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Abstract

Despite large advances our understanding of tornadogenesis over the past
fifty years, a compehensivedynamical understanding of the processes behind tornado
formation remains elusive. The purpose of this dissertation is to augment the current
body of knowledge by exploring the dynamical processes responsible for
tornadogenesis using highsolution numecal weather prediction. To accomplish this
goal, wvo highresolution numerical simulations of tornadic storms were performed with
the Advanced Regional Prediction System (ARPS) model. Both simulations were
nested within loweresolution domains that weiinitialized via highfrequency(5 min)
data assimilation cycles conducted with the ARPS three dimensional variational
(3DVAR) data assimilation packag&adar reflectivity and radial velocityy addition
to conventional observations, were assimilatethese fiveminute assimilatiorcycles.

In both simulations, tornadogenesis timing and location were well forecast.

The first simulationexaminedused 106m grid spacing toisulate a tornadic
mesovortex.The mesovortex was one of two tornadic mesowestispawned by a
mesoscale convective system (MCS) that traversed southwest and central Oklahoma on
8-9 May 2007

Results from the 18 simulation provide a detailed picture of the development
of a mesovortex that produces a snbsovortexscale tornaddike vortex (TLV).
Closer examination of the genesis of the TLV suggests that a strodgvelwpdraft is
critical in converging and amplifying vertical vorticity associated with the mesovortex.
Vertical crosssections and backward trajectory analysesnfithis lowlevel updraft

reveal that the updraft is the upward branch of a strong rotor that forms just northwest
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of the simulated TLV. The horizontal vorticity in this rotor originates in the near
surface inflow and is caused by surface friction. Anitemtthl simulation with surface
friction turned off does not produce a rotor, strong -lewel updraft, or TLV.
Comparison with previous twdimensional numerical studies of rotors in the lee of
mountains shows striking similarities to the rotor formapoesented herein.

This study is the first to simulate, analyze, and propose a dynamical mechanism
responsible for mesovortex tornadogenedikis dynamical mechanism ssaimmarized
in a fourstage conceptual model that describes the evolution of the éwent
mesovortexgenesis through rotor development and finally TLV genesis and
intensification.

The second case examined is a®@rid spacing simulation of the 8 May 2003
Oklahoma City tornadic supercellThis thunderstorm produced a strong, kragk
tornado that produced-# damage on the south side of Oklahoma City.40-min
forecast run on the 5@ grid produces two tornadoes that track within 10 km of the
location of the observed lofigack tornado.

The development of boteimulated tornadoeis analyzedand presenteevith
unprecedented detail in order to determine the processes responsible for tornadogenesis.
This analysis reveals thaltting of low-level vorticity generated by surface dralgys
an important role in the origin of vertical vimity near the ground for both tornadoes.
This result represents the first time that such a mechanism has been shown to be
responsible for generating nesurface vertical vorticity leading to tornadogenesiso
conceptual models are presented that sumzmahe development of the first and

secondornadq respectively.
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A simulation run without surface dragas found to be considerably different
from the simulated with drag ihded. A tornado still developenh the noedrag
simulation, but it wa shorterlived and bok a substantially different track than the
tornadoes in the drag simulatiofilting of environmental vorticityin an outflow surge
was determined to be the most likely cause of the tornado in tiengsimulation.

Baroclinic vortcity generation was found to be unimportant in the development
of the tornadoes in both the drag and thedrag simulation. This is a marked
departure from current theories of tornadogenesis andrtaeldr implications of this
finding, in addition to tk importantdiscovery of the substantial role of surface drag in
the origins of neasuface vertical vorticity in the dragimulation are discussed.

Errors in trajectory analysis are also discussed. A simplediomensionaflow
is invoked to demonstr@the sensitivities of trajectory analysis to divergent/convergent
flows. Possible remedies and alternatives to trajectory analysis are proposed for future

work.
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Chapter 1: Introduction

It has been nearl}yb0 years since Browning1964 introduced the term
6supér tel Biegke targe thuaderstorm cetlsat moveto the right of the mean
flow. In the intervening yearsgesearch on supercells and tornadoes has yielded
tremendous progress in our understanding of the dynamical processes responsible for
these meteorological phenomena. Yet, despite large leaps in understanding, there
remain a number of unanswered questiossrrounding tornadoes and especially
tornadogenesis. Speciflbg a complete understanding of the dynamical processes
behind tornadogenesis in supercells and other severe storms remains elusive. More
importantly for practical applications, it is stilbhwell understood why some storms
spawn tornadoes while otheseemingly equally intensestorms do not. Because
completely solving and answering themainingquestios surrounding tornadic storms
is impossible in a single studyhi$ dissertatiorseeksto augment the current body of
knowledge by providingletailed analyses of two higksolution numerical simulations
of tornadic storms The key mechanisms responsible for tornadogenesithese
simulations are explored and explained

Both of the simuations discussed in this dissertatiare of actual tornadic
events that occurred in Oklahoma. The first simulation discussed is of aigeasi
convective systenfQLCS)that produced a few weak tornadae®klahoma on 8 May
2007. The study of thisase is particularly significant as it represents the first detailed
study of the dynamics behind tornadogenesis in this typmetéorological scenario
The second simulation discussed is of a tornadic supercell that produced a large,

damaging tornado ithe Oklahoma City metro area on 8 May 2003 major



assumptiorbehind this entire dissertationifsa simulation faithfully reproduces regli
then maybe thdynamics governing the simulation are also similar to those that govern
reality.

In the following chapter, the major assumption of thisseitation is given
context by explaininghe five major approaches used to study theadyos of tornadic
storms. Thefollowing chapter also reviews our current understanding of tornadic
storms ad highlights aeas where understanding remains incomple@hapter 3
contains a detailed study of the tornadogenestssmesovortex associated with a quasi
linear convective system, focusimgrticularly on the important role surface friction
plays in the caseChapte 4 switches gears and discusses the simulation of the 8 May
2003 tornadic supercelln chapter 5, the limitationsf using Lagrangian trajectory
analysis to dynamically understand Bulerian simulatiorare explored and explained
This dissertation cariudes witha discussion of key results and their implications for

guiding future research.



Chapter 2: Review of Tornadic Storms.

As mentioned in the previous chapter there are five methods for studying the
dynamics of tornadic stormgi) observation based studigd) studies using simple
models, (iii) studies using more complex thrdenensional cloud models with highly
idealized initial conditions(iv) studies in which data assimilation is usedgyathesize
observed data intdhreedimensional model space, and (v) studies tasgimilate
observed data inta threedimensional model and then run a simulation proceeding
from this initial state. Of course, some studies contain more than one of these
approaches and (v) is a subset antkrsion of (iv), however, for the most paitte
main methodologyf research in this area wilbcus onone of the above approaches.
Thefirst sectionof this chapter reviews the philosoplagdvantanges, and disadvantages
behind eachof these five approghes This is followed bya detailedreview and
synthesis of all five approaches leading teuanmary of the present undtanding of
tornadic storms.

2.1 Five approaches for studying tornadic storms
2.1.1 Observational approach

Of the five approaches rfstudying tornadic storm dynamics the most utilized
(at leastin terms of the number of publications) is the observational approach. As the
name implies, the observational approach involves using direct or indirect observations
of tornadic storms in omt to glean some understanding of ihgortant physical
processed tornadic storms. The observation types used in this category of research
are wideranging and will beliscussedn the following section of this chaptdyut first

theadvantages andsiidvantagesf the observational approach are discussed.



Perhaps the single greatest advantage of the observational apprtethfast
thatobservations are measurements of reality. This simple fact implies that, accounting
for systematic errors in glervational platforms, observations nisgyinterpretect face
value. There is no need to be concerned that important physical processes are being
neglected in an observational analysis because the observation is the result of all
relevant physical process occurring in the atmospheré other words, if an
observational data set were to exisat measured all thermodynamic and kinematic
variables everywhere within and close to a tornadic storm, there would be little
ambiguity in the interpretation of sy a data set with regard to the dynamical processes
governingthetornadic storm.

Unfortunately, the collection of such a comprehensive data set is nearly
impossible and would be prohibitively expensive. This brings up the main disadvantage
of observabnal studies they are generally very limited spatially and temporally. In
addition, many important variables are generally only indirectly observed, if they are
observed at all. This necessitates large assumptions and extrapolations about what the
atmasphere is doing outside of observed areas and between observed times. This
limitation may lead investigators to mak&correctconclusions about thgoverning
dynamics behind a tornadic storm. It is possible that important processes are occurring
thatsimply cannot be resolved or measured by the observationakgatan the most
advanced observational study.

2.1.2 Simple models
The limitations of the observational approach have motivated many

investigators to construct physical models in their $efoc understanding. The most



basic of these models (the simple model) can be constructed in order to isolate the
impact of one (or perhaps a few) progesyor parametgs). This approach is
appealing because the interpretation of results is graatyliBed when processes are
isolated. Additionally, this approach can be compared to observations in order to
determine the importance (or lack thereof) of a particular process. For lexamp
observations reveah particular signature and a simple rabdhat neglects most
processes can reprodyoe even partially reprodugthat signaturéghenthe investigator

can conclude witHairly high confidence that the process being modeled is physically
important for the production of the signature in question

While simple models can be useful in the situation outlined above, there are
strong limitations on their applicability. Because of their inherent simplicity, in many
casesit is impossible to determine whether a procimsg a simple model indicates i
important would still be important when other processesrmleded For exanple,
simple modelhave been used to studgrtex dynamics and kile these models can be
used to explain behaviors observed in tornadoes, must exercise caution as a
differentprocess or a combination of multiple otherqasses may combine to produce
nearly identicalvortex behavior in the real world.

A more specific limitation of simple models in their application to tornadic
storms is the fact that tornadic storms ardtiracale phenomena. It is difficult in a
simple model to represent the complex interactions between scalesrh likely
occurring between the tornado and the pastotm. Thus, while simple modelsear

quite useful to investigatehe importance of aprocess, conclusions about the



importance of that process to the overall convective storm must be at least somewhat
speculative.
2.1.3 Nonrhydrostatic numerical weather prediction

As a result of the limitations in the applicability of simple models toadic
storms, many investigators have considered more complex atmospheric models. These
models typicallynumericallysolve the NavieStokes equations of motion and include
many different physical processes, maaof which are parameterized owingp
compuational cost or insufficient physical understandifidhese models are initialized
using some souf idealized(or quasiidealized initial condition for the atmosphere. In
principle, hese models can be thought ofeas u per c e | | I n a. Asox 6 ty
such, it is assumed that if the simulations can reproduce key featu@sserved
tornadic stormgstherelevantphysical processes in the model might also bedleyant
physical processes in the real atmosphere. As long as this assumptiomw,igheal
model can be used to examine the impact of varying different parameters on the
behavior of the simulated storm.

When the above assumption is violated it can keaithcorrect conclusions and
false diagnoses of the important processes in torn&mims. As will be discussed in
more detail later, an oversimplification in microphysical parameterizaappgars to
haveled to researchers making an incorrect conclusion about the importance of a low
level baroclinic zone along the forward flank gusint in the development of lcVevel
rotation in supercell thunderstorms. Observational studies were unable to verify the

existence of this cold air suggesting that the models may peducedthe right



answer for the wrong reasons. As suelsults fron this category of study must always
be interpreted with this caveat in mind.

Another limitation of this approach is the difficulty of making direct attributions
to specific parameters. In other words, because these models are quite complicated and
nortlinear, it can be difficult to isolate the impact of varying a single parameter upon
the model solution. For the same reason, it is also can be fairly difficult to determine
why the model solution proceeded in the manner it did. This atdoscate the
importantprocesses and make conceptual understanding difficult for the investigator.

2.1.4 Storrrscale data assimilation

In order to combine the advantages of the observational and NWP approaches
investigators have begun using stesoale data assimilatioto extract as much
information as possible from observations. Steale data assimilation can provide
many useful unobserved quantities by adjusting the model state based upon observed
guantities. Similar to the idealized NWP approach, the key assumipehind data
assimilation for the understanding of storm dynamics ifisthe analyzed storm
resembles the observed storm (especially when verified against independent
observations)then perhaps the unobserweatiablesprovided by the modelnalysisare
accurate and can be used to provide a more complete picture of the storm than
observations aloneBecause the analysis uses real datshould provide a dynamical
analysis of the storm that is consistent with reality as long as the data assimilation
produces an optimal analysis. This is the madvantage othe data assimilation

method when compared to the idealized Ripproach



Unfortunately, the above assumption is often violated because afpsintel
data assimilation. Swubptimal data assimation may give incorrect crossriable
correlations, developing relationships between model variables that may be artificial
while missing relationships that are real. This could lead investigators to make
incorrect conclusions based upon a data setttay is dynamically consisterfut in
reality is not Moreover, in some data assimilation schemes some variabtes
analyzed in a separate step that virtually assures there will not be internal consistency
between analyzed model variables. For examjte this dissertation a three
dimensioml variational (3DVAR) data assimilation scheme is used along with a cloud
analysis for moisture variables. Thus, there is no guarantee that moisture and mass
fields will be dynamically consistent in the analysis.

The previous paragraph implies tisatccess of this approachlikely case and
data assimilation scheme dependent. This makes it difficult to generalize conclusions
reached using this approacAdditionally, there is generally a paucity of independent
observations with which to verify the accuracy of the data assimilation analysis.

2.1.5 Storrrscale data assimilation to initialize a simulation

A natural extension to the storsgale data assimilation approach is to use the
analysis as the initial cdition for a forecast. This is the approach taken in this
dissertation. As mentioned in the introductory chapter, the major assumption behind
this approach is that if the model faithfully reduces reality then perhaps the
dynamical processes that drotree model solution are the same as those that govern
reality. An advantage of running a simulation proceeding from the stoate data

assimilation analysis is it can help constrain the model trajectory and assure the



investigator that the model is dgitthe right thing for the right reasorn other words
if the analysisand subsequent fréderecastboth resembleeality it is unlikely that such
a resemblance could occur only by coincidence.

Even witht hi s agadvardages,ith@re are still mahyadvantages which
make this approach difficult. First, it is computationally expensive to perform -storm
scale data assimilation and forecad®causeesults are likely case dependemtarge
number of cases are necessary to make general concliusiplysng the need for a
greatdeal of computer resources. Evéthe computer resourcese readily available
there are likely a limited number of cases that have sufficient observational data
required to produce a high quality analyarsd subsequeribrecast In addition asa
result of inaccurate parameterizatipitss still possible that the model could produce
the correct evolution of the storm for the wrong reason. Finally, as with the idealized
NWP approach, the complexity and strong 4hioearity of the model can preclude
straightforward attribution of physical pregseso thebehavior of thenodeled storm

2.2 A review of tornadicsupercelldynamics

Now that the five approaches fdudying tornadic storms havweeen discussed
it is appropriate to review the knowledge of tornadic storms that has been acquired via
studies in all five of these areas. For the sake of bretity review is mainly focused
on studies that made significant contributions in our understanding difyttezanics of
tornadoes and their parent storm. The review in this chapter is fairly general and
reviews of topics more specifically related to the two cases studied and the methods

therein are presented (as needed) in subsequent chapters.



2.2.1 Early stugks of tornadic storms

It is perhaps most appropriate to begin this review with a discussion of
Browning (1964), the paper that first coined the term supétoetiefer tosinglelarge
cells that persist in a nearly steady state for several hours. myawia collection of
past studies, most of which used radar to analyze supercell s@gn$Stout and Huff
1953 Fujita 1958 Browning and Donaldson 1953Browning (1964) developeda
model of he airflow of supercell storms. In his schematic, inflow atlevels feeds a
vigorous updraft leading to the development of an dod® precipitation vault. The
precipitation formed in the updraft falls downstream of the inflow air, allowing the
convective storm to persist. A downdraft occurs aslry mid-level airis chilled by
evaporative coolingas it encountersprecipitation along the downsheaide of the
updraft. Fig. 2.1 reproduces the thresimensional schematic presented in Browning
(1964).

Fujita was also actively researching supercells (though he did not call them that
at the ti me) d ur i n g Fujitah(E965mnddrFujita mrdl Glarsdose 1 9 6 (
(1968 attempted to explain both hook echo developnagr stormesplitting with the
Magnus force. Fujita explained that a rotating updraft initially at the center of a main
precipitation area wodldrift to the south owing to the Magnus effect and would then
advect precipitation around it leading to the development of a hook dd¢terotation
in the thunderstorm was assumed to be from the amplification -@Xw#ng mesoscale
rotation Stormsgitting and the tendency for the spiiy storms topropagateaway

from each othewerealso explained via thBlagnuseffect. Fujita conceptualized that

't is interesting to note that the term O6supercel
only mentioned once in Browning (1964). I't was n
Marwitz that the term appeats have gained prominence in the literature.
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an initial storm would give rise to two cournt@tating storms. The counter rotating
storms werecaused by theshedding of vortices as a result of aedrel winds flowing
around the initial updraft which behaved as an obstacle. The new updrafts on either
side of the original updraft captured these couraating vorticesThe Magnus effect

then led o the cyclonic member to move south while the-aptionic member moved

north.

V —==>

Fig. 2.1. Conceptual model of airflow in a supercell. Reproduced from Browning
(1964).

While early studies identified that storms rotated, it was not until a report by
Barnes(1968 that a more plausiblenechanism for rotation wastroduced Barnes
noted that little, if any, data were available to support the idea that thunderstorm
rotation was the result of pexisting mesoscale rotation. He then used proximity
soundings from 16 severe weather casessanuiised that storm rotation was the result
of the tilting of environmentahorizontalvorticity (associated with vertical wind shear)

11



by the convective updraft. Barnes schematic of updraft tilting of environrhen

horizontal voticity is reproduced irfrig. 2.2.

Fig. 2.2. Schematic showing how horizontal vorticity associated with the environmental
vertical wind shear is tilted in a convective ugitt Reproduced from Barnes (1968).

The 197006s brought ad dirstthunemcal bimutatiosse r v a t |
of supercell thunderstorms. The conceptual model of Browning (1964) was updated by
Marwitz (1972 to show the regions of updraft, large hail, and the visual cloud
boundary. Brown et al (1978 introduced the idea of the tornado vortex signature
(TVS), a radial velocitycouplet that appears aloft teabminutes beforea tornado is
presentat low-levels. The dynamic pipe effediLeslie 197), wherebyconvergent air
into a midlevel vortex acquires rotation leading the vortex to extend downward to the

ground, was invoked to explain the behavior of the TS®ith and Leslie 1978979.
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Lemon and Doswell1979 represents the synthesis and culminatibthe early
observational studies of supercells and tornadoes. Drawing predominantly on analyses
presented irBrown et al.(1973, Lemon (1976 1977, Burgess et al(1976 1977,
Lemon et al(1978, Barnes(1979, andBrandes(1978, LD79 develos a three stage
conceptual model of tornadic supercells. In the ftage, a deep, persisteonvective
updraft develops, slows down and tutosthe right. This developmefgads into the
second stagduring which,LD79 state large hail and funnel clouds are often observed.
During this stage a bounded weak echo aediBWER) is typically observed to be
collocated with a strong milkvel mesocyclone. This mesocyclone is completely
within the updraft of the supercell at this time. The third stage Df7 Sconseptual
model begins when downdrafts strengthen and theoayelone descends while
becomingdivided [ i.e., straddling the updraftowndraft interfaceof the supercells
main updraft and redtank downdraft (RFD)]. LD79 states thattong tornadoes are
most likely to occur during this stage even though the storm is collapsing with
weakening updrafts and strengthening downdralfid79 speculated that strong tilting
of vorticity in the strengthening RFD was responsible for tornadogen®bservations
of the descending TVS weome of the main reasons they came to this conclusion.

LD79 alsodiscusseshe origin of the RFDexplaning that strong flow between
7 and10 km is forced to descend asntpinges on the updraft. LD79 emplmesithat
while the RFD develops-X0 km AGL, it is unlikely that air from these levels makes it
all the way to the surfacelig. 2.3 presens the planar conceptual model of a supercell

from LD79. This conceptual model features separforwardflank and reaiflank
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downdrafts and gust fronts. The gust front structure and location of the tornado is

reminiscent of an extratropical wave cyclone.

Fig. 2.3. Schematic plan view of the surfafeatures in a supercell thunderstorm.
Included features are the réank downdraft (RFD), forward flank downdraft (FFD),
gusts fronts, the main updraft (UP), and the location of the tornado (T). Reproduced
from Lemon and Doswell (1979).

2.2.2 Numericbsimulations and the modern eratofnadic storm research
Increasing computational power and the consequential development of three
dimensional numerical simulations of idealized supercells set the stage to explain the
development of many of the feataredescribed by LD79 and earlier studies.
Schlesinge(1975 presented one of the earliest thdimensional simulations of deep

convective clouds in vertical wind shear and while his model did not produce storms
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that closely resembledupercells;he was able to tentatively conclude that tilting of
environmental vorticity may be responsible for the development of mesoscale rotation.
Schlesinger(1975) also suggested that horizontal pressure forces associated with
rotation may steer the convective cloud at an appreciable angle to right or left of the
mean wind.

A few years aft erwWilh8mnsodl and Klenp@978® and st udy
Klemp and Wilhelmsor§1978a b) used a nothydrostatic numerical modé&b generate
the first simulations of supercells that closely resembled observations. -§iliting
and propagation to the right or left of the mean wivete successfully simulated in
their studies.Wilhelmson and Klemp (1978) andlemp and Wilhelmson(1978a)
showed that stormplitting was the result of water loading splitting an initial storm that
developed in wind shear. Klemp and Wilhelmson (19&{plained that the cyclonic
or anttcyclonic split would be favored depending on the curvature ohtumgraph
owing to a relative enhancement glst front convergence beneath the storm. This
enhanced convergence also was responsible for propagation to right or left of the mean
flow. For unidirectional sheamirror image storms were created.

By linearizing the vertal vorticity equation, Rotunn@l981) confirmed that
mid-level rotation in supercells was the result of tilting of environmental vorticity just
as Barnes (1968) had proposed. However,
tilting of vorticity resulted in amid-level vortex coupletas vortex tubes were tilted
upward/downward on the periphery of a developing updraftis partially explained

the tendency for counteotating supercells that wefieequentlyobserved.
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While stormsplitting and propagation away from the mean flow had been
successfully modeled, the dynamics behind the effects remained only partially
explained until Rotunno and Klen(@982; hereafter RK§2 Noting that Schlesinger
(1980 had discovered the importance of an upward vertical pressure gradient force on
stormsplitting, RK82 first presented a linear analysistbe vertical component of the
equation of mabn to explain the impact of an updraft in the presence of shear on the
pressure field. A summary of their analysis follows.

RK82 Beginswith the shallowjnviscid, anelastic equations of motion,

= 71207 A AT, (2.1)
— 10A 0 0, (2.2)
31 m, (2.3)

where’l and || are the velocity and buoyancy vectors respectively; 6 — —

wheren, n ,—,'Y, andd are thepressure, ground pressure, potential temperature at
the ground, universal gas constant and specific heatrettant pressure, respectively
and 0 is the BruntVaisala frequency. RK82 then linearized (2.1)2.3) about the

envionmental wind vectorr Y & hoo & hit, to obtain

= 0 —7 - (2.9)
—A 0 Oee (2.5)

Jlee T, (2.6)
Wherethe total derivativeas — — O3 . Assuming a horizontally homogeneous

environmet, keeping in mind the definitiorof the total derivative, andaking the

divergence of2.4) an equation fof can be obtained as
16



n o« (IO Ve (2.7

By approximating that the Laplaciasf a function is negatively proportional to the
function itself, the expression

“x T (e (2.8)

can be obtained. This expressioplies that the linear effect of an updraftvertical

wind shear isat any given levelfor there to bea high pressure perturbation upshear
and a low pressure perturbation down shear of the updraft. RK82 then explaihed
for a curved hodographwhere the shear vector rotated cyclonically with heitftis
linear effect would leado an upward pointing ertical pressure gradient force on the
right flank and a downward poing pressue gradient on the left flank @f stam. This
configuration Fig. 2.4) favors theenhancement & developing rightmoving supercell.
RK82 found that after the early development stages of the storm;linear effects
begin to become important and can cause stpiitting even when rain processes are
turned off in the model. They conclude that steplitting is likely caused by a
combination of raimater loading [as suggested in Wilhelmson and Klem@&&9 and

the nonlinear effecs of rotation on the vertical pressure fielthese nodinear effects
imply that even in unidirectional shear, updrafts will tend to be favored on the flanks of
convective cells and storms will tend to split and move with a component different from
the mean flow.A final important aspect of RK82 is the argument they made against the
obstale flow analogy that was used.§., by Fujita and Grandoso (1968) implying

the importance othe Magnuseffect] to describe supercells. RK82 pointed out that

super cel | dighly pgals andthe comparison between the updraft and a
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cylinder isgreatly complicated by the fact that the updraft and sheaorveaensation

typically changewith height.

Fig. 2.4. Schematic of the tendency for updraft (downdraft) to be favored on the right
(left) flank of a convective updraft in cyclonic vertical wind shear. Reproduced fro
Klemp (1987).

Using the same model as RK82, Klemp and Rotufi®83; hereafter KR§3
nested a highesolution domain with 256 horizontal gridspacing withina lower
resoldion simulation of the 20 May 1977 Del City Oklahoma supercell that had been
performed by Klemp et al(1981). The highresolution simulation reproduced the
intensification of a lowevel vortex,and also featurethe development o& strong
downdraft near the lovevel vortex whichKR83 named the O6occl usi on
The occlusion downdraft was found to be the resuthefintensification of lowlevel
rotation leading to a downward directedgsure gradient forceBased ora streamline

analysis,KR83 concluded that the lowevel vertical vorticitycomprisingthe low-level
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circulation had its origins as a combination of environmental horizontal vorticity
associated witlverticalwind shear andmore importantly, was baroclinically generated
predominantly alongthe or i zont al buoyancy gradients
pool. The convergence of streamlines into the-lewel circulation impliedthat after
some tilting of this horizontalorticity, vertical vorticity was dramatically amplified via
stretching.

The 20 May 1977 supercedlas also studied observationally via a dDappler
analysis in Brandegl981). Brandes (1981) concluded that stretching of vortiesya
result of the collocationdiween the tornado and a strong {l@wel updraft was critical
to tornadogenesis. This interpretation differed significantly from LD79 because it
implies a batom-up rather than tegdown series of events leading to tornadogenesis
KR83confimed Brandés concl usi on.

Many of the conclusions reached by RK82 were rigdsopsoven in Davies
Jones(1984). Using a linear theory of dry, shallow, inviscid, isentropic, convectively
unstable flow in ertical wind shearDaviesJones (19843howeda positve correlation
between vertical velocity and vertical vorticity. The introduction of ¢bacept of
streamwise vorticity helped to clarify this finding. DaviEmes defined streamwise
vorticity as the portion of the horizontal vorticity vector paraltelthe storrrelative
wind. He explained that vorticity with a streamwise component implied that the
maximum in vertical velocity and vertical vorticity would be located on the same side
of an isentrog hump Fig. 2.5). For purelycrosswise vorticitythere is no correlation
between thevertical velocity and vertical vorticity associated with an isentropic peak.

DaviesJones (1984) concludes with a discussion of the importance, especially for
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forecasters, ofacognizing areas ofige stornrelative streamwise vorticity as these

storms will most likely be the most severe with the greatest likelihood of tornadoes.

STORM-RELATIVE
MEAN FLOW

VERTICAL
DISPLACEMENT
PEAK

STORM-
RELATIVE
MEAN FLOW

Fig. 2.5. Conceptual xample of the difference between a crosswise drehmmwise
vorticty when fl ow is forced to rise over an
example, the resulting vertical vorticity is positively correlated with the updraft. In the
crosswise example, there is no correlation between vertical vordiodythe updraft.
Reproduced from Daviedones (1984).

The final significant contribution in the area of supercell dynamics from
Rotunno and Klemp came in their 1985 pap:¢
Simulated Supercell Thundesst ms o . R Klémp 111888 loekeddfurtherat
storm propagation and Ielevel rotation using, for the first time, the conservation of
equivalent potential vorticity and Bjerknes first circulation theorérhe conservation

of equivalent potential vortity is mainly used to explain that vortex lines along
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isentropic surfaces will remain on these surfaces and as such tilt upward with the
updraft. This explanation is very similar to the theoretical work done in Dawiess
(1984).

Perhaps the more sigimént contribution of Rotunno and Klemp (1985) was
their use of BjerkneHirst circulation theorem to find the origin of lel@vel rotation in
their simulated supercellBy calculating backward trajectories farring of parcels
initially (in backward tme) surounding the lowlevel vortex, Rotunno and Klemp were
able to approximate the circulation around the material closed curve made up by the
ring of parcels. Circulation C(t) is defined as
66 BOMEm (2.9)
where®O® us the portion of the velocity vector tangential to the curve at a given point.
Bjerkne®first circulation theorem for thimviscid Boussinesq approximatictates that

circulation can only changes a functiorof buoyancyj, i.€.

sEM e 5oL (2.10)

By evalwating (2.9) and (2.10) around the ring of parcels, Rotunno and K(2&85)
showed thaas the parcels converged toward the-lewel vortexthe ciralation, which
began negativdgecame large and positive as a resfithe generation due to buoyancy.
Most of the circulation was generatedthe part of the circuit that passed through the
forward flank of the superceBuggesting thabaroclinic vorticity generated in this
region iscritical for developing lowlevel otation Another important implication to
this finding is it indicates that there is not a direct relationship between thkeweid
and lowlevel mesocyclones.The relationship is indirect and relates to the way in

which the midlevel mesocyclone impagthe location of the cold pool which leadsato
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favorable configuration for baroclinic generation of horizontal vorticityThis
horizontal vorticityis then tiltedinto the verticaland stretched tgeneratehe lowlevel
mesocyclone Rerunning the simlation with rain processes turned off still generated a
mid-level mesocyclone but lacked a ld@vel mesocyclone. These dry simulations also
verified the result from RK82 that storm propagation is a result of pressure forces
associated with vertical winshear and thunderstorm rotatioft. is also important to

note that Rotunno and Klemp (1985) verified tadarbasedobservabnal evidence in
Brandes(1984 that the RFD does not directly lead to the generation wfldwel
circulations. Brandes (1984) does suggest though that the RFD leads to enhanced
surface convergence that can assist with amplification of vertical vorticity generated
through tilting of inflow horizontal vorticity.

Verification of the conclusionsf the numerical simulations presented above
would require detailed observations not just from radar but also fresttuiprobes in
order to investigate the thermodynamic properties of the thunderstorm outflow. These
observations would not be availahigtil the Verification of the Origins of Rotation in
Tornadoes experiment (VORTEX) conducted in 1994 and 1995. Results from
VORTEX will be discussed later. In the meantimmesearchers refinethe existing
theories of supercell dynamiegith a focus on wtinguishing supercell environments
and, perhaps more importantly, tornadic supercell environments.

One of the principal ideasleveloped during this time period was of the
importance of helicity (defined as the dot product between the velocity andityortic
vectas) to supercells. Lill{1986 was the first to apply helicity to supereeifinding

that helical flows were more stable than #imtical flows with regard t@nergy losses
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due to turbulent dissipation. More portantly, Lilly stated that the optimal
configuration to take advantage of this helical effect was for the updraft and vorticity
center to be collocated with motion lateral to the mean flow. In my view, this
conclusionis nearly identical to that showm ithe schematic of Davie®knes (1984)
presented above fRig. 2.5. The difference is likely mainly that of sem&s given the
close associatiobetween streamwise vorticity and helicity [i.e., helicity as defined in
Lilly (1986) is essentially the same quantity as streamwise vorticity as defined in
DaviesJones (1984)].

DaviesJones(1990 unified the concepts of streamwise vorticity and helicity
with the introduction ostormrelative(s-r) helicity, ‘Chwhich he defined as
O . BEOp 3 Q¢ (2.11)
whereskis storm motion; is the environmental wind, ariis an assumed inflow
depth. Davieslones(1990)found that'Qof 3-km was useful as a tornado éoasting
tool. He also explained thatvingto large temporal and spatial variabilithe use o§-
r helicity couldbe difficult for operational forecastersA simulation by Brookst al.
(1993 shows that a storm witlarges-r helicity, but weak storm relative surface winds
does not develop a strong, persistent-low v e | mesocyclone as the
rapidly cuts of low-level inflow to the storms updraft. This led to them to conclude the
stormrelative inflow wind strength plays a critical role in storm evolution.

In a companion paper to Brooks al.(1993), Davieslones and Brook& 993
examined lowlevel mesocyclone formation from a theoretical perspective. They
explained tht tilting and subsequent stretching of Hewvel vorticity could only be

effective if cyclonic vertical vorticity was already in existence near the wurfac
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However, in the absence pfe-existing vertical vorticity external to the storthe only

way it would be possible to have vertical vorticity next to the surface would be for it to
be generated in a downdraft because if vertical vorticity were tilted and then stretched
by an updraft, significant vertical vorticity would only become presenali@vethe
ground. The complicating factor, however, was the fact that for air that erniered
downdraft with streamwise vorticity, the resulting vertical vorticity generated would be
negativein a barotropic flow because vortex lines are frozen in the fluidbdéootropic

flows. DaviesJones and Brookf993)then explained thabaroclinity, which causes
continuous southerly pointed horizontal vorticity generatiomt r oduc e s Asl i
between the vortex and streamlines, wikie tvortex lines pointing towartigher
streamlines. As a result of the frozen vortex lines effect, when the air begins starts to
turn horizontal again this orientation of the vortex lines relative to tiearstines is
maintained angositive vertical vorticity is generatedear the grond This vertical
vorticity and is then stretched as is enters the siupdraft. This process is shown

schematically irFig. 2.6.
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STREAMWISE VORTICITY WITH BAROCLINITY
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Fig. 2.6. Conceptual model describing the way which vertical vaticity can be
generatedat the surface by baroclinity in a downdraft. Reproduced from Ddwviess
and Brooks (1993).

It is interesting to note that Davidenes(1990) does not reconcile physically
why sr helicity is important in thegeneration of toradoes. Based obaviesJones
(1984;1990) and Lilly (1986) itclearly followsthat high sr helicity would lead to a
strong midlevel mesocyclone, but as shown by Rotunno and Klemp (1&286ngst
many others}his does not necessarilyrectly influence the lowevel mesocyclone
which is created by baroclinic processes. There is no explanation gt@asde why
strong helical storanelative environmental flow should influence the vorticity
production at lowlevels. This mismatch in thary and applications will be discussed
further in the summary and discussion section of this chapter.

The nextsignificant contribution to supercell research came from the- high
resolution numerical simulationsesentedn Wicker and Wilhelmsor§1995; hereafter

WW95). The simulation discussed WW95 was similar to that performed B¢R83
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except the integration was performed for a much longeogh&vith substantiallyhigher
resolution, especially in the verticedzmin of 50 m as opposed to 560 in KR83).

The WWO95 simulation produced two tornadidrength vortices, both of which were
preceded by intensification of the lower to redel updrét. These updraft
intensifications led to thétensificationof the lowlevel mesocyclone which in turn
dynamically forced a lovlevel updraft leading to tornadogenesis. WW95 does not
explain the cause of the mlevel updraft surges responsible for level mesocyclone
intensification. Trajectory analyses prased in WW95 indicate that vorticity
generated baroclinically along the forward flank gust front was critical in the generation
of both the lowlevel mesocyclone and tornadoThis result agrees well with the
findings of Klemp and Rotunno (1985) and Davidesies and Brooks (1993). However,
WW95 were unable to find trajectories that behaved in the manner shown in the
schematian DaviesJones and Brooks (1993s all parcels that descended in the RFD
in their simulation had negative vertical vorticity. V@®/ also explained that the
intensification of the low and mitkvel mesocyclone preceding tornadogenesis was
possibly the simulated version of the descending TVS signaturey f&lehis finding
helped to reconcile differences between bottgmtheoriesof tornadogenesis and
observations of the descending TVS.

As mentioned earliethe VORTEX (Rasmussen et al. 199%as designed to
answer some of the outstanding questions and verify regattseredfrom earlier
theoreti@al, observational, and modeling studies. In the spring of 1994 and 1995,
VORTEX surrounded storms with a variety of instruments including mobile mesonets

(Straka et al1996, the Oklahana MesonetBrock et al. 1995 ground based mobile
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Doppler radarge.g., Bluestein et al. 1993irborne Doppler radafge.g., Wakimoto et
al. 199, mobile sounding system$¢Rust et al. 1990 atmospheric profilers,
photogrammetric teamgnd ground based i nstr ((Bmmeknt pac
et al. 1987.

Most of the early studies that were performed utilizing VORTEX data were
detailed case studig¢sVakimoto and Atkins 199@Bluestein et al. 1997IBluestein et
al. 1997a Wakimoto and Liu 1998Wakimoto et al. 1998 Wakimoto and Atkins
(1996 is of particular interest because it documented the formation of anriR&db
that formedalong the flanking line of a supercell on 29 May 1994. This was the first
documented instance of a strong tornado forming in such a mannegigerdthe lack
of an associated milgvel mesocyclonewas clearly an instance aftornadoforming
from the ground up.Interestingly, it is uncertain how rare such tornadoes really are as
Wakimoto and Atkins (1996) point out that it likely would not have been recognized
that the tornado formed in such a manner had it not been observed 6@ RIEEX
field team as WSH8D observatios wee barely capable of resolving the small cell
that the tornado developed in association with. In fact, Y8R observations alone
may have led researchers to believe the tornado formed in association witteday al
well-formed supercell. Very highresolution Doppler radar observatiofiom a
different stormpresented in Bluestein et al (1%)7also found smalgcale vortices
along the reaflank gust frontin a similar area téhe location thathe tornadcstudied
in Wakimoto and Atking1996) originated.

Another significanstudyresulting from VORTEXwaspresented byWakimoto

et al. (1998), in which highesolution duaDoppler analyses wengsed to generate a
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thermodynamic retrieval with high enough resmntto determine the origin of the
occlusion downdraft. This retrieval confirmed that the occlusion downdraft was the
result ofa strong downwargointing vertical pressure gradient force associated with
the strong rotation of the loevel mesocycloneThis was the first observational study
with sufficient resolution to confirm the conclusioabout the occlusion downdraft
originsbased on numerical simulations (eKR83).

VORTEX alsoyielded some unexpected resultse afi which was the surprising
lack of distinguishable differences in the kinematic fields of tornadic anetoroadic
supercells. Trapgl1999 presented observations from six supercells, three of which
were tornadic These observations showed that both theattic and nottornadic
storms contained persistent ldgwel mesocyclonessuggesting that the physical
mechanisms explaining the genesis of-lewel mesocyclones are not the same as those
responsible for tornadogenesis. Tragp999) did note that the an-tornadic
mesocyclones were larger with weaker vortex stretching than tornadic mesocyclones.
In agreement with Trapp (1999YVakimoto and Ca2000 compared observations
from a tornadic and netornadic supercell and found very simil&émustures for the two
storms, with virtually identical lovlevel mesocyclones. The only differences between
the two storms were stronger updrafts along thefteak gust front, stronger storm
relative inflow, and more precipitation behind the RFGF fog hontornadic storm.
Given the sample size of only two storms, it is impossible to determine whether these
differences had any bearing on tornado potential or whether they are simply

coincidental.
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Perhaps even more surprising than the similarities legtvwernadic and nen
tornadicsupercellsvere the thermodynamic observations presented by Markowski et al
(2002; hereafter MSR2002 Using observations collected by thebit® mesonets from
30 differenthook echoes of between 1994 and 199%R2002found that strongly
tornadic supercells hagignificantly warmer RFDs than netornadic or weakly
tornadic suprcells. Additionally, all RFDs in tornadic storms contained surfbased
CAPE and substantially less CIN than ntwrnadic supercells. In the most prolific
tornado producing storms there was little or no baroclinic generation of vorticity in the
RFD. This resultis somewhat contradictorio the explanation ofhe generation of
positive vertical vorticity in a downdrafiroposed by Davie3ones and Brooks (1993).
MSR2002also found that [as in Wakimoto and Cai (2000)] the gust front andelosV
kinematic structure was often indistinguishable between tornadic anetonmadic
supercells.

In attempt to explain the results 8ISR2002 Markowski et al (20033
perfomed highly idealized axisymmetric simulations of the interaction between
updrafts and surrounding downdrafts. The simulations were designed so that the
downdraft would transport angular momentum from the rotatpdyaftto the surface.
This air thencorverged into the updraft and a tornado was generated. Simulations in
which the downdraft was warmer (i.ehpse withlarge lowlevel relative humidity or a
lower concentration of precipitation particles) generated strongmrgerlived
tornadoes. Thisesultled Markowski et al(2003) to conclude that a similar process
may be occurring in superceliwhereby supercells with warmer RFDs were able to

more effectively concentrate circulatioich downdraftair, leading to tornadogenesis.
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Shabbott and M&owski (2006 examined mobile mesonet observations from
the FFD region for a subset of the cases examined in MSR2002. Interestingly, they
found similar results to MSR2@Q0 namely that the FFD was warmer for tornadic
supercells than fonontornadic supercells.  The results of Shabbott and Markowski
(2006) confirm that the relationship between the kevel mesocyclone and tornado is
much less clear than was suggesteearlier studies. In fact, ngarnadic supercells
had stronger baroclinic generation of horizontal vorticity in the FFD suggesting that
stronger lowlevel mesocyclones might be expected if this baroclinic vorticity is really
the source of vorticity folow-level rotation in supercell®[g., as suggested iKklemp
and Rotunno (1985 However, the increased cold air in the forward flank may tend to
undercutthe inflow to the stornfe.g, Brooks et al. 1994mplying that the riationship
between baroclinic generation and mesocyclone strength and persistence is not as
straightforward astimay seem. Polarimetric radar observations of thg &c (a
signature aligned along the forward flank gust front of supercells occurringeasleof
size sorting oprecipitationparticles in wind shear) from Kumjian and RhzyK@008
2009 indicate that the disruption of the arc may indicate updraft undercutting. This
disruption occurs more frequently in ntornadic supercells than tornadic supercells.
As an asidebecause thepk arc marks an area where mainly large drops are present, |
may also be an important indication of the thermodynamic characteristics of the FFD.
Because the evaporation lafge drops resudtin less evaporative coolintpan that of
small dropgRogers and Yau 198%helocal effect may be to create a less vadfined
baroclinic zone along the FFGFA similar pint about the impact of large drops is

made by Romine et .g2008.
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In recent yearsvortex line analysis has become a popular diagnostic totthé
examination ofsupercell tornadogenes{Straka et al. 20Q7Markowski et al. 2008
Markowski et al. 201 1Markowski 2012ab; Marquis et al. 2012 Straka et al. (2007)
was the first to propose exarmg vortex lines to explain previous observations of
vortex couplets straddling the supercell hook echo (e.g., Table 1 in Strak2@d 8L
They found that a v o rtheecruntdrdtating vodiees and®d ¢ o n
proposed a mechanism by whiclbaroclinicallygenerated vortex ring in a downdraft
was later arched upward by the ldsvel updraft along the RFGF. advkowski et al
(2008) appliedvortex line analysis to six observed supercell thunderstorms (three
tornadic and three netornadic) andound vortex arches between the vortex couplets in
all six cases.The prevalence of vortex arches in supercells led Markowski C418)
to speculate about whether their existence was a ubiquitous trait of supercells.
Moreover, Markowski et al. (2008)xplained the presence of vortex arches strongly
argued the lowevel vorticity (e.g., for lowlevel mesocyclones and tornadoes) was
generatedhlong the RFGFather than along the FFGF. This generatisechanisms
quite different than that suggestediie modeling studies presented earlier (Kpmp
and Rotunno 1985

While Markowski et al. (2008) references thhe generation of lowevel
vertical vorticity for the vortex archds similar to that proposed in Davidsnes and
Brooks (1993), in my viewhere aresome serious differences. The schematic of
DaviesJones and Brooks (1993) showed howaroclinically generatedgtreamwise
vorticity in a downdraft could lead to the gerteya of positive vertical vorticity at the

ground. In Markowski et al. (2008), the schemaliig(2.7) indicatesthat the vortex
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couplet is generated by an updraft tilting crosswise vorticity rather than streamwise
vorticity. This difference implies that in order fpositive vertical vorticity to existat

the ground [e.g., the vortex liseintersectthe ground in many of the figes of

Mar kows ki et al (2008) ] t h e onaftertie arching i n e
process. Markowski et al. (2008) does not mention this and does not explain how such
a phenomenon might occur. Thus, in my view, the vortex arches can explain the
genesis of countaotating lowlevel mesocyclones but fall short of explaining how that
rotation can be brought to the surfadealso should be noted that presence of an arch
structure implies a significant horizontal gradient of vertical velocityth wthe
maximum updraft at the center of the arch, suggesting that the portion of the vortex line
that becomes vertically oriented would (at least initially) not be in an area of strong
stretching of vorticity. It is possible, however, that dynamicallyasdl updrafts owing

to the generation of rotation at leevels could reorient the updraft structure.

A recent study by Markowski et al. (2012a,b) has documented in detail the
development of lowevel rotation and tornadogenesis in a supercell observathdhe
Second Vérification of the Origins of Rotation in Tornadoes Experin(®@RTEX II;
Wurman et al. 2012 Makowski et & (2012a) foud vortex arches connecting a
vortex couplet that straddled the RREhich they took to indicate to the importance of
baroclinic vorticity generated in the RFD in the generation avi-level rotation.
However,the circulation analysis presentin Markowski et al (2012b) indicates that
much of the circulationof the lowlevel mesocyclone is generated in the FFD.
Markowski et al. (2012b) tries to reconcile this codtiact i on by st at.

distinguishing between RFDs and FFDs is no lorigatful, given that the RFD and the
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FFD are typically within one | arge conti

that the lack of agreement between these two views of the origin dél@hrotation is
symptomatic of the absence of a complegaasnical understanding of supercells, and
genesis oflow-level mesocyclones and tornadoed=urther complicating matters,
Markowski et al. (2012b) was unable to rule out the possibility that surface friction was

playing a role in the development of thevitevel mesocyclone.

Fig. 2.7. Photo of a supercell overlaid with the idealized evolution of vortex lines in the
RFD. Reproduced from Markowski et al. (2008)

The most recent significant finding in tornadicosh research has been the
discovery of the presen¢and importanceof internal secondary outflow surges behind
the RFD made byhigh-resolutionobservationastudies(Wurman et al. 20QMarquis
et al. 2008 Wurman et al. 201,0_ee et al. 201,1Skinner et al. 201 1Kosiba et al. 2012

Lee et al. 2012Marquis et al. 2012 Using high-resolution duaDoppler and storm

2 These surges were first noted in the numerical simulations of Adlerman (2003)
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scale ensemble Kalman FiltéEnKF; Evensen 1994analyses Marquis et al (2012)
concluded thatsecondary RFD surgesvere important for tornadogenesis and
maintenancavhen the tornado wasot connected to primary RFGF. The reliability of
the EnKF analysis presented sdmewhatquestionableas dualDoppler analyses
indicate vortex archegresentove the secondary RFD surgesiggestinghe surges
were reldéively colder than the main RFDMearwhile, the EnKF analysisindicates
relatively warm air associated with the surges.

Mobile mesonet data presentedliee et al. (2012) also indicatkat intenal
surges were important for tornadogenesis and maintenance. In particular, one internal
surgewas coincident witliornadogenesis as it encountered agxisting vortex, while
vertical vorticity along a subsequent internal surge appeared to play & rdiecn
intensifying and sustaining a later, more intense, tornado.

Mashiko et al.(2009 indicated that secondary RFD surges werdcati to
tornadogenesis in theihigh-resolution numerical simulations ofa minksupercell
associated with a landfalling typhoon. They explain,tivataddition to enhancing
convergencethe secondary RFD surge provides an additional source of vortigity b
transporting large streamwise vortigigssociated with the extreme ldevel shear in
the typhoonenvironment into the inflow of the developing tornado. By conducting
sensitivity experiments in which they turned off water loading or evaporatiey
concluded that the secondary RFD surges in sigulationwere the result of water
loading. A tornadodid not form in experiments where water loading is turned off.

While the results presented in Mashiko et (&009) are compelling for the

tropical mni-supercell it is unknownhow applicablethe study isto the more typical
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supercell environment which rmuchdrier with less lowlevel environmental helicity.
Simplified numerical simulations presented in Davidesies (2008 suggest that a
descending rain curtain can transport high angular momentum air from aloft and lead to
tornadogeesis. However, this procegdiffers somewhatfrom that presented in
Mashikoet al. (2009) because in Dawdsnes (2008) the descending raimtain brings
angular momentunto the surface from the niével mesocyclone rather thdrom
environmentaktreamwise vorticity. Daviedones (2008) explains that this barotropic
process may be a way of explaining the lack of-lewel baroclinity intornadic
supercells (e.g., MSR2002).
2.2.3 Summary and discussion

It is evident from the previous two sections that despite great advances in
understanding the dynamics of supercells and tornadoes, there remain a number of
existing questions and unceries. This subsection summarizes what we know, what
we think we know, and what is still uncertain.

1) The midlevel mesocyclone: It is nearly certain that the 4eikl mesocyclone

is the result of tilting and subsequent stretching of environmental ¥prtici

associated with vertical wind shegtreamwise vorticithhas been shown to be

important in this process because of the implied correlation between the updraft

and vertical vorticity.

2) Storm splitting and motion: It is well agreed upon that storm sitis the
result of a combination of water ld@g and dynamic pressure perturbations

resulting from a rotating updraft in vertical shear. The effect of these dynamic
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3)

pressure perturbations combined with the mean wind arm tosexplain and
estimatgle.g., Bunkers et al. 20p8upercell motion.

Low-level rotation: The origin of lovlevel rotation is much more uncertain than
mid-level rotation. Early studie®und temperature gradients along the FFGF
played an important role. Observational studies did not confirm this result,
showingthat, especially in tornadic storms, thermal gradients along the FFGF
were weal(Shabbot and Markowksi 2006More recentlyvortex line analyses
suggest thabaroclinically generated vorticity ithe RFD plays an important
role in low-level rotation. However, because vortex line analyses are only a
diagnostic tool it is difficult to establisbtrong causal relationships. Othe
effects have been proposed to expllow-level rotation such asaroclinic
vorticity owing to anvilshading(Dowell and Bluestein 199Markowski et al.
1998a Markowski et al. 1998pand preexisting boundariegMarkowski et al.
1998a Rasmussen et al. 2000 However, preexisting boundaries are not
always present and amghading has been shown in simulations by Frame and
Markowski (2010 to generate little baroclinic vorticity. It should be noted,
however, that onpotentially importanfinding of Frame and M&owski (2010)

was the generation of |lelevel horizontal vorticity owing to the impact of
surfacefriction on the stabilized anvil shaded areas. Markowski et al. (2012b)
could not rule out that frictionally generated vorticity in this same area was
respasible for the generation of circulation around a circuit enclosing the low

level mesocyclone they studiethdeed, frictionallygenerated vorticity is found
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4)

5)

to be of great importance to tornadogenesis in the numericallagions
presented in chapt®B and 4of this dissertation.

Tornadoes and lovevel stormrelative helicity: An operationally useful, but
physically unexplained, correlation has been shown between the occurrence of
tornadoes (particularly for strong tornadoes) and large values dkti@n(e.g,
0-1km) stormrelative helicity (Kerr and Darkow 1996 Rasmussen and
Blanchard 1998 Markowski et al. 2003bRasmussen 2003’ hompson et al.
2007. While this relationship has proven beneficial for forecasting
applicationsa satisfactory explanation of the @igal relationship between this
parameter and tornado potentraimans elusive, especially given that sterm
generated vorticity is currently the primary suspect for the origin ofléoel
rotation in supercells. As mentioned above, Mashiko et al. (2009) did find that
environmental streamwise vorticitdirectly enhancedthe tornado in their
simulation However this result may baighly case dependent.

Internal outflow RFD surges: As discussed at the end of the previous section
advances in observational platforms have led to increasing recognition of the
presence and inportance of secondary RFD surges in todma supercells.
However, the origin and ubiquity of such surges is unknown. It is also not
known if secondary RFD surges are found exclusively in tornadic supercells.
Further complicating the issue, there ar@araples of tornadoes occurring
supercells that do not appear to hageondary RFD surges (e.g., Marquis et al

2012)
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6) Thermodynamic characteristics of RFDs: Over the past ten years there has been
a growing body of evidence that tornadic and -tamnadic supercells possess
different thermodynamic characteristicwith generally warmer RFDsn
tornadic supercellfMSR2002;Grzych et al.2007 Lee et al. 2011Lee et al.
2012. Reasons for this discrepancg aomewhat speculative, but tlemdency
of warm RFDs to be associated with tornadoes is generally attributed to the
storm being capable of lifting andrverging less negatively buoyant air with
greater ease than more negatively buoyant air. In the recent study by Lee et al.
(2012), 2.5 hours of mobile mesonet obseorati from a strongly tornadic
supercell show a large degree of heterogeneity in the. RRibugh the RFD
outflow is typically warmer in close pximity to the tornado, areasrfaer from
the tornado are occasionally fairly cold. In addition, multiple RFD internal
surges are observednd foundto possessa large varietythermodynamic
propertes with some warmer and some notably colder tiiaamlargerscale
RFD. These resultsuggestthat RFD outflow temperature may be more
complicatedand heterogeneotisan originally thought (e.g., MSR2002).

In fact, an important (but perhaps underemzea finding in Lee et al.
(2012 wasthe strong vertical gradient in equivalent potential temperatlfe (
between from ~700 rm 2500 m AGL. Through this layet decreaseby about
38 K. A similar vertical profile off was observed in Markowsk2002. This
suggests that, ifl, is approximately conserved, very small differenceparcel
origin height will lead to large differences in the thermodynamic characteristics

of the RFD. This could be threot cause of the large heterogeneity observed in
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7)

the RFD in Lee et al. (2012)Assuming that such a stromfy gradient is also
presem for nontornadic supercells, determining why downdrafts in-tmmnadic
supercells come from slightly higher levels mai in understandinghe
differences between tornadic and ftomadic supercells. On the other hand, it
is possible that the causalationships have been interpreted incorrectly and the
presence of warmer RFDs is simply the result of greater dynamical fdeting
low-levelg owing to large pressure deficits associated with the tornado and/or
tornado cyclone at the surface in tornaglipercells. Unfortunately, if this is the
case, it likely implies that the observations of relative warm RFDs in tornadic
supercells will do little for enhancing our dynamical understanding of
tornadbgenesis irsupercells.

The tornadic voex signature TVS): A paradoxical aspect of many early studies
was the fact that although tornadoes appeardsk tgenerated near the ground,
Doppler radar data seemed to indicate that the TVS formed initially aloft and
descended to the ground. Reconciliation of thesatradictory observations
was elusive for many years and most theories for tornadogenesis were unable to
explain the presence of the descending TVS. Moreover, Trapp €98H
found tha about half of TVSs descendedile the remainderformed near the
ground and ascended. Very recently, higgmporal resolution observations
from a phaseérray mobileDoppler radar (Bluestein et al. 20)0may have
reconciled the TVS isg (French 2012 More specifically, the descending TVS
may be the result of insufficientemporal resolution of the observational

platform, in this case the WSB8D. When the same storm is sampled by both
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high-temporal resolution phasedraymobile Doppleradar and the WSRBS8D,

the phasedirray radar indicatesan ascending TVS while the WSI8D

indicates the TVS is descending. dé&tailed explanation of this discrepancy is

still a work in progres§M. French, personal communicatiprjowever, a

descending TVS has never been observed by a mobile Dopplemidladrigh

temporal resolutiofAlexander 2010; French 20112

2.3 Nonsupercell tornadoes

For completeness, this chapter concludes with a brief review etuymercell
tornadoes. In general nonsupercell tornadoes can be separated into two categories,
those that occur with quaknear convective systenfQLCS) andthose that are
categorized and/waterspouts.

2.3.1 Landspouts

Landspouts and waterspowtee likelythe most well nderstoodbut may have
the poorest predictability of all tornadoéslarkowski and Richardson 20p9Because
there is some debate about the classification of a gustnado as a {@xgaed@nd Jones
2009 Markowski and Dotzek 20)0the discussion her®cuses on landspouts (with
analogies to waterspouts).

Wakimoto and Wilson(1989, hereafter WW§9present the most 4depth
observational study of the development ofdspouts(hereafter, referred to as non
supercell tornadoes to maintain continuity with WW89 and more recent studies). In
WW89, nonsupercell tornadoes were studied as part of a field project ctiéed
Convective INitiationrand Dowrburst Experiment@GINDE). WW89 presents data from

27 different norsupercell tornadoes that developed in the Colorado high plains during
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summer 1987. By studying the properties and-difele of these nosupercell
tornadoes, WW89 propose that such tornadokiglly developassmall vortices that

are formed via the release of shearing instabilities along a convergence bdumthary

case of WW89, théenver Convergence zor(e.g., Wiczak and Christian 199

These small vortices then strengthen to tornado strength via stretching as they become
collocated with developing deep moist convectiBrady and Szok¢1989 propose a

similar development mechaniswhich they find to besimilar to waterspout formation
[presented byolden(1977) .

Lee and Wilhelmsor{1997a b) investigatednon-supercell tornadogenesis via
numerical simulations. Using a dry, nofhydrostatic modellee and Wilhelmson
(1997a) showed(in agreement with WW89) that small ldevel vortices (hereafter,
misccycloneg are the parent vortex of naupercell tornadoes.  Numerous
misocyclones initially forrad via shearing instability along a simulated outflow
boundaryin their study With time energy cascades upscals a result ofvortex
coalescence and vorticity extrusior® process by which a stronger vortex extracts
vorticity from a weaker vortexLee and Wilhelmson (1997a) finthat misocyclones act
to enhance convergence along the outflow boundary, leading them speculate that
misocyclones play a role in the initiation of deep moist convection. Preliminary results
presented inLee et al. (2000 confirm this speculation by showing deep moist
convection develops firsand is most significanin association with misocyclones.

Lee and Wilhelmson (1997lextendthe results of Lee and Wilhelmson @I/a)
by using a nofhydrostaticnumerical model that includes moist processes. This study

proposeda six stage conceptual model of the 1supecell tornado lifecycle Kig. 2.8)
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and bundthat moist convection is critical for nesupercell tornadogenss In the first

two stages of the Lee and Wilhelms¢t997b) conceptual modela vortex sheet
developsalong wind-shift boundarythat encounters an air mass with a component of
the wind parallel to the boundary. Horizontal shearing instability then leads to the
development of many misovortices. In stage lll, the misovortices begin to merge and
combine, with dominant misovortices extiogl vorticity from smaller vorticesndbr
vortices of the same size coalescing. In the stage IV, deep moist convection forms in
response tothe lowlevel convergence patterrassociated with the dominant
misovortices. Nossupercell tornadogenesis als@ocs during this stage response to
friction-induced radial inflow into the misovortices. During stage V, thesupercell
tornadoes reach their most intense phase asndirted downdrafts further enhance
low-level convergence and vorticity stretchiat lowlevels. These rainy downdrafts

lead to the dissipation of the nsaopercell tornado in stage Vas the lowlevel
circulation becomes displaced from the convective updraft.

A theoretical study bivak (2001 confirms that misoaylones can form without
moist processes via ndrydrostatic barotropidnstability; however, growth of the
vortices by stretching likely requsemoist processes. A more recent radased
observational study byiarquis et al(2007) confirms the enhanced convergence pattern

associated with misocyclones (e.g., Lee and Wilhelmson 1997a,b).
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Fig. 2.8. Six stageconceptual whereby nesupercell tornadoes are thought to develop
in convective updrafts along a pegisting shear zone. Reproduced from Lee and
Wilhelmson 1997b).

2.3.2 QLCS tornadoes

The tendency ofjuastlinear convective systems (QLCSse)produce tmmadoes
has been well documentéelg, Forbesand Wakimoto 1983Przybylinski 1995 Atkins
et al. 2004 Davis et al. 2004Wakimoto et al. 2006aAtkins and Laurent 2009d).
Moreover,a climatological study bylrapp et al (20050 showed that about 18% of
tornadoes were spawned by QLCSs. QLCS tornadoes typically foassotiation
with strong, longlived low-level meseo-scale(e.g., Orlanski 197bvortices hereafter
referred to asnesovortices. These mesovortices are not asdpciated withornadoes
in QLCSs bu also have been shown to be responsible for motheofvind damage
reportsassociated with QLCSg.g., Wakimoto et al. 200%b Observational studies

(e.g.,Atkins et al. 2004 Atkins et al. 200phave found a clear relationship between
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