.g. McCaul 1991 and 1993, McCaul and Weisni®96, Schneider and Sharp 2007,
Edwards et al. 2012) compared to HSLC tornadoes associated witlatinide systems.

Table 3.1 lists the caskssed in this study, including 31 tornadic vortex cases and 43 non
tornadic vortex casesee section 3.2 ar@l3 for details of which vortices were included)

Only one case had more than ten vortices, and many days had five vortices or less (see
section 3.3 for a description of how these vortices were tracked), suggesting that an
individual case should not ovarfluence the results. 24 of the cases were common to both
datasets. Therefore, the null dataset includes some days when both tornadic-tmdatho

vortices were present, suggesting that larger scale conditions were favorable for tornadoes

® http://www.ncdc.noaa.gov/stormevents/
*Vortices were grouped into the same case if no more than 12 h existed between tornadoes/false alarm
warnings (so one case can include multiple vortices that happened on the same day).
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yet some voites were nottornadic, such as 16 April 2011 (Table 3.1). It also includes some
days when no tornadic vortices were present, which could suggest that the environment was
not favorable for tornadoes, such as 11 December 2008 (Table 3.1).

3.2 Tornado and Ervironment Data

Tornadoes that occurred dhe identified HSLCdays were extracted fror8 P C Sesere
weather database, which is basedStorm Dataand was describedoy Smith et al. (2012)

and Thompson et al. (2012). The tornado data are subject to kmgati reportingweak
tornadoes, especially QLCS tornadoes, may go unreported (especially in less populated
areas)as discussetly Smith et al. (2012)Trapp et al. (2049, and many previous studies.
Environmenal data from the nearest 40 km grid point in the hourly SPC mesoandéais

were used to determine which tornadoes on these days occurracdHiBLE environment

The SPC mesoanalydigtacombines vertical environmental profiles from the Rapid Update
Cycle (RUC) model with an objective analysis of surface observatiass,describedy
Thompson et al. (2012)ornadoes were included if SBCAPE at the nearest grid point was
less than 500 J Kgand the 6 km bulk shear vector magnitude was greater than 3, m
which were our criteria for what constitutes an HSLC environn88# tornadoes mehese

criterig. other tornadoes that occurred on these days but were not in an HSLC environment
were removed from the dataset. While storms and tornadoes do not aunueyjgr
transformations at these specific thresholds, they represeobwenient way of ensuring
internal similarity among out population of HSLC vortices. Althotigg environmeral data

are subject to potential errafsspeciallyin regions of strong hrizontal gradientsthey have

been repeatedly used for such climatologies over the last decade (Thompson et al. 2012,
Coniglio 2012)

In order to generate a null dataset for comparig¢ext data for tornado warnings
issued on thédiSLC days were downloal from the lowa Environmental Mesonet archive
(http://mesonet.agron.iastate.edu/archivehd CAPE and shear values at the storm location
listed in the warning were determined from the SPC mesoanalysis data. The 339 tornado

® The SPC mesoanalysis now uses the &RRgifresh (RAP) model, but this transition occurred after the
timeframe used in this study.
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warnings that were in an HSLEnvi r onment were retained, ar
warnings (i.e. those with no proximal tornado report) were determined and used to develop a

population of nortornadic HSLC storms, as will be discussed in section 3.3.
3.3 Azimuthal Shear Climatology

3.3.1 Method ofCalculating Azimuthal Shear
WSR-88D Level Il radar data weracquiredfor the HSLC cases that occurred aftdl of the
radarsused in this studyad beeru p gr ad e d-r £ e o hwlodiyedatacapabilities
(Wood et al. 2001) in the summer of 20U&hile the physical beamwidth of the radar did not
change, changes in the azimuthal sampling interval resulted in a decreasezimiinal
spatial resolution of the outputted reflectivity and velocity produciSue to concerns
regarding the inconsistency ebmparing derivatives (e.g. azimuthal shear) calculated on
higher resolution velocity daf@zimuthal samplingnterval of 0.5 degreesyith calculations
performed onthe@ r evi ousl y avai leasbolleutd coanros(aineuthialce ¢ a/c yi
samplinginterval of 1.0 degree), only cases with supesolution velocity data available
were used in this studyTherefore, the time range used in this portion of the study is
necessarily shorter thdar the origind 20062011 datasefsection 3.1) This portion of the
study includes 151 HSLC tornadoes that occurred between fall 2008 and spring 2011. The
radar data were initially processed using the Warning Decision Support Sységrated
Information (WDSSII; Lakshmanan et al. 2007) application. Automated WHDISS
algorithms were used tattempt toremove normeteorological echoes from the radar
reflectivity data and dealias the radial velocity data.

Azimuthal shear was calculatég WDSSII using the twedimensonal local, linear
least squares derivativ€LLSD) technique developed by Smith and Elmore (2004).

Traditionalazimuthalshear calculation§é fi p-to-p le a k 0 osljhuseavelgcity data from

® Archived superesolution Level Il data were not available for two radars that cover our domain during

portions of period of study, at Robins Air Force Base (ARRA (KJGX) and Columbus AFB, MS (KGWX),

and so data from these Department of Defasrated radars were not included if supesolution data were

not available, and the next closest radar to the storm was used. Additionally, several oth@8DWaRas that

cover our domain, also at air force bases, were not used because only Level lll archived data were available.

" The dealiasing algorithm used hourly RUC point soundings in order to determine the background wind profile,
which aids the algorithm.
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two points taking the difference in radial velocity between tiwe velocity peaksand
dividing by the distance between thethe vortex diameteidn contrastyelocity data from
multiple points are used in the LLSD calculation. Accordin§nath and Elmore (2004) and
Newman et al. (2013)his makes the LLSRechniqe more tolerant of noisy data and less
dependent on the azimuthal offset of the vortex relative to the radar beam (but still dependent
on range from the radaas will be discusseid the next paragraphConceptuallythe LLSD
techniqudfits a twodimensonal surface to the velocity field using the least squares method
the slope of this surface the azimuthal shear (velocity gradienthe LLSD technique
results in some smoothing of the velocity data, so Newman et al. (2013) suggested that LLSD
azimuth& shear is most useful for detecting mesocycilscale circulations (the purpose of
this study) and large tornadoes rather than small tornadoes (which usually cannot be resolved
anyway unless they occur very close to the radar).

Due to radar samplinigmitations, observedazimuthal shear for two identical vortices
will be lower for the vortex that is farther from the ragdathere is no variation in azimuthal
shear with heighfNewman et al. 2(8). This is due tdhe widening of theradarbeamwith
range whichresults in averaging of the returned velocities across a larger area (beam filling),
and smoothing of the azimuthal shear fifig. 32). Fig. 3.3 shows an increase in radar
observed vortex diameter (calculated by a WBIS8gorithm as the idtance between peak
inbound and outbound velocities within a 3 km azimuthal radius of the vortex center) with
range. There are few vortices with diameters < 3 km observed more than 100 km away from
the radarin this plot This range dependence means #stabng rotation far from the radar
may have smalleobservedazimuthal sheavaluesthan weaker rotation close to the radar.
An additional factor that can cause range dependence in azimuthal shear is the increase in
height of the radar beam with ran@eg 3.2). This means that the lowest radar elevation scan
may overshoot rotation occurring at low levelhich could especially be a problem for
shallow HSLC vorticesThe radar may also detect strong rotation aloft that is not present at

low-levels
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Once apolar, gridded azimuthal shear field was generated in WIDSS was
interpolatedn WDSSII (using the Cressman schenosto a 0.@5 degree latitude by 00B
degree longitude Cartesian grighich is approximately 0.5 km by 0.5 kiin example of
radial \elocity andLLSD azimuthal shear for a vortex is shown in RBgl. The maximum
LLSD azimuthal shear for the vortex in this figure is 0.022 while the maximum
traditional peakto-peak azimuthal sheacalculated aspVdivided by thevortex diameter
would be 0.@6 ™. While in this case, an unusually strong, weimpled vortex, the pedk-
peak azimuthal shear is greater than the LLSD azimuthal shear, LLSD azimuthal shear is
overall a more robust calculatiorunless otherwise noted, hereafter the ofdéhe term
Afazi muthal shearo wil/ refer to azimuthal sh
3.3.2 Vortex Tracking

Using this azimuthal shear field,otn tornadic and notornadic supercell
mesocyclones and QLCS mesovortices (hereafter collectivelyaederr t vortice® Wwdre
tracked. Tornadic vortices were initially tracked using the tornado touchdown points as a
starting point.Some vortices could potentially produce multiple tornad@®sy the vortex
track associated with the first tornado produdmsdthe vortex was included in further
analysis as operationally it is most useful to know when to first issue a warning on a storm
(if a tornado has already occurred a forecaster will typically continue issuing warnings for the
storm unless rotation substially weakens).Norn-tornadic vortices were identified by
tracking vortices associated with the initial points of tornado warnifigs; tornadoes were
reported within a 0.5 degree latitude by 0.5 degree longi(t88 km by 50 km)box
centered on eactnacked position of the vortex, within one hour, that vortex lahsleda
nornttornadic vorteXassociated with an unverified tornado warfifighis method does likely
eliminate some false alarm warnings in cases where donoadic vortex tracked in cie
proximity to a tornado from a different vortex. However, it helps to account for small
spatiotemporal errors in the tornado database by removing tornado warnings that occurred in
proximity to a tornado track. It also removes warnings issued for a ibdaewas tornadic at

other stages during its lifetim&Vhile it would be operationally useful to know whether or
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not a tornado warning should be continued on a previously tornadic storm, we decided that it
was most important to discriminate vortices tivate tornadic at one time from vortices that
were never tornadic at any time.

There are some limitations in using false alarm tornado warnings as a method for
developing a null datase¥Warning strategies can vary from WFO to WHGrecaster to
forecasterand based on how many storms of interest are prddentever, it appears that
there is no more optimal, realistic way to determine a null d&taseby definition a null
event did not have significant impacts on life or propeftyerefore no compreknsive
record of their occurrence is kept. The advantage of using false alarm tornado warnings is
thatthey indicatea gorm that appearedo be capable of producing a tornadiis unlikely
that this method would miss strong rmmmnadic vortices and aso unlikely that many
obviously northreatening vortices would be includdtl also provides operational benefit,
with potential to see why some warnings did not vegfythout having to include every
single possible weak vortgxFinally, these warningsre only used as starting pointto
know where to search for a vortex, which is then found and tracked using a more objective
method.

Il n rare cases, smal | (O 15 min) manual
tornado if identifiable rotation was not located near the tornado location at the reported time
of the tornado, but clearly moved over the tornado location at a different@neetornado
was removed from this study as no areas of rotation or convective storms were present
anywhere near the tornado on that day.the case of tornado warnings, small corrections
were made to the initial position of the vortex in a few casasgimuthal shear could not be
found at the time of the warning, but could be found within one or two volume scans in time,
and within the area of the warning polygon. If multiple vortices were present at the time of

the warning in close proximity to eacthet, the strongest vortex within the warning polygon

8 One could use the Mesocyclone Detection Algorithm (MDA; Stumpf et al. 1998), but this algorithm can be
plagued by numerous false detections, and may not detect all vortices of interest. Searching for azimuthal shear
maxima above a certain threshold is peotatic but large azimuthal shear values can result from gust fronts

and noisy velocity data. Manual identification of Aimnnadic vortices through study of hours and days of radar
loops also does not appear feasible and is still subjective.
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at the time of the warning was chosen manually. Clearly one cannot explicitly determine
which vortex the forecaster meant to issue the warning for, so this seemed to be the best
choice, and in most casigsvas clear which vortex the warning was being issued for.

Once identified, wrtices were tracked by their local maximum in azimuthal shear for
any radar elevation scan in the2(km MSL layer. Thidayer was usedrather than only
using the radar baseca) in order to potentially track vortices before they developed
substantial rotation at the lowest elevation scan. The vortex position was initially found by
searching for the location of the maximum in azimuthal shear within a 0.1 degree latitude by
0.1 degree longitude square centered on the tornado touchdown point (for tornadic vortices)
or the storm location listed in the tornado warning (for-tmnadic vortices)This search
was performed on the cl osest r a d the torsadov o | u me
touchdown time/false alarm warning issuance time. If azimuthal shear \aflussleast
0.006 & (a subjectively determined noise threshtdt is similar to thresholds used in
Newman et al. 2093could not be found within this box, thertex was notconsidered
further.

Provided its azi mut R thieshadreachvortexwassracked t he 0
backwards and forwards in tintgy an objectivetracking algorithmthat was developefbr
this study This process is summarized by the flow chart in Bi§. The basic philosophy
behind this tracking method is to extrapolate the vortex position from an estimated vortex
motion, but then search for the actual vortex position within a search radiusddeyirea
estimate of the uncertainty associated with the vortex motion estimate. It incorporates
information from the prexisting operational mesocyclone detection and storm tracking
algorithms to narrow the search radius when possible. However, it sléexible in order to
account for cases that may not trigger these algorithms, or for cases in which using the
algorithms alone does not give an accurate track.

Initially, the vortex is tracked backward in timea an iterative process. A first guess

position of the vortex during the previous volume scan is estimated bastg: amferred

® Algorithm text data were downloaded from the NCDC Severe Weather Data Inventory at
http://www.ncdc.noaa.gov/swdiws.
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vortex motion. Thenferredvortex motion over the first two backward timesteps is initially
taken to be the storm motion vector associated with the nearest stomnvtwrték, based on
output from the WSR-88D Storm Cell Identification and Tracking (SCIT) algorithm
(Johnson et al. 1998). Later on in the process, after three vortex positions have been
determined, an extrapolation of the three previously found vortexigrasis used instead.
Using the estimated vortex motion, the position of the vortex is predicted, and then an
azimuthal shear maximum s®ughtwithin a search radius defined by the typical uncertainty
in the vortex motion vectdFig. 3.6). This motion \ector uncertainty was chosen as 18 s
over the first three points of the vortex track and 9hfos the remainderof the points,
corresponding to four and two standard deviatiamespectively,of vortex motion errors
calculated for a few test cases. For a typical volume tseeeof 5 min, this corresponds to a
search radiusf 5.4 km over the first three points of the vortex track, and 2.7okithe rest

If a mesocyclonéetectedby theMesocycloneDetection Algorithm MDA ; Stump et
al. 1998)could be foundwithin this search radiu8, the azimuthal shear maximum was
searched for within a smaller search radius centered on the-déskted mesocycloée
position Also, if a mesocyclone with the sameemtification code is found by the MDA
within the search radius for at least two consecutive volume scans (since the MDA is
sometimes able to track vortices), its position is automatically used rather than searching for
an azimuthal shear maximum. Once ammathal shear maximuns found, the process
repeats itself for the next volume scan back in time. The vortex is tracked backward and
forward in time from its initial point in this manner until the azimuthal shear maximum falls
belowthethresholdvalue of0.006 &. Vortices were only tracked using one radar, the closest
radar at the time of the tornado/false alarm warning. Though it is possible that a vortex could
move closer to a different radar over the course of the track, data from other radarsetwere n
usedin order to avoidartificial changes in the azimuthal shear values over (anehe other

radar would sample the storm at a different range

191f multiple MDA-detected mesocyclones fell within the initial search radius, the closest one was used.
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Once the tracking algorithm was run, all of the vortex tracks were manually checked and
corrected.Most of the vortex tracks required manual correctidzimuthal shear, radial
velocity, and radar reflectivity fields at multiple elevation scans were all consulted and
looped in order to visually determine what changes, if any, needed to be made to the vortex
track This could includemodifying existing positions, adding new ones, or removing
erroneous positions order toensue that the same vortex was being trackédvas decided
to err on the side of continuing a vortex track rather than prematurelynsgimg it. It is
possible that in some cases one vortex may have dissipated and another reformed between
volume scans, but that is the limitation of the temporal resolution (typicdlyh) of the
operational radar dataor supercells undergoing cyclimesocyclogenesigLemon and
Doswell 1979, Adlerman et al. 1998yortex trackwascontinued if it was clear that the new
mesocyclone was associated with the same supercell updraft (based on consultation of
volumetric radar reflectivity data). If the vex was a QLCS mesovortethere was less
tolerance of discontinuities in the vortex tradk some casest could bedifficult to
determine whetheat small discontinuity in the tradlepresentea differentnearbyvortex or
anactuai wobbl ed in one vortexodés track.

Although the use of azimuthal shear is the basis of the tracking procedure, several
situations required more subjective judgmdfdar example, a gust front often appears as a
linear azimuthal shear feature (Fi8.7), within which cyclonic rotation associated with
embedded vortices appears as a local maximum 88y If there was a clear localized
maximum in azimuthal shear and/or rotation present in radial velocity data (a localized area
of enhanced velocities), the ¥ex track was continued after consulting multiple elevation
scans. If not, the vortex track wdsscontinued(even ifthe gustfronhad azi mut hal
the0.006 & azimuthal shear threshgldhlso, on occasion, storms moved throughring of
missing (rangefolded) velocity dataj u s t b e y o mdximam unamdiguoud sange.

This missing velocity data contaminates the associated azimuthal shear figldortiex
could besubjectivelytracked before and after the arezf range folding, the track was

continued even if azimuthal shear félélow thresholdn the region of missing velocities

S
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The rangdolded vortex positions were flagged aarimuthal shear values wetleenset to
missing forsubsequerdanalysis.

Once a vortex track was manually catezl, the maximum positive (cyclonic) azimuthal
shear value within a 0.04 degree latitude by 0.04 degree longitude (i.e. approximately 4 km
by 4 km) search box centered on the vortex position was recdrdetlighemradar elevation
scansthe vortex posibn was oftendownstream from the position foummlthe 32 km MSL
layer, due tomovementof the storm during the volume scan and possible tilt of the vortex
with height. Therefore, the vortex positiofteat determine the location of the search box)
usedfor recording azimuthal shear valuestla higher tiltswere determined using a linear
interpolation between the vortex position at the current volume scan and the next volume
scan If no velocity data and/or cyclonic azimuthal shear were present withisdarch box
for a given elevation scan at a given time, the azimuthal shear value was set to missing for
that scan. The elevation scans above the base scan were those used in the typical volume
coverage pattern (VCP) used by the W&FD during severe cerctive storm situations,

VCP 212%. In the relatively rare cases (three tornadic and ninetormadic) when the WSR
88D was in a different VCP, only azimuthal shear at the base scan was recorded.

3.4 Convective Mode Identification

As a part of a large national stu®fC forecastersubjectively assignedonvective modes
to mosttornadoes (and significant severe wind and hail repassgxplainedby Smith et al.
(2012). Tornadoeswere filtered such thaa convective modewas only assigned to the
tornadoof strongest magnitude (strongest EF scale rating) within a 48Fk@mesoanalysis
grid box per hourThe Smith et al. (2012)nvective mode identification was based on study
of radar reflectivity and velocity images from individuadars at the lowest radar tilt, using
information from higher elevation scans onlyemhnecessarystorms associated witach
tornadowere classified as either supercells or 4sapercellsat the time of the tornado
Supercells were required to contairmesocyclonéthe criteria for which werelefinedby
Smith et al. 2012)Both supercells and nesupercells weréurther classified by Smith et al.

11 Elevation scans in this VCP adene at 0.5, 0.9, 1.3, 1.8, 2.4, 3.1, 4.0, 5.1, 6.4, 8.0, 10.0, 12.5, 15.6, and 19.5
degrees.
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(2012)as being discrete (relatively isolatechbedded in an area weakreflectivity), in a
line, or ina cluster (storms that were neither discrete nor in an identifiable line). Non
supercell storms that were inline that met their length criteria were identifiad QLCSs
with the area of rotation likely being a QLCS mesovartéan-supercellsnot classfied as
QLCSsmade up a fairly small fraction of the dataset overall, and will be heréafteferred
to asfi o t ohTe clarify, hereafter all vortices associated with an identifiable supercell will be
referred to as supercell mesocyclones, while all-sugrercell vortices in a QLCS will be
referred to as QLCS mesovortices.

SPGdetermined convective modes were not available for thetormadic storms in the
present study (and fanytornadoes not assigned a mode dug #® Cfitering criteria), so
thee had to be manually assigned. To facilitate comparison of the convective mode
distributions for the tornadic and ntornadic vortices, the author also independently
assessed convective modes for the tornadic storms. While the independently assigned
convective modes followed the spirit of Smith et al. (2012), there were some differences,
partly due to usingan azimuthal shedrased criteriorio identify mesocyclones (rather than
rotational velocity as used by Smith et al. 20Ierall, the reassessed modes agreed with
the original Smith et al. (2012) mod&5% ofthe time, lending confidence that our tornadic
and nortornadic convective mode datasets are consistent with one another.
3.5Assessmenbf Radar Signhatures
Reflectivity signatures that have been previously determined to be operationally (esgful
sections 2.2.4) were documented in association with each of the tornadic antbnuadic
vortices Theseare listed in Table 3. and described belawThese signatures we
subjectively identified within a window beginning 20 min before the time of the
tornado/false alarm warning through 15 min afterward, with a focus on the lowest four
elevation scans. While many of these signatures have been commonly observed, uniform
definitions typically do not exist. The criteria used in this study were determined by looking
at several examples of reflectivity features that appeared to strongly resemble these
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signatures and creating criteria that these features would clearly satifyindividual
criteria are as follows.

For supercelmesocyclone¢ i n t hi s section deter mi ned
mode cl assi fi cat theothree mairssigeatures tratf wer® eoCutnenjed were
the hook echo, the weak echo region (WER the bounded weak echo region (BWER), all
fundamentafeaturesof the supercell conceptual model (F&9; e.g. Lemon and Doswell
1979, Markowski 2002). While these features are likely present to some extent in all
supercells, they may not be obseh®y the radarasthese features may nbe resolvediue
to beam filling. A hook echo was defined as a noticeable appendage of 40 dBZ reflectivity on
the rightrear flank of the storm, typically associated with the rear of the WER or BWER. A
WER was defied as a noticeable notch of reflectivity less than 40 dBZhe righirear
flank of the storm Reflectivity greater than 50 dBZ in the same location at a higher elevation
scan (echo overhanglas also requiredf this area of weak reflectivity was a hate40 dBZ
reflectivity, rather than a notch, then it was classified as a BWER. These signatures were
assessed through the lowest felgvationscans, and it was possible for a storm to have both
a WER and a BWER at the same tineg(a WER at the basean and a BWER at the 0.9
andl.3 degree elevation scaas in Fig. 3).

For QLCS mesovortices, several different signatures were documented. The first was a
gust front cusp (Fig3.10), defined as an inflection point in the gust front as determined via
the radial velocity field. Such a feature is typically associated with a distortion in the gust
front due to the presence of a mesovortex and/or bowing occurring in one location along the
gust front (see figures in Trapp and Weisman 2008 second QLCSignature was the
forward inflow notch (Fig3.11), defined as a noticeable indentation in the 40 dBZ contour in
the front of the convective line, with vertical continuifyhis signature waslso likely due to
a distortion of the gust front by the mesdear Hooklike echoes protruding from the
convective line in close proximity to QLCS mesovortices were also documente®.(2)y
using the same definition as supercell hook echoes (40 dBZ appendage). Finally;Sroken
signatures (McAvoy et al. 2000, Larand Moore 2006, Clark 2011) were also documented
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(Fig. 3.13). They were defined as a break or Reggak in the 40 dBZ convective line with
vertical continuity, where the southern segment of the line surges ahead of the northern
segment of the convectiviae.

A few more reflectivity signatures were also documented for both superesticyclone
and QLCS mesovortex cases. The first was the rear inflow notch ERiMbylinski1995),
defined as a noticeable indentation in the 40 dBZ contour in the réfae cbnvective line,
with vertical continuity. While RINs may be associated with a notch in the trailing stratiform
region of a large bowing MCS, they can also be found in association with smaller scale
bowing segments, such as those found in aduotewave pattern (LEWP, Nolen 1959).
These were the primary types of RINs in this study, since LEWPs are common features in
squall lines in coekeason dynamic patterns (Johns 1993). This feature may be associated
with a RIJ in a QLCS Krzybylinski 1995; see ig. 3.14), or the RFD with supercells
embedded in QLCSs (Moller et al. 1990, Doswell et al. 1990, Funk et al. 1999, Finley et al.
2001;seeFig. 3.13). Bowing segments, defined as noticeable {stvaped curvature in the 40
dBZ convective line, with verticatontinuity, were also documentéBig. 310a). Finally,
commashaped echoewere documentedFigs. 3.4-15), which could be associated with
bookend vortices (e.gPrzybylinski 1995, Pfost and Gerard 1997, Funk et al. 1999) or
bowing HP supercell commaheaitculations (Moller et al. 1990, Doswell et al. 1990,
Przybylinskiet al. 1993, Wolf 1998, Funk et al. 1999). Cell mergers were also recorded, as
some correlation between these and tornadoes has been found, though the physical links
remain unclear (e.d.emon 195, Goodman and Knupp 1993, Finley et al. 2001, Finley et al.
2002, French and Parker 2012). Mergers were defined as the union of the 45 dBZ contour
between two formerly distincells
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Table3.1.List of cases used in this stuflysing date in UT time of first vortex from that
case) and number of tornadic and ntwrnadic vortices for each case. Vortices were

included in the same casentd more than 12 h existed between tornadoes/false alarm
warnings. Cases highlighted in red indicate commaesaetween the tornadic and nion

tornadic vortices.

Number of tornadic Nonttornadic vortex | Number of nortornadic

Tornadic vortex days | vortices days vortices
10/8/2008 1 11/14/2008 1
12/10/2008 2 12/10/2008 7
12/24/2008 1 12/11/2008 7
1/6/2009 2 1/6/2009 3
2/18/2009 4 2/11/2009 2
3/27/2009 4 2/18/2009 1
3/28/2009 5 2/28/2009 2
4/10/2009 11 3/27/2009 2
4/13/2009 1 3/28/2009 5
4/19/2009 5 4/10/2009 3
5/3/2009 3 4/13/2009 4
5/6/2009 3 4/19/2009 1
5/7/2009 1 5/3/2009 1
12/2/2009 (afternoon) 2 5/6/2009 9
1/21/2010 (afternoon) 2 5/9/2009 3
3/25/2010 1 6/17/2009 1
3/28/2010 (afternoon) 4 10/30/2009 1
4/8/2010 (afternoon) | 1 12/2/2009 (evening) | 3
4/24/2010 1 12/2/2009 (afternoon)| 3
5/3/2010 2 12/9/2009 4
9/27/2010 1 1/21/10 (evening) 1
10/25/2010 4 1/21/10 (afternoon) 1
10/26/2010

(afternoon) 3 1/25/2010 4
10/27/2010 2 3/12/2010 1
11/17/2010 1 3/28/2010 (evening) | 5
11/30/2010

(afternoon) 5 3/28/10 (afternoon 5
3/6/2011 2 4/8/2010 (evening) 3
3/10/2011 2 4/8/10 (afternoon) 3
4/4/2011 4 4/24/2010 3
4/16/2011 8 5/1/2010 2
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Table 32. List of radar reflectivity signatures documented in association with supercell
mesocyclones (left) and QLCS mesovortices (right). Italicized signatureslaarmented
for both. Criteria for the signatures are described in the text.

Supercell Reflectivity Signatures

QLCS Reflectivity Signatures

Hook Echo

Gust Front Cusp

(Bounded) Weak Echo RegigB)WER

Forward Inflow Notch

Rear Inflow Notch

Hook-like Echo

Commashaped Echo

BrokenS

Cell Merger

Rear Inflow Notch

Commashaped Echo

Cell Merger
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FiG. 3.1. Map of the CWAs that comprised the domain of this stddgtsville, AL (HUN),

Peachtree City, GA (FFC), Charleston, SEIg}, Columbia, SC (CAE), Greenville
Spartanburg, SC (GSP), Wilmington, NC (ILM), Raleigh, NC (RARgwportMorehead
City, NC (MHX), Blacksburg, VA (RNK), Wakefield, VA (AKQ), and
Baltimore/WashingtofLWX).
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Height of VCP 212 Elevation Scans
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Fic. 3.2.Changes in beam height and beamwidth with range from the radar, &detaéon
scansinthe WSRB 8 D6 s V OaBhelihe? indicate the center of the beam, with the
filled region representing the width of the beam.
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Vortex Diameter at Tornado/Warning Time

Tornadic Vortices
* Non-tornadic Vortices

7r Tornadic Vortices Best Fit: r° = 0.18802
—— Non-tornadic Vortices Best Fit: r2 = 0.17489
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Fic. 3.3. Vortex diameter at th@.5 degree elevation scan as a function of range from the
radar for tornadic vortices (green circles) and-tamnadic vortices (red ciret). Besfit
lines are alsplotted using the same color convention, with correlation coefficient values
reported irthe legend.
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Fic. 34. Example plot of radial velocitgkts) and azimuthal shegs™) for a vortex, using the
same spatial scale for both. The azimuthal shear field is originially calculated on a polar grid
of same resolution as the velocity data, but then interpolated to a 0.005 degree latitude by
0.005 degree longitude Cartesian grideTadar is located wesbrthwest of these images.
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Fic. 35. Flow chart for the tracking algorithm that is described in the text.
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Possible actual vortex

position

Vortex motion vector
uncertainty

Predicted position of
vortex based on
estimated motion
vector

Vortex position at initial time t=t

FiGc. 36. Idealized schematic of tracking algorithm (not to scale). The vortex position,
initially found by searching foan azimuthal shear maximum near the tornado
touchdown/false alarm warning location, and then found iteratively by repeating the tracking
process, is indicated by the orange diamond. A first guess prediction of the vortex is
determined based on an estimaft@ortex motion (see text for details), which is shown as

the red diamond. An estimate of the uncertainty of the vortex motion vector is given by the
black arrowm(see text for detailswhich sweeps out the search radius indicated by the orange
circle. The tracking algorithm searches for any Midlatected mesocyclones within this

search radiudf one is founda smaller search radius is used centered on the -Bi&écted
mesocycloné positionand if none are found it searches for the azimuthal shear maxim
within this search radiu®range circle) The green diamond indicates a poss#uitial

location for vortex
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ectivity (dBZ)

b) 0.5 Degree Radial Velocity (kts)

C) 0.5 Degree Azimuthal Shear (1/s)
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Fic. 3.7. (a) Radar reflectivity, (b) radial velocity, and (c) azimuthal shear at the 0.5 degree
elevation scan of the Hytop, AL (KHTX) radat 0649 UTC on 10 December 2008 for a gust
front before th&QLCS mesovortex in 6. 3.8 formed.
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a) 0.5 Degree Reflectlwty (dBZ) b) 0.5 Degree Radial Velocity (kts)
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FiG. 38. Similar toFIG. 37 butat 0659 UTC for an embedded mesovortex along a gust
front.
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a) 0.5 Degree Reflectivity (dBZ) b) 0.9 Degree Reflectivity (dBZ)
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Fic. 39. Radar reflectivity at the (a) 0.5 degree, (b) 0.9 degree, (c) 1.3 degree, and (d) 1.8
degree elevation scans frahe Robins AFB, GA (KJGX) radar at 2324 UTC on E8bruary
2009, showing examples of a hook echo, WER, and BWER.
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0. b) 0.5 Degree Radial Velocity (kts)
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Fic. 310. (a) Radar rigectivity and (b) radial velocity at the 0.5 degree elevation scan from
the Hytop, AL (KHTX) radar at 0917 UTC on 25 October 2010, showing an example of a
bowing segment andgust front cusp.
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b) 0.9 Degree Reflectivity (dBZ)
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FiG. 311 Similar toFIG. 39, butfrom theGreer SC KGSP) radar at 0026 UTC on 11 April
2009, showing an example of a forward inflow notch.
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0.9 Degree Reflectivity (dBZ)
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d) 1.8 Degree Reflectivity (dBZ)
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FiG. 3.12. Similar toFiG. 39, butfrom the Sterling, VA (KLWX) radar at 2341 UTC on 16
April 2011, showing an example of a helike echo associated with a QLCS roesrtex.
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a)1306 UTC 0.5 Degr Reflectivity (dBz)  b)1310 UTC 0.5 Degree Reﬂ ctivity (dBZ) c)1315 uTC 05 Degree Reflectivity (dBZ)

st 3 - e 34250 {0 § . i Vi 60

St L
B7.45WB7.4K 67.35W 67,30 87.25WG7.20 87, 1SHB7. 1WE7.05W &7 56,95V 86.9W86.85%

f)1329 UTC 05 Degree Refl t|v1ty (dBZ)

uuulmlw.ulu.nluluuln '15WB7.1WE7.0W 57 B0.95W 50,98 B8.50%

e)1324 UTC gree Reﬂechvnly (dBZ)

55
50

45
40
35
...... 30
25
20

15

FiG. 3. 13 Radar reflect|V|ty at the O 5 degree eIevatlon scan from the Hytop, AL BEER

on 6 May 2009 afa) 1306, (b) 1310, (c) 1315, (d) 1320, (e) 1324, (f) 1329, (g) 1334, (h)

1338, and (i) 1343 UTC, showing the time evolution of a brekesignature. The line break

at the base scan occurs at 1320 UTC (panel d). Tornadoes occurred at 1325 UTC (after panel
e),1342 UTC (before panel i), and 1359 UTC (not shown). This br&ksignature fell in

the 66100 km range bin.



Fic. 3.14. Similar toFIG. 3.7, but from theHytop, AL (KHTX) radar at 1116 UTC on 27
April 2011 showing an example of a QLCS mesovortex aawatwith a commahaped
echo and a RIN.
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