ABSTRACT

The numerical simulation of a realistically strong tornado vortex and siat=d
condensation funnel has proven to be very difficult to resolve in atmospheric modeling.
Many have attributed this failure to insufficient resolution of the models being @hers
have conjectured that the problem lies in the fact that strong gradients are eroded by
numerical diffusion, thus prohibiting the formation of strong vortices. This latpathesis
led engineers Steinhoff and Underhill (1994) to conceive the Vorticity ConfinemMént (
technique, in an effort to restore the vorticity gradients lost to diffusiorhidrstudy, the
University of Wisconsin Non-Hydrostatic Modeling System (UW-NMS) is used
investigate the aforementioned hypotheses on a three-dimensional extensioWVick#re
and Wilhelmson (1995) tornado vortex. These idealized simulations are carried out with
two-way interactive nested grids at horizontal resolutions of 24 m and 12 m. Simulations
without the VC technique do produce tornado vortices at both resolutions, however they are
too weak to form condensation funnels extending to the surface. Comparisons with
simulations employing the VC technique show that a realistically stovngdo vortex is
resolved at the 24 m resolution, producing a beautiful condensation funnel that descends to
the ground. However, when extended to a resolution of 12 m, the VC technique fails to
converge to the real solution. At this high resolution, the vortex spins-up at an uwrealisti
pace, having an extremely large magnitude of vorticity and a very smakidia It is
conjectured that the problem lies in the absence of an explicit energy budgev® the
formulation. Without this budget, there are no physical constraints on the eneeglyiictd

the system by the confinement term.



An additional experiment is performed to investigate the role of centrgfugin
droplets on tornado vortex intensity. A UW-NMS simulation using the VC technique at 24
m resolution is run without centrifugal force acting on the rain droplets anddhgpared to
the original VC simulation at the same resolution. Results show that the cemgriddigain
droplets has the net effect of intensifying the tornado vortex over time. As dragets
thrown out of the vortex, they exert a drag force on the surrounding air. Thisveffect
removes mass from within the tornado, reducing the inside pressure and thecrasing
the pressure gradient force. Convergence and wind speeds in the vortex are thereby

enhanced, stretching the vortex and further increasing the vertical vorticity.
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Chapter 1

Introduction

The numerical simulation of tornado development must first begin with the slutcess
simulation of the parent thunderstorm from which it forms. The most likely storm to
generate tornadic activity is the supercell, characterized by le siatating updraft that
ascends into the thunderstorm on a tilted path. This path makes it difficult for downdrafts
that form within the thunderstorm to interfere with the energy-providing updraftefite
result is a powerful, rotating thunderstorm with an extremely long lifa-apd the
heightened potential for tornado development.

Roughly 30 years ago cloud modelers began making achievements in the numerical
simulation of supercell thunderstorms and their observed features (Schld€ii§ef980;
Wilhelmson and Klemp 1978, 1981; Klemp and Wilhelmson 1978a, 1978b; Weisman and
Klemp 1982, 1984; Tripoli and Cotton 1986). Thus, the groundwork was laid for future
experiments involving the formation of a tornado vortex within the mesocyclone of a
supercell (Klemp and Rotunno, 1983; Wicker, 1990; Grasso and Cotton, 1995; Wicker and
Wilhelmson, 1995). However, these experiments were only partially succestfat they
simulated the small-scale features associated with tornadoes, butdadsdlive a vortex
strong enough to produce the tornado itself. The modeling community attributedldnes fai
to the insufficient resolution of the models being used. However, recent resul{Eripmhn
et al. (2004) have shown that even at very high resolution, a sufficiently strong tornado
vortex will not develop in a numerical model. Steinhoff and Underhill (1994) suggest that

the problem lies in the numerical diffusion of the model, which acts to weaken tgl s



in fluid flow. In an effort to alleviate this problem in the engineering commuithigy
developed a technique that seeks to restore the gradient of vorticity lost to mbmeric
smoothing. Following positive results in many areas of fluid flow modeling, a reddif
version of this Vorticity Confinement technique was developed specifically éoinus
atmospheric modeling.

Therefore, it is the goal of this thesis to evaluate the performance of thgecho
Vorticity Confinement (VC) technique. This research began by firshdxtg the Wicker
and Wilhelmson (1995) idealized simulation of a tornadic supercell by performing the
experiments at higher resolution. The modified VC technique was then employed on the
high-resolution simulations in order to study its effects on the development ofriaddor
vortex and its condensation funnel.

Following these experiments, further research was performed in order tdarstudy
effect that centrifuged rain droplets have on the strength of the tornado vortex. Theimpe
for this work came from the fact that rain droplets exert a drag force on tharsding air as
they are centrifuged, or thrown out, from inside a vortex. Dragging air with them
droplets remove mass from within the vortex, leading to a decrease in the petsake
and an overall intensification of the tornado. To test this theory, the centrifugmlaiciing
on rain droplets was neglected in the model.

Background information detailing previous modeling experiments is presented in
Chapter 2. The numerical model used in this work, as well as the modified version of the VC
technique are both discussed in Chapter 3. Results from the various experiments gerforme

are presented in Chapter 4, with concluding remarks given in Chapter 5.



Chapter 2

Background and Literature Review

2.1 Numerical Simulation of Tornadoes

Following the success of large-scale simulations of supercell thundesstdiemp
and Rotunno (1983, hereafter referred to as KR83) sought out to simulate the smaller scal
features that develop in conjunction with the formation of a tornado within a mature
supercell. To perform this experiment, KR83 used a one-way nested model with the
innermost grid having a horizontal resolution of 250 meters and a vertical gridgpé500
m. The fine grid was centered over the main circulation of the previously sxh@@ May
1977 Del City tornadic supercell (Klemp et al. 1981). The experiment proved to abcurat
resolve several of the small-scale features observed within tornadic thondsrdiut failed
to produce the tornado itself. However, analysis of their results led to the conc¢hest
vertical vorticity at low levels is achieved through the tilting of banicdilly produced
horizontal vorticity near the intersection of the updraft and the forward flankdtaftn
Once this vertical vorticity was achieved by KR83, its circulation quickinsified as a
result of the enhanced convergence at low-levels. In turn, the intense |dwhlewation
strengthened the rear flank downdraft. The KR83 results thus proved that witlestlifici
small grid spacing, numerical models can successfully resolve manyssalalfeatures that

occur in association with the tornadic phase of the supercell life-cycle.



Wicker’'s 1990 Ph.D. thesis (hereafter referred to as W90) extended the work of
Wilhelmson and Klemp (1981) on the 3 April 1964 supercell through the analysis of fine-
scale features within the storm. The fine mesh in this experiment had aiogsofutO m in
the horizontal with a 50 m vertical resolution at the surface, accomplished by way of
vertically stretched grid. A distinct vortex with a several-mindéedpan was achieved
within the broader circulation of the mesocyclone. The magnitude of maximumtyortici
within the tornado vortex reached 0.35 dVhile the work of KR83 and W90 produced
encouraging results, they were indeed limited by the computational alafities time these
experiments were performed. The short time periods over which the fine grids could be
integrated meant they could not be initialized well in advance of the vortegigidiraving
the initial development phase difficult to analyze. Thus in order to accuratelyadise full
evolution of a tornado vortex, a sufficiently high resolution simulation must be cauied
over a time period that encompasses the pre-tornadic environment.

Wicker and Wilhelmson (1995, hereatfter referred to as WW95) thereby extended the
work of KR83 and W90 by using a two-way interactive adaptive grid system to smulat
tornado development at very high resolution and over much longer time periods. With the
ability to initialize the innermost grid 10-15 minutes prior to the maximum in vortex
intensity, ample time was given for flow adjustments to be made in responsenordased
resolution. The coarse grid used in WW95 had a horizontal resolution of 600 m with vertical
resolution of 120 m at the surface, stretching to 700 m at 7.5 km. The fine mesh employed
120 m horizontal grid spacing, while keeping the vertical grid spacing idétdithat of the
coarse grid. The fine mesh was initialized 70 minutes into the simulation and egated

forward for 40 minutes. During that time, the development of two distinct tornado sortice



occurred, as determined by a marked decrease in surface pressurest Tomnéido vortex
reached its peak 87 minutes into the simulation, while the second vortex peaked at 102
minutes. Each development phase lasted approximately 8 to 10 minutes, with ground-
relative surface wind speeds surpassing 60tm s

The strongest resolved tornado vortex was achieved by Xue (2004), using deerasca
system from the Pittsburgh Supercomputing Center. Given the enormous computing power,
Xue was able to encompass the entire supercell in a single 50 km by 50 km domain with 25
m horizontal resolution and 20 m vertical resolution at the surface. This is the larges
numerical simulation of a tornado that has been performed to date. The expezsukatr
in a realistic tornado life cycle with an 80 hPa drop in pressure and wind speesldirexce
120 m §" (F5 tornado). However, Xue has yet to publish a full documentation of this
research, so many of the factors that went into the model are currently unknown.

While there have clearly been large advances in the numerical simulation of
tornadoes, resolving a realistically strong vortex that produces a conderigatiel has
proven difficult. One suggested reason and potential solution for this problem arsetiscus

in the following section.

2.2 Vorticity Confinement Theory

In all scales of atmospheric flow, there exist fields in which extiesteong
gradients or discontinuities can occur. For example, temperature gradibinsavwrontal
zone can tighten to become a first or zeroeth order discontinuity. The tropopafis# is a

order discontinuity in entropy and a zeroeth order discontinuity in potential wortite



interface between the warm, moist updraft and the cold downdraft of a thunderstsonais a
zeroeth order discontinuity and plays a highly important role in storm dynanalcs a
evolution. Even though these locally extreme gradients occur in nature, theyyare ver
difficult to resolve in a numerical model using the Eulerian framework. Thexigalform of

the momentum equations gives us the local change of momentum, mass and entropy which
are determined using spatial derivatives defined by the model. As gradidapsedd a

zeroeth order discontinuity, the accuracy of the numerical solution signijicketteases as
these gradients are forced to become more diffuse in order to be resolved by the risdel. T
shortcoming is especially noticeable when attempting to model smallvectates in the
atmosphere, such as tornadoes, where a zeroeth order vorticity gradienatmuithe edge

of the vortex. Numerical dissipation of vorticity reduces this gradient, makimgossible

for the simulated vortex to realistically intensify.

The problem of unresolved small scale vortices in numerical simulations is not unique
to atmospheric sciences. Engineers have long struggled with this issue wheptiag to
accurately simulate such things as flow separation, vortex shedding and shochkiwopag
both fluid and air as they flow around obstacles. Seeking to alleviate the problem of
unresolved small scale vortices in the numerical simulation of vortex-sheddaigtaft
wings, Steinhoff and Underhill (1994, hereafter referred to as SU94) developed ticgy/ort
Confinement (VC) technique. The driving theory behind this technique comes from the idea
that vorticity is confined by the inertial stability of the vortex. As inésdiiability builds, it
blocks the downward turbulent cascade of vorticity at some scale, thus proteetunytex
from loss of energy to lower scales in the spectrum. Despite great advanaeserical

modeling, even the most eloquent numerical schemes employed today are unabledo res



this natural confinement of vorticity. Instead, scales are truncated thnoungerical
smoothing, permitting the loss of energy through the bottom of the spectrum andnghibiti
the formation of a strong vortex. Thus the goal of the VC technique is to atyfreisiore
the strong vorticity gradients lost to numerical smoothing at the appropri@tgcgle. This

is done by preserving the physical structure of both vortex filaments and voréts, sire
what SU94 calls “the essential features of small scale vortices.”

Vorticity confinement is unique in that it is not based on one-dimensional
compressible flows, as were previous methods like that of Smolarkiewicz and iMargol
(1993). In addition, VC is designed to be rotationally invariant and independent of the basic
equations of motion, thus making it a simple addition to present atmospheric models. Over
the last decade, the VC technique has been applied to numerous fluid flow problems within
the engineering community. The results have been positive as smapisgsieal structures
are preserved in the various flow regimes, creating more realisticasiomsl. Fan et al.

(2002) employed the VC technique for flow over round and square cylinders, as wa as fl
over a helicopter landing ship. For the cases of flow over the cylinders, VC proveditp rapi
and accurately simulate the turbulent wakes that develop behind these objecesZHigur
The simulations of flow across the deck of a helicopter landing ship showed that \baices
develop on the windward side of the ship were far less dissipated and much longgr lasti
than those produced when not using VC (Figure 2.2).

In recent years, the VC technique has been embraced by the computer graphics
community, especially those modeling natural phenomena such as smoke plumes, water
eddies, cumulus clouds, and tornadoes. Fedkiw et al. (2001) used VC to more accurately

simulate and visualize smoke. It was shown that by using this confining techhigue, t



model was able to resolve the small scale rolling features typicallyvelolsier regions of

smoke. Miyazaki et al. (2002) employed VC in their simple atmospheric model in order to
create convincing animations of the development, advection and dissipation of cumulus and
cumulonimbus clouds for use in outdoor scenes. In order to accurately resolve these
cumuliform clouds, small scale turbulent vortices must be protected from numerica
dissipation. VC was shown to do just that, giving Miyazaki et al. more detailed antaealis
cloud images and animations.

Since 2004, Tripoli et al. (2004, 2006) have been working with the VC technique in
atmospheric modeling. Upon observing the formation of waterspouts while on a ship in the
Tyrrhenian Sea between Italy and Corsica, Tripoli and a few of his colleagwes t®
explicitly simulate the event. The University of Wisconsin Non-Hydroskadeling
System (UW-NMS) designed by Tripoli (1992, 2007) was employed for these egp&sim
using a two-way interactive grid with very high-resolution capabilities. Thetfmesh of
the simulation was the eighth grid having a horizontal grid spacing of only 2 mgrichis
was centered over a strong vortex that had developed along a shear line in thegodarse
A weak waterspout was achieved with only a 1-4 hPa drop in pressure at the core of the
vortex. A condensation funnel began to form but extended only slightly below the cloud
base. The resolution of this simulation, being much higher than previous experiments,
proved that simply increasing the model resolution was not enough to resolve adlglistic
strong vortices, as assumed by the tornado modeling community. After employWn@ the
technique, the waterspout developed into a much stronger vortex with a 35-40 hPa pressure

drop at the core and a condensation funnel descending to 400 m below the cloud base. These



results were far more realistic, matching up quite well to the waterspent observed in the
Tyrrhenian Sea.

While the results of Tripoli et al. were exciting and promising, the questaimed
as to whether the methodology behind VC was truly physical or simply a technique bette
used for special effects in Hollywood. After much study, Tripoli concluded that@a m
scientifically defensible form of VC could be achieved. As discussed by(LBI§6), a
balanced vortex naturally opposes the erosion due to physical turbulence. Thus thedmodifi
VC technique estimates the amount of dissipation of the three-dimensional ywgriciient
by numerical smoothers, only. The vorticity is then restored through an up-gisuliecs
term equal to the estimated loss incurred by the smoothers. This source term, or anti
diffusion velocity, differs from the original SU94 formulation in that its magnitsde i
dependent on the fraction of vorticity in dynamic balance. The derivation of this ndodifie

VC term is given in Section 3.1.5.

2.3 Centrifuging of Hydrometeors in a Vortex

Visual and radar observations of waterspouts and tornadoes have shown there to be a
hollow structure to these vortices. In an attempt to explain this phenomenon,d€angie
(1954) conducted experiments using a Rankine combined vortex model. Results showed that
when foreign particles enter a vortex an inward-directed drag force andveera@-directed
centrifugal force are exerted on them. These two forces balance eacht athequilibrium
distance from the center of the vortex, as determined by the size and fdlb§pee particle.

An annulus of particles forms at this equilibrium radius, with larger and densetgsart
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being further from the vortex center and smaller particles being closersteady-state
vortex, these particles will travel at a constant velocity, followingaular path around the
vortex. Thus a hollow tube is achieved at the vortex core due to the centrifuging, odoutwar
movement, of particles as they seek a balanced state.

In recent decades, advances in radar technology have made it possible to achieve
detailed and often up-close observations of tornado structure. Hence, an igcaeasimt
of observations have been noted in the literature regarding the centrifuging @hleyelors
and debris particles by a tornado vortex (Wakimoto and Martner 1992; Bluestein et al. 1993;
Wurman et al. 1996; Wurman and Gill 2000; Dowell and Bluestein 2002; Burgess et al.
2002).

Of particular significance is the work of Dowell et al. (2005) in which the behavior of
hydrometeors and other foreign debris particles inside a tornado vortex was sRaliedt
this research was conducted using idealized one-dimensional and two dimensionaahumer
simulations of axisymmetric Rankine vortices. The results confirmed thosengidser
(1954) showing that denser particles with larger fall speeds have slowentiahgind
speeds than the air in the vortex and are thus centrifuged outward away from thes@rte
The radial velocity of this outward motion with respect to the air increagbdive
increasing size and fall speed of the particle. For small rain droplbt$allispeeds of 2 m
s, the radial velocities ranged between 3 and 7*muispending on the size and strength of
the vortex. This range was found to be 12 to 28'1imshe case of large raindrops or small
hailstones with fall speeds of 10 i slt should be noted that the relative air speed of
particles that are simultaneously falling and being centrifuged is lHrge if they were

simply falling through calm air. Thus, particle fall speeds were largelyced inside the
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simulated vortices, allowing the much larger radial velocities to ejeqatiieles
horizontally outward at small angles. Of particular importance to the rbesgiactissed in
this paper was the finding that the centrifuging of hydrometeors and othielesagreatly
reduced their number concentration inside the vortex, while raising it outsyleg2.3).
Experiments to assess the impact of this centrifuging on the strength oftire are

discussed in Section 4.2.2.
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Figure 2.1: Isosurface of vorticity for flow over a cylinder (a) without vorticity confiment
and (b) with vorticity confinement. From Fan et al. (2002).

(@) (b)

Figure 2.2: Isosurface of vorticity for flow over the windward side of a helicopter landing
ship (a) without vorticity confinement and (b) with vorticity confinement. Wiandirside
corresponds to the bottom of the figures. From Fan et al. (2002).
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Figure 2.3: Radial profiles every 10 seconds of the number concentration of small raindrops
(terminal fall speeds of -2 m*within a Rankine vortex of radius 100 m and with tangential
velocities of 100 m'$at the edge.
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Chapter 3

Experiment Design

3.1 Numerical Model

All experiments for this research were conducted using the UniversitysobWsin
Non-Hydrostatic Modeling System (UW-NMS). The UW-NMS is a three-dimeaf non-
hydrostatic model whose enstrophy and kinetic energy conserving design fall@rsater
accuracy in simulating multi-scale interactions. Some of the key featiuités onodel
include modifiable grid size and resolution in both the horizontal and vertical, muliple t
way interactive grid nesting with moveable inner grids, and grid-scale mygioph
parameterization with cloud water, rain, pristine crystals, snow, aggregstal€and

graupel. The UW-NMS design is fully described by Tripoli (1992) and Tripoli (2007).

3.1.1 Governing Equations

3.1.1.1 Equations of Motion

For simplicity, the enstrophy-conserving form of the equations of motion may be

given by the following:

%"‘ B,G =1,+S +F'+F?*- d.g (3.1)

whereB,G; are the pressure gradient acceleratigrege the inertial acceleratiory,are

sources of momenturR," represents turbulent mixing tendenckes$,is the velocity
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tendency from a numerical filter which controls noise and aliasing in the mgdethe
Kronecker delta, and is gravitational acceleration,
The pressure gradient accelerations include a buoyancy coefficienttiomdalithe

pressure gradients. The terms are defined as follows:

Bu= w (3.2)
G =P (3.3)
fix

The variable v in (3.2) is the water loading virtual potential temperature, and is

defined as:

_, A+061q,) _ 9
(1+ qliq + qice) (1+ qliq + qice)

(3.4)

w

whereqy, giq, andgice are the specific masses of vapor, liquid and ice, respectivily,
potential temperature and is virtual potential temperature. The variablegin (3.3) is the

Exner function and is related to pressyxeyy the following equation:

R/c,

p=c P (3.5)

p
00

whereg, is the specific heat of dry air whers held constanRis the gas constant for dry
air, andpy, = 1000hPa.

The enstrophy-conserving inertial accelerations are defined as follows

I =€ mh - alS (3.6)

T
where the momentum vectan, is given by:

m = r,u, Cosf. (3.7)
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The total air density,r, is defined to be:
Fe=r@Q+0 *0c) =(rg +7,)A+0q +0c) (3.8)
where represents the total density of air and water combingd ().
The three components of absolute vorticity per unit masis, defined as:

/7__ w+fi

= 3.9
' r,cosf (39)

wherefi represents the three components of the Corioleef@and ; represents the three

components of relative vorticity, given to be:

_ Tlu;
V=6, ™ (3.10)
The specific kinetic energl, is defined as:
1, , 2
=—(u-)+—e 3.11
2( ") 3 (3.11)

The variableg, represents the turbulent kinetic energy (TKEhe NMS model may be set
to either diagnose or explicitly predict TKE. Thvdl be discussed further in the following
section.

As seen from the above equations, velocity tendenoyade up of balances among
inertial, pressure gradient and gravitational fercAs shown by Equation (3.9), all rotational
accelerations are linked together into a singleéicity term. The residual inertial
acceleration term is depicted as a gradient intiiremergy, seen in Equation (3.6). Itis
worth noting that this particular system is onlypkgable for meso-scale flows or smaller,

where the system is integrated orf @hane and curvature may be neglected (Tripoli, 1992
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3.1.2 Physical Parameterizations

The generic tendency equation used for the highhgervative variables in the model
is given by:

‘l‘%‘:|A+PA+Fj+Fj+SA 3.12)

whereA is the conserved scalar variable being predidtg@presents the inertial tendencies

of advectionPa is the precipitation settlings» represents physical turbulence mixing which

is based on a physical closure scheffeis a numerical filter an8h is a general source term

that represents all remaining sources of the vigriab

The turbulence closure scheme used for the expeténe this paper is one in which
the turbulent kinetic energy is diagnosed, as desdiby Redelsperger and Someria (1982)
for their level one closure. In this scheme, tlehtikinetic energye, is assumed to be
following a Lagrangian trajectory while in steadgite balance. Thus the individual terms
that comprise&s; in Equation(3.12) become such th&= 0 locally.

The UW-NMS uses a selective filter in order to cohtronlinear instability and
numerical noise. The generic form of the equaitagiven by:

n, /2 ny, /2 n, /2

AC+F, 1 cosf il AC+F, % r % AC, (3.13)

F2=f, 0 1 .
™ qx Ty iy

whereA is any variable for which there is a build up aferically-induced small scale

variances, and, andn, represent the order of the horizontal and verfittals, respectively,

given in even integers.

Use of the numerical filter often results in tmef@ial transport of the variablé. In

order to minimize this effect, the reference statg/ be subtracted from the scalar field that



18

is being smoothed by the filter, much like thatatdeed by Klemp and Wilhelmson (1978).
The fraction of maximum damping allowed is giventbg horizontal and vertical filter
coefficients Fy andFy, shown in Equation (3.12). The value of the maxindamping is
based on the shortest wave produced by the méaelthe experiments discussed in this
paper, the horizontal and vertical filter coeffitie were set to 0.05 and 0.1, respectively, in
the outermost grid. The filter coefficients usedhe finest grid were set to 0.1 for both the
horizontal and vertical. This increase in the tiacof maximum damping was required due
to the very high resolutions of the inner gridaedmg to an increase of non-linear instability

in the model.

3.1.3 Boundary Conditions

3.1.3.1 Lateral Boundaries

The lateral boundaries in the idealized experimentployed the Klemp and
Wilhelmson gravity wave radiation condition (1978}his condition assumes that all inertial
terms are in balance with each other at the gruhtary, thus allowing gravity waves to
freely propagate out of the domain. The time tecgief velocity perpendicular to the

lateral boundaries of the grid is as follows:

Tu_. c Tu-u,) (3.14)

it X
whereo represents the initial state ands a Doppler-shifted phase speed for gravity waves
written as:

c=c+u (3.15)
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wherec is moving out of the domain. The Doppler-shiffgthse speed used in the
experiments performed for this research was equadms".
3.1.3.2 Upper and Lower Boundaries

The upper boundary in these experiments was awitiilla Rayleigh friction zone
seven grid points deep. This friction zone wasleggal in order to absorb gravity waves as
they propagated toward the top of the model, angidnproper reflection of the waves off

the upper boundary. The Rayleigh friction conditas defined by Clark (1977) is given by:

o« - = —
Tu _ Ty, +(Ui-Uio)_

3.16
qt qit te ( )
The time scale,, is given through the following equation:
i = max w ’0 (317)
e (ZNZ B ZF)

whereZg represents the height of the bottom of the Raylé&ighion layer, andZy;
represents the model top height. For these expeatsn = 120s.

The lower boundary of the model was free-slip agidl. The surface layer scheme is
defined by Louis (1979) and provides specified @leght fluxes of moisture, momentum and

heat. No soil or vegetation model was used.

3.1.4 Finite Differencing
The governing equations of the UW-NMS model arewated on an Arakawa C-
grid (Arakawa, 1966). They are finite-differenagging a hybrid time-split, leapfrog-

forward, space-time scheme much like that descriyedlemp and Wilhelmson (1978a) and
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Tripoli (1992a). Figure 3.1 schematically summeasihow each advection term is finite-
differenced using this hybrid scheme. Since theadyics equations are set up in an Exner
Function system, a smooth separation of the aaashtaining fluctuations from the slower
inertial and gravitational fluctuations can occiliihus a separate smaller time step can be
employed for the integration of the acoustic terrAdeapfrog scheme is applied to the
longer time-step of the inertial tendencies fooedly. These terms are finite-differenced in
a manner that best conserves enstrophy, kinetiggr@d mean vorticity. A Crowley
forward scheme is employed for the integratiorhefdcalar terms. This scheme is able to
achieve second-order accuracy while using inforomaftiom only one time level. In
addition, the Crowley scheme in its flux-conserviagn can be formulated to achieve
higher order accuracy.

For the purposes of this paper, in which vorticibynfinement is the central focus,
special attention must be paid to the inertial matw@ tendencyl(). The finite differencing
of this particular advection term is done usingAnakawa and Lamb (1981, hereafter
referred to as AL81) scheme in which vorticity, édilc energy, and enstrophy are conserved.
The AL81 scheme was modified so as to be usedfeetdimensional, compressible flow
on grids where spacing may vary, as is the catdgitdW-NMS model. The benefit of using
the AL81 scheme is that it removes numerical défifieing biases that often result in the
artificial growth of the two-dimensional potentiairticity, specific kinetic energy and
enstrophy. As such, the modified, three-dimendi#ih&1 scheme can more accurately
simulate Ertel potential vorticity, which is simpiefined as the dot product of the two-
dimensional potential vorticity and the gradieneatropy. Refer to Appendix 1 for the full

description of the modified AL81 scheme.



21

3.1.5 Vorticity Confinement Methodology

A series of experiments were conducted using atyignodified version of the VC
scheme originally designed by Steinhoff and Undefh©94, hereafter referred to as SU94).
As discussed in Chapter 2, the overarching ainhiefdcheme is to oppose the numerical
dissipation of vorticity in a balanced vortex bgluding in the momentum equations an
artificial up-gradient vorticity production term.

To derive this term, we first recall the equatiofisnotion as given by Equation (3.1).
The termB,G; represents acceleration by the pressure gradiesd,fwhilel; represents
inertial accelerations owing to vorticity and thadtic energy gradient. From these terms we
can define three vectors that represent the preggarity accelerationd), the kinetic

energy gradient acceleratioB)( and the total non-vorticity acceleratidD){

= M =- BuGi - d|3g
fit pg.g
= M =- ﬂ_k (318)
T X
c=1 =A+B
it pg.9.kg

We want the vorticity production term to be equeh certain fraction of the
numerical dissipation of vorticity occurring in theodel. This particular fraction should be
proportional to the amount of inertial vorticitycsteration that is being balanced by the total
non-vorticity acceleratiorG:

u,” ¥, =C (3.19)

g

where I, represents the balanced portion of the vorticgfyreed as follows:
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V=1, +V

unbal

(3.20)

al
From Equation (3.19) the balanced portion of theieity must be normal to bot@ anduy.
Next, we want to find the portion of the vorticityat is both perpendicular @and

falls within the plane o€ and V. This component is defined as follows:
V =V- (IC)C (3.21)
where C represents the unit vector pointing in the diatof C:

<

&=
C]

(3.22)

The unit vector pointing in the direction of thaldnced flow is perpendicular to the

plane ofC and V and is defined by the following cross product:

>
ENN
>

“C (3.23)

©

=

The actual speed of this balanced flow is defiretleng the total non-vorticity acceleration

divided by the vorticity component that is normathe total forcing, as follows:
ug| == (3.24)

In order to find how much of the vorticity is aatly balanced by the total flow, we

project this flow into the balanced direction, hewn below:

lu

= max(@,d, xu) (3.25)

proj
If the ratio of the projected flow to the balandkxv is less than one, then that ratio
represents the fraction of vorticity balanced by fllow and therefore the fraction that is
protected by confinement. However, if the ratidred balanced flow to the projected flow is

less than one, then the vorticity is stronger tienbalanced flow. This fraction should
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therefore not be protected by confinement. Thusreduce the confinement using the

following fraction:

- 2 Y| [Ug
a, =max O,min 1, , (3.26)
Jug| o

proj
We further limit the confinement of vorticity by esidering only the portion of the total
accelerationC, that is being forced by the pressure gradientgradity, A. We do not

consider acceleration owing to the kinetic enengdgent,B, as it is an imaginary force.

Hence, VC is reduced by a second fraction detemnasefollows:

A

a, =max 0,min ],T—T (3.27)
C

The next step is to find the dissipation accelenat We start with the linear

numerical diffusive flux, given by:

= Ty
u; W i_'K"n_xi (3.28)

whereK; is the linear mixing coefficient. It should be edtthat physical turbulence is not
considered in Equation (3.28), only the numerigfilision term. This is due to the fact that
physical turbulence already confines vorticity thgh its opposition to the deformation
fields. Using the linear numerical diffusive flaxd the value of mean vorticity, we can now

find an effective diffusion velocity, , as follows:

u| "f
I

Uy = (3.30)
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The diffusion velocity is then projected ontoin order to calculate the confinement velocity.
This velocity is then reduced by the fractiamsanda,, given by Equations (3.26) and
(3.27):

| =a,a, maxQ,u, x) (3.31)
and

s=|q¢ (3.32)

The final step is to add the confinement velotityhe inertial acceleration term in

the momentum equations. Thus, Equation (3.6) besom

k
= e+ )L+ )= g (3.33)

3.2 Model Initialization

The UW-NMS model was initialized using an idealizedrmodynamic profile
almost identical to that used in WW95. The hortabwind profile in the vertical is also
modeled after the one used by Wicker and WilhelmsHbms idealized wind profile is based
on actual hodographs from tornadic storms in Bin@&tahoma (Wicker et al. 1984),
Raleigh, North Carolina (Davies-Jones et al. 139@®) Davis, Oklahoma (Brown et al.
1973). The environment created by these profde®nducive to supercell development,
with a convective available potential energy vafid406 J ki and a bulk Richardson
number of 43.7. This bulk Richardson number ighglyy outside of the optimal range of 15-
35 for a right-moving supercell, as described byidMan and Klemp (1982). However, the

value is within the broader range of 10-50, in vehadservations have shown the evolution
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and strengthening of a right-moving supercell éitepossible. The thermodynamic profile
and wind hodograph from WW95 are shown in Figug 3.

The thunderstorm is forced to initiate by impositihermal bubble in the center of
the outer grid, as done in WW95. The bubble hasrezontal radius of 10 km and a vertical
radius of 1.5 km. The center of the bubble istimsed 1.5 km above the surface and has a

thermal amplitude of 4 K which linearly decreasegéro as you move away from the center.
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Figure 3.1: Schematic of numerical time marching scheme eyaolan NMS model.

Square boxes along center line represent discoatésgn time where all predicted variables
coexist in predicted state, labeled by their digctiene step numbep”. Upward and
downward arches represent leapfrog marching sclag@mieed to long time-step of advective
terms. Two arches represent two solutions of tegpgcheme. Velocity terms applied to
each arch are depicted within and on side of sgoaxeclosest to arch. Terms within box
from which arch emanates are evaluated forwarahia by finite differencing solution vis-a-
vis that arch. Terms situated at middle of ardhictvinclude buoyancy and inertial
(advective) terms, are evaluated from oppositetmwiiand therefore centered in time across
"leap”. Arches themselves are subdivided into &vthbackward/implicit operators on
pressure gradient and entropy-divergence termste@me connecting boxes depicts
forward marching scheme applied to scalar quastgi®wn above arrows. Forward scheme
tendencies are calculated serially in time, asrglwelabeled terms within arrows. (From
Tripoli and Smith, 2007).
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Figure 3.2: (a) Thermodynamic profile of temperature and moestand (b) hodograph of
winds used in initializing model experiments. Thidack line in (a) is the moist adiabat
followed by a parcel once it reaches its levelreéfconvection. Medium black line is
temperature and dashed line is moisture. Axeb)iare wind speeds in it &nd heights are
given next the profile in km. (From Wicker and Wélmson, 1997)
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Chapter 4

Discussion of Results

As discussed in Chapter 3, the following experirmemere modeled after those
performed by Wicker and Wilhelmson (1995). In thetudy, two grids were used, with the
finest grid having 120 m horizontal resolution. el$ame was done for the experiments in
this study, using the UW-NMS model. To extend\t#id/95 experiments, a third grid with
24 m resolution and a fourth grid with 12 m resioluitwere also added. Further simulations
were then carried out on the finest grids in otddest the Vorticity Confinement (VC)
technique as well as to determine what effect #mrduging of rain droplets has on the

vortex strength. The results from all of theseezkpents are detailed in following sections.

4.1 Evolution of Wicker and Wilhelmson Tornado Vortices

Supercell thunderstorms are unique from all othenderstorms in that they have a
cyclonically rotating updraft, or mesocyclone,@# to mid-levels (0-3 km). This rotation
begins along the forward-flank gust front as bamcally-induced horizontal vorticity. A
vertical tilting of this vorticity occurs when ibmes in contact with the updraft of the storm.
If the rotation of the mesocyclone becomes suffityestrong, tornadogenesis may ensue.
As discussed by WW95, the result of intensifyintation is a lowering of pressure in the
mesocyclone. This subsequently leads to an updiaedted pressure gradient force below
the mesocyclone which strengthens the verticalogiof the updraft below the base of the

cloud. Low level convergence is also increaseatjifeg to a stretching of the vertical
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vorticity into a rapidly rotating tornado vorte¥urther stretching of the vortex is often
induced when upward vertical motion increases enupper levels of the storm, above the
vortex. As the upward-directed pressure gradiertef eventually begins to deteriorate, so
does the updraft. At the same time, the rear-fdmkndraft intensifies and is allowed to
circulate around the tornado vortex at low leveéering it from its energy source. At this
time the tornado decays and leaves a weak cirounlatiits wake. The horizontal structure
of a mature supercell, as seen from observatiotiglascribed by Lemon and Doswell
(1979), is shown in Figure 4.1. As it pertainsghis discussion, a vortex qualifies as a
tornado if the following are proven true: (1)dtproduced by a thunderstorm or its flanking
line, (2) horizontal wind speeds exceed 32 nasid (3) there exists a small-scale circulation
of strongly converging flow.

As mentioned previously, the UW-NMS is a three-digienal model with two-way
interactive nested grid capabilities. For theggeexnents, the two coarsest grids were
modeled after the WW95 experiments. The outermmodtbox has a horizontal grid spacing
of 600 m and a domain size of 75 km by 75 km. Udwical grid spacing is 120m at the
surface, stretching by a ratio of 1.09 until a heson of 700 m is achieved (at approximately
7.5 km). Above this point, the vertical grid sparremains at 700 m. The model top is at
approximately 16 km. The model simulation of theeomost grid is 140 minutes, 20
minutes longer than that of WW95. The time steptics simulation is 5 seconds.

The results from the coarse grid were very sintdahose of WW95. In both
experiments vertical velocities rapidly intensifigilier 60 minutes in association with the
strength of the mesocyclone. The thunderstorm twesgh multiple life-cycles, or storm

splits, during the simulation with the southernm(istht-moving) supercell eventually
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becoming the strongest after 70 minutes with ardistipdraft and downdraft. As in WW95,
the simulated rain field was also seen to wrapraatdhe mesocyclone forming a clear hook
echo signature characteristic of a supercell.

To simulate the evolution of this supercell attagresolution, a second grid with
horizontal grid spacing of 120 m and a domain eiz&8 km by 18 km was added. The
vertical spacing of this grid was identical to tbathe outermost grid. The model was run
with the two grids starting at 70 minutes and egdih140 minutes. The second grid was set
to move following the lowest pressure at the s@falm order to minimize numerical
instabilities, the time step for the outermost gviaks reduced to 2 seconds for this simulation
with a time step of 0.4 seconds for the finer grid.

As in the WW95 experiments, more than one torrgaeloped, as determined by a
rapid fall in surface pressure along with an inseee maximum tangential wind speeds and
vorticity. The WW95 experiments initially producedveral very weak, short-lived
tornadoes (or “gustnadoes”) that spun up alongtiye of the inflow region at low levels.

In the last 40 minutes of the simulation, two distitornado life cycles were simulated, each
lasting approximately 8 to 10 minutes. The fishado reached its peak intensity 87
minutes into the simulation, while the second tdmpeaked at 102 minutes. Similar to
WW95, the experiments performed for this studyiatit produced three weak, short-lived
tornadoes (or gustnadoes), followed by two morenisé tornadoes each lasting 10 minutes.
The first of the more intense tornadoes peake® atifiutes while the second peaked at 119
minutes. To compare the longer-lived tornadoe=maith experiment, horizontal cross

sections are shown at the times of peak intenaityhie vertical velocity, vertical vorticity,
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perturbation pressure and velocity fields. Allss@ections were taken through the fine
mesh.

Figure 4.2 shows the horizontal cross sectionsdifcal velocity at 250 m above the
surface for the WW95 tornado at 87 minutes andtimeesponding tornado from this study
at 96 minutes. In both figures, a clear spirabfthe updraft into the center of rotation is
evident. In addition, the rear-flank downdrafbioth figures is shown to be wrapping into
the center of circulation from the northwest. Peak updraft and downdraft in the WW95
experiment of 12 msand 9 m 3, respectively, exceeds those of this study bymbug to 3
m s,

Figure 4.3 gives the horizontal cross sectionseafical vorticity at 100 m above the
surface. Both figures show an arc-shaped venigdicity field with bands spiraling inward.
This structure forms in response to the vorticeynlg stretched as flow converges into the
updratft of the storm on the western side of theaogdone (as seen in Figure 4.2).
Convergence into the storm also concentrates theNp and increases its local density, as
the bands are continually fed into the center tdtron. Peak vorticity in the WW95
experiment is shown to be 0.2 which is comparable to that produced by the UW-NMS
vortex.

Figure 4.4 shows the horizontal cross sectionsdbpbation pressure at 100 m
above the surface. The enhanced rotation of thex¢eads to a rapid drop in pressure
within the mesocyclone. Hence, both figures showitegions of minimum pressure, with
the lower of the two being coincident with the masione of the supercell. The minimum

perturbation pressure of -17 hPa in the WW95 expant is lower than that found in this

study by roughly 5 hPa.
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Figure 4.5 shows the horizontal cross sectionotf the flow and velocity of the
horizontal winds 100 m above the surface. Thetimtaf the vortex is clearly evident in
both figures, as is the convergence of flow aldreggdutflow boundary, or gust front.
Maximum wind speeds in both figures are locatetihéowest of the center of rotation in the
region of northerly flow. The peak wind speedtfuis study reached 48 rit swhile that of
the WW95 experiment was slightly lower at abouta6™.

Figures 4.6 through 4.9 are the same as Figurebrbdgh 4.5 except for the second
long-lived tornado in each simulation. Once agiinthe WW95 experiment, the second
tornado peaked at 102 minutes while the tornadaolsit®d by the UW-NMS model peaked
at 119 minutes. The structure of the vertical ggjofields in Figure 4.6 correspond fairly
well, although a tighter rotation seems eviderthemWW95 vortex. The UW-NMS vortex
has a slightly stronger updraft of 15 thand a weaker downdraft of 6 i spiraling into the
center of rotation as opposed to the almost 14 opsiraft and 11 m’sdowndraft in the
WWO5 vortex. Figure 4.7 again shows an arc-shag@diling structure in the vertical
vorticity fields of each experiment. However, treentation of these fields is slightly
different in each case. In the WW95 experimentyveoging flow along the rear-flank
downdraft creates vorticity in a band that extetodhe northwest of the mesocyclone. In
this experiment, the band extends to the southsast of the mesocyclone. The value of
maximum vertical vorticity for the WW95 vortex is2B s', while that of the vortex in this
study is only 0.19°S As a result, the minimum perturbation presstir@b hPa in the
WW95 experiment is much lower than the -14 hPadauarthis study (Figure 4.8). Lastly,
in Figure 4.9 the rotation of the vortex is agdeady seen by the wind vectors and

streamlines. The region of maximum wind speed@&rafound to the west of the vortex in
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the northerly flow. The maximum wind speed of 4% hin this study surpasses that of the
WW95 experiment which gives a velocity of aimosti3™.

Both tornadoes simulated by the UW-NMS decayedrmaaner similar to those in
the WW95 experiments. In both studies, low-lev@hfspeeds up and begins to advect the
base of the vortex away from the updraft. At thme time, the rear-flank downdraft
continues to wrap around the tornado until it imptetely encircled and cut off from the
updraft and low-level converging flow.

In summary, the simulation of the Wicker and Withebn tornado vortex using the
UW-NMS model achieved very reasonable results. géreral evolution of the supercell
thunderstorm and its tornadoes was very similaéinab described in WW95. In addition,
many of the important supercell features and atrestwere accurately resolved and
compared well with the original WW95 experimentoviever, some discrepancies between
the two experiments were found. First, the evolutf the tornadoes in the WW95
experiment occurred approximately 8 to 10 minutdeie those in this study. Secondly, the
WW95 tornadoes were slightly more intense tharr ttminterparts in all fields except
horizontal wind speed. One possible reason foditfierence in intensity is that the WW95
experiments show that rain-wrapping around theatornvortex was already being resolved
on the coarsest (600 m) grid (Figure 4.10a). Altiioa hook had formed in the rain field, a
fully rain-wrapped vortex was not yet observed lom ¢oarsest grid of the UW-NMS
simulation (Figure 4.10b). However, rain-wrappwas evident on the second (120 m)
simulation. In section 4.3 a detailed discussgogiven on how the intensity of a tornado
vortex may be increased through the centrifugingaof-droplets. This process would have

a greater effect for a rain-wrapped tornado. Hason for the rain-wrapping discrepancy
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likely lies in differing microphysics between thed studies. However, the microphysical

set-up was not provided in WW95, so this claim wakinvestigated.

4.1.1 Evolution of a Single Tornado Vortex at HigiResolution

Up to this point the tornado vortices that haverbeesolved have been too weak to
produce a strong enough drop in pressure belowddbage to produce a condensation
funnel. To test the theory that a realisticallpst vortex with an associated condensation
funnel can be resolved in a numerical model ai@afitly high resolution, a third grid was
added with horizontal spacing of 24 m and a dors&e of 9 km by 9km. A nested vertical
grid was employed in order to increase the vertiesblution below the cloud base and more
accurately resolve the tornado. The vertical gpdcing was therefore 24 m at the surface,
stretching to 120 m at approximately 1.5 km. Abavekm the vertical grid spacing is
identical to the coarser grids. The three-gridudation ran from 115 minutes to 125
minutes, encompassing the life cycle of the sed¢ong-lived tornado in the coarser
simulation. The second and third grids moved whthlowest surface pressure, thereby
keeping tornadic activity more or less centeretie fime step of the third grid was 0.2
seconds.

The evolution of the tornado vortex in the 24 sotation simulation occurred in
much the same way as in the coarser grids. Amndihbites, a well-defined main updraft was
present along with the downdrafts associated agréar-flank and forward-flank gust
fronts. As time progressed, the updraft and riarkfdowndraft spiraled in toward each

other following the cyclonic rotation of the mesolone. Convergence of the updraft and
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the rear-flank downdraft occurred at 122 minutes 2 seconds, which was coincident with
the 0.95 8 peak in vertical vorticity near the surface (Figdrlla,b). The strong rotation in
the tornado vortex produced a minimum pressurd@®hPa and wind speeds of 53T s
near the surface (Figure 4.11c,d). Figure 4.13vshbe vertical extent of the tornado vortex
using the 0.2 S vertical vorticity isosurface. The main portiohtbis vortex tube reaches to
approximately 3 km, with segments of the tube remrhs high as 12 km. Shortly after this
time, the tornado vortex weakened and dissipatédeaear-flank downdraft fully encircled
the vortex.

Despite the marked increase in intensity of theexoat higher resolution, a
condensation funnel was not well resolved. Figuls is a vertical cross section of the log
density of cloud water condensate through the tn@rtex with a horizontal cross section
of perturbation pressure at the surface. Thig@gows a slight lowering of the cloud base
coincident with the region of minimum surface ptees However, the extent of this
lowering was only 350 m below the cloud base. Thisesponds to a 35 hPa pressure drop
within the funnel. Figure 4.14 shows a close-wgwof the condensation funnel at its lowest
point of descent, along with the -35 hPa isosurtdqeerturbation pressure. It should be
noted here that the lowest values of perturbatressure were confined to a shallow depth
near the surface. This is likely the result oface friction enhancing convergence at the
base of the vortex.

Pushing this experiment further, a fourth gridnabrizontal resolution of 12 m and a
domain size of 3840 m by 3840 m was added. Thicaegrid spacing was nested and
identical to that of the third grid. Once agahe simulation was carried out over the 10

minute period between 115 minutes and 125 minetexympassing the tornado life cycle.
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The three inner grids moved with the lowest surfaessure, keeping the tornado vortex
centered in the grid box. The time step usedhisréxperiment was 0.1 seconds.

The tornado vortex in the fourth grid peaked itemsity at 122 minutes and 40
seconds with a vertical vorticity of 1.18.sAgain this was coincident with the convergence
of the updraft and intensifying rear-flank downdi@igure 4.15a,b). The spiraling bands of
vorticity feeding into the center of rotation aspecially noticeable in Figure 4.15b. As
previously mentioned, this process concentratesdhteity field and increases its local
density. The resultant drop in pressure at thiasemwas 40 hPa (Figure 4.15c). The
maximum wind speeds at the surface were 54" frgjure 4.15d). Figure 4.16 shows a
vertical view of the tornado vortex using the 0s?Ssosurface of vertical vorticity. The
height of this vortex tube reaches 4.5 km. Figuf& shows a vertical cross section of the
log density of cloud water condensate taken thrabghiornado vortex. A noticeable
lowering below the cloud base exists, coinciderthwhe region of minimum surface
pressure. Once again, this condensation funnareeqpred only a slight descent of 300 m.
This corresponds to a 30 hPa pressure drop insedfuhnel, as shown by Figure 4.18. As in
the previous experiment, the lowest pressure witherfunnel is found near the surface due
to the influence of friction.

To summarize, a third and fourth grid were adaethé model with horizontal
resolutions of 24 m and 12 m, respectively. Theiced resolution below cloud base was
also increased. While the tornado vortices ingtegh-resolution simulations were
markedly stronger than those resolved in the coarsrilations, they were not sufficient in

producing a condensation funnel that descendduktsurface.
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4.2 Effects of Vorticity Confinement

From the previous section it was shown that inénggihe resolution of the model,
alone, was not sufficient in resolving a realidticatrong vortex that produced a
condensation funnel. Assuming this is due to nigakdiffusion weakening the strong
vorticity gradient, experiments were conducted gisire VC technique in order to restore
this gradient. VC was first introduced on thedtgrid with 24 m resolution. A reduced time
step of 0.14 seconds was required in order fontbdel to sufficiently handle the faster wind
speeds that were produced. All other parametenaireed unchanged and the simulation
was again run from 115 to 125 minutes.

The tornado initially developed in the same marasediscussed in previous
experiments. However with the addition of the \é@n, the vortex intensified at a much
faster pace, reaching its peak at 121 minutes @rstdonds. The low-level updraft and
downdraft at this peak time both reached a mageiafd.5 m & as they converged in the
center of the mesocyclone (Figure 4.19a). Thaocaorticity reached a maximum of over
3.0 §' (Figure 4.19b), far exceeding that of previousesipents. This highly intensified
vortex produced a perturbation pressure near ttiacguof approximately -150 hPa with
horizontal wind speeds topping out at 86 h{Bigure 4.19c,d). A vertical view of the
tornado vortex is given in Figure 4.20, using tt@ €} isosurface of vertical vorticity. The
vortex tube has a higher vertical extent and aelesgerall diameter than those in the
previous experiments. This shows that stretchfrigevortex tube was enhanced, resulting

in its greater intensity.
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Of particular interest is the log density of cloudter condensate in this simulation.
A lowering of the cloud base began at approximaté&y minutes with a full condensation
funnel reaching the ground at 120 minutes and 40rs#s. Figure 4.21 shows the vertical
cross section of cloud water condensate taken ghrtwe vortex tube at the peak time of the
vortex. This figure clearly shows that a condeiosafunnel was resolved and descended to
the surface in association with the much largepdngoressure within the vortex. With
cloud base being approximately 1.25 km above thiase, a 125 hPa pressure drop within
the vortex would be needed for the condensationdlto fully descend to the ground. This
was indeed achieved as shown by a close-up vidgheatondensation funnel with the -125
hPa isosurface of perturbation pressure extendlirmgigh a large depth of the vortex in
Figure 4.22. By 122 minutes the funnel beganft@hd had completely disappeared shortly
thereafter. The timing of this dissipation wasiagaincident with the rear-flank downdraft
encircling and weakening the vortex.

Following these results, a fourth grid was addedrder to test VC at an even higher
resolution. The time step used for the fourth §f@ experiment was approximately 0.048
seconds and the fraction of maximum damping watdg® for both the horizontal and
vertical filter coefficients. All other parametermmained the same as in the experiment
without VC. The results of this experiment showteat with higher resolution, VC rapidly
spun up the vortex to such an intensity that thengiter of the vortex collapsed to a mere 36
m in only 40 seconds. Figures 4.23a and 4.23b shatwertical velocities in the low-level
updraft reached 40 m'swhile vertical vorticity exceeded an incrediblagnitude of 25
As a result, pressure dropped more than 500 hRaheeaurface, leading to maximum wind

speeds of 220 mi'saround the base of the vortex (Figure 4.23c,dje 0.5 & isosurface of
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vertical vorticity shown in Figure 4.24 had alreadgched a height of 3.5 km. The
condensation funnel began to descend at 115 miant850 seconds, reaching the surface
by 116 minutes and 20 seconds (Figure 4.25). Alghaa very small time step was
employed, it was likely not sufficient for the extne wind speeds that occurred as a result of
the rapid spin-up of the vortex. The nonlineaoesthat occurred in the advective scheme
forced the simulation to stop at 116 minutes and&fbnds.

This final experiment suggests that VC does noveage to the real solution as
resolution is increased. Instead, the vortex ool to collapse to the grid scale rather than
stabilizing at a realistic tornado vortex scaldisTproblem must be attributed to the fact that
the VC technique lacks an energy budget such tiexgyy is added without any constraints
on the system. In reality, the energy being usexpin up the vortex should be limited to
what is being taken from the mean flow. This islo@ing done in the current VC
formulation. Thus the confinement term producsslastantial change in kinetic energy but
with no physical sink of energy somewhere elsdnegystem.

To discuss this point further, it is important tederstand how energy is handled in a
numerical model. Three main scales of kinetic gnexist: kinetic energy of the mean flow
that is being predicted, kinetic energy of the gub-scale flow (turbulent kinetic energy),
and kinetic energy at the molecular level (thererargy). There is also gravitational
potential energy that we can combine with thermakrgy as an approximation of potential
temperature. In most numerical schemes, thesessofienergy operate independently of
each other. Thus the sub-grid scale can be viasedreservoir for energy that is lost from a
higher scale but not yet transferred into thermakrgy. Thus it is implicitly assumed that

kinetic energy lost to physical turbulence or nuc@rdissipation of the resolvable flow ends
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up in this reservoir. In reality, there shouldstxan explicit energy budget in which energy is
exchanged between the scales (Figure 4.26). Erhé@is) argues that turbulent diffusion
is important and should not be neglected in trdpigelones as it was found to indirectly
speed up the process of hurricane intensificatiowdy of a secondary circulation that
occurs through the eyewall. In addition, Emanuas$\able to determine an upper limit for
wind speeds in a mature hurricane by creating gd&tud which the energy produced from
the secondary circulation was equal to dissipatiche boundary layer. When tested in two
different models, this limit proved to be a gooédgictor of maximum wind speeds.
Emanuel’s findings on the importance of turbuleffudion are of particular interest
to this study because it is now hypothesized taturbulent kinetic energy residing in the
reservoir is actually available for the spin-upaofortex through vortex interaction. As
illustrated in Figure 4.26, turbulent kinetic engslould be accounted for by either
converting it into thermal energy through molecussipation or by recycling it back into
kinetic energy, perhaps through VC. The VC techaja@qs conceived by SU94, operates on
the principle that inertial stability blocks thescade of energy at some level, thus prohibiting
the loss of kinetic energy to turbulent kinetic gyyeat the grid scale. However, this may
only be a partial explanation for the vortex growlthus adding to the hypothesis of SU94 is
the conjecture that turbulent kinetic energy isiaklty recycled back into kinetic energy
through a vortex merger process. This would dikierétic energy from simply winding up
as thermal energy and allow for it to be refocuséal strengthening the vortex. In this way,
VC would be constrained against the turbulent kineergy produced by dissipation of the
explicit flow. Moreover, such recycling would rake the turbulent kinetic energy diverted

to thermal energy. This new theory is currentlgeminvestigation.
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In summary, the VC technique was shown to creadalgstically intense tornado
vortex in the simulation with 24 m resolution. Yeal vorticity more than doubled through
the depth of the vortex core. As a result, mininpnessure within the vortex fell at least 100
hPa lower than in the experiments performed withd@t This drop in pressure was more
than adequate for the development of a condenstfiorel that descended to the surface.
However, when attempting to use VC at a higherludsm of 12 m, an unrealistically strong
vortex quickly developed. Nonlinear errors resiitethe advective scheme of the model
and therefore the simulation could not continug f&6 minutes and 30 seconds. This error
suggests that the VC technique does not convergesakition is increased. The likely cause
of this problem is the absence of an explicit epdngdget in the VC formulation. New
theories are currently being investigated to deit@ent a tornado vortex can be spun-up

through the recycling of energy between scales.

4.3 Effects of Centrifuging Rain Droplets

After achieving positive results with the 24 m githulation, tests were performed
on this third grid to determine what effect thetcémging of rain droplets has on the strength
of a tornado vortex. To do this, experiments wenadcicted in which the centrifugal force
for rain droplets was turned off to see how theiltast vortex compared with the previously
run simulation. The hypothesis is that rain drtglbaving no outward-directed centrifugal
force acting on them, will remain inside the funmélere a relatively higher central pressure

will result. The effect will be to weaken the ingiéty of the vortex.
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In beginning this discussion it is important toetiat in the absence of rotation, and
thus centrifugal force, we need only consider grmtnal velocity of the rain droplets in the
vertical plane. Given the very small diameter o&ia droplet, as well as a liquid water
density 1000 times larger than that of moist &, ppressure gradient force across the droplet
becomes negligible relative to the air. As suchyiy is the only force that truly matters
when considering the vertical force balance wipeet to a rain droplet. Thus, the generic
form used for the vertical terminal velocity candyeen by:

v, = Ag® (4.1)
whereA is a function of the microphysicg,is gravity, and is typically set to a value of 0.5.
In the presence of rotation, and thus centrifugedd, the rain droplet experiences a terminal
velocity in all three directions, as shown by thkdwing tendency equation for the specific

humidity of rain,g:

ﬂq" = . 1-[,.mqr (U +VTu) + 1-[/’mqr (V+VTV) + 1-[/’mqr (W+VTW)
Tt Tix Ty Mz

+S+D (4.2

wherev,,,Vv;, andv,,are the three components of terminal velocityis the density of

moist air,Srepresents the source terms 8nekepresents the dissipation terms. Therefore, we
now must consider a three-dimensional terminalaigiovector. A downward gravitational
force is exerted in the vertical and an outwardrdfeigal force is exerted in the horizontal on
both the air parcel and the rain droplet. Howeasrpreviously mentioned, the opposing
pressure gradient force in both the vertical anidizbatal directions is much smaller for the
rain droplet in comparison to that of the air parass such, it is actually the three-
dimensional pressure gradient force exerted omithgarcel and the rain droplet that

determines their respective three-dimensional teaielocities:
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b

Np (4.3)

vT=A-%

Given the negligible pressure gradient force actiessain droplet, the opposing, and
relatively larger, centrifugal force is alloweddocelerate the rain droplet outward with
respect to the air. Thus in a rapidly rotatingnéato, rain droplets are centrifuged out of the
vortex.

The previously mentioned hypothesis stating thahéabsence of rotation rain
droplets will act to weaken a tornado vortex carusther explained by recalling the
equations discussed in section 3.1.1.1. Throughktgution of terms into Equation (3.1), we

see that for cyclostrophic balance, the equatiamation for the u-component is as follows:

W g 2 = (v 1) (4.4
X

it
where the water-loading virtual potential temperat .., and the Exner function, are

here again defined as in Equations (3.4) and (BeSpectively:

(1+ qliq + qice)

w

R/c,

_ P
p_cp_

00
Combining ,Wwith the gradient of gives a pressure gradient acceleration term that
accounts for buoyancy. It should be noted thatifreominator of the water-loading
potential temperature equation can also be thoofggt a drag term which becomes larger
with the increasing mass of liquid water dropletd/ar ice crystals. The term on the right-

hand side of Equation (4.4) represents accelerdtierto centrifugal force. Thus, a balance
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is achieved when the inward-directed pressure gnadicceleration equals the outward-
directed centrifugal acceleration.

When rain droplets fall into a balanced vortex, Water-loading virtual potential
temperature of the air decreases while the deositye air increases. The result is an
increase in the central pressure of the vortexaanoverall decrease in the pressure gradient
acceleration. In order to bring the vortex badk ipalance, an adjustment takes place in
which the rain droplets are forced out of the volig the relatively stronger centrifugal
force, as previously discussed. As the rain dits@ee being thrown out, they remove mass
from inside the vortex due to the drag force teaxerted on the surrounding air. Hence, the
central pressure of the vortex decreases, incrgdsepressure gradient force and re-
strengthening the vortex.

Neglecting the centrifugal force exerted on the daoplets as they enter a vortex
means they can no longer be thrown out in the &dgrst process. Instead, the rain droplets
remain inside the vortex where they fall to thedate as their terminal velocities exceed that
of the updraft inside the tornado. As a resu#,dbceleration by the pressure gradient
weakens, forcing the vortex to spin down in ordeadhieve balance.

Figure 4.27 shows horizontal cross sections ofdgealensity of rain through the
mid-point of the vortex (500 m above the surfaddpar different times throughout the
original 24 m simulation. It is clearly seen thattime progresses from 116 minutes to 121
minutes and 10 seconds, the rain field wraps cycddy around the vortex but is not
allowed to enter inside due to the outward direceatrifugal forces acting on the rain
droplets. Figure 4.28, on the other hand, shoasli neglecting the centrifugal force on

rain droplets, the rain is allowed to wrap into #oetex. In addition, rain droplets are
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allowed to fall into the vortex from above. Figur29a shows that initially, the vortex is
clear. Around 117 minutes the rain began to fat the vortex and by 118 minutes (Figure
4.29b) the leading edge of the descending rairt slaafreached 1 km. A minute later
(Figure 4.29c) it is shown to be only 500 m frora gurface, with the vortex completely
filled by 120 minutes.

Figures 4.30 and 4.31 compare the perturbatiosspre near the surface for the
original simulation and the simulation without ttentrifuging of rain droplets, respectively.
These figures show that at the intermediate tinfesdrop in pressure is approximately 10
hPa lower in the simulation without centrifugalder pointing to an initially stronger vortex
than in the original simulation. However, by 12ihuates the simulation without centrifugal
force showed a minimum pressure that was 50 hReehtgan that of the original simulation.
The vertical vorticity field in Figures 4.32 and3.confirms that the vorticity was initially
0.5 s' stronger in the simulation without centrifugalderbut quickly became weaker by a
magnitude exceeding 1.0 as rain droplets filled the depth of the vorténalysis of the
temperature field showed that as the non-centrduge began to wrap into the vortex, the
air inside became cooler due to an increase il B®@poration. By 118 minutes, the
temperature was approximately 2 K cooler than endhginal vortex (Figure 4.34). This
drop in temperature within the vortex resulted iowaer pressure and therefore a slightly
stronger initial vortex in the experiments withele centrifuging of rain. However, the
majority of rain droplets entered the vortex byifg into it from above. The additional
mass inside the vortex increased the density odith¢hus leading to an increase in pressure
and a weakening of the vortex. This rise in pressear the surface was exactly coincident

with the time the rain shaft reached the surfachiwihe vortex.
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With the end result being a weaker vortex in theeale of the centrifuging of rain
droplets, the vertical extent of the 0:3wertical vorticity isosurface reached only 4.4 km
(Figure 4.35), whereas portions of the vortex redalp to 12 km in the original simulation.
In addition, the overall lesser magnitude of minmpressure within the vortex resulted in a
condensation funnel that was 35 m from fully reagtthe surface at 121 minutes and 10
seconds (Figure 4.36). The condensation funnekbureceded and dissipated in the
following 20 seconds. Vertical distribution of rmmum pressure within the vortex was also
confined to a more shallow depth when centrifugaté was neglected. Referring back to
Figure 4.22, it is evident that a very low minimpnessure extended through the entire depth
of the funnel in the original simulation. This tieal distribution acted to increase the
pressure gradient force throughout the funneljusitnear the surface. Thus, convergence
and wind speeds increased, promoting further $tirggcand intensification of the vortex.

In summary, by neglecting the centrifugal forceraim droplets, the simulated
tornado vortex eventually became weaker than tineexahat did centrifuge rain. Thus it
was shown that the centrifuging of hydrometeorshsas rain droplets, has the net effect of
intensifying a tornado vortex. As the hydrometesmesthrown out of the vortex, they exert a
drag force on the surrounding air, removing maskraducing the pressure within the
vortex. The result is an increase in the presgtadient force through a greater depth of the
funnel. Wind speeds and convergence are thus eatiastretching the vortex and

increasing the vertical vorticity.
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Figure 4.1: Horizontal cross section of a tornadic supercelhtterstorm at the surface.
Thick black line represents the precipitation fiakiseen on radar. The solid lines with
frontal symbols represent the thunderstorm gusttérand occlusion. The surface position of
the updrafts (UD) are finely stippled while theviard-flank downdraft (FFD) and rear-flank
downdraft (RFD) are coarsely stippled. Streamliméstive to the ground are also shown.
Location of tornado is denoted by the small enesd in between the RFD and main UD.

(From Lemon and Doswell, 1979).
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Figure 4.2: Horizontal cross sections of vertical velocity at 250 m. (a) From Wicker and Wilhelmson (19950 b2
simulation at 87 minutes. Contour interval is 3t Maximum and minimum values shown at bottom rigfi) UW-NMS 120
m simulation at 96 minutes. Contour interval i 3", neglecting the zero line. Solid lines repregmsitive values and dashed
lines represent negative values. Colors alsomhees of vertical velocity with reds being posatiand blues being negative.
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Figure 4.3: Horizontal cross sections of vertical vorticityzat 100 m. (a) From Wicker and Wilhelmson (19930 in
simulation at 87 minutes. Contour intervals afLG?, 0.05 &, 0.1 &, 0.2 &', and 0.3 3. Thick dark line is the 0.0I*sontour
representing the low-level mesocyclone. Maximum srmimum values shown at bottom right. (b) UW-NM& m simulation
at 96 minutes. Contour interval is 0.04 X & starting at 0.01 x f&*. Colors also give values of vertical vorticitytivreds
being positive and blues being negative.
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Figure 4.4: Horizontal cross sections of perturbation presatie= 100 m. (a) From Wicker and Wilhelmson (1)98%0 m
simulation at 87 minutes. Contour interval is &hRMaximum and minimum values shown at bottomtrigh) UW-NMS 120 m
simulation at 96 minutes. Contour interval is 3&0(3 hPa), including zero line. Solid lines repré positive values and dashed
represent negative values. Colors also give valtipsrturbation pressure with reds being posisind blues being negative.
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(@) (b)

Figure 4.5: Horizontal cross sections of horizontal winds at 00 m. (a) Wind vectors from Wicker and Wilhebng1995)
120 m simulation at 87 minutes. Maximum wind vectagnitude shown at bottom right. (b) Streamliaed wind speeds (in m
s1) from UW-NMS 120 m simulation at 96 minutes. Reelsresent faster wind speeds and blues reprdsergravind speeds.
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(@) (b)

Figure 4.6: Horizontal cross sections of vertical velocity at 250 m. (a) From Wicker and Wilhelmson (19950 12

simulation at 102 minutes. Contour interval is 3 Maximum and minimum values shown at bottom rigfi) UW-NMS 120
m simulation at 119 minutes. Contour interval i® 3*, neglecting the zero line. Solid lines repregmitive values and dashed
lines represent negative values. Colors alsomhaes of vertical velocity with reds being postiand blues being negative.
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(@) (b)

Figure 4.7: Horizontal cross sections of vertical vorticityzat 100 m. (a) From Wicker and Wilhelmson (19930 in
simulation at 102 minutes. Contour intervals afd @', 0.05 &, 0.1 §', 0.2 &', and 0.3 3. Thick dark line is the 0.0I'ontour
representing the low-level mesocyclone. Maximum srmimum values shown at bottom right. (b) UW-NM& m simulation
at 119 minutes. Contour interval is 0.04 X & starting at 0.01 x &*. Colors also give values of vertical vorticitytivreds

being positive and blues being negative.
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(@) (b)

Figure 4.8: Horizontal cross sections of perturbation presatie= 100 m. (a) From Wicker and Wilhelmson (1)98%0 m
simulation at 102 minutes. Contour interval isRlah Maximum and minimum values shown at bottomtrigb) UW-NMS 120
m simulation at 119 minutes. Contour interval@® ®a (3 hPa), including zero line. Solid lingzresent positive values and
dashed represent negative values. Colors alsovglues of perturbation pressure with reds beirgjtpe and blues being

negative.
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(@) (b)

Figure 4.9: Horizontal cross sections of horizontal winds at¥00 m. (a) Wind vectors from Wicker and Wilhebmg1995)
120 m simulation at 102 minutes. Maximum wind wechagnitude shown at bottom right. (b) Streansliaerd wind speeds (in
m s%) from UW-NMS 120 m simulation at 119 minutes. Reepresent faster wind speeds and blues reprelserér wind

speeds.
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(@) (b)

Figure 4.10: Horizontal cross-sections of coarse (600 m) grid&) the Wicker and Wilhelmson (1995) experimer@@
minutes and (b) the UW-NMS experiment at 98 minutesboth figures, the heavy solid line represeénés0.25 g kg rainwater
mixing ratio at 60m. The black dot in (a) indicathe region of maximum vertical vorticity, whickgks at 0.06s Vertical
vorticity in (b) is given by the colored surfacezat 60m, where reds are positive vorticity anceblare negative vorticity.
Maximum vertical vorticity in (b) is just under G& 10 s™.
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(@) (b)

Figure 4.11: (a) Horizontal cross section (4 km x 4 km) of veativelocity at z = 250 m, from 24 m simulatioril@®? min 20 s.
Contour interval is 5 m™ omitting the zero line. Solid lines represensifive values and dashed lines represent negatives.
Colors also give values of vertical velocity wittds being positive and blues being negatig.Horizontal cross section (4 km x
4 km) of vertical vorticity at z = 100 m, from 24 simulation at 122 min 20 s. Contour interval i © 10 s starting at 0.05 x
10° s*. Colors also give values of vertical vorticitytivieds being positive and blues being negative.
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() (d)

Figure 4.11: (Continued)(c) Horizontal cross section (4 km x 4 km) of pdpation pressure at z = 100 m, from 24 m simulation
at 122 min 20 s. Contour interval is 300 Pa (3)hidaluding zero line. Solid lines represent pigsivalues and dashed lines
represent negative values. Colors also give valfipsrturbation pressure with reds being positind blues being negativéd)
Horizontal cross section (4 km x 4 km) of horizémtind speeds (in m™y and streamlines at z = 100 m, from 24 m simuteaid
122 min 20 s. Reds represent faster wind spe&ass bepresent slower wind speeds.
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Figure 4.12: Vertical view of 0.2 8 vertical vorticity isosurface with colored horizah
cross section of perturbation pressure (Pa) anddraal streamlines at the surface. From 24
m simulation at 122 min 20 s.
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Figure 4.13: Vertical cross section of the log density of clovater condensate (gray
contours) with colored horizontal cross sectiop@fturbation pressure (Pa) at the surface.
From 24 m simulation at 122 min 20 s. Contourriwdein the cloud is 0.5.
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Figure 4.14: Close-up vertical cross section of the log densftgioud water condensate
with -3500 Pa (-35 hPa) perturbation pressure isase (blue). Colored surface is
horizontal cross section of perturbation pressBeg.( From 24 m simulation at 122 min 30 s.
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(a) (b)

Figure 4.15: (a) Horizontal cross section of vertical velocitya= 250 m, from 12 m simulation at 122 min 4030ntour
interval is 5 m &, omitting the zero line. Solid lines represensifiee values and dashed lines represent negagives. Colors
also give values of vertical velocity with redsragpositive and blues being negati\{b) Horizontal cross section of vertical
vorticity at z = 100 m, from 12 m simulation at 12 40 s. Contour interval is 0.1 x°1€" starting at 0.05 x £&s*. Colors
also give values of vertical vorticity with redsimg positive and blues being negative.
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() (d)

Figure 4.15: (Continued)(c) Horizontal cross section of perturbation pressi z = 100 m, from 12 m simulation at 122 min 40
s. Contour interval is 300 Pa (3 hPa), includiagpdine. Solid lines represent positive valued dashed lines represent negative
values. Colors also give values of perturbatia@spure with reds being positive and blues beingtinag (d) Horizontal cross
section of horizontal wind speeds (in /) and streamlines at z = 100 m, from 12 m simufe#ip122 min 40 s. Reds represent

faster wind speeds, blues represent slower winddspe
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Figure 4.16: Vertical view of 0.25 3 vertical vorticity isosurface with colored horizah
cross section of perturbation pressure (Pa) anddraal streamlines at the surface. From 12
m simulation at 122 min 40 s.
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Figure 4.17: Vertical cross section of the log density of clovater condensate (gray
contours) with colored horizontal cross sectiopefturbation pressure at the surface (Pa).
From 12 m simulation at 122 min 40 s. Contourrivdein the cloud is 0.5.
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Figure 4.18: Close-up vertical cross-section of the log densitgloud water condensate
with -3000 Pa (-30 hPa) perturbation pressure isase (blue). Colored surface is
horizontal cross section of perturbation pressBeg.( From 12 m simulation at 122 min 40 s.
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(a) (b)

Figure 4.19: (a) Horizontal cross section (2 km x 2 km) of vaativelocity at z = 250 m, from 24 m VC simulatiain121 min

10 s. Contour interval is 5 it somitting the zero line. Solid lines represensifive values and dashed lines represent negative
values. Colors also give values of vertical velpuiith reds being positive and blues being negat{) Horizontal cross

section (2 km x 2 km) of vertical vorticity at 290 m, from 24 m VC simulation at 121 min 10 s.n@air interval is 0.1 x 10

s' starting at 0.05 x T&*. Colors also give values of vertical vorticitytivieds being positive and blues being negative.
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(©) (d)

Figure 4.19: (Continued)(c) Horizontal cross section (2 km x 2 km) of pdpation pressure at z = 100 m, from 24 m VC
simulation at 121 min 10 s. Contour interval i9Q®a (10 hPa). Solid lines represent positivaesbnd dashed lines
represent negative values. Colors also give valtipsrturbation pressure with reds being posisind blues being negative.
(d) Horizontal cross section (2 km x 2 km) of hortal wind speeds (in m'sand streamlines at z = 100 m, from 24 m VC
simulation at 121 min 10 s. Reds represent fagtait speeds, blues represent slower wind speeds.
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Figure 4.20: Vertical view of 0.30 § vertical vorticity isosurface with colored horizah
cross section of perturbation pressure (Pa) anddraal streamlines at the surface. From 24
m VC simulation at 121 min 10 s.
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Figure 4.21: Vertical cross section of the log density of clovater condensate (gray
contours) with colored horizontal cross sectiopefturbation pressure (Pa) at the surface.
From 24 m VC simulation at 121 min 10 s. Contaterval in the cloud is 0.5.
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Figure 4.22: Close-up vertical cross section of the log densitgioud water condensate
with -12500 Pa (-125 hPa) perturbation pressurguidace (blue). Colored surface is
horizontal cross section of perturbation pressBeg.( From 24 m VC simulation at 121 min
10 s.
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Figure 4.23: (a) Horizontal cross section (630 m x 630 m) otieaf velocity at z = 250 m, from 12 m VC simulatiat 116
min 30 s. Contour interval is 5 rit,somitting the zero line. Solid lines represensifive values and dashed lines represent
negative values. Colors also give values of vartrelocity with reds being positive and blues lgenegative.(b) Horizontal
cross section (630 m x 630 m) of vertical vorti@atyz = 100 m, from 12 m VC simulation at 116 mins3 Contour interval is
5.0 x 10 s* starting at 0.5 x T0s™. Colors also give values of vertical vorticitytivreds being positive and blues being

negative.
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(c) (d)

Figure 4.23: (Continued)(c) Horizontal cross section (630 m x 630 m) atydation pressure at z =100 m, from 12 m VC
simulation at 116 min 30 s. Contour interval i96®a (50 hPa). Solid lines represent positivaashnd dashed lines
represent negative values. Colors also give valfipsrturbation pressure with reds being positind blues being negative.
(d) Horizontal cross section (630 m x 630 m) ofibmmtal wind speeds (m'$and streamlines at z = 100 m, from 12 m VC
simulation at 116 min 30 s. Reds represent fagteat speeds, blues represent slower wind speeds.
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Figure 4.24: Vertical view of 0.50 ¢ vertical vorticity isosurface with colored horizah
cross section of perturbation pressure (Pa) anddraal streamlines at the surface. From 12
m VC simulation at 116 min 30 s.
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Figure 4.25: Vertical cross section of the log density of clovater condensate (gray
contours) with colored horizontal cross sectiop@fturbation pressure (Pa) at the surface.
From 12 m VC simulation at 116 min 30 s. Contauerval in the cloud is 0.5.
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Figure 4.26: Flow diagram illustrating an explicit budget of egy coupling kinetic energy
(KE), turbulent kinetic energy (TKE) and the condtion of thermal energy and potential
energy (PE), which is simply potential temperatureEnergy can now be exchanged
between the different scales. Physical turbulemzenumerical dissipation convert KE into
TKE, while molecular dissipation converts TKE iqtotential temperature. Buoyancy
production can then convert potential temperatack finto TKE, while TKE can be recycled
back into KE through a vortex merger process.
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Figure 4.27: Horizontal cross sections of the log density ofl @DNRR) at z = 500 m
from 24 m VC simulation at (a) 116 minutes, (b) iButes, (c) 119 minutes and (d) 121
minutes and 10 seconds.



Figure 4.28: Same as Figure 4.22 except without centrifugalegorc
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/

Figure 4.29: Vertical cross sections of the log density of raBNRR) taken through the
tornado vortex. From 24 m VC simulation withoubtéugal force at (a) 116 minutes, (b)
118 minutes, (c) 119 minutes and (d) 121 minuteslénseconds. Arrows point to
leading edge of rain shaft descending through cerfiteortex.
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Figure 4.30: Horizontal cross sections (2.8 km x 2.8 km) of pdration pressure at z =
100 m from 24 m VC simulation at (a) 116 minuté&3,118 minutes, (c) 119 minutes and
(d) 121 minutes and 10 seconds. Contour intesvA0D0 Pa (10 hPa).



Figure 4.31: Same as Figure 4.24 except without centrifugalegorc
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Figure 4.32: Horizontal cross sections (2.8 km x 2.8 km) of iatftvorticity at z = 100 m
from 24 m VC simulation at (a) 116 minutes, (b) TiButes, (c) 119 minutes and (d) 121
minutes and 10 seconds. Contour interval is B”»s™ starting at 0.05 x fos*.



Figure 4.33: Same as Figure 4.27 except without centrifugalegorc
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(a) (b)

Figure 4.34: Horizontal cross section of temperature withinttim@ado vortex at z = 500
m. From 24 m VC simulation (a) with and (b) witholbe centrifuging of rain droplets.
Contour interval is 2 K.
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Figure 4.35: Vertical view of 0.30 3 vertical vorticity isosurface with colored horizah
cross section of perturbation pressure (Pa) anddrial streamlines at the surface. From 24
m VC simulation without centrifugal force at 121mdi0 s.
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Figure 4.36: Vertical cross section of the log density of clovater condensate (gray
contours) with colored horizontal cross sectiop@fturbation pressure (Pa). From 24 m
VC simulation without centrifugal force at 121 niid s. Contour interval in the cloud is

0.5.
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Chapter 5

Conclusion

Numerical modeling of small-scale atmospheric floeae made marked advancements
in recent years. Despite this fact, resolvingadisécally strong tornado vortex and
associated condensation funnel has proven difficlitis research set forth to examine the
theories behind this problem and to study the &fetone possible solution, the Vorticity
Confinement (VC) technique. Experiments were peréx using the University of
Wisconsin - Nonhydrostatic Modeling System (UW-NM8)d modeled after the Wicker and
Wilhelmson (1995) idealized tornadic supercell.e MdW95 experiments were first
extended by simulating the development of a sitmji@ado vortex at resolutions of 24 m and
12 m. These high-resolution simulations accuratetplved many small-scale features of
the tornado life cycle, but failed to produce aterrstrong enough to develop a condensation
funnel. Therefore it was proven that by simplyreasing the model resolution, a
realistically strong vortex could not be achievedrewhen using sophisticated schemes in
which kinetic energy and enstrophy are conserved.

Employing the VC technique on the simulation wAthm resolution, led to very
positive results in which a realistically intenseniado vortex developed. The associated
minimum pressure within the vortex was low enougit 8 condensation funnel developed
and descended to the surface. Despite this syadssading VC to a higher resolution grid
proved to be disappointing. The simulation withmi2esolution resulted in an
unrealistically strong and narrow vortex that depeld in less than a minute. This incredibly

fast intensification resulted in nonlinear errarghe advective scheme, forcing the
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simulation to stop after only 90 seconds. In lighthese results, it is concluded that
although the VC technique succeeds in producinggaitiful and realistic condensation
funnel, it does not converge to the real solutiemesolution is increased. The problem is
attributed to the absence of an explicit energygetitb physically constrain the energy
added to the system by the confinement term. Defping physically flawed, the VC
technique does provide hope in finding the missnmgghanism needed to resolve strong
vortices. New theories are currently being ingzgtd in which an explicit energy budget is
imposed on the system, allowing for the exchangenefgy between scales. In this system,
kinetic energy from the mean flow is converted iudbulent kinetic energy. The vortex is
can then be strengthened through the recyclingrbtitent kinetic energy back into kinetic
energy. The original VC technique artificiallyetigthens the vortex by assuming that
inertial stability blocks the loss of kinetic engitg turbulent kinetic energy.

Final experiments were performed in which the ckrgal force exerted on rain
droplets in a vortex was neglected. Allowing rdioplets to fall into the vortex core without
being centrifuged outward, resulted in an incredg@essure within the vortex. This rise in
pressure weakened the inward-directed pressureéegtddrce, thus decreasing the strength
of the tornado vortex. From these results it isahaded that the centrifuging of
hydrometeors, such as rain droplets, can intetiséstrength of a vortex by removing mass
and reducing the minimum pressure inside the voriégxs strengthening of the pressure
gradient force leads to faster wind speeds anag@roconvergence, thus intensifying the

vorticity of the tornado.
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Appendix

The Bernoulli form of momentum acceleration is adtion of the three components

of the two-dimensional potential vorticity() and a three-dimensional, invariant kinetic

energy K) field. Using this form allows the final threenalensional momentum acceleration
to be finite-differenced in a way that preservesdbnservation of the two-dimensional
potential vorticity and kinetic energy fields agatimumerical biases. In addition, finite-
differencing can take place in which there is aimimation or removal of artificial
numerical sources of mean potential enstrophynanoon issue when finite-differencing the
momentum equations. Arakawa and Lamb (1981, hereafferred to as AL81) and
Sadourny (1976) both made use of these advantagagjuasi-two-dimensional hydrostatic
system. The following discussion details how fhige differencing scheme was modified
for a fully coupled three-dimensional flow on arekawa C-grid.

The finite-differenced form of the two-dimensiomaitential vorticity used in the

original AL81 scheme is given by:

4P j+k i . i +1/2k +1 i
) 1 (COSfJ U3J ) COEJUE]'k) (uzd _ |.12,]+l/2l.<)
pii2k12 - (A1)
! —, 12k cosf " Dx, Dx,
7Y
(ui+1/2,“<+1_ ljl+l/2’j k) (lJ;-l,jk _ ui,j,k)
piH2i k12 1 ! ° A2
2 = T, Hzjkz ) [ (A2)
—t Dx, cosf Dx;
(ui+1,j+1l2k ) ui,j+1/2k ) (COSf i+ uil+1/2‘1 % cok i lJ‘l+1/2,j k )
pIHU2IH 2 = 1 2 2 R A3
3 = i+1/2,j +1/ 2k i+112 iz (A3)

7 cosf Dx cob
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Thel, j, andk superscripts refer to ti‘(e<1, %, )g) grid number on a three-dimensional
Arakawa C-grid where velocity and scalar time-dejgem variables are located at
(ui*”z"' ANVARG N TRE RS | “"). Latitudef’, is only a function ofx, in the rotated

spherical grid. It should be pointed out that etuve terms are implicit to this system

through the use of the cosine function for thedifferencing in the2, and/, equations.

Despite maintaining the conservation of specifieekic energyK) in several different
forms, problems arise when using the finite differeform ofk, as detailed by AL81. These
difficulties are the result of calculating the gead of kinetic energy with different velocity
points than those used for the calculation of edytibased accelerations. This ultimately
leads to an inaccurate computation of the momertcoeleration terms, thus destroying the
solution. To correct the problem, the kinetic gyesind two-dimensional potential vorticity
are averaged so that the same velocity pointssae i the calculations of the kinetic energy
gradient and the vorticity acceleration terms.

The specially averaged finite difference formiud kinetic energy is given by:

—\i,jk 1 —_ — .
(k)" =5 y'v e (A4)

where the subscriph® nt |, and€"’* is the turbulent kinetic energy which is predicted
diagnosed from the physical turbulence model. alerages of the two-dimensional

potential vorticity are weighted by density, aswhan the following equations:
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X

o Litl2k+1/2 "
2

/—,x3 h]i-,j+1/2k+l/2

y, 11*12k+172 (AS)

— g i H2KU2
h, =

X

y U2iK+L2 %
23 i+1/2,j k+1/2
r h,

—x% i+1/2,j k+1/2
(/72 ) = 2Tk (A6)
e

X3

i+1/2,j +1/ 2k %
X i+1/2,j+1/2k
r h,

—x, i+1/2,j +1/2k
(/73 ) = i+1/2,j +1/ 2k (A7)

— X
re

The above averages are normal to the two-dimensiter@e of the finite-differenced,

enstrophy-conserving AL81 formulation. Therefdhey invoke no change to the original

scheme.

As defined by AL81, the momentum terms are as ¥ato

mi+1/2,j k :%u';l/Zi k ,——XlD)iCOS‘ i (A8)
rniz,j+1/2k :%dzd"fllzﬁ 7 Dx, (A9)
m;,j,k+1/2 - % u‘zJ L<+l/2,——><3Dx3 (AlO

As seen by these equations, each of the three nitameomponents is weighted by the grid
spacing used in the same component direction. spherical effect, as seen by the cosine
function, was accounted for in the AL81 formulatiadowever, variable grid spacing was

not. For the purposes of the NMS model, variabig gpacing only comes into play in the

vertical direction.
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The enstrophy-conserving, finite difference forntteg momentum equations give us

the full, three-dimensional inertial terms for marhen:

ik = D)(lclosfj (mzha)nl/z,jk ) (mﬁz)iﬂm b ((T()Hl,j K (T()I y k) (ALL
Lk i (m l)i,m/zk ( )IJ+1/2k ( |J+1k_ (T()i ,Jk) (A12)
ez - i (mlhz)iﬂ/z,j K ( )|+1/2; k ( ke (_k)l ik ) (A13)

The nine vorticity termi{m_hj) , in Equations (A11)-(A13) are fully defined in AL8

For the conciseness of this discussion, only theses found in they, equation of motion

are defined here:

{+1,j+1/2 i+1/2j +1/ + 1/R, |+1/ + 1R,
+ A ka23 i 2<,+mZJ b 3

i+1,j-1/2k A+ 1/2j+ 1/ X 3 1/, U/ 1k,
+m, 95 +ny d£3 (Al14)
6,|+l/2]ku|+3/21k+/|2 1/21Ku 1/2 .k,

i+1/2,jk +1] k+1/2,1+1/21k+1/2 4+ LR pi + 1Rk + 1/2
(m#,) = +m, a', +m)VEp

i+1,] k-1/2 j+ 1/2j k+ 1/2 ik- 1/ 1/pk+ 1/2
+m, G0 + ] Zﬁéz (A15

iA1/2,j Kk, i+3/2)k . i- U2k, j- 12k,
2 u; t/a ul

(rnzhs)iﬂ/Z,j k

wherea,, b, , g , ¢ , ¢ , andf are the weighting coefficients defined by AL81,igrh

have been extended for this three-dimensional fatiam. Again, for the conciseness of

)i+1/2,j K

this discussion, only the weighting coefficientstaming to the(mzh3 terms in theu,

equation are defined here:
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(A16)
(A17)
(A18)
(A19]
(A20;

(A21

(A22)
(A23
(A24)
(A25)
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