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Abstract

Tornadoes present an ever-increasing threat to communities worldwide, especially those

with geographic conditions that place them in the path of several tornadoes annually. These

conditions are likely to be exacerbated by ongoing trends in the climate. As such, it is

necessary to move towards experimental and numerical tornado-like vortex studies that

allow for more advanced simulation methods. Novel techniques for tracking and analysing

tornado vortices simulated at high spatial and temporal resolution are presented herein.

Significant wandering of the tornado’s position and large peaks in the velocity field can be

captured, demonstrating tangential gusting at more than 1.5 times the conventional peak

average value. These gusts were also demonstrated to occur over a wider range of distance

from the tornado centre than previous methods would detect. Finally, recommendations for

spatial and temporal scaling of the results of conventional analyses are presented to guide

the future of tornado-like vortex research.

Keywords Tornado, Vortex modelling, Centre of rotation tracking, Temporal wind-

field fluctuations, Spatial wind-field fluctuations, Tornado scaling factors.
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Summary for Lay Audience

When reading the word “tornado”, most people would likely imagine a funnel of rotating

air touching from the sky to the ground, leaving destruction in its path. Though this may

seem simple to replicate in a laboratory or computer model, simulating a realistic tornado

is not trivial. There are many types of tornadoes and parameters that characterize their mo-

tion. The most notoriously difficult phenomena to capture in simulations are the presence

of asymmetry about the vertical axis of rotation and the tilting of the vertical axis resulting

from motion of the tornado vortex. Wind engineering studies published today can gener-

ate tornado-like vortices but are often not able to replicate these additional complexities

or exclude them from their analyses. This work presents novel a method to use tornado

velocity wind-fields to pinpoint the location of a vortex’s centre in time and space in a

consistent manner. By considering the spatial and temporal variation of the velocity data it

is possible to determine not just the average velocity but also its expected range and other

statistics. A timescale is defined for the average duration of a rotation of a tornado, which

is useful in separating rapid fluctuations from the mean motions. Another scale introduced

details how much a tornado’s velocity varies in space from the velocities averaged over

the circumference. This permits the use of conventional, simplistic velocity measurements

to compute the range of expected velocity values. As a result, the tornadoes produced in

any given simulation (so long as there are sufficiently well-resolved data available) would

more accurately represent the real-world natural phenomena. This is especially important

considering that these simulations are often used to design infrastructure and protect lives

in future severe weather events.
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Chapter 1

1 Introduction

This chapter will cover basic tornado mechanics, their simulation, and the relevance of their

study, as well as lay out the thesis contents.

1.1 A General Discussion of Tornadoes

Though there are many ways to define a tornado, it is widely understood to be a rapidly

rotating column that connects a cloud, often a cone-shaped funnel cloud, to the ground and

which forms, under appropriate conditions, in the natural environment [1]. Tornadoes are

classified by the damage they produce, which can be roughly translated into an equivalent

wind speed. This is known as the Enhanced Fujita (EF) scale, which originated as the Fujita

(F) scale [2] before developing into its current but still evolving form today. The EF scale

uses wind speed estimates of a three-second gust to classify tornadoes from 0–5: 90–130,

135–175, 180–220, 225–260, 270–310, and 315+ kilometres-per-hour, respectively [3] (in

the U.S.A., these classifications are defined in miles-per-hour [4]).

Regulatory codes often do specify the wind speeds from tornado flows that buildings must

be able to withstand if the failure of that structure poses at least moderate risk to human life

and it is located in a tornado prone region [5]. These standards prescribe calculations for

different categories of buildings depending on their purpose and geographic location that

determine the maximum wind speed a building can withstand. Damage from a tornado of

EF 3 or higher begins to enter the “total devastation” range [6], which may be prohibitively

expensive to attempt to prepare for. This, and the fact that the vast majority of tornadoes

recorded are of EF 1 and below [7], explains why preparedness for tornadic events tends to

focus on events of an EF 2 rating or below for most communities. This is also why EF 2 is

often the limit of tornado-like vortex simulations in both experimental and numerical test
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facilities for wind engineering.

A review of the published literature on tornado modelling and field data collection meth-

ods found in meteorological and wind engineering studies is presented in the following

sections. This includes an examination of several techniques (and their limitations) asso-

ciated with tornado data derived from field measurements and models developed through

analytical, experimental, small-scale numerical and full-scale meteorological simulations.

A summary of the defining features of each of these tornado analysis methods is found in

Table 1.1.

1.1.1 Analytical Modelling

Analytical modelling was the earliest method used to model vortices, although, it was not

initially used for tornadoes in particular. The most well-known analytical model for a

tornado is the Rankine combined vortex model [8], which has a forced inner, inviscid re-

gion of circulation with an abrupt transition to an exponential decaying velocity region

(Fig. 1.1).

ut

rrc

ut,c

Figure 1.1: The velocity profile of a Rankine combined vortex model, showing the solid
body rotation core that transitions to a freely decaying outer region at radius, rc, where
tangential velocity, ut, is a maximum

The radius of maximum tangential velocity, rc, is a commonly referenced position in tor-

nado analysis and only includes the maximum circumferentially averaged tangential veloc-
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ity. This model assumes symmetry of the vortex shape around the axis of rotation (axisym-

metry), which occurs because only the tangential velocity is modelled, not the radial or ver-

tical components, and the velocity is not dependent on the angular position, θ. The Rankine

combined vortex model is, however, still used for validation in many tornado modelling

studies (e.g., [9–11]) because it matches observations made above the tornado boundary-

layer (TBL) where the tangential velocity dominates [12]. Another common axisymmetric

vortex model (not specifically for tornadoes), is that of Burgers [13] and Rott [14], which

solves the Navier-Stokes equations to obtain three-dimensional velocity and pressure fields.

Sullivan [15] added a free-slip condition for the ground boundary and introduced a second

cell to the vortex, meaning the core region had a flow reversal that was separate from the

flow outside, with vertical sheaths of flow at the core (as observed by Hoecker [16]) and

a downdraft at the central axis. Although Burgers [13], Rott [14], and Sullivan [15] pro-

duced more complex vortex models than Rankine [8] before them, Kuo’s [12] axisymmetric

method is preferred because it models a tornado, rather than a generic vortex, and included

three-dimensional equations that were simplified by Wen [17] and Wen and Ang [18] for

use in engineering studies. These models demonstrated large radial inflow inside the core

and also introduced a dependence on height with respect to the TBL for all three velocity

components. Whilst Jischke and Parang’s [19] model considers an azimuthal dependence,

it does so only briefly before averaging around the circumference when discussing the re-

sults. Later studies focus on applying the tornado model to wind-loading by considering the

velocity and pressure distributions found within a tornado (e.g., [9, 20, 21]). This does not,

however, resolve the discrepancy between both axisymmetry and fixed axis assumptions

and what is observed in nature. A no-slip boundary interaction with the ground surface is

also commonly assumed (e.g., [17, 22, 23]) or a constant stress sub-layer with a slip layer

on top is applied [24]. However, Davies-Jones and Wood [10] applied a free-slip condition

because it resulted in a tornado that more closely resembled the conditions seen in a real

event. Overall, the analytical models must force a tornado velocity or pressure distribution
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rather than permit one to develop naturally because they are, for the most part, steady-state

analyses without the time-dependent boundary conditions (BCs) for the inflow components

expected for a real tornado-like vortex. Even though Baker and Sterling [23] successfully

included temporal fluctuations in the velocity field to model debris trajectories, it remains

a steady-state and axisymmetric model.

1.1.2 Tornado Vortex Chambers

Testing theories about vortex formation, stability, motion, and wind-loading effects has fre-

quently utilised a tornado vortex chamber (TVC). A proof-of-concept TVC was introduced

by Ying and Chang [25] where a rotating mesh screen (2.00 m in diameter) at the periphery

added angular momentum to air being pulled in via an exhaust fan at the top of the 2.44 m

chamber (Fig. 1.2).

uin(z) = ⟨ur, ut, 0⟩

uout = ⟨0, 0, uz⟩

Free-Slip Outlet
Outflow

No/Free-Slip

h

Inlet

H

R

routWall

Ground

Figure 1.2: A generic schematic representation of an experimentally or computationally
simulated TVC with updraft radius rout, inlet height h, domain height H, and domain radius
R. They commonly feature an axisymmetric inlet, sometimes dependent on height, and a
constant vertical velocity outlet

In such a setup, the total inflow is related to the total outflow such that both cross-sectional
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flow rates are equivalent. A simple definition for this value, based on Fig. 1.2, is

Q′ = 2πRhuin = πr2
outuout (1.1)

The original TVC design was developed further in [26] where a large collection area and

a mesh were added to straighten the outflow. For the inflow, Church et al. [27] decoupled

the circulation within the chamber from the circulation beyond it. This TVC type remains

known as the Ward-type simulator and is very common in experimental tornado-like vortex

simulation (e.g., [20, 28–33]). Wan and Chang [34] used a slightly larger form of Ying and

Chang’s [25] TVC to generate a more realistic two-celled vortex with both up- and down-

drafts and the ability to measure the three-dimensional flow-field. Subsequently, Baker [30]

added a second, vertical hot-wire film probe to analyse the vertical and horizontal kine-

matic profiles. In [35], the hot-wires were able to rotate about the TVC vertical axis but

an azimuthal dependence was not considered. More recently, non-intrusive particle-image

velocimetry (PIV) provided two-dimensional planes of data from a single camera sensor,

producing much more detailed and resolved information about the flow-field (e.g., [36–

39]). This method may be extended to use multiple cameras for more advanced vortex

structure analysis [40]. Further improvements to the TVC design included adding a section

of translating ground to provide control of the axial tilt and including either a rough ground

texture for more realistic ground interaction [31] or a heated bed for analysis of thermal

boundary effects [35]. The latter study also replaced the rotating mesh found in the original

Ward-type TVC design with fans installed ahead of the inflow to impart circulation. Mishra

et al. [41] used slotted vanes rather than fans for smoother and more stable vortex genera-

tion. Haan et al.’s [42] TVC permitted the motion of the entire vortex generator by a crane

arm with height control over a large ground surface. However, the most versatile and large-

scale TVC to-date is the WindEEE dome with a 25.0 m diameter convection chamber that

permits simulation of vortices up to 5.0 m in diameter (i.e., 2rc), significantly larger than
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any other TVC available [43]. This simulator is similar in design to the original Ward-type

except that several fan arrays are placed at the periphery to impart various symmetric and

asymmetric flow patterns with a much higher fidelity than previously possible. However,

in each of the aforementioned TVCs, the location of the centre of a tornado vortex and

whether it was wandering, had asymmetry, or had axial tilt was not or could not be deter-

mined due to a lack of interest or limitations of their set-ups. Diamond and Wilkins [31]

noted that the tilt and translation of the tornado simultaneously enhanced the wind speed on

one side of the vortex while diminishing it on the other; Zhang and Sarkar [37] and Refan

and Hangan [40] noted that vortex wandering, especially at low swirl, had the same effect.

It should be clear that whilst several of these studies highlighted the discrepancy between

tornadic loading and straight-line boundary flows on infrastructure (e.g., [20, 36, 44]), the

additional spatial-temporal variation of kinetic energy in a tornado can be, in part, attributed

to its centre wandering, asymmetric flow, and axial tilting.

1.1.3 Laboratory-Scale Computational Fluid Dynamics Modelling

Recently, computational-fluid dynamics (CFD) modelling has become the dominant method

to produce and analyse tornadoes. CFD domains usually model existing or planned TVC

configurations to assess the influence of different swirl ratios, inlet/outlet conditions, or

ground roughness parameters (e.g., [45–47]). A cylindrical domain of a given radius and

height of a laboratory-scale TVC was common for this reason, with the inlet as part of

the radial boundary, which was set to constant angular rotation with no actual inlet flow

(e.g., [45, 46, 48–50]) or to constant tangential and radial (inwards) velocity (e.g., [47, 51–

55]). The inflow velocity, uin, sometimes depended on height but seemingly never on θ.

A circular cut-out in the chamber top plate was often set as a pressure outflow or con-

stant vertical velocity outlet (other components set to zero). The remaining sections of

the wall and top plate were often free-slip. Finally, the floor was set up as a no-slip

ground (e.g., [46, 47, 52–58]) or, to prevent vortex instability and (counter-intuitively)
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align more closely with the results of TVC experiments [46, 48, 52], a free-slip may

be used (e.g., [45, 48, 51]). This setup is summarized in Fig. 1.2, in the previous sec-

tion. Early CFD simulations forced axisymmetry about the vertical axis in the solution

of the Navier-Stokes equations and used a simple two-dimensional vertical slice domain

(e.g., [45, 46, 48–52, 59]) but did not necessarily exclude the azimuthal velocity compo-

nent. These simulations needed to make such assumptions to conserve the limited available

computing power at their respective times; for example, around 3×104 cells of constant size

in Rotunno’s [46] model in 1979 compared to 1.8 × 106 in Gairola and Bitsuamlak’s [58]

model 40 years later. However, the overall domain size did not change much in this time

as it was often desired to replicate the findings of a specific laboratory experiment. Given

that several decades have passed since some of these studies, some limitations have been

largely mitigated. However, post-processed analyses in many CFD studies still focus on

horizontal planes of temporally and circumferentially averaged data (e.g., [47, 53–58, 60]).

Although this was necessary for quantitative comparisons, averaging over space and time

neglects much of the flow physics including smaller sub-vortices or excessive maximum

velocities nearly double the average tangential velocities that may occur far outside of rc

(e.g., [61–63]). Selvam and Millett [59] note that, compared to a straight-line atmospheric

boundary-layer (ABL) flow, a tornado vortex applied almost double the loading to a struc-

ture when measured from the same locations for a steady-state analysis. This is dependent

on the section of the vortex impacting a given structure, but if the translation of a tornado

is also taken into account, it is possible to achieve tilting of the vortex and thereby greater

asymmetry. Thus, there is potential for a higher magnitude of loading [54, 61, 63] in certain

areas over others, which could not be identified in a time-averaged or spatially-smoothed

dataset. Although the relationship between asymmetry and wind-loading effects does not

necessarily exhibit unbounded growth to infinity [60], the CFD studies that permit such

realism observed large pressure differences. This was still true across a short distance, par-

ticularly when interacting with a structure or ground roughnesses that caused sub-vortices
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to form [64], even though it may also reduce the average tangential velocity [55].

1.1.4 Field Data Collection

For tornadoes to be simulated or modelled accurately, there must be both qualitative and

quantitative sources of data against which the tornado structure and the velocity or pressure

fields may be compared. Observing tornado events in nature is the preferred method of

building databases to help researchers improve their simulation capabilities [65]. Methods

of obtaining data from tornado events include damage surveys (e.g., [66]), photogrammetry

(e.g., [67]), weather station probes (e.g., [66]), mobile weather stations (e.g., [68]), and

Doppler radar (e.g., [69]). Damage surveys are not able to directly quantify the wind speeds

and pressure profiles of interest in the present work and, therefore, are not discussed further

here. Photogrammetry is where single images, successive photographs, or videos are used

to trace the motion of prominent particles (i.e., large debris) in a tornado vortex to obtain

information about the kinematics, vortex motion, or tilt. This method is useful in that the

shape and size of the vortex funnel cloud can provide context to probe- and radar-derived

data [70, 71]. However, it is limited in that fully three-dimensional information requires

at least two camera perspectives [72] and particles are unlikely to be numerous enough

to fully capture the velocity and pressure fields, especially the maximum and minimum

values [67]. From photogrammetry techniques, it was observed that tornadoes changed in

shape with time, tilted significantly from the vertical axis (but only high above the ground,

e.g., over 900 m in [66]), and demonstrated intense vertical mixing within the core wall

radius, rc [70]. Weather station probes, both fixed and mobile, are useful for capturing data

at a given location but when compared with Doppler radar techniques, which can penetrate

the vortex cloud to measure storm strength rapidly, give only very crude point-location

information. However, they are useful for providing a datum to compare with Doppler

radar-derived kinematic data (e.g., [68, 70, 73–75]). Donaldson [69] demonstrated how

a tornado centre position may be identified by a single Doppler radar setup but requires
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the assumption that the vortex is both axisymmetric and circular in its horizontal cross-

section—an assumption also made by [65, 76–80]. Additionally, Brown et al. [76] showed

that if the size of the vortex is known, it is possible to determine the maximum velocity of

the tornado vortex and develop a tangential velocity profile. Tilting of the vertical axis of

the tornado can be detected with this method, as demonstrated in [73, 76, 79–81], though

only far above the ground (e.g., at a height of 500 m in [80]). The tilting was not neglected

in these studies but dealt with by re-aligning the horizontal slices of data onto a vertical

axis such as in [73, 81]. It was often the case that asymmetry of the tornado was detected

but had to be neglected as the radial (with respect to the radar system) velocity could not

be quantified (e.g., [68, 69, 71, 73, 74, 77, 81]). Other Doppler radar studies did not have

this issue but still opted to neglect the asymmetry (e.g., [65, 79, 80]) or were only able to

measure it via probe instruments (e.g., [71, 81] noted a 10 m·s−1 wind speed radial velocity

component). Wood and Brown [77] theorised that asymmetry could be accounted for by

using multiple radar beams but Lee et al. [78] demonstrated that, by taking advantage of

the velocity gradient of the signal, only one beam was required in certain cases, however,

this still required the assumption of a nearly circular plan-view profile. Further, Markowski

et al. [74, 75] noted the complexity of a real-life tornado where they observed multiple

vortices combining around a common axis to form a larger vortex. This further highlights

the problem with assuming the tornado vortex has a simple, circular cross-section when

trying to assess the vortex’s damage potential based on radial distance from the tornado

centre. A similar issue arises when utilising the swirl ratio, conventionally defined as

S =
routΓ

2Q′h
(1.2)

where rout is the radius of the updraft region, Γ is the circulation value at rout, Q′ is the

volumetric flow rate through the updraft cross-section, and h is the height of the inflow

region (see Fig. 1.2). Karstens et al. [68] showed that relying on S results in discrepan-



Chapter 1 – Introduction 10

cies between the predicted and actual damage of a simulated vortex versus a real tornado

measured at an equivalent value of S . Thus, S alone cannot determine the vortex structure

without better resolved, near surface measurements. Kosiba and Wurman [73] and Wur-

man et al. [71] attempted to address this issue and the former noted that the height of the

maximum tangential velocity was near to or at the top of the TBL. Conversely, Kosiba and

Wurman [81] and Refan et al. [65] found it to be well within the TBL, with the former

finding that the upper edge of the TBL was very near to the ground at around 10 m in their

particular case. Wurman et al. [70] attempted to capture the entire life-cycle of a tornado

by using more than 55 radars to maintain a minimum of two signals at all times and, thus,

directly derive velocity information. By implementing all of the field data techniques dis-

cussed in this section, it is possible to validate tornado modelling techniques by capturing

actual tornadoes’ initial conditions (ICs), BCs, and TBL data, and, from the photogram-

metric data, ensure that any tornado-like vortex produced demonstrates tilting, translation,

and asymmetry comparable to its natural counterpart.

1.1.5 Full-Scale Computational Fluid Dynamics Modelling

Meteorologists do not have the same objectives as wind engineers when it comes to pro-

ducing tornadoes using CFD techniques and this is reflected in the model setup. Meteo-

rological CFD models represent an effort to model tornadoes at full-scale by including the

effects of precipitation and buoyancy in the system of equations (e.g., [82–84]). Early stud-

ies (e.g., [82–85]) used two-dimensional and axisymmetric domains just as the early CFD

studies did, which was also a result of the computational limitations at the time. These

simulations were within domains of approximately 24 × 24 × 10 km, which ensured the

tornado intensity was not restricted [86], with grid spacings of around 0.5 to 1.0 km at 10

s timesteps [83]. They also used a staggered grid of the different variables in the domain

so that the computational efficiency was higher (e.g., [82]). However, these domains have

grown significantly to the order of 1000 × 1000 × 100 km and beyond (e.g., [87–92]) to
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allow tornadic supercell formation with minimal IC and BC forcing. However, it should

be noted that only recently has the finest resolution within these domains been comparable

to that of the engineering-focused models: from 8960 cells in Walko’s [84] 1988 study or

approximately 8.28 × 105 in Wicker and Wilhelmson’s [93] in 1995 (a three-dimensional

domain) to over 2.51× 1011 with minimum grid spacing of 10 m in Orf’s [90] in 2019. The

domain setup for a meteorologically informed simulation, in general, involved a free-slip

boundary for the top and ground surfaces and an open boundary at the horizontal edges

(e.g., [83–85, 87, 89, 90, 92–95]). Some studies instead used a no-slip BC for the ground

layer (e.g., [82, 88, 96–98]) or for the lateral boundary [e.g., 99]. However, they are rare in

meteorological studies because the full-scale vortices generated from no-slip BCs resulted

in too much interaction between the flow above the upper edge of the TBL and the flow

within it [84], single-cell flows created by a large updraft [85], and a much more rapid

vortex decay than anticipated [87]. Additionally, these same studies also required more

velocity forcing at the domain limits than the studies that did not use the no-slip BC to

generate a tornado. Wicker and Wilhelmson [93] noted that higher resolution at the ground

level would be required to achieve a no-slip tornado that avoided the issues outlined previ-

ously. In [82] and [93], a solid-body rotation cloud was set at a given swirl, based on field

observation, and the temperature, pressure, and precipitation equations manifested a vortex

flow because the rotation caused an updraft due to low pressure suction. However, Wicker

and Wilhelmson [93] and Markowski [100] also had an initial thermal bubble, which rises

up to encourage convection from surface to cloud. Alternatively, Naylor and Gilmore [95]

found that it was not realistic to use this thermal bubble and instead used an initial updraft

“nudging” technique where a vertical velocity IC was gently induced in a specified region

terminating once the wind speed reached 10 m·s−1. This technique was also used in [89].

Schenkman et al. [87], Orf [92], Mashiko [101], and Li et al. [102] found that rainfall onto

a near-ground vortex rotating about an axis parallel to the ground instigated vertical lift of

the axis of rotation leading to a tornado. Many studies (e.g., [83, 87, 89–91, 93–98, 100–
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103]) added in sub-grid turbulence modelling to account for the dissipation of energy from

the grid-scale large eddies to the small-scale. It was also found that the release of latent

heat by falling rain crucially influences tornado formation.

1.1.6 Summary of Published Literature

In many of the studies described here, and summarised in the following table (Table 1.1),

the focus on realistic tornado formation results in detailed representation of characteristics

observed in nature (described previously in the field data review) such as multiple vortices,

vortex translation, vortex tilting, and asymmetrical flow (e.g., [87, 89, 90, 92–97, 100–

103]).

1.2 Motivation

Tornadoes are a globally understood threat, having been recorded on every continent save

for Antarctica [104]. Tornado touchdowns are more prevalent around the middle latitudes,

both North and South, due to the favourable conditions for formation. For example, Okla-

homa, U.S.A. consistently records the most and largest tornado outbreaks in the American

continent, in part due to its position relative to the equator but also due to geographical

factors [105]. Unsurprisingly, the U.S.A. has one of the longest and most rigorous tornado

tracking databases in the world, with partial (but decidedly unreliable) accounts dating

back to the late 19th century (retroactively restored through projects such as [106]) and

official and methodical tracking beginning in the 1980s with data recovered back to the

1950s [6]. This growing database of tornado outbreak knowledge has shown that the num-

ber of tornadoes detected per outbreak has been on the rise since the start of the National

Weather Service database [107]. However, this is also attributable to the increase of public

awareness allowing for greater forecasting (see [108]) and is mostly constrained to torna-

does of an EF rating between 0 and 1 [7, 109]. Though it is difficult to determine the long
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Table 1.1: Overview of key characteristics found in tornado analysis methods in the literature

Data Source Common Assumptions Boundary Treatment Pros Cons

Analytical Axisymmetric velocity and
shape, steady, vertical axis,
and fixed location

No-slip, forced rotation,
and uniform inflow

Can use validated fluid dy-
namics formulae

Difficult to incorporate re-
alistic ICs and BCs

TVC Axisymmetric velocity, cir-
cumferential averaging, tilt-
ing negligible, and centre
wandering negligible

Forced rotation, outlet suc-
tion, and no angular depen-
dence

Realistic ground interac-
tion, safe observation of
real flows, and wind-load
testing

Limited ability to measure
variables and expensive to
modify model parameters

Lab-Scale
CFD

Axisymmetric velocity, cir-
cumferential averaging, and
forcing vortex artificially

No-slip ground, free-slip
walls, tangential and radial
velocity inlet, and vertical
velocity outlet/outflow

Possible to take measure-
ments throughout domain
and rapidly adjust model
parameters

Accuracy of results limited
by domain size and IC/BC
influence

Field Axisymmetric velocity and
shape and point readings are
representative

N/A Can physically look at the
tornado and take any de-
sired readings

Hard to intercept torna-
does, data is distorted by
relative position to vortex,
high risk to researchers,
and expensive

Full-Scale
CFD

Forcing of ICs are negligi-
ble and can initiate accurate
tornado with thermal bub-
ble/updraft nudging

Free-slip ground, open ra-
diative walls, and slight
swirl imposed at ceiling

Possible to take measure-
ments throughout domain,
far-field BC analyses, and
results closely match field
observations

Considerable computing
power required and cannot
currently highly resolve
near to the ground
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term direction of such a trend, it is clear that the potential for tornado formation becomes

more likely as the average global temperature rises, leading to greater vortex intensity, a

longer active season, and the occurrence of tornadic events in regions that previously had

not experienced significant tornadoes [110].

Canada is one of several countries that has recently experienced many minor tornado

events. They are most often found in Ontario and parts of Québec, hazardous enough

to be newsworthy and leaving behind, collectively, hundreds of millions of dollars in dam-

age and many people injured (e.g., [111–114]). The ability to report on and confirm the

presence of tornadoes after they have passed, especially in some of the extremely remote

regions in Canada that are affected, is only possible due to the efforts of the Northern Tor-

nadoes Project (NTP). As with the databases available in the U.S.A., it takes time to collate

historic and ongoing data and synthesize coherent observations of trends in tornado oc-

currence and prevalence. However, it is clear that the majority of tornadoes occurring in

Canada are at the EF 2 or lower level (see [115]) with none (yet) recorded to extend far

above this as in the U.S.A. Also, while the costs associated with the damage done by torna-

does do not historically reach into the billions of dollars as in the U.S.A. [6], the insurance

payouts related to extreme weather have been moderately increasing in the most recent

decade [116]. Given that, for the time being, there is no clear, globally consistent increase

in higher EF rating tornadoes beyond the EF 2 category, countries seeing upticks in se-

vere weather events leading to larger payouts should find methods to develop infrastructure

and public works projects to withstand many minor- to moderate-strength tornadic events.

However, to develop and implement such methods, it is crucial to ensure adequate knowl-

edge transfer from theoretical analyses performed on analytical, experimental, or numerical

simulations where a complete wind-field dataset is not possible from field measurements

alone (as detailed previously in Sect. 1.1.4). This would mean precisely tracking the life-

cycle of tornadoes and generating reliable and robust data on the damage expected from a

future severe weather event. In the field of meteorology, numerical simulations of supercell
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thunderstorms that cover vast areas of land (discussed in Sect. 1.1.5) have been the norm

for many years but only recently have allowed for finer scales of analysis comparable to

that of laboratory TVC experiments or numerical models. This fine-scale data computed

over large domains requires development in the techniques used to analyse tornadoes so

that the improved accuracy of the simulations can be fully exploited.

1.3 Objectives

There exists a plethora of published literature on analyses of simulated and real tornado

wind-field datasets. However, to ensure informed infrastructure design in the face of cli-

mate instability and potential increases in the number of severe storm events, the analyses

must be reliable. In the meteorologically-informed simulations used for the work presented

herein, the high spatial and temporal resolution of the data presents a unique challenge com-

pared to conventional tornado simulation data. Firstly, the domain is much larger than what

would be expected of a TVC and, as such, the tornado’s shape and motion is unpredictable.

Secondly, the unsteady nature of the flow-field means that time and space averaging of the

data must be carefully considered. Finally, there are many unknowns to the data; while

they can be analysed on a scale similar to that of wind engineering studies, they are pro-

duced with very different ICs and BCs and, as such, should be investigated without a priori

assumptions as to how the data “should” look. Therefore, it is intended that this body of

work shall resolve the following:

a) Is it possible to firmly designate a datum position of radius, r = 0, for tornadoes

demonstrating asymmetry about the vertical axis,

b) Can this tracking through space and time be applied quickly and reliably no matter

the input dataset,

c) Is consideration of spatial and/or temporal variation in the dataset flow-field quanti-
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ties important, and

d) To what extent can all of these modifications to the conventional tornado analyses

found throughout published literature actually be useful to wind engineering exper-

iments where it is not possible to simulate full-scale and meteorologically accurate

tornado vortices?

1.4 Thesis Layout

High spatio-temporal resolution tornado wind-field data derived from large-scale and me-

teorologically accurate supercell thunderstorm simulations are analysed in two chapters to

achieve the objectives described previously. The data analysed are only the velocity data

with a focus on the tangential component, once they have been converted from the given

Cartesian coordinate domain. The resolution of the data is not consistent across datasets

and as such shall be described, in detail, in the subsequent chapters. This thesis is written

in the “integrated article” format that is comprised of two complete bodies of research that

have been collated here.

In the first, the method used to take an isometric grid-spacing tornado dataset and convert it

into a spatially consistent cylindrical-coordinate-based domain is presented. This work al-

lows minimal input from a user and minimal a priori adjustments to the program presented

to achieve the results shown.

In the second of the two following chapters, the method from the first is applied to three

tornado datasets of different levels of complexity and resolutions with success. This allows

for in-depth analysis of the temporal and spatial variations present within each case of

vortices. Further, these data are used to generate representative scaling factors for current,

less extensive tornado and tornado-like vortex datasets. The techniques used to analyse

the tornadoes are novel though not exhaustive, providing inspiration for future work in
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generating more accurate and reliable simulations of tornadoes in the wind engineering

field.
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Chapter 2

2 Tracking the Centre of Asymmetric Vortices Using

Wind Velocity Vector Data Fields

2.1 Introduction

Tornadoes are rapidly rotating columns of air spawned by cumuliform clouds such as thun-

derstorms that make contact with the Earth’s surface. The majority of significant tornadoes

(i.e., in the range of EF 2 to 5) develop from supercell thunderstorms [1] and, while the most

violent tornadoes are the least common, they cause the most damage and fatalities [2]. In

the U.S.A., tornadoes have been historically responsible for a significant number of fatal-

ities, approximately 5000 since 1950 [3], and financial losses on the order of billions of

dollars. For example, the tornadoes of Mayfield (Kentucky) in December 2021, Nashville

(Tennessee) in March 2020, and several southern states in January 2017 were responsible

for 93, 25, and 24 deaths and $3.9, $1.1, and $1.2 billion in damage, respectively [4]. For

regions where tornadoes are most prevalent, there has been a significant reduction in fa-

talities over the past several decades as a direct result of improved forecasting and better

alerting of the public during severe weather events [5]. Additionally, observational and

numerical studies of tornadoes have improved the understanding of their behaviour, allow-

ing for longer tornado warning lead-times [6] and the development of better design codes

for buildings to withstand the wind-loading of a tornado [7]. Despite these advances, the

available options for accurately pinpointing their paths in advance of their formation are

limited, not to mention the tornado warning false alarm rate is about 75% in the United

States [8].
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2.1.1 Background of Tornado Modelling

Many attempts have been made to develop models for tornadoes—absent their parent

storm—to identify the key characteristics of formation, translation, and structural wind-

loading generation. Analytical models, often used as reference, include those of Kuo [9]

and Wen [10]. Attempts to model tornadoes experimentally include the Ward-type vor-

tex simulator [11], later modified to the Purdue simulator [12], and more recently the

large-scale WindEEE dome [13]. Similarly, TVC models have been developed using com-

puter simulation techniques that make use of large–eddy simulation (LES) (e.g., [14]) or

Reynolds–averaged Navier–Stokes (RANS) models (e.g., [15]). Recently, cloud model

simulations of supercell thunderstorms have been conducted at a high resolution to per-

mit the formation of physically realistic tornadoes within the simulation (e.g., [16]). This

contrasts with the much simpler CFD approaches where tornadoes are forced externally

by artificially imposed boundary conditions. These physically based, simulated tornadoes

exhibit much of the behaviour of observed storms but require massively parallel super-

computers to execute. One such simulation is the subject of the vortex identification and

tracking method described herein.

The extraction of useful results from any type of simulated tornado involves comparing be-

tween analytical models, chamber models, numerical simulations, and real-world tornadoes

to validate and critique the velocity and/or pressure-fields in the data (e.g., [13, 15, 17]). It

should be noted that many models are engineering-focused (e.g., [10, 14, 18–20]) and, thus,

are idealized, reduced-scale, subsets of the more realistic cloud models found in meteoro-

logical research (e.g., [16]). These models neglect the parent storm in simplified, uniform

conditions that are imposed at the domain boundaries. To be able to quantitatively compare

their results with the work of others at a common scale, researchers must first normalize

the tangential velocity, ut, profiles of the wind-field with respect to the maximum ut, which

can be denoted as ût. It is common practise to then generate a plot (see Fig. 2.1) of these
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data with respect to the radial distance, r, normalized to the radius of the maximum ut (the

core), rc, which can be denoted as r̂. (e.g., [10, 13–15]).

0
0

ût

r̂1

1

Figure 2.1: Labelled example of a vortex tangential velocity profile after normalization

The concept of plotting the normalized tangential velocity against the normalized radius

is derived from the Rankine vortex model [21]. The centre of the vortex is, therefore,

located where this ratio is equal to zero and crucial to providing the datum for the ve-

locity profile for tornado analyses. However, this location is usually identified without

much consideration of its spatial fluctuation in time as in [22]. Often, it is taken at the

geometric centre of the simulation chamber or domain (e.g., [12, 17, 23–26]). These con-

siderations are not an unreasonable omission for axisymmetric—the symmetry about an

axis of rotation—and fixed-location models (e.g., [14, 24, 27, 28]) or those where the tor-

nado track is pre-defined along a set path (e.g., [15, 28, 29]) since the position is known

by definition. This is especially true for studies that are focused on the accuracy of their

analytical model characteristics rather than its direct similarities with atmospheric phe-

nomena in nature (e.g., [2, 9, 10, 17, 18, 23]). The asymmetry and wandering of a tornado

may also be considered negligible in laboratory settings at very high swirl ratios because

the resulting vortex is rotating fast enough to be stable and well-defined [30]. Thus, the

consideration of vortex centre motion does not have a significant effect on the results. In

Wan and Chang [31], a physical flow-field demonstrating asymmetry is simplified using a

low-pass filtering process with a time constant of eight seconds to generate a temporally
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and spatially averaged dataset. In each of these instances, however, the described simpli-

fications may become problematic if the instantaneous flow-field is required such as when

determining the peak wind-loading present on a building.

Therefore, this chapter attempts to introduce a more robust and reliable method of tornado

centre identification for the cases of non-axisymmetric and non-stationary tornadoes, both

real-world and simulated. This does not mean, however, that the method will not also func-

tion for the more simplistic axisymmetric and stationary cases. The necessity of developing

such a method can be seen in cases such as Fig. 2.2, where the centre of the tornado cannot

clearly be identified with simplistic methods such as taking the core radius to outline the

centre [20, 32] without additional processing or user-intervention. The data in Fig. 2.2 are

a snapshot of the near-surface vector-field of the simulated tornado, analyzed herein, and

demonstrate that the higher resolution data available in more advanced simulations allow

for higher precision in the tracking of tornado centres.

In this chapter, the technique described is for identifying the centre of rotation as a series

of point locations both spatially and temporally within a tornado. This will aid future

work in understanding tornado translation and the damage potential relative to their centre.

Additionally, a thorough description is provided of other methods to track vortices with

comparisons to the proposed one that demonstrates, for these well-resolved and highly

accurate tornado simulations, the improved robustness, consistency, and precision.

2.1.2 Vortex Centre Identification Methods

More in-depth methods than those mentioned in the previous section for finding the cen-

tre of a tornado programmatically have been reported. For example, the use of the local

maximum of the vertical component of the vorticity magnitude, ωz, (see Fig. 2.3). This is

found in [33] and considers the velocity derivatives on a hexahedral cell domain as part of

a selection scheme (successfully used in [13]). Additionally, Potvin [34] uses ωz to identify
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Figure 2.2: Near-surface storm-relative horizontal wind-field vectors at t = 5579 s in the
simulated tornado analyzed in the present work, indicating a snapshot in time where the
tornado vortex was highly asymmetric

regions containing potential vortices and then separates out the flow from possible vortices.

Potvin [34] does this using a modified Rankine vortex model and a cost function that, when

minimized, indicates a strong relation between the wind-field and the model data. Another

example is Aboelkassem et al.’s [35] application of a definition (specifically to tornado

flows) that states that the vortex centre should be where the tangential velocity, pressure

gradient, and vorticity gradient are all zero.

However, tornado-specific analysis has rarely involved more detailed methods of vortex

core tracking such as those found in [36–40]. In order to rigorously track a vortex spatially

and temporally it becomes necessary to use such methods and so they are employed here

for comparison with the method proposed in the present work. Table 2.1 summarizes the

following discussion of the methods described above.
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Figure 2.3: Coordinate system schematic showing the vertical vorticity component of a
point of interest, O, on the horizontal plane

Levy et al. [36] used the normalized helicity, Ĥ, of the wind-field to identify vortex struc-

tures. This scalar quantity is calculated for any given region of interest with

Ĥ =
u • ω
|u| |ω|

(2.1)

where ω is the vorticity given by

ω = ∇ × u =
(
∂uz

∂y
−
∂uy

∂z

)
î +

(
∂ux

∂z
−
∂uz

∂x

)
ĵ +

(
∂uy

∂x
−
∂ux

∂y

)
k̂. (2.2)

Additionally, u = ux î+uyĵ+uzk̂ is the wind-field velocity vector where ux, uy, and uz are the

wind speeds in the x, y, and z directions, respectively. Equation 2.1 represents the cosine

of the angle between u and ω such that when it is small the vectors are assumed by Levy et

al. [36] to be inside the vortex core. Therefore, Ĥ should be equal to +1 or −1 at the centre

point. This has the potential to function well for cases of multiple vortices as it can select

all points that have such a Ĥ value. However, in [36] it is noted that the angle between u

and ω is not necessarily small.

Jeong and Hussain [37] introduced the λ2 method for two- or three-dimensional velocity-

fields, where λ2 is the second eigenvalue of their derived symmetric tensor, S2 + Ω2, for
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Table 2.1: Summary of main characteristics of previous vortex identification methods

Analysis Method Benefits Drawbacks

Levy et al. (1990) Simple analytical relation Requires 3D data analysis

Able to handle multiple
vortices

Criterion for detection is not
necessarily true for all vortices

Identifies a line of vorticity

Jeong and Hussain (1995) Simple analytical relation Cannot distinguish clustered
vortices

Able to handle multiple
vortices

Identifies a core region only

Sujudi and Haimes (1995) Uses mathematical relation Requires 3D data analysis

Capable of identifying vor-
tex as a point

Jiang et al. (2002) Simple criterion, easily im-
plemented

Cannot distinguish clustered
vortices without expensive it-
eration process

No specific data grid type

Capable of identifying vor-
tex as a point

Able to handle multiple
vortices

Wong and Yip (2009) Able to handle skewed data
grids

Requires extensive user input
to function at all

Identifies vortex as a point

vortex identification. This method is based on the assumption that a vortex centre can be

identified using local pressure minimum. Jeong and Hussain [37] went further by only

using this definition as a starting point for the cases where a pressure minimum may appear

without a vortex or a vortex may appear without a pressure minimum. They defined the

strain-rate tensor, S, as

S =
1
2

(
∇u + (∇u)T

)
(2.3)

and the spin tensor, Ω, as

Ω =
1
2

(
∇u − (∇u)T

)
(2.4)
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which are the symmetric and antisymmetric elements, respectively, of the velocity gradient

tensor (given for the two-dimensional case):

∇u =


∂ux
∂x

∂uy

∂x

∂ux
∂y

∂uy

∂y

 . (2.5)

Then, a vortex region is defined where λ2 < 0 given that λ2 is the second largest eigenvalue

of the symmetric tensor, which can be expressed according to Chen et al. [41] as

λ2 =

(
∂ux

∂y
∂uy

∂x
−
∂ux

∂x
∂uy

∂y

)
+

1
2

(
∂ux

∂x
+
∂uy

∂y

)2

+
1
2

∣∣∣∣∣∣∂ux
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+
∂uy
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∣∣∣∣∣∣
√(

∂ux
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−
∂uy

∂y

)2

+

(
∂ux

∂y
+
∂uy

∂x

)2

. (2.6)

Jeong and Hussain [37] note that this definition of a vortex is versatile and can work for cen-

tre identification reliably in several flow-field applications. According to [42], this method

is not able to easily identify individual vortices. However, this may be useful in cases where

there are many equally powerful vortices clustered together that need to be analyzed as a

group to identify the dominant vortex. This method does not identify a point as the vortex

centre but, rather, the general region of the vortex core.

Sujudi and Haimes [38] developed an algorithm for checking the divided, three-dimensional

regions, or mesh cells, of any shape in a simulation dataset for critical points. The critical

points are defined at locations where the slope of the fluid flow streamlines is not definite

and the storm-relative velocity is equal to zero. The rate of change of the deformation

tensor is computed from the coefficients of a trilinear interpolation function for the fluid
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velocity in each direction:

A =



∂ux
∂x

∂uy

∂x
∂uz
∂x

∂ux
∂y

∂uy

∂y
∂uz
∂y

∂ux
∂z

∂uy

∂z
∂uz
∂z


. (2.7)

Then, the eigenvalues, λi, of the matrix A are computed and checked such that the criti-

cal point search should continue only if there is a real eigenvalue and a pair of complex-

conjugate eigenvalues. This is reminiscent of the approach developed by Jeong and Hus-

sain [37], described above. Then, for u at each node, the eigenvector of the real eigenvalue,

vi, is subtracted to yield a reduced velocity as

w = u −
u · vi

||vi||
2 vi (2.8)

where ∥vi∥ is the norm of the eigenvector and each component, wi, is the equation of a plane.

If wi of just two components is set to 0 then they must intersect, which, for two planes, is a

line. Should this line intersect with the cell on two different faces then this implies the cell

contains a part of a vortex between the two intersection points. The authors also suggest

a more efficient approach whereby the program finds exactly two points on each cell for

two different faces where w = 0 and uses these to define the line of local swirling flow

without compromising accuracy. Orf et al. [43] successfully implemented this method and

showed that it can identify specific vortex point locations, unlike Jeong and Hussain’s [37]

method.

Jiang et al. [39] developed a combinatorial topology method, utilizing the principle of

Sperner’s lemma, which is an algorithm for detecting regions of core vortex rotation [44].

The points in an area of interest are labelled according to the range of directions they face,

meaning that vectors can be categorized within the wind-field to be compared with other

points in a given area (see Fig. 2.4a).
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Figure 2.4: Schematic diagram representing the direction spanning vortex identification
method in [39]. (a) Defining four vector label ranges (A–D) based on orientation and (b)
example vector-field with an identified core region using a structured Cartesian grid system

Notably, this method can apply to flow-field data of both structured and unstructured grids.

The points immediately around each point of interest are evaluated to determine if all of the

categories are present in such a way that the area contained between the identified vertices

is a vortex (see Fig. 4b). This method, alone, does not explicitly identify a single point as

the centre, but, by interpolating the vector-field, can do so through iteration until the area

enclosed by the vertices is sufficiently small that it may be approximated as a point. This

method is also capable of identifying multiple vortices while only generating some false

positives in complex flow-fields, as noted by the authors.

Wong and Yip [40] present a method of locating the centre of a rotation in circulating and

spiralling vector flow-fields by creating a logarithmic spiral to align with a given flow-field

that could identify the pattern of the flow using

r = aeθ cotα (2.9)

where r is the radius of a point on the spiral from its centre, a is the rate of growth of the
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spiral and determines the direction of rotation, θ is the angle with respect to the x-axis in a

polar coordinate system, and α is the angle of the radial line from the centre to the tangent

of the spiral at position (r, θ). Since Wong and Yip [40] also worked with cases of centre

location at oblique viewing angles to the wind-field plane, they redefined α as ψ using an

additional parameter, ρ, to hold the viewing angle such that only when the viewing angle

is normal to the plane are the two parameters equivalent. Following this, the vectors are

all rotated by π − ψ to force them to point to the centre of the spiral. Thus, the centre of

the rotation is identified as the point with the most intersections, nc, of the area spanning

Ψ + Ψ+ from each of the rotated vector tips. If the viewing angle is normal to the plane,

Ψ = 0. The sector expansion angle, Ψ+, is defined by the user to increase the chance of

the true centre being found in distorted or partial datasets. For the cases where the viewing

angle is oblique, this location is identified by the greatest overlap of the region that extends

at an angle ψmax − ψmin from the tip of the rotated vectors. The authors acknowledged that

this method requires α and ρ to be known a priori and that the general region of the centre

needs to be identified first in order to avoid errors (e.g., in cases of multiple vortices in

proximity). Thus, the algorithm’s utility for the automation of the centre identification and

tracking process is greatly reduced.

Although each of the aforementioned methods in this section have relevant applications in

tornado modelling and research, they are unable to precisely identify the centre of a tornado

while meeting the following criteria:

a) Output a single point on a data-grid plane as the centre location,

b) Operate in a computationally efficient manner, and

c) Require minimal user-input or a priori information in order to function.

To relate key characteristics of tornadoes to the radius from the vortex centre and precisely

track translation during their lifespans—even when there is not just a single, well-defined,

axisymmetric vortex—requires the introduction of a novel method, which is the objective
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of the present work.

2.1.3 Tornado Centre Identification

In this chapter, the data used were captured from a large-scale supercell simulation per-

formed on the National Centre for Supercomputing Applications (NCSA) Blue Waters

supercomputer using a modified version of the Bryan Cloud Model, version 1 (CM1)

model [45, 46]. CM1 is a three-dimensional, nonhydrostatic, fully compressible cloud

model designed for idealized studies of atmospheric phenomena such as thunderstorms.

CM1 contains prognostic variables for wind, potential temperature, pressure, turbulence

kinetic energy, cloud water, cloud ice, rain, snow, and hail/graupel. The model has been

tuned to run efficiently on modern massively parallel supercomputer architectures and

has produced some of the highest resolution thunderstorm simulations conducted to date

(e.g., [16]). The tornado used in the development of the present method was produced in

such a simulation. This generated a large amount of data points and timesteps necessitating

the use of a centre-tracking algorithm for any type of analysis, as outlined in the previ-

ous section. From 25–27 April 2011, central and south-eastern U.S.A. experienced one

of the largest tornado outbreaks ever recorded, with 348 tornado-related deaths and over

$10 billion of damage [4]. The simulation analyzed in this work was executed within 27

April 2011 mid-afternoon environmental conditions upwind of the day’s outbreak where a

record 216 tornadoes were observed. The tornado from the simulation that is utilized in the

present work appears to be representative of one of the 30 tornadoes rated EF 3 and EF 4

that occurred during the real-life event [47, 48], with peak tangential wind velocities rela-

tive to the domain of approximately 75 m·s−1 and a core diameter of 500 m. 1300 seconds

of three-dimensional velocity data at 30 m grid resolution and single second timesteps,

spanning much of the tornado’s life, were analyzed with the vortex tracking code described

in this chapter. Finley et al. [49] presented preliminary results from a simulation in this

same environment where a violent long-path tornado formed. As is the case with all of
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the CM1 simulations described, the tornado formed naturally within the three-dimensional

environment, unconstrained by artificial symmetries or external forcing as in TVC simula-

tions. The tornado was freely able to move and tilt within the domain of 160 km in each

horizontal dimension and 20 km vertically. However, a constant horizontal velocity vector(
um = ⟨15.2, 10.5⟩ [m · s−1]

)
was subtracted from the velocity data to account for this free

motion. Thus, a smaller, sample sub-domain of approximately 3.3-by-5.7 km horizontally

and 330 m vertically was extracted from within the simulation domain, effectively cap-

turing the tornado by moving with it through the storm. This sample domain is the only

volume of the simulation used in the analysis performed in this study. It became apparent

that the other methods of vortex centre identification, used previously in tornado model

work and discussed above, are insufficient if attempting to analyze these data using a co-

ordinate system defined with the tornado centre as the origin. This study presents a novel

programmatic method of vortex identification that is relevant to the field of tornado vortex

simulation and greatly improves the precision of both centre tracking and the subsequent

data analyses taken with respect to that centre.

2.2 Methodology Details

When analyzing wind-field data from a tornado, or any given vortex, it is helpful to know

the relative position of a point of interest with respect to the centre of the rotation and to

identify that centre in a consistent way to track its motion in space and time. Details of

the unpacking of the tornado simulation wind-field data and the assumptions and method

involved in tracking the centre of the vortex are given in the following section and concisely

summarised by the series of equations found in Appendix A.
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2.2.1 Data Processing

The tornado wind-field data from the numerical simulation, based on an isotropic 30 m

mesh, are organized in Cartesian coordinates and, thus, to best analyze them with respect

to the centre of the vortex it is necessary to convert them into cylindrical coordinates with

their origin at the centre and base of the tornado. Each file contains an array for each of

the velocity components in the x, y, and z directions as ux, uy, and uz, respectively. These

velocities need to be converted to tangential, radial, and vertical velocity components ut,

ur, and uz, respectively, with respect to the vortex centre (O), as shown in Fig. 2.5.

z

y

x

r

θ

ur

uz

ut

O
uy

ux

Figure 2.5: Cylindrical coordinate system conversion schematic

The cylindrical coordinate system components are defined as r for the radius from O, θ

for the angle with respect to the x-axis of the Cartesian coordinate, and z for the vertical

axis (the same as in the Cartesian coordinates). This tornado is fully three-dimensional as

opposed to axisymmetric; hence, before locating the centre of the vortex, it is necessary to

describe how that centre should be defined. In this study, the tornado centre is defined in

the region where the gradient of u is a local minimum and is surrounded by a significant

number of vectors displaying large curl in the horizontal plane and, ultimately, where ux and

uy = 0 m·s−1 [21, 40]. The analysis begins, therefore, by considering only one horizontal



Chapter 2 – Tracking the Centre of Asymmetric Vortices. . . 46

slice of data at a time so that the analyses are in two-dimensions. The results of each

individual analysis do not affect any subsequent analyses and therefore can be solved for

either sequentially or concurrently. The velocity vector curl is simply the vorticity, ω,

and is determined using Eq. 2.2 for a two-dimensional plane. The velocity vectors of

interest are those located near where ω is a local maximum. There may be cases where

multiple equally well-defined tornadoes appear in these supercell simulations, as well as in

nature [50]. However, in the present work there is clearly a single dominant tornado vortex

that encounters partial and minor vortices in the simulation. A schematic example of the

wind-field is shown in Fig. 2.6a before any coordinate conversion has been performed and

with vector arrows representing u.

The number of local maxima of ∇ × u identified is determined by

ns =

min
∣∣∣nx, ny

∣∣∣
c

 (2.10)

where n is the scaling-factor rounded to the nearest integer based on the size of the dataset,

nx is the number of points in x, ny is the number of points in y, and c is the scaling parameter

that is determined through a trial-and-error approach. The ⌊ and ⌉ brackets are used together

here to indicate that the fractional components of values are rounded, down if less than 0.5

or up if 0.5 or greater, to the nearest integer, respectively. Equation 2.10 is used to ensure

that, for a given dataset size and resolution, the number of points used for vortex detection is

not so few that the search results are inconclusive and not so many that the points identified

begin to include those that are not part of a well-defined vortex. For this study, nx is 190,

ny is 111, and c is set at a value of 6 (see Appendix B for comparison of the impact of c

values on the results). Therefore, ns = 19 and the largest ns values of ∇ × u are identified

(schematically shown in Fig. 2.6b using ns = 5, as an example). Following this selection,

the spatial averages (indicated by ⟨ and ⟩ brackets) of the x and y positions of the maximum

curl locations, xc and yc, and their standard deviations, σx and σy, are computed. Note that



Chapter 2 – Tracking the Centre of Asymmetric Vortices. . . 47

(a) (b) (c)

(d) (e) (f)

Figure 2.6: Finding the centre of an asymmetric vortex system using artificial data for
illustrative purposes as an example where ns = 5. (a) Schematic example of tornado dataset
with vectors (shown as black arrows) on an isotropic grid (shown as dashed lines), (b) 5
vectors (shown in red) selected based on ns, (c) lines perpendicular to the selected vectors’
orientation drawn (shown in blue), (d) identified intersections of each line drawn (shown as
green squares), (e) location of average intersection identified (shown as white circle), and
(f) nearest vector identified (shown in red) and nearest vectors from identified vector that
complete a loop (shown in blue) then used to interpolate for the location of zero-velocity
(shown as white circle)

σx and σy are always rounded up since xc and yc are indexed positions, not interpolated. By

rounding up, this method provides a more conservative approach to the number of points

eliminated from the search within each standard deviation. Using a desired number of

standard deviations, ϕ, the next step is to eliminate all points from the centre search that

fall outside of the area of the ellipse centred on
[
⟨xc⟩ , ⟨yc⟩

]
of lengths 2ϕ1/2σx and 2ϕ1/2σy



Chapter 2 – Tracking the Centre of Asymmetric Vortices. . . 48

using (
xc,i − ⟨xc⟩

)2

σ2
x

+

(
yc,i − ⟨yc⟩

)2

σ2
y

≤ ϕ. (2.11)

It should be noted that, if multiple vortices are present in a given dataset, an additional

step should be inserted here to weight the filtering of selected points by location relative to

other identified maximum curl positions. The analysis would then proceed for each identi-

fied region regardless of how many vortices are present. The remaining number of points,

N = 1, 2, . . . , are refined further using a technique developed from the methodology used

by Wong and Yip [40] to find the centre of rotating fields at any given angle of observation

to the plane of rotation. Their technique is not applied directly here because, as mentioned

in Sect. 2.1.2, it requires knowledge of the location of the vortex region within the do-

main before applying the analysis technique and it is designed for axisymmetric-dominant

systems. In the present study, the data are often highly asymmetric during the tornado’s

lifetime. This includes the presence of a secondary, smaller vortex close to the main vortex

that could skew the results considerably if Wong and Yip’s [40] method were to be applied

directly (see Sect. 2.3). Thus, the principle of using the overlapping of all the regions of

confidence extending from the rotated velocity vector tips to identify the centre has been

adapted so that lines perpendicular to the velocity vector directions are drawn at each of

the ns locations of xc and yc, minus those that did not satisfy Eq. 2.11. This is achieved

by determining the equation of a line perpendicular to the identified velocity vectors (see

Fig. 2.6c). The intersections of these lines are identified by setting the x and y in the equa-

tion of a given line equal to the x and y of another (Fig. 2.6d), which results in

xint =
b j − bi

mi − m j

yint =
m jbi − mib j

m j − mi

(2.12)

where xint and yint are the x and y positions of the line intersections, respectively, b is the

y-intercept of the lines with the domain ordinate, m is the slope of the lines, and i refers
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to the first line selected and varies from 1 to N − 1 in an incremental loop to be compared

with line j, which varies from i + 1 to N in an incremental loop contained within i to avoid

comparing the same intersection with itself or double counting intersections.

A similar averaging technique to that applied to the maximum vorticity locations is also

used here for the intersections. The standard deviation and point elimination techniques

above are applied, with the addition that any intersection outside of the domain is ignored

before averaging (see Fig. 2.6e). Then, the position of this final averaged point of intersec-

tions is checked for an indication that either it does not fall within the selection region or

the location is so close to the domain edge that the program will attempt to search outside

of it in the subsequent centre searching process. In the case of a null error, the location

found will be replaced with the location of maximum z-direction vorticity in the wind-field

or the minimum pressure that are both able to approximately, but not exactly, identify a

centre.

The average, although very useful in narrowing the area of search, is not used directly to

find the centre position as it is less accurate for the times in the tornado data where the

shape of the vortex is highly asymmetric. Instead, the point in the data nearest to this

point is selected (see Fig. 2.6f) and a c-by-c grid is created with this nearest point at the

centre and the points immediately surrounding it comprising the rest of the grid. This is

done under the assumption that the tornado centre will be located at the position of zero

horizontal, ground-relative velocity that will likely fall somewhere in between the discrete

data points. Thus, within this reduced grid, the most helpful location to begin with is at

the grid location of minimum velocity. This new grid is limited to size c-by-c to keep the

search within the identified vortex core and not detecting other vortices that also have a

local velocity minimum, even if it is lower than that within the main vortex. In finding

multiple vortices, this technique can be used on each individual vortex to find their centres

rather than identifying their general region. If the previously identified point is not the
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minimum, then whichever point is the actual minimum velocity is defined as the centre of

a three-by-three grid of the velocities of the points immediately surrounding it.

Of the remaining nine points, there are three vortex region cases checked: rotation within

one of the four quadrants of the grid; rotation within the left, right, top, or bottom of the

grid; or rotation about the entire grid situated about the point in the centre (see Fig. 2.7).

I II

IV III

I II

(a) (b)

IV

III

I

(c) (d)

Figure 2.7: Schematic view of vortex region case checking where the red circles indicate
the data points. Complete rotation loop in (a) one of the four quadrants, (b) left or right
halves, (c) top or bottom halves, and (d) the entire area

A complete loop is identified based on the sum of the vector signs comprising the loop

adding to zero for both x and y directions. This is similar to the technique described in [39],

although here it is able to be expanded to incorporate any desired number of points into the

loop for different vortex shapes. The number of successfully identified possible loops are

stored and the sum of the tangential velocity magnitudes of each vector around each path
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is calculated so that, for two similar paths, the one having the smallest cumulative velocity

around its loop is considered to contain the centre of the vortex.

This method can be implemented iteratively, if the smaller grid size is still large, to narrow

down a vortex region for larger tornadoes or for higher spatial resolution wind-field data

where the search array may include more than c2 vectors. If no successful path is identified,

the search is repeated and skips the previously identified minimum velocity vector up to a

total of c times. If this still fails to identify a path, then the point that would be substituted

for the final averaged intersections in the case of error, as described above, is defaulted to

as the designated tornado centre.

The four corners of the loop found above are bilinearly interpolated for the position where

ux = 0 and uy = 0, unless no path is found in which case this interpolation step (see

Fig. A.1) is omitted.

Therefore, the searching portion of the algorithm is concluded, as seen in Fig. 2.6f, and it

would be trivial to now analyze any given tornado with its centre as the origin of a cylin-

drical coordinate domain and make use of vortex-relative radial, tangential, and vertical

velocities.

2.3 Results and Discussion

The results of the methods described above are detailed in the following section, including a

discussion of the impact of the findings in contrast to the methods used by others described

in Sect. 2.1.2.

2.3.1 Results

The programmatic methods described above were applied to the simulated tornado-producing

supercell dataset as mentioned in Sect. 2.1.3. The fully tracked tornado centre may be found



Chapter 2 – Tracking the Centre of Asymmetric Vortices. . . 52

below in Fig. 2.8 for both the simulation-domain-relative tracking and the ground-relative

tracking. The ground-relative tracking was created by multiplying the removed velocity

vector, um, by time since the start of the dataset (t = 5000 s), t1, and adding this distance to

the given point associated with each timestep, respectively.
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Figure 2.8: Plan view of the tornado following the centre at z = 15 m a.g.l. throughout
the entire life cycle of the vortex from t1 = 5000 s to t2 = 6300 s. The motion of the
vortex centre is shown relative to the dataset domain boundaries (moving at (um,x, um,y) =
(10.5, 15.2) m·s−1) and relative to the ground. Note that

For the purpose of testing that this method functions as intended, each timestep involved an

independent search of the velocity-field. To minimize computation time, it would be pru-

dent to reduce the algorithm’s search region after the first timestep is analyzed successfully

and base each subsequent search of the region off of the previous centre position. This is

because the tornado will only be able to move a limited distance per timestep, depending

on the temporal resolution and tornado translation velocity. This would also reduce the

potential for errors in identifying the centre position introduced by such a large scope of

centre search repeated for every timestep.
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It was apparent that the path of the vortex could be spatially and temporally defined with

a high degree of accuracy, including near to the ground, which is useful in understanding

the potential wind-loading on infrastructure and buildings with respect to the vortex centre.

From the entirety of the 3.3-by-5.7 km horizontal, 330-m-high sample domain (11 horizon-

tal slices at 30 m spacing), the algorithm failed to interpolate for, or correctly identify, a

centre position 1 time out of 1300 CM1 model timesteps when analyzed independently of

each other, equating to a 0.08% error rate using c = 6. The timesteps where the algorithm

needed to reattempt (see Sect. 2.2.1) identifying the centre occurred during peak ut in the

vortex, approximately at the midpoint of the lifespan of the tornado, which is also when it

began to combine with a weaker vortex.

2.3.2 Comparisons of Methods

Using the full-size of the dataset domain for several arbitrarily chosen but representative

timesteps and heights a.g.l., Table 2.2 shows the time required to execute the searching

algorithms for each of the methods detailed in Sect. 2.1.2 compared to the method proposed

in this chapter.

Table 2.2: Comparison of the time taken to analyze a given horizontal plane of the tornado
by previously developed vortex tracking methods with the proposed method

Analysis Method Analysis Runtime per
Horizontal Plane (ms)

Analysis Runtime per
Horizontal Plane

(Normalized by the Proposed
Method Runtime)

Levy et al. (1990) 8.60 7.61

Jeong and Hussain (1995) 0.52 0.46

Sujudi and Haimes (1995) 8394.48 7428.74

Jiang et al. (2002) 10786.20 9545.31

Wong and Yip (2009) 202.55 179.25

Proposed Method 1.13 1.00

The fastest method is that of Jeong and Hussain [37], with an average solution time of
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just 0.52 ms, followed by the proposed method in this chapter and the Levy et al. [36]

method. Much slower are the methods proposed by Wong and Yip [40], using the overlap

of the spans projecting from each vector tip, by Sujudi and Haimes [38], using the reduced

velocity, and by Jiang et al. [39], using the vector directions. The result of implementing

each of these methods as intended (without modification) can be seen in Fig. 2.9 on a

horizontal view of data, sampled from the simulation described previously.
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Figure 2.9: Comparison of the accuracy of various methods in tracking the vortex core
centre on a representative wind-field data sample at t = 5687 s and z = 165 m a.g.l. The
† in the figure legend represents methods that identify a region and ‡ represents those that
identify point locations

Using the Levy et al. [36] method, the main tornado vortex appeared to be better described

by where Ĥ , 0 (not shown in Fig. 2.9) for these data. The regions where
∣∣∣Ĥ∣∣∣ , 1 were

assumed to be those where the angle between u and ω was less than or equal to 15◦. In

Fig. 2.9, these regions seem to outline a vortex presence but do not provide a definite loca-

tion of a tornado centre. Even though, as described in [36], the largest ωz was consistently

within the vortex region indicating that ω is vertical, uz was often minuscule relative to the

horizontal components of u such that the two vectors were not close to parallel. The sense
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of uz was also not often uniform across the vortex such that the sign of Ĥ could not be relied

upon to identify the vortex rotation direction. Additionally, to accommodate the use of the

gradient operator, it was necessary to run the program for all heights in the vortex at the

single timestep because, otherwise, there would be no meaningful output. However, this

only contributed to a mild increase in computational time.

Jeong and Hussain’s [37] method very effectively identifies the main vortex and (when

present) a smaller, but still substantial, vortex (Fig. 2.9). However, it is clear that further

analysis would be required to identify the centre of the tornado since its position is not

given simply by λ2 < 0 in this case.

The method of Sujudi and Haimes [38] is conceptually similar to the Jeong and Hus-

sain [37] method. However, in [38], the grid of data is divided into tetrahedrons meaning

six cells between every cube of eight nodes (for Cartesian coordinates) and, consequently,

that two-dimensional analysis is not possible. To accommodate this, the horizontal layers

above and below the layer of interest needed to be analyzed. This leads to a dramatic in-

crease in the computation time as each cell must be created, divided, and analyzed. The

advantage of this method is that it does very accurately pinpoint the location of vortices

but, without filtering, does not leave one definite point (Fig. 2.9).

The method of Jiang et al. [39], although the slowest of all the demonstrated methods, is

able to capture the main vortex (Fig. 2.9). The region is a regular geometric shape because

the area defined is just the region shown to capture each of the direction ranges, so it is only

a binary indicator. Only the nearest neighbours to each given point of interest are analyzed

and in this comparison the search strategy in their methodology is not implemented where

the data are iterated further to group smaller vortices together into larger ones. Additionally,

in this comparison each vortex identified is not interpolated and re-analyzed to identify a

centre location more precisely. These steps would have required even more time to solve

and so, for the purposes of this comparison, are omitted.
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The Wong and Yip [40] method is successful in identifying a point that is within the vortex

where nc is a maximum but this point is not the actual tornado centre (Fig. 2.9). The values

of α = π/2 andΨ+ = π/4 are used, as given by Wong and Yip [40] for tornado-like vortices.

For the calculation of nc, only those points that are up to 20 points away are considered,

which was determined by Wong and Yip [40], through trial-and-error, to yield valid results.

Using α = π/2 means that the spiral is a circle, which does fit with the vector directions

around the main vortex for the most part. To be able to use this method properly, the region

of the main vortex would have to be identified a priori and only those vectors within this

region would be a part of the span overlap analysis. Instead, the entire domain was used

for the search and so the spiral component of the method was not useful as this would

defeat the purpose of an automatic searching algorithm. Although this method provides a

desirable output of just a single point, for a complex and dynamic tornado system, whose

centre moves within the domain, it would be useful to combine this methodology with

another. For example, identifying an area of maximum vertical vorticity, such as in [34],

would narrow down the interrogation region without user-intervention.

Through the method proposed in this chapter, a centre point was clearly identified (Fig. 2.9).

This is computed using c = 6 and the analysis ran without error and appears to be in the

correct location qualitatively as well as being the point matching the criteria for a tornado

centre laid out in Sect. 2.2.1. Although this only captures the main vortex and not minor

ones, it could (with some effort) be expanded to function with multiple vortices if, for

example, the curl locations used to begin the analysis were grouped by nearest neighbours

to prevent searching between two different vortices.

Using the coordinate transformed data, it is possible to average the tangential velocity

around each circumference and identify that the data in Fig. 2.9 yield a vortex radius (taken

as the circumference of maximum average tangential velocity) of approximately 130 m

from the identified centre. By normalizing the distance from the centre identified by the
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proposed method to the other point identifying methods, it is possible to compare the ac-

curacy of each. Levy et al. [36], Jeong and Hussain [37], and Jiang et al. [39] all identify

vortex structures in a region so they cannot be compared in this manner. However, it is

clear that the latter two of these three methods manage to successfully capture the vortex

centre point. The Levy et al. [36] method, however, struggled to provide any region of in-

terest with the given data. Sujudi and Haimes [38] identifies a point as near as 5 m from the

centre found with the proposed method but as far away as 2 km, which, when normalized,

represents 3.73% and 1630% of the radius of the core, respectively. Finally, Wong and

Yip [40] identifies a single point 45 m from the centre (or 34.6% when normalized) even

after modifying the methodology to suit the dataset better.

2.4 Conclusions and Recommendations

A method of identifying the precise location of a tornado’s main vortex centre has been

developed that allows for superior tracking in comparison to previous work in tornado re-

search, which make assumptions such as the centre being a fixed location, place the vortex

a priori, or require user intervention before confirming the centre location. The presented

centre-searching method quickly finds solely one centre location for each timestep and

horizontal slice of the domain. Previous vortex identification methods have been demon-

strated to be deficient in comparison to the presently described method, as they are only

able to highlight the region of the vortex, find several centre positions that then require

post-processing, or offer an approximate centre location. The benefit of the proposed

method is that, having precisely identified the centre of the tornado, one may complete

additional analyses on their data to examine the velocity profiles within the vortex, sim-

ulate the damage potential relative to the distance from the tornado centre, and track a

tornado path throughout its life cycle for both real and simulated vortices. In future work,

the scope of the centre searching algorithm may be enhanced by implementing the ability
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to identify smaller vortices, that may encroach on the main one, or even identify a centre

in cases where there are multiple significant vortices that are not clearly stronger than one

other.
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Chapter 3

3 Quantifying the Asymmetry in Tornado Vortex

Wind-Fields Using Numerical Simulations of Supercell

Thunderstorms

3.1 Introduction

The occurrence and impact of tornadoes have been increasing in many parts of the world.

For example, in the U.S.A., there has been a statistically significant 0.66%± 0.26% annual

rise in the average number of tornadoes detected per outbreak—from 10 in 1954 to 15 in

2014 [1]. The bulk of this increase is comprised of weaker EF scale 0 and 1 events [2, 3] and

can, in part, be attributed to improvements in forecasting ability via public awareness [4],

prevention of false-positive warnings, and increased warning lead-times [5]. As the av-

erage global temperature rises, it is expected that there will be an increase in favourable

conditions for tornado formation, with higher classifications of vortex intensity occurring

over a longer period of the year and in regions that have previously not experienced such

events [6]. It is important to improve the accuracy of tornado models because, although

most tornadoes fall below a damage rating of EF 2, damage costs have accelerated dur-

ing the past decade [7], with the true costs underestimated by a factor of between 10 and

15% [8]. In the U.S.A alone, there have been approximately 2000–3000 tornado-related

fatalities since the 1980s and 5000–7000 since the 1950s [3, 9]. The most powerful tor-

nadoes contribute the most to these figures and are produced by supercell thunderstorm

events [10]. Supercell thunderstorms are defined by a persistent rotating updraft known

as a mesocyclone that results from the tilting of horizontal vorticity that is present in the

storm’s large-scale environment as well as generated below ∼ 1 km by the storm itself.

The low-level vorticity in what is known as the storm’s cold pool is generated by horizontal
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buoyancy gradients created by variations in hydrometeor loading and thermodynamic cool-

ing from the evaporation, sublimation, and melting of hydrometeors. Both the leading edge

of the cold pool as well as regions within the cold pool itself have been shown to serve as

an important source of vorticity for both non-tornadic “seed” vortices that can grow to tor-

nado strength, as well as horizontal streamwise vorticity that, when tilted vertically, helps

to strengthen the storm’s mesocyclone near the ground, making conditions favourable for

long-lived tornadoes [11, 12].

Tornado research focuses on their formation and life-cycle (from the meteorological per-

spective) and their ability to inflict damage on infrastructure (from the engineering perspec-

tive), with both disciplines attempting to model tornado vortices but with different inten-

tions. In meteorology, studies focus on identifying which severe thunderstorms could be

capable of producing tornadoes (e.g., [13–15]), the expected wind speed or damage poten-

tial from these storms (e.g., [16–18]), and how such information can be used to increase the

warning lead time as well as the probability of detection (e.g., [5, 19, 20]). These meteo-

rological computational studies are field-data driven and, as such, are capable of producing

thunderstorms representative of those that occur in nature in terms of scale, intensity, and

their ability to spawn similarly realistic tornadoes. For wind engineering analyses, under-

standing the wind-loading caused by a tornado can lead to better-designed infrastructure

and greater protection of human life (e.g., [21–23]).

Although there is the potential to couple both disciplines, to the best of the authors’ knowl-

edge, this has yet to be fully exploited. To do this involves applying meteorologically in-

formed ICs and BCs to generate tornado-like vortex data with enough spatial and temporal

resolution to be relevant in wind-loading analyses.
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3.1.1 Vortex Models

There are many methods available to generate wind-field data representative of a tornado,

most notably the analytical methods of Rankine [24], Burgers [25], Sullivan [26], Kuo [27].

Kuo’s [27] method was simplified by Wen [28] and Wen and Ang [29] to be more readily

used in engineering studies and, as such, the latter two are both preferred. In each model,

even if the radial or vertical or both velocities were present, the tangential velocity was

the dominant as these are supposed to model vortices (not always tornado vortices but they

are all applicable). This tangential velocity will increase from the centre, r = 0, where

ut = 0 until the peak velocity (or core) radius, rc, where it is a maximum and then decays

as r → ∞. The methods by which each model achieved this varies, but the characteristics

of each ut profile are more or less interchangeable. The equations that define each velocity

profile, in the tangential direction, which are used in this study as a basis of comparison

to the velocity data analysed in most wind-engineering studies, are subsequently given

starting with Rankine [24],

ut,R =


r·ut(rc)

rc
, r ≤ rc

rc·ut(rc)
r , r > rc

. (3.1)

The equation for ut prescribed by Burgers [25] is,

ut,B =
Γ

2πr

(
1 − e−Cr2/2ν

)
(3.2)

where C is a constant of units speed over distance (i.e., m·s−1) and is an indication of the

vortex strength, ν is the kinematic viscosity of the fluid (i.e., air1) in m2s−1, and Γ = 2πω ·r2

in m2s−1 where ω is the angular velocity prescribed to force the vortex and r → ∞. The

equation for a two-celled vortex, which allows a more realistic downdraft near the centre

1Leslie and Snow [30] found that the conventional, molecular value produced a core radius much smaller
than the experimental TVC they tested, with the same parameters used in the vortex equation, and therefore
they prescribed a value of ν = 7 × 10−3m2s−1
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axis, is given from Sullivan [26] as,

ut,S =
Γ

2πr
H(αr2/2ν)

f (∞)
(3.3)

where the general function f (r) is given by

f (r) =
∫ r

0
exp

(
−γ + 3

∫ δ

0

[
1 − e−β

β

]
dβ

)
dδ (3.4)

where β and δ are the integration variables. The second fraction term in Eq. 3.3, f (Cr2/2ν)/ f (∞),

approaches a value of 1 rapidly as Cr2/2ν increases past a value of approximately 15 [30].

The profile of ut given by Wen [28] and Wen and Ang [29] is computed using,

ut,W =


ut,W (ẑ > 1)

[
1 − e−πẑ cos

(
2.4πẑ · e−0.8r4

)]
, ẑ ≤ 1

1.4ut(rc)
r

[
1 − e−1.256r2

]
, ẑ > 1

(3.5)

where ẑ is the ratio of height, z, to rc and will be used herein as a physical basis to scale

and compare heights across results from different tornado studies and datasets, including

those used in the present study. None of the profiles discussed depend on time, t, nor

azimuthal position, θ. Jischke and Parang [31] discussed a dependence on θ but neglected

it immediately afterwards by averaging over the circumference. Wen [28] and Wen and

Ang [29] depart from the other models by adding a dependence on height. The equations

for Burgers [25] and Sullivan [26] produced a spiralling motion towards the centre but

there was no coupling of the velocity between velocity components, resulting in vortices

with a constant velocity distribution profile. However, the present authors could find no

instance of an analytical model in the literature that considers the vertical tilt of a tornado-

like vortex, which should be present from its translation, and the characteristics of the

velocity component profiles in an asymmetric velocity field.
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3.1.2 Tornado Vortex Chambers

Unlike analytical models, where the velocity profile was directly prescribed, the tornado-

like vortices produced either experimentally or numerically in TVCs had to make use of

a mechanism to generate the desired velocity profiles, and, therefore, there is a degree of

temporal and spatial fluctuation. These mechanisms imparted angular momentum using

guide vanes or active fans that deflected the incident airflow about the geometric central

axis of the chamber (e.g., [22, 32–41]). Alternatively, the entire wall, or a small section of

it, may have rotated the air being pulled in and, in the reverse frame of reference, achieved

much the same as having guide vanes, although this approach appeared to be less favoured

recently (e.g., [42–49]). In numerical models, the rotation was accounted for by an equation

that was applied to a design usually based on a physical TVC (e.g., [50–64]), although some

models permit a dependence on z (e.g., [53, 65–68]), which was not observed to occur in

experimental TVC models.

The swirl ratio was referenced in many of the aforementioned works in various forms.

However, for the sake of comparison between different tornado datasets and the ones pre-

sented herein, it shall be defined by

S =
πr2

cut(rc)
Q′

(3.6)

where Q′ is the volumetric flow rate through the relevant inflow boundary area [22]. This

formulation was selected here over others that were available for its simplicity in applying

it to non-TVC-based domains where only a location to measure Q′ will need to be justified.

Although it was not the most reliable method for comparing tornadoes of small-scale to

full-scale [69], S did provide a satisfactory basis by which the datasets presented herein

can be related to previous studies. If the inflow boundary is selected as the surface to

calculate Q′, then the radius to this boundary as a multiple of the core radius, R/rc = R̂,
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was found to be between 3.6–144.0 and 3.0–72.0 for experimental and numerical studies,

respectively. The distributions of R̂ in each set of studies were skewed towards the lower

end and so, to be conservative and ensure the datasets used in this work can accommodate

the computation of Q′, the median of each (approximately R̂ = 17.3 and 14.6, respectively)

will be used to place this hypothetical inlet boundary.

The ut values presented in the literature were only recently scaled by ut(rc), ût and then

plotted against r̂ = r/rc (e.g., [34, 36–38, 40, 59]). This is represented schematically in

Fig. 3.1, using a Rankine vortex model as an example. Note that the variables used in the

scaling remain identical but the values of the variables could change from layer to layer

such that the maximum ut or value of r at that ut would differ.

r̂

ẑ

1

1

2

2

0

ût

1

1

1

Figure 3.1: Schematic representation of a Rankine vortex’s tangential velocity profile after
scaling the velocity by maximum ut and radius by rc for three different heights scaled as
ẑ = z/rc

This scaling of velocity and radial position makes comparison of similar tornado intensities

by their velocity profiles much simpler, although it forces all data to pass through posi-

tion [1, 1], which can create visual similarity between dissimilar velocity profile datasets.

Therefore, caution should be used when making comparisons between tornadoes by, for

example, selecting the data measured from similar locations within vortices of comparable

S values. Where possible, r̂ was found to range in the aforementioned experimental and
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numerical studies, on average, between 0.39–9.40 and 0.22–7.00, respectively.

Tornado-like vortices were simulated in experimental and numerical laboratories with S

values between 0.10–1.30 and 0.31–2.44, respectively, resulting in tornadoes of many dif-

ferent rc values (from 0.5–69.0 and 0.8–115.0 cm, respectively). Depending on the S values

of the datasets discussed in the next section, the ut profiles found in the published literature

will be selected based on comparable S values. The ut profiles used in the comparisons

made herein shall be measured from equivalent heights by using a height scaled to the core

radius size, ẑ = z/rc, as this quantity was readily available in the present datasets and the

literature but is also a location with a physical basis in reality. As for r̂, the average values

of the upper and lower bounds of ẑ in the literature ranged from 0.33–3.05 and 0.60–2.00

for the aforementioned experimental and numerical studies, respectively. Conventionally,

the selected height for measurement of the tornado variables (if scaled at all) would be tied

to the simulation domain parameters such as the outlet radius (e.g., [35, 38], etc.). This is

problematic in the case of the data used in this study where there were no such boundary

conditions and the simulation domain was extremely large, such that an equivalent radius

would be massive and arbitrarily defined. Refan and Hangan [39], Tang et al. [40], and

Hangan and Kim [65] scale the height by the height at which ut(rc) was a maximum, which

could be a valid alternative. However, such data were not always readily available across

all of the studies and so, for simplicity and consistency, scaling the height by the average

rc across all heights (for those datasets with only one measured rc, that was chosen for the

normalization factor) was preferred herein.

The importance placed on the damage rating of a tornado implies that all tornadoes may

be categorized into well-defined, discrete types. However, there is no physical basis for

considering that a tornado is constant through time and space. Tang et al. [41] utilize the

velocity and pressure fields of their simulated vortex to analyse such variation by computing

the temporal standard deviation, skewness, and kurtosis about the mean values. This use
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was limited in that, for a given vortex, the data were measured by a single probe, and

only the components’ temporal variation was considered—no further analysis of spatial

and temporal scaling factors derived from the raw component data were conducted. To the

best of the authors’ knowledge, this has yet to be examined and so computation of these

statistics for the ût profiles are unavailable.

There are clearly many available tornado-like vortex models and these models were able

to be compared previously in the literature to each other through various means of scaling

such as using the swirl ratio or by normalizing velocity values using both the peak average

tangential velocity and the core radius. However, almost none of these studies presented the

asymmetry, tilting, and variation in wind gusts—even if present in their models. It should

be possible, given enough data samples in both space and time, to conduct a more thorough

analysis of the variation of the velocity components. Thus providing a sense of the scale

of the asymmetry and tilting in comparison to the overall vortex structure. To perform

such analyses, the finely resolved (both spatially and temporally) data from three supercell

numerical simulations are used in this study and discussed in the following section.

3.1.3 Data Sources

The data discussed herein, in contrast to those referred to previously, are from tornadoes

spawned within meteorological supercell numerical simulations. The parameters describ-

ing the reference tornado datasets used in this work are summarised in Table 3.1.

In the present work, the environmental conditions adjacent to a major tornado outbreak

that occurred in the Southeastern United States on 27 April, 2011 is used as the ICs for a

large eddy cloud model simulation (isotropic grid spacing of 10 m) of an isolated supercell

thunderstorm that produces three different tornadoes throughout the storm’s life cycle. The

model parameters used for the CM1 model simulation in this environment are identical to

those noted in [12], with over 1/4 trillion grid zones in, to the authors’ knowledge, the
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Table 3.1: Summary of referenced tornado data (with the year of simulation provided in
parentheses) extracted from numerically simulated supercell thunderstorms

Parameter
Dataset

T1 (2019) T2 (2022) T3 (2022)

Duration, T [s] 1300 390 600

Domain Size [km] 120 × 120 × 20 100 × 100 × 25 100 × 100 × 25

Temporal Resolution, ∆t [s] 1.0 0.2 0.2

Grid Resolution, ∆l [m] 30 10 10

largest supercomputer supercell thunderstorm simulation conducted to date. The tornado

data analysed in this chapter, saved at a temporal sampling rate of 5 Hz, represent the

highest resolution full-physics-driven tornadic simulations known to the authors, and can

be compared to both chamber simulations and field data.

As was the case for many of the full-scale tornado models, the surface BC was not set to

no-slip as this was found to be ineffective at yielding tornadoes as the resolution needed

for the near-ground grid spacing is too small for these large-scales with current computer

hardware. Instead, a zero surface strain condition is applied, which is a type of free-slip

condition that produces long-lasting tornadoes highly effectively in the CM1 model envi-

ronment [70].

3.1.4 Objectives of the Present Study

The various methods used to generate a tornado-like vortex in prior literature have been

discussed in depth and the advantageous data used in this study have been summarized in

the previous sections. Given this, the current study aims to answer the following ques-

tions:

a) Do circumferentially averaged ut profiles from the present data match that of the

published literature,



Chapter 3 – Quantifying the Asymmetry in Tornado Vortex Wind-Fields. . . 74

b) What do these averaged data not capture in terms of temporal and spatial velocity

fluctuation, and

c) Why is consideration of spatial and/or temporal fluctuation in the computed flow-

field quantities important?

In the subsequent sections of this chapter, the tornado flow-field velocity vector components

will be analysed by first using circumferential averaging around the axis of rotation but con-

sidering each horizontal plane in isolation. Then the time histories of potential spatial and

temporal scaling factors will be explored. Finally, these time histories will be collapsed to

provide context of the vertical variation of each of the computed values. Therefore provid-

ing future researchers the ability to compute the spread of values about the conventionally

averaged one with a statistical basis for the upper and lower bound. This would then permit

more accurate infrastructure wind-loading analyses to take place within the tornado-like

vortex simulation chambers, both physical and numerical, that already exist without modi-

fications to the simulation setup.

3.2 Methodology

The process used to convert the raw data into a usable dataset for flow-field statistical

analyses is described in the following section. Then the calculations used to generate the

plots presented in Sect. 3.3 are explained in detail.

3.2.1 Data Processing

Each of the three tornado datasets generated for use in this work, as described in the pre-

vious section, is first processed by applying the method of Bannigan et al. [71] to locate

the centre position of the dominant tornado vortex in each horizontal slice at each vertical

height (Fig. 3.2).
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Note that the axis of rotation is taken to be vertical when considering each horizontal layer

of data separately, to limit the scope of the current work. The axis passes through the point

of zero horizontal velocity within a tornado core, which is one of several methods to iden-

tify the centre of a vortex [72], and by the bounded region of maximum curl [71]. Although
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Figure 3.2: Trace of the (a) T1, (b) T2, and (c) T3 tornado centre positions through time on
each xy-plane slice of data

there are other, valid, methods for finding the centre position of a vortex (e.g., [73–76]), it

is beneficial to define the centre of a velocity profile so that the origin of the profile is at a

precise point that is spatially consistent with time [71]. This position therefore becomes the

datum by which to describe all other locations in that xy-plane of the data. The centre lo-

cation is computed for the entire lifetime of the simulation data and stored for all timesteps

wherever the vortices in each dataset are both visually present and traceable by the centre

tracking algorithm for the ground relative2 velocity (see Fig. 3.3).

2The velocity in the raw data are relative to the motion of the domain grid, this is to prevent the relevant
tornado from escaping the domain or needing to save an excessive amount of data that would not be needed.
Thus, from the saved raw signal, the motion of the domain can be added again to the wind-field to get back
to the ground relative velocity
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Figure 3.3: Variation of the maximum absolute tangential wind velocity relative to the
ground for all tornado datasets. The labels identify events of significance that occurred
over the duration of each tornado life-cycle

In each of the simulations, there were many vortices present (e.g., 34 were detected in T2

over the entire dataset) but only the longest living vortex of greatest intensity was selected

as the tornado of interest in each case. Once these vortices were identified, the period of

analysis used in the present work was chosen such that the initial time of each vortex’s life,

t′ = 0, coincided with the start of the time over which the vortex was visually present in

the wind-field and had crossed above the EF 1 threshold until the final time, t′2, which was

roughly defined by the vortex intensity dropping below the EF 1 rating and was visibly

weakening (Fig. 3.3). This definition may be applied to each dataset and indicates tornado

dissipation. This ensures that events within the domain that are independent of the vortex of

interest are not included in the following analyses. It was necessary to visually check such

instances because ut appears to increase suddenly but this is not necessarily the influence

of the tornado itself. For example, in the case of T3 at t ≈ 350 s a dominant flow from

the south-west of the domain begins and the main vortex has already weakened. Thus,
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Table 3.2 summarizes the duration of each tornado in each dataset and the equivalent time

relative to the provided data.

Table 3.2: Summary of lifespan of the main vortex in each tornado dataset. All times are
given with respect to the initial time, t′1 s, in each dataset

Parameter
Dataset

T1 T2 T3

Initial Detection Time, t1 [s] 0.0 -20.4 -162.0

Final Detection Time, t2 [s] 1299.0 367.0 397.0

Vortex Initial Time, t′1 [s] 0.0 0.0 0.0

Vortex Final Time, t′2 [s] 1300.0 321.4 319.2

Total Time, T [s] 1300.0 321.4 319.2

Total Timesteps, ∆T 1300 1607 1596

3.2.2 Coordinate Conversion

The Cartesian coordinate system is converted into cylindrical coordinates with the centre

of each tornado as the origin of its domain. This allows discussion of tornado variables

with respect to a single point that is known, rather than approximated or assumed a priori,

and, thus, spatially consistent through time. To ensure that the coordinate system does not

extend beyond the given dataset, resulting in errors, a programmatic limit is placed on the

radius of the new coordinate system so that it is constrained by the minimum of the max-

imum distances from the origin to the edge of the data in each domain for all horizontal

planes. Therefore, the distance from the tornado origin to the outermost circumference,

R, of each dataset is fixed over all horizontal layers at each timestep but varies with time.

Although this conversion process means that a significant amount of the data is excluded,

because the aspect ratio of the xy-planes is not unity, the tornadoes are still represented by

the new coordinates as the vortices are much smaller than the original, translating domain.

By having fewer points, additional analyses may be conducted more rapidly, focusing on

the most crucial data and framed with respect to the tornado centre. The points that form
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each circumference are created and spaced at equal arc lengths, not equal angles, so that, as

the circumference increases, the resolution of the dataset remains the same and the infor-

mation within the original Cartesian coordinate system is maintained (see Fig 3.4). The arc

length, s, could simply be set equal to the grid spacing of the original domain, ∆l, which

is 30 m for T1 and 10 m for the other two datasets. However, s is set to ∆l/2 to achieve a

balance between avoiding discarding data within the tornado core where the circumference

is small and sub-sampling the datasets. The radial spacing between circumferences is also

set to ∆l/2 to maintain consistency of points in the new cylindrical coordinate system rather

than biasing or stretching the data in the wind-field.
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Figure 3.4: Demonstration of the differences in cylindrical coordinate spacing when using
equal arc length spacing (shown as red circles) versus equal angular spacing (shown as
dark-blue dots) for (a) at r̂ = 0.1, (b) at 1.0, and (c) at 5.0

The number of points, nr, around each circumference in this new coordinate system is

related to the radius, r, and arc length, s, as described by

nr =
2πr

s
(3.7)

The components of each variable in the x−, y−, and z−directions are converted into the

radial, r; tangential, t; and vertical, z components with respect to the centre of the tornado,

O (as in Fig. 3.5 for the velocity components).
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Figure 3.5: Schematic of the coordinate transformation, shown for the velocity components

Next, utilising a bi-linear interpolation method, the x, y, and z components of each desired

variable at all points in the cylindrical coordinate system, with respect to the nearest four

points of the Cartesian coordinate system, are calculated (see Eq. 3.8 for the velocity vector

coordinate transformation).

ut =
x − xO

r
uy −

y − yO

r
ux

ur =
x − xO

r
ux −

y − yO

r
uy

(3.8)

The vertical velocity, uz, in cylindrical coordinates remains the same as in Cartesian coor-

dinates. It is now possible to compute the spatial and temporal quantities of any variable

desired for further analysis, as long as it exists within the dataset. For the scope of the

present work, the focus of this analysis will be limited to the velocity vector-field because

the asymmetry and tilting discussed is directly in reference to the velocity. These same

analysis techniques could also be extended to apply to the pressure field.
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3.2.3 Variability of Velocity Profiles

As explained in Sect. 3.1, it is common to use the circumferentially averaged tangential

velocity profile to analyse tornadoes. Thus, it shall be replicated here by taking the average

of values around each circumference from the identified velocity centre in each tornado

case. The timestep shall be chosen to be the nearest to the halfway point, t′1/2, to be as

fully developed as possible, which is also between the two median values of R̂ found in

the literature (see Sect. 3.1.2). For T1, T2, and T3, these times are t′ = 713, 196, and 133

s with R̂ = 15, 16, and 15, respectively. To select literature with which the present data

may be compared, the S value must be matched as closely as possible, which involves first

calculating Q′. Given that there is no artificial forcing of the velocity vectors around the

hypothetical inlet surface at R̂ radii, Q′ will be approximated using,

Q′ = ⟨u⟩A (3.9)

where ⟨u⟩ is the spatially averaged velocity vector around the relevant radius and over

all heights. The resulting value can then be applied to calculate Q′ and, subsequently, S

for each tornado dataset. Therefore, S = 1.36, 0.43, and 0.55, respectively. Most of the

datasets are thus acceptable to use for comparing to the velocity profiles of the present data

but those that match most closely include: Church et al. [47], Haan et al. [34], Hangan and

Kim [65], Kuai et al. [66], Ishihara and Liu [60], and Tang et al. [40]. The ẑ of velocity

data available in these studies, for the specified S ratio, are summarised in Table 3.3.

Although not all of the studies selected apply to all of the present data, the selection does

include some overlap with each individual dataset having a basis of comparison with at least

two of the selected studies. Of the discussed analytical tornado simulation methodologies,

Rankine [24], Burgers [25], and Wen [28] will be plotted alongside the above as they each

utilize different approaches to produce a vortex flow and are still often cited in the published
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Table 3.3: Summary of the studies with equivalent S and the heights and radii over which
velocity profile data are available

Study Selected Type Swirl ratio, S Heights, ẑ Radii, r̂

Church et al. [47] Exp. 0.34 0.60, 3.30 0.32–7.50

Haan et al. [34] Exp. 1.14 0.10–0.55 0.20–7.60

Hangan and Kim [65] Num. 1.50 0.18–0.68 0.00–7.30

Kuai et al. [66] Num. 1.11 0.63 0.00–4.60

Ishihara and Liu [60] Num. 0.65 0.20–2.00 0.00–2.00

Tang et al. [40] Exp. 0.17–0.84 0.05–0.34 0.00–8.00

literature. Sullivan [26] is excluded due to its similarity to Burgers [25], but would have

also been a valid option.

Now that it will be possible to reasonably compare the present datasets with the available

literature, the first step will be to compute the spread around each value from each ra-

dius in the averaged tangential velocity profile. In this study, the standard deviation, σ, is

used as a simple means of demonstrating this spread at the same time and height ratios in

each tornado. This assumes a roughly normal or uniform distribution, which is evaluated

by computing the skewness and kurtosis, where the (sample) skewness, ū3, is given by

(see [77])

ū3 =

1
nr

∑nr
i=1(xi − ⟨x⟩)3(
σxi

)3 (3.10)

and the (sample) kurtosis, b2, is given by (see [78])

b2 =

1
nr

∑nr
i=1(xi − ⟨x⟩)4(
σxi

)4 (3.11)

or, both can be modified for bias correction as follows, for the cases where nr < 30 (note

that nr > 3 otherwise it is not possible to compute a value),

ū3,m =

√
nr (nr − 1)
nr − 2

ū3 (3.12)
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b2,m =
nr − 1

(nr − 2) (nr − 3)
[(nr + 1) b2 − 3 (nr − 1)] + 3 (3.13)

where xi is the variable of interest, which, in this case, are the three velocity components

at a fixed radius for any timestep or height, ⟨x⟩ is the spatial average of xi around the

circumference, nr is the number of points in a given radius, and σxi is the standard deviation

of the xi points. Therefore, these quantities, taken over time and at all heights at r = rc, can

be averaged in time and then the standard deviation computed, as with the velocity values,

to demonstrate the spatial and temporal fluctuations individually.

3.2.4 Maximum-to-Average Velocity Ratio

If there is a considerable deviation of values about the average, in particular a deviation

above the peak average velocity value, it would be desirable to determine whether there is

a consistent ratio by which an average velocity can be converted into a reliable estimation

of the maximum velocity. Thus, a maximum-to-average velocity ratio is defined by,

Ût =
max |ut|

⟨ut (rc)⟩r
(3.14)

and applied to each height and timestep so that the maximum velocity present within the

tornado is normalized by the averaged velocity at the core radius, rc.

3.2.5 Spatial-Peak Factor

Another approach to correlating the relationship between the maximum ut and peak ⟨ut⟩r

values would be to subtract the latter from the former and then normalise by the spatial

standard deviation of values around the averaged circumference. This ratio is commonly

known as the gust factor, k, where a fixed location is used to measure a wind-field signal

and compute the ratio of the difference of maximum and average values to the standard de-

viation of that signal. However, in the present cases, what is to be noted as the “spatial-peak
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factor” and indicated as κ allows for the motion of the vortex such that the measurements

are taken relative to a location of physical quantities (i.e., the radial position of the average

velocity is free to change in time as is the location of the maximum tangential velocity

value). Therefore, κ, is given by,

κ(rc) =
max |ut| − ⟨ut(rc)⟩r

σut(rc)
(3.15)

3.2.6 A Vortex Timescale

Thus far, the analyses focus on the spatial variation within the vortex structures, but now

some consideration of the temporal fluctuation is considered. If a parcel of air were to

be followed, approximately, as it translated around the circumference of each vortex, a

timescale associated with that may be defined by

τ =
2πrc

⟨ut (rc)⟩ r
(3.16)

Other timescales may be defined, but τ informs one of the expected fluctuations in the mea-

sured parameters every τ seconds versus those present due to other motions occurring in the

events that are not a result of the same air parcel arriving at the measurement point.

3.2.7 Turbulence Analysis

In addition to discussion the spread of values about an average, it is also important to un-

derstand the higher-frequency fluctuations produced by turbulence present in the tornadoes

at various positions within the vortices and how significant those fluctuations are. To com-

pute this, the turbulent kinetic energy will be calculated at several representative locations

for several different averaging windows to smooth data within different time-blocks. The

representative locations are chosen as before, where the height is based on ratios from the
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literature. Additionally, data are collected from the four main cardinal positions. There-

fore, there are 36 spatial positions used in this analysis and the average of the turbulence

values at each shall be presented, together with their respective temporal ranges.

However, before this takes place, it is necessary to determine a window-size, nw, in sec-

onds over which the data may be smoothed and to determine what proportion of the total

fluctuation energy is being eliminated by subtracting the large-scale fluctuations. First,

appropriate time-blocks, b, over which the window averaging may take place shall be es-

tablished. Values of tb = 1.0, 2.5, and 5.0 minutes are selected. This is due to the limited

temporal data available, especially for T2 and T3 where, although they are temporally better

resolved than T1, the timesteps convert into approximately five minutes of data within the

aforementioned time period, t′. To select an appropriate value for nw, the statistics of the

residual velocity, ui − (ui)nw
, for odd values of nw = 0 to (60tb − 1) will be computed. The

value(s) at which the size of the window no longer significantly affects any of the quantities

shall be selected as the nw value. In each case, the number of usable computed data will

be N = [60tb − (nw − 1)] · ti. Once nw has been determined through inspection, the total

turbulent kinetic energy (TKE), k, in m2·s−2 and the root-mean-square (RMS) of velocity

fluctuations, I, in m·s−1 can be computed. I is also known as the turbulent velocity fluctu-

ation associated with the TKE in the domain. The sub-grid scale (SGS) TKE data used as

part of the total TKE are computed in these simulations using the CM1 TKE scheme [79]

but are no longer available for T1 and as such the total TKE can only be discussed for the

other two datasets. For the sake of completeness, the TKE data without the SGS values

from T1 are still included here but should be regarded with caution.

The analyses are conducted such that the total five minutes are centred on t′1/2, cutting off

a small amount of data either side for all of the datasets. Thus, five blocks for tb = 1.0

minutes, two for tb = 2.5 minutes, and one for tb = 5.0 minutes. For consistency, the

additional timesteps available for T1 resulting from the larger ∆t are neglected. Therefore,
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there are 36 locations of eight time-blocks of data from the three velocity components in

each of the three tornadoes. To determine how much of the large-scale fluctuations are

being subtracted from the residual analysis, the RMS and the variance, σ2, of:

a) the mean signal across the time-blocks, (ui)b,

b) the window filtered mean signal, (ui)nw
, and

c) the residual of window filtered mean signal, ui − (ui)nw
,

are computed for each spatial location and velocity component and a quantitative compar-

ison of the difference between b) and c) will indicate how much of the total fluctuation

energy, given by a), is removed. If all of the values for each velocity component are of the

same order of magnitude, then all the components can be summated to compute an overall

value for TKE and RMS of the turbulent fluctuations in the subsequent calculations.

The temporal residuals of the velocity components are computed using ui − (ui)nw
at the

nine positions of each cardinal point, separately. The components can then be summed to

obtain the TKE for each time-block by,

k =
1
2

3∑
i=1

[
ui − (ui)nw

]2

tb
. (3.17)

To be useful in making comparisons between these datasets and to others in the future, the

TKE shall be normalized by the square of the tangential velocity,

k̂ =
2k

(ut)
2
tb

· 100% (3.18)

which is chosen as a method of normalisation because it is the dominant velocity compo-

nent in a tornado by definition.

For the RMS of the turbulent fluctuations, the same method of computation as for TKE will
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be employed. The equation is given by,

I =

√√
1
3

3∑
i=1

[
ui − (ui)nw

]2

tb
(3.19)

where I is also normalized using the tangential velocity. This is given as a percentage and

referred to as the turbulent intensity (TI),

Î =
I√

(ut)
2
tb

· 100%. (3.20)

3.2.8 Fixed Probe Analysis

A final step to analyse the tornadoes is to consider what the vertical profile of horizontal

velocity might look like from a fixed location (relative to the ground) as the tornadoes ap-

proach, pass over, and move away from said location. To be rigorous in collecting this

information, without generating an overwhelming amount of data, the four principal car-

dinal positions are selected relative to the vortex centre to place hypothetical sensors for

detecting the velocity wind-field. These hypothetical sensors will also be able to detect the

velocity at all heights and be completely vertical. These “probe towers” shall be located

at a distance of r = rc from the tornado centre for the rc value when t = t′1/2 at indexed

height, zi = 1. This ensures that the vortices in each case are well-developed during the

period of analysis, which spans from the time that the final tower probe enters the domain

until the first tower probe exits. In the current datasets, the domain of wind-field values are

each a slice of a much larger simulation domain. This is done to minimize the resultant

file-size without compromising the quality of the subsequent analyses. This action requires

approximately following the tornado in the full-size simulation domain at a velocity that
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is determined a priori3. This domain velocity, um, was chosen to approximately match the

bulk motion of the tornado vortex and is a constant. For each tornado, um = ⟨15.20, 10.50⟩,

⟨18.75, 9.00⟩, and ⟨18.75, 9.00⟩ m·s−1, respectively, where the first coordinate is the veloc-

ity in x and the latter in y. Therefore, to have these so-called probe towers, it is necessary

that, relative to the tornado centres, they move at a velocity utower = –um. A simplified

schematic showing the plan view of this setup can be seen in Fig. 3.6.

x1

y1

y
y2

utower

Vortex centre path

r(t′1/2, zi = 1) = rc

x

N

x2

Vortex centre (t′1/2, zi = 1)
Probe tower
Probe tower path

Figure 3.6: Plan-view, schematic representation of tower probe placement and motion rela-
tive to a tornado centre that is also in motion relative to the reduced domain inside a larger,
simulation domain

3.3 Results and Discussion

The results of applying the methods detailed in the previous sections are discussed here.

The data used in the present study are shown to be comparable with those of the literature.

Then, the spread of that data is shown and the associated statistics of the velocity distribu-

3All velocities in this study are given with respect to the ground and so each point in the wind-field has
had um added again but the positions are fixed in space relative to the reduced domain for simplicity.
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tion are computed. The scaling between the average and maximum tangential velocities are

computed and the proposed timescale is computed. Finally, an analysis of the turbulence is

developed and the vertical profile of the horizontal velocity is shown.

In the present data, rc was found to be consistent over the height of the tornadoes with

average values between approximately 74–195, 30–75, and 75–140 m, for each dataset,

respectively (see Table 3.4). The standard deviation about the average values was approxi-

mately 5.3, 19.7, and 16.1 m, respectively. In all cases, the maximum rc value was found to

be at around t′1/2 and a minimum at t′1 and t′2. The circumferentially averaged core tangen-

tial velocities, ⟨ut(rc)⟩r were approximately between 21–45, 18–43, and 24–40 m·s−1 for

each tornado dataset, respectively (see Table 3.4). They had fairly tight standard deviations

about the means of 0.78, 3.64, and 2.68 m·s−1, respectively. Though the velocity values at

the ground level of each tornado differed significantly (see Fig. 3.3), when averaging over

the entire height of the tornado each fell within similar ranges of values. Averaging again,

over time, gives a tangential velocity about the core radius of 34.2, 34.6, and 35.6 m·s−1,

respectively. However, averaging in all of these ways at once is arbitrary and one should

be careful when interpreting the results. There is no clear reason for the present tornadoes,

which are of different sizes, strengths, durations, and ICs, to collapse to such similar values

for the tangential velocity at the core radius.

The above values were then used to generate the ratios used to compare these data with

respect to the literature. The available range of ẑ were found to be approximately 0 (i.e.,

ground level) to 1.22, 6.93, and 5.04, respectively. In terms of ẑ, values from approximately

0 to 12.11, 17.05, and 9.83, respectively (see Table 3.4).
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Table 3.4: Summary of the present data characteristics. The core radius, rc, and tangential
velocity at rc, ut(rc), were the average values over the height of the domain and the range
in each represents the variation with respect to time

Dataset Core Radius,
rc [m]

Core Tangential
Wind Speed,
ut(rc) [m·s−1]

Swirl ratio, S Heights, ẑ Radii, r̂

T1 75–195 21–45 1.36 0.11–1.22 0.00–12.11

T2 30–75 18–43 0.43 0.07–6.93 0.00–17.05

T3 75–140 24–40 0.55 0.05–5.04 0.00–9.83

The data from each simulated event, having been processed and filtered such that only the

relevant timesteps and horizontal slices of the wind-field data remain, can now be analysed.

Firstly, a sample of circumferentially averaged tangential velocity radial profiles, represen-

tative of the profile shape across much of the time series, is shown in Fig. 3.7.

Figure 3.7: Comparison of the normalized profiles of spatially averaged tangential veloci-
ties present in various tornado vortices at height and time slices representative of the time
series of each tornado

It was determined that either side of the tangential velocity peak, r̂ = 1, the tornado data in

each of the present cases were in close agreement with the published literature for both the

analytical and measured profiles. T1 and T2 trended together for most of the radii, whereas

T3 was distinct for almost all of the radii. Instead, T3 followed most closely to Burgers [25]
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and Wen [28] for r̂ ≤ 1, but fell below them for r̂ > 1 and was closer to Hangan and

Kim [65].

Before discussing the spread of the velocity data, the statistics of each dataset were com-

puted. It was found that the skewness, ū3, was centred on 0 in all three datasets, with the

only difference being that T1 had much less spread about that time-smoothed average than

T2 and T3 at around ±0.2 for the former and ±0.6 for the latter two. This result was also

consistent over all heights. Therefore, the data in all three cases were centred on the mean.

A skewness of approximately 0 should be expected if the distributions were perfectly sym-

metrical about the mean and this is, indeed, generally seen in the data. For the kurtosis,

b2, a similar result emerged such that the value remained consistent with height in all three

cases with a mean with the spread of a single standard deviation of approximately 1.5±0.25

for T1, 2.0 ± 0.50 for T2 and T3. This was the unmodified kurtosis meaning that a value

of 3 indicates a perfectly normal distribution; since these data were below that threshold it

indicates thicker tails (i.e., more extreme velocity values) about the mean value compared

to a perfectly normal distribution [80]. Thus, to gain insight into the asymmetry present in

these tornado data, the spread of the tangential velocity about the circumferentially aver-

aged profile was analysed (Fig. 3.8).

The sample size was a function of the radius, increasing linearly with r, and so caution

should be taken in drawing conclusions from data in the region r̂ ≤ 1. However, it was

clear that the spread of the tornado data in each case were significant about r̂ > 1 for T1

and T3 with a standard deviation of approximately 50% of ût(rc) extending out to about

r̂ = 1.25 and this spread stayed consistently large as r̂ ≫ 1. T2 displayed a much smaller

spread, σ ≈ 0.1ût (r̂) as the radius increased. This may have been caused by another

vortex forming nearby. Even though T2 displayed much less spread, at these timesteps and

heights, it should be clear, in all cases, that by being able to place the circumferentially

averaged value alongside a standard deviation, it should be possible to generate subsequent
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Figure 3.8: Demonstration of the spread of the normalized profiles of spatially averaged
tangential velocities. The shaded region indicates the range of normalized velocity bounded
by the average value ± one standard deviation

wind-loading analysis to any desired statistical confidence level in the value.

Next, it was considered whether a consistent ratio, Ût, could be determined to relate each

tornado’s maximum ⟨ut⟩ to the instantaneous maximum, ut, value (Fig. 3.9).
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Figure 3.9: The ratio, Ût, of the peak maximum tangential velocity, ⟨ut⟩, present in the
entire tornado to the peak circumferential average tangential velocity, ut, at ẑ ≈ (a) 0.00,
(b) 0.50, and (c) 1.00 plotted against time

The relationship was plotted as a time history for three representative heights, selected to

be close to the ratios found in the literature (see Table 3.3) but also constrained by the

smallest available ẑ in the present data (i.e., T1) so that there was a low, a middle, and

a high value. Therefore, a location as close to the ground level as possible was selected

first. Then, ẑ ≈ 0.5 represented a mid-height location and, finally, ẑ ≈ 1.0 represented a

far above the ground location. This final ratio approached the maximum height available

in T1 but was only approximately one-fifth of the way up the total tornadoes in T2 and T3,

however, this kept consistency amongst the datasets and allowed for comparison with all of

the desired literature referenced in Sect. 3.2.3. These ratios are used in all of the remaining

computations herein.

In general, Ût was larger for T1 than the other two datasets at around 1.75. The Ût value
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for T2 was less consistent but was aligned closely with T3 at approximately 1.25. Given

that the results were similar for each selected height, the variation with height was also

explored in Fig. 3.10.
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Figure 3.10: Time averaged statistics of the ratio of the peak maximum tangential velocity
present in the entire tornado to the peak circumferential average tangential velocity over all
heights

The tangential velocity ratio was computed as a time-averaged value for each case with a

single standard deviation from the mean in both directions (as demonstrated in the previ-

ously discussed figures). Again, this resulted in a clear difference between T1 and the other

tornadoes. T1 was approximately constant with a ratio of 1.65 ± 0.15. T2 and T3 demon-

strated a gradual growth with height but the former had slightly more spread, with a value

of around 1.40±0.25, whereas the latter was around 1.40±0.10. The median is also shown

and was consistently slightly lower than the mean value, although, in all cases, it was only

less by 0.25 to 0.50. It should be expected that this would be the case as the large velocities

further away from the core radius occupy less of the circumference number of points at that

radius, nr, increases and thus causes more skew to the distribution.
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It can be observed that, for the two weaker tornadoes, if one were to approximate their

peak instantaneous velocity based on the peak average, using a ratio of around 1.40 would

be reasonable. For T1, a higher rated tornado for most of its lifespan, a ratio of 1.65

would be more appropriate. Although more data should be analysed before making any

definitive statements about general relationships based on tornado EF rating, the present

analysis method could be adopted in future studies and, perhaps, a consistent trend will

emerge.

Following this analysis and discussion of the temporal distribution of instantaneous to av-

erage velocities, the spatial-peak factor was computed next (see Fig. 3.11).
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T3 (ẑ = 0.05)

(a)



Chapter 3 – Quantifying the Asymmetry in Tornado Vortex Wind-Fields. . . 97

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
0

1

2

3

4

5

6

7

8

Time, t′ [s]

Sp
at

ia
lP

ea
k

Fa
ct

or
,κ

(r
c)
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Figure 3.11: The variation of the spatial peak factor, κ, (see Eq. 3.15) with time at ẑ ≈ (a)
0.00, (b) 0.50, and (c) 1.00
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Although there was a great deal of fluctuation in κ for T2 and T3 over their short lifespans,

it was observed that the values for all three tornadoes centred on approximately 1.75–2.00.

The different heights selected did not significantly modify this result. This was further

corroborated when, again, the relationship of the variation of these values was taken with

respect to height by temporally averaging the data (Fig. 3.12).
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ẑ

(κ ± σ)T1

(κ ± σ)T2

(κ ± σ)T3

Median(κ)T1

Median(κ)T2

Median(κ)T3

Figure 3.12: Time averaged statistics of the spatial peak factor over all heights

The value of κwas observed to have a temporal mean of approximately 1.75 with a standard

deviation of 0.25 for all heights and for T2 and T3 the mean and variation were 2.00 ± 0.75

near the ground and approximately 1.90± 0.50 at their maximum heights. The median line

is also shown for each case, and as was found previously for the velocity ratio, it appeared

just below the mean by no more than 0.25. The minimal distance between the mean and

the median occur just as in the previous case, large velocity values that are outliers on a

given radius.

In a conventional tornado-like vortex analysis study, the value here would be zero since the

maximum velocity and the peak averaged velocity would be identical. In this case, it is
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clear that the averaged value is consistently less than the peak.

To better understand the dynamics of the tornado and how the fluctuations might be related

to the larger scale motions, a potential timescale for each tornado was computed and the

result can be seen for the representative height layers of each dataset in Fig. 3.13.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
0

5

10

15

20

25

30

35

40

45

Time, t′ [s]

Ti
m

es
ca

le
,τ

[s
]
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Figure 3.13: A visualisation of the change over time of the defined timescale, τ, at ẑ = (a)
0.00, (b) 0.50, and (c) 1.00
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The values fluctuated in each case but were consistent for the most part, with a value of

around 20.0, 7.5, and 15.0 s in T1, T2, and T3, respectively. T2 demonstrated a large fluc-

tuation near the beginning of the window of analysis, but only for the second and third

representative heights. In Ward [43], a “bulging” of the core radius was observed to move

upwards through the tornado before dissipation. However, this outlier was likely caused by

the wind-speed dominance of another vortex in the vicinity of the tornado at that particular

timestep. The detection and elimination of such outliers was not possible with the currently

employed definition for a tornado vortex and detection methodology and as such can result

in the overestimation of the spread of τ. Therefore, the reader is advised to take caution in

this result that defines the timescale of T2. Considering the time average of these quantities

at each height mitigated the effects of these outliers on the results (Fig. 3.14).
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Figure 3.14: Time averaged statistics of a timescale computed for each height of each
tornado dataset

T1 and T3 demonstrated relatively uniform spreads of τ values for all layers, with a slight

increase with height. Overall, T1 had a mean value with 1 standard deviation of variation
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of approximately 20.0 ± 5.0 s and T3 was around 15.0 ± 5.0 s up to 20.0 ± 7.5 s. The

median in each case was very close to the mean value in each case. This indicates an even

distribution of core radii about the mean value. T2, however, had a mean value of 7.5–15

s with a standard deviation of 2.5–12.5 s. The median value was also skewed lower than

the mean, likely still an artefact of the detection process with regards to one (or more)

vortices interacting. In general, these values provided an indication of a timescale that

was associated with the mean vortex motion. These values act as the upper limit for the

subsequent turbulence computations with regards to selecting the value of the temporal

smoothing window index size, nw.

The first part of the turbulence analysis considers the TKE for the data over the three time-

blocks, tb = 1.0, 2.5, and 5.0 minutes, as described in Sect. 3.2.7, for the three representa-

tive heights, ẑ ≈ 0.0, 0.5, and 1.0, and radii r̂ ≈ 0.33, 1.00, and 3.00 (see the schematic in

Fig. 3.1 for a similar example). There was some variation in the exact ẑ and r̂ as dictated

by the grid spacing and the fluctuation of rc in time and over height, so a mean value for

rc was computed at each timestep so that each positional ratio was only a function of time.

Much higher radii might have been chosen, however, by limiting the range of radii it was

ensured that all datasets could be compared for the entire time series. Additionally, these

radii represent three distinct regions of the tornadoes: within the core radius, on the core

radius, and beyond the core radius. Selecting locations at greater distances from the vortex

centre, especially for T2 and T3 would only result in observing the effects of the other vor-

tices or atmospheric phenomena present in the domain. The aforementioned ẑ and r̂ ratios

were duplicated for each of the main cardinal points about the tornado centre to provide in-

formation about the velocity fluctuations present all around the vortex. This meant that for

each point, there were 42, 132, and 282 timesteps available for analysis of T1 and 202, 652,

and 1402 for the other two datasets in each of the time-blocks, tb. Although it would have

been better to quantify these turbulence results with an uncertainty, there were many factors

present in the construction of these data. As such, only a relative uncertainty can be deter-
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mined at this time, such that the average values presented here should decrease and steadily

approach the true average value as a function of the inverse square root of the number of

samples [81]. Furthermore, the statistical accuracy of these computations was limited by

the short duration of the tornadoes (e.g., approximately 5 mins). More significant statistics

would be obtained for longer events (e.g., of the order of 60 mins)4.

The analysis of TKE and TI was taken with respect to all of the velocity components be-

cause, firstly, the velocity residual, ui − (ui)tb , was found to be approximately equal across

each of the components and with position relative to the centre of the vortex. Examining

the RMS and the variance of these residuals was important for determining the total energy

of the fluctuations filtered out by the time-block analyses and how much of the low fre-

quency fluctuations were being removed in the windowing process of size nw s. The RMS

and variance of the radial velocity residual were often much larger with increasing radius

but did not noticeably change with height. The tangential velocity residual was consistent

in the two inner radii but much smaller further away from the vortex centre. Furthermore,

it decreased significantly at the uppermost height in comparison to the ground level. The

vertical velocity residual was smaller at the ground level and much greater higher up and

also largest inside the core radius. The variance, as a proxy for the total kinetic energy con-

tained in each of the velocity components, was found to be marginally lower in the vertical

velocity but this could have been an artefact of limiting the analyses to ẑ ≤ 1.0, given that

the vertical velocity fluctuations tend towards zero as the ground is approached.

The residuals of the signal were between 25 and 75% of the total kinetic energy across

all of the positions and components, although it was usually around 50% and, even when

including the windowed signal, 5–10% of the raw signal energy was missing. This was

considered to be a reasonable level of error, but it should be further investigated in the fu-

ture. Even so, the analyses of TKE and TI were computed for this section with all velocity

4tb = 5 mins was the entire time range of valid data for T2 and T3 so there was no range to display
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components together as any inconsistency across components and positions was nearly neg-

ligible. Therefore, the TKE and TI of the overall velocity component residual fluctuations

for times smaller than τ.

Once nw was more than approximately τ = 20 s all of the various velocity signal quantities

were observed to no longer be coupled to the size of the window, in agreement with the

timescale analyses, and thus this value was used to temporally smooth all of the subsequent

analyses. The results of not performing this windowing for each of the following three

analyses can be found in Appendix C.

Before computing the TKE and TI values, it was desired to understand the relative ratios

of grid-scale and SGS TKE to the total TKE (Fig. 3.15). It is important to note that T1 is

excluded because there were no SGS data and as such had only grid-scale data. Further, for

ẑ1 the SGS TKE were, due to limitations of the parent simulation model near the ground

surface, essentially negligible. Focusing then on ẑ2 and ẑ3, it is clear that the proportion

of SGS TKE in the total TKE decreased with an increasing time-block length and radial

location. The proportion of SGS TKE was also generally larger for T2 than for T3. Overall,

it can be seen that the SGS TKE made up approximately 10–30% of the total TKE with

most of the values around 20%. The SGS TKE never made up more than 40% of the total

TKE and this is to be expected given that, for the tornadoes analysed, rc is of the order

of 100 m (giving a diameter of 200 m) so that grid-scale TKE is computed for motions

of 10–200 m in scale and the SGS TKE captured the remaining motions below 10 m in

scale.
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Figure 3.15: Temporally smoothed grid-scale and SGS TKE as a proportion of the total
TKE averaged over different time-block lengths and shown at various vertical and radial
locations surrounding the vortex at (a) north, (b) east, (c) south, and (d) west of the tornado
centre

This is much more convenient to refer to when comparing between tornadoes as compared

to contour plot slices such as in Lewellen et al.’s (1997) work [82]. In which a ratio of

the SGS to grid-scale TKE is of the order of 10%, a comparable value to what was found

here. The total TKE normalized by the temporal mean of the tangential velocity at all of

the same locations were then computed with the results shown in Fig. 3.15.
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Figure 3.16: Temporally smoothed statistics of the normalized total TKE, k̂T, averaged over
different time-block lengths and shown at various vertical and radial locations surrounding
the vortex at (a) north, (b) east, (c) south, and (d) west of the tornado centre

The radial and vertical velocity components may also be used in the normalization of these

values and this may assist in reducing the outliers to a more reasonable quantity. That is

because, here, the tangential velocity component was significantly lower than the radial and

vertical components further away from the core and higher off of the ground. Since this is-

sue was mostly limited to T1, it was decided to proceed with just using ut as the normalizing

quantity as the other two datasets were the focus of the turbulence analysis.

The TKE was lowest at r̂2, but the other two radial locations appear to be mostly equivalent.

However, the values at r̂1 did not vary much with the Cardinal location whereas those at
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r̂3 did. In particular, T1 was extremely large north of the vortex, but this was an artifact of

the tornado motion relative to the ground resulting in very small ut values there. That is

not to say that the asymmetry of the vortex should not be relevant, but that for the analysis

these small-scale fluctuations it is not decidedly critical to understanding the TKE. The

normalized total TKE for T1 was, on average, approximately 0.05 and up to 0.20, with the

exception of the r̂3 north of the vortex. Caution should be applied to analysing T1 here due

to the missing SGS data but also the larger grid-scale size of 30 m in comparison to the

other two datasets at 10 m. This means that the motions under 30 m remain unaccounted

for and should then be more significant than for the other two datasets. For T2 and T3,

this value was more consistent, with an average of between 0.05 and 0.25 and no extreme

larger than 0.70. The total TKE was usually highest for tb = 1.0 min and lowest for

5.0 min, as one might expect since the fluctuations get smoothed out. Additionally, k̂T

demonstrated moderate growth with height, but this is again a result of the decrease of ut

relative to the other components with height. Though challenging to read an exact value

that was comparable to the results here, in Lewellen et al (1997) an approximate total

TKE normalized by an average ut was determined to be between 0.10 and 0.30, which

agrees with the values found in this work reasonably well [82]. Finishing the analysis

of these turbulent fluctuation quantities, the TI was then computed and can be seen in

Fig. 3.17.
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Figure 3.17: Temporally-smoothed statistics of the TI across different time-block lengths
and positions, vertically and radially, surrounding the vortex at (a) north, (b) east, (c) south,
and (d) west of the tornado centre

As was seen for the normalized total TKE, there were several instances of T1 exceeding

a reasonable value and thus these values were clipped and are indicated by a text-box

instead. The values in each tornado are mostly equal for each position and time-block

length, however, there was a slight but clear decrease in TI at r̂2. The difference in values

between r̂1 and r̂3 were small but in some cases one was larger than the other and in others

the opposite was true without any clear pattern indicating the cause. There was also no

clear dependence of TI on height or the Cardinal location. Similarly to the TKE, perhaps

the TI can be taken to be axisymmetric but the results here are not sufficient to conclude
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this for all tornadoes. In general, the TI could be said to be of the order of 5–15% for

T1 (with the exception of the r̂3 cases north of the vortex), 15–20% for T2 (although most

values appear to be clustered closer to 20%), and 10–25% for T3.

Finally, by analysing the velocity from the ground at a fixed location in time (in motion

relative to the tornadoes), a vertical profile was produced for all times in which the towers

remained within the available domain. The velocities were smoothed by the same window-

ing parameter, nw, that was found for each tornado previously (Fig. 3.18).
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Figure 3.18: Horizontal velocity magnitude from sensors on a hypothetical tower at
r(t′1/2, zi = 1) = rc

For clarity, only the timestep, t = t′1/2, is shown and not the spread of values. There was

little consistency to be found in any of the cases and the velocity near to the ground did

not approach zero, in part due to the free-slip condition imposed on the ground boundary.

However, T2 and T3 did, for the most part, have lower velocity values closer to the ground

than T1. In all three cases, it could be approximately determined that the velocity was

increasing with height, except for the point positioned to the West in T1 that appeared to
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display the opposite trend and decreased with height. Additionally, it was clear that the

horizontal velocity vector magnitude about the centre of the vortex was not symmetric and

a direct cause of the lack of consistency between towers as well as through time. The

change in time would be caused by the approach and retreat of each tower relative to the

vortex centre. Furthermore, this type of analysis is complicated by the inability at the

moment to filter out any other vortices that may be present in the wind-field. The change

in the velocity with the vertical position indicates that, in general, the vortices had higher

velocities on the south and east sides of the circumference and so must be moving to the

northeast. Furthermore, the horizontal layers of the vortex were moving more rapidly from

the adjacent layers below once above 100–200 m from the ground.

3.4 Conclusions

This chapter demonstrates that, in wind-engineering, if the realistic characteristics of me-

teorologically accurate simulated tornadoes are neglected, this leads to potential dangerous

fluctuations in the tangential wind profile being neglected. Analysis of three tornadoes

spawned from spatially and temporally highly-resolved, supercell thunderstorm simula-

tions demonstrated that, for these EF 2–3 tornadic events, a peak gust wind velocity of 1.75

times the conventional peak circumferential average tangential velocity is entirely possi-

ble and can be consistently maintained throughout the tornado lifetime. Additionally, such

strong gusts can also be expected to occur outside of the edge of the tornado core, indicat-

ing that the region of damaging winds could be 125% of that distance or further. However,

more work is needed to separate out the effects of surrounding vortices in the datasets used

in this work, especially the more complex T2 and T3 tornadoes. The spatial-peak factor,

conventionally a value of 0, was shown to reach beyond 2 and often up to 3 so that, for any

given time within a tornado, there is a wide spread of velocities found above and below the

average value.
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Equipped with the knowledge that there is a spatial fluctuation to be expected within a

tornado, it is also important to understand how it may fluctuate in time. In this study it was

found that, using a timescale for the mean tornado motion, the tornado core grows with

height. The value for this timescale, τ, was between 10–20 seconds across the three datasets

and was used to filter larger-scale fluctuations from the data; leaving behind only the higher

frequencies for turbulent analysis. The filtering meant that approximately 50% of the total

energy fluctuations were attributed to residual value of the velocity components. After these

checks to validate the window sizing, a spread of the average TKE (when normalized by the

square of the tangential velocity) of between approximately 0.05 and 0.25 with an average

TI (similarly normalized) of 10 to 25% across all of the tornadoes was observed. These

values do not display much variation around the vortex core but including a range for even

a small amount may be critical in understanding complex tornadoes. It would be, however,

prudent to obtain longer time series for these types of analyses (where possible) or more

datasets to compare against to improve the statistical uncertainty of these results. Then,

a confidence interval may be provided rather than a simple range of values. Finally, an

analysis of the velocity profile with height was performed. This analysis was limited by the

constant grid spacing that, although is very highly spatially resolved for a meteorological

simulation, was insufficient to make any conclusions about near the ground level region.

The profile in each case did not demonstrate the tornado horizontal velocity approaching

zero as z → 0. However, it was clear that the horizontal velocity magnitude did vary

significantly with height, and tended to increase from ground to the domain limit by as

much as 200%. Therefore, it should be expected that the tornadoes are tilting significantly

after about 100–200 m above the ground, as is observed in nature.

In conclusion, tornadoes, as analysed presently in wind-engineering, are artificially pre-

vented from demonstrating significant asymmetry in the horizontal vortex profile. Careful

analyses developed in this study show the extent of the deviations of gusting winds from the

average profile and also significant tilting from the vertical axis. Further work is required
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to understand the impact of the ground boundary conditions on the velocity magnitude as

height approaches zero. However, this study sets the groundwork for future analysis of

the spatial and temporal fluctuations present in the current research. This is true even for

artificially symmetric and constrained tornadoes, which should not simply be temporally

and spatially averaged.
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Chapter 4

4 Concluding Remarks

The methods developed in the previous chapters attempt to use remarkably well-resolved

tornado simulation data to understand the extent and significance of tornado asymmetry

that would not have been captured by conventional analysis techniques. In the following

sections, the thesis is concluded with a summary of the major findings, their impact on the

field of tornado and tornado-like vortex research, and suggestions for the direction of future

research.

4.1 Summary and Conclusions

This thesis introduces new methods to account for the complexity of real-life tornadoes.

Wind-field data from three different supercell thunderstorm simulations were used in this

work. These simulations are full-scale meteorological studies that cover domains span-

ning tens of kilometres in all directions with the right conditions for natural formation of

tornado vortices. This differs from traditional wind-engineering tornado-like vortex simu-

lation where the domain artificially imposes the formation conditions of the vortex, gener-

ating an axisymmetric rotation. Results of such simulations neglect any movement of the

position of the vortex or fluctuations in the velocity profiles.

It is not necessarily the case that a physical TVC can produce an entire supercell thun-

derstorm or a numerical modeller can get access a machine capable of generating such

highly resolved yet large-scale data. Therefore, this work presents improved methods for

analysing tornado-like vortices that follow the conventional averaging processes so that

comparisons to previous work are not lost, but which additionally capture any realistic vor-

tex characteristics from the raw data that are still present in the simplified models. There-

fore, in cases where asymmetry, wandering, and tilting were observed (either intentionally
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or by chance), these characteristics may be retained in the data, contributing to a desired

level of statistical confidence in the averaged values that are currently generated in the

literature.

Before investigating the asymmetric characteristics of the tornado data used in this thesis, it

was necessary to fix the analyses to a coordinate system common to all tornado-like vortex

studies. Typically, the variables in tornado-like vortex data are discussed on the radial axis,

r, with the centre of the cylindrical coordinates at the centre position of the vortex. This

position is almost always defined such that its horizontal velocity is zero, in theory. In

practice, it is often approximated or assumed to be at a convenient location. In the data

used in this thesis, the tornadoes were approximately followed by a sub-domain and as

such were not fixed to any specific location. Additionally, the vortices’ axial profile shifted

and morphed significantly through time. To the best of the author’s knowledge, no readily

applicable solutions that could reliably and rapidly narrow in on a point location for the

centreline. As a result, a novel vortex centre finding algorithm that is robust to asymmetric

deviations about the centre axis was developed to ensure a consistent and reliable point was

located.

The developed solution for tracking tornado centres through space and time permitted the

conversion of the points surrounding the centre into a cylindrical coordinate domain. The

variation of the centreline with height was handled by considering the horizontal planes as

distinct from one another, rather than sliding them upon an artificial vertical axis. Velocity

profiles could then be constructed on the radial line from the centre by averaging around

each circumference at select heights and timesteps. This provided a basis for the proposed

methods and a set of curves that could demonstrate the spatiotemporal variation of velocity

about the averaged profiles. Furthermore, novel scaling factors for the excess wind above

the peak of the averaged profile, the spatial variation of wind from the averaged circumfer-

ence, and the duration of revolution about the vertical axis were also presented. These can
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be applied to any dataset, as long as the raw signal can be accessed, to determine how close

or far from axisymmetry a given vortex is.

Finally, a timescale for the mean tornado motion was developed and allowed for the analy-

sis of the turbulent fluctuations present in the tornado data by providing the minimum cut-

off for a time window of analysis. This allowed the computation of the turbulent kinetic

energy, the turbulent intensity, and the vertical wind speed profile in a smoothed time win-

dow for 36 representative locations about the tornado centre. These findings demonstrate

the proportion of total energy contribution to the tornado vortex by the higher frequency

fluctuations and also how that varies by the position about the vortex.

4.1.1 Tracking the Centre of Asymmetric Vortices

Many algorithms and methods for detecting vortices from the literature were considered

and a few select ones were applied to the tornado data used in this research. Whilst they

were all able to identify a region or point(s) that could be further refined to a definite cen-

tre point, they were unable to either provide a single point or do so in a computationally

efficient time frame with minimal user input. The methods requiring the least user input

were those that detect the region containing a vortex, which were useful in highlighting all

vortices and, in one case, were able to run faster than the proposed method (approximately

50% faster). However, the region highlighted was large in one case spanning more than

eight grid points in either direction and often highlighted more than one region requiring

either user intervention, which would make it unsuitable for large datasets or additional

steps to refine the highlighted regions, thus losing computational efficiency. Of the region-

detecting methods, only one could detect a single region in the vortex of greatest interest,

but nearly 10000 times slower than the proposed method. Existing point detection meth-

ods suffered similar drawbacks to the region-detecting methods: too imprecise, requiring

excessive user intervention, or too time-consuming. These methods also usually provided

more than one point, requiring additional steps to reduce these points to a single location.
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Only one of the tested methods could identify a single point but would do so only at in-

dexed locations rather than the exact interpolated position desired. This method was the

basis of the method presented in this thesis.

The proposed algorithm can accurately detect the strongest available vortex at a given

timestep for a single horizontal layer of tornado data and suggest a position between the

grid points that is likely the location of zero horizontal velocity. Additionally, the algo-

rithm is fast enough to be applied to datasets with high spatial and temporal resolution and

of extensive size and duration. This point location allows for the subsequent analyses of

the data with respect to a single consistent point.

It should be noted that the algorithm was developed with the lower resolution tornado

dataset, T1, which posed less of a challenge than the subsequent datasets (which had not

yet been produced at the time of the research). These latter tornadoes were in a much

more transient domain full of other vortices near to the main one and were occasionally

even larger or more powerful. Thus, additional work is required to better separate out a

vortex from its surroundings and keep track of multiple vortices at once. The solution

applied to T2 and T3 was to only run the algorithm for a representative timestep, where

the main vortex clearly stood out, return the starting time, t, of each dataset, and provide

a “seed” location to bias the search and then prevent continual recalculation of the centre

location from the entire horizontal plane. This was only required for the first timestep.

This solution is only temporary, however, as it reduces the robustness and utility of the

searching algorithm. Future research should focus on defining a more efficient solution to

further refine the algorithm.

4.1.2 Quantifying the Asymmetry in Tornado Vortex Wind-Fields

A detailed review of the available methods to generate tornado-like vortices is provided.

This background demonstrates the lack of attention to analysing beyond the spatially and
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temporally averaged tangential velocity profiles. Of the analytical models, at most height is

considered, but an azimuthal dependence is not incorporated. TVC and CFD tornado-like

vortices demonstrated similar limitations, with most studies unable to or opting to neglect

and remove the effects of asymmetry in their results. To compare the present tornado data

as analysed with conventional methods versus those proposed, key parameters consistent

with those in the published literature were computed. This involved calculating the range

of the ratio of vertical and radial to the size of the core radius, rc, available in each of

the datasets as well as the approximate S values. Though these do not guarantee an exact

match across datasets, they provide a physical non-arbitrary basis for data selection. The

S , ẑ, and r̂ were approximated from the present data and in all of the reviewed literature

(when possible with the available data). Since rc varied both in time and with height, rc was

simplified by taking the mean value from ground level to the top of the domains at each

timestep. All of the associated computations were performed for each timestep so that the

temporal dependence was not lost.

Next, data from the literature were matched as closely as possible to the present data and a

plot of the radial dependence of the normalized tangential velocity as generated. There was

close agreement between each tornado dataset and at least one of the reference datasets.

However, this is expected to some degree and only intended as a means of demonstrating

that the current data do not substantially deviate from the previous literature. The variation

about the averaged profile was then demonstrated. Selecting a sample in time in the middle

of the most active period of each tornado revealed gusts of 1.75 times the conventionally

averaged profile peak. Furthermore, these gusts occurred outside of the core radius, in some

cases up to 25% further away. It is, however, possible that some of these results could be

partially explained by external vortices present in the datasets that the current algorithm

could not account for, particularly T2 and T3, but it does highlight the potential risk of

simplifying the tornado vortex velocity profiles down to just an averaged value.
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To analyze the potential high frequency fluctuations of the velocity in the wind-field, a

timescale to attempt to classify the cut-off for longer-scale fluctuation was defined. This is

defined by τ, a timescale to describe the mean tornado motion. τ was between 10 and 20 s

for all three datasets. This was used as reference to find an appropriate value for a window

size, nw, for smoothing the signal data for the turbulence analyses. Testing different values

of nw until the results stabilized revealed that the high frequency fluctuations occurred in

under approximately less than τ s so nw = τ s was used for smoothing the velocity val-

ues. After this filtering process, approximately 50% of the total energy remained so the

remaining 50% had to be from the lower frequency motions in the tornado. The TKE was,

on average, 0.05–0.25, when normalized by the square of the tangential velocity, across

36 representative points spread out and fixed in space relative to the tornado vortex centre.

Similarly, the normalized TI was between 10 and 25% across all tornadoes. A caveat of

these results is that they are averaged across very few time blocks because only about 5

minutes of usable data were available for T2 and T3. Thus, it would be desirable to acquire

data from longer-lasting tornadoes, however, this is not necessarily possible and analysing

more tornado vortices would be preferable to forcing vortices to stay coherent.

Finally, to simulate the effect of the tornado passing in close proximity to a structure, a

set of four hypothetical towers were placed at the cardinal points about the vortex centre

such that at the halfway mark in the time series, t′1/2, they were on the circumference of the

core radius. These “probe towers” were set to detect the horizontal velocity, a sum of the

average of each of the horizontal velocity components, at each height. Velocity increased

with height, and significantly so, up to double the ground velocity, once at the top of the

tower. This demonstrates that a significant amount of tilting must be present in the vortex

once more than 100–200 m off of the ground, as was found in the literature. However, this

analysis also revealed a weakness in the resolution properties of the present simulations;

having isogrid spacing means that the near-ground resolution is too low to adequately ob-

serve the boundary effects. However, for tornadoes to form in the supercell thunderstorm
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simulations, it was necessary to use free-slip boundary conditions, as was consistently seen

in full-scale tornado models in the literature. Therefore, instead of approaching zero at

the ground, the velocities in all three cases remained more than 15 m·s−1. Higher resolu-

tions in future simulations for close to the ground boundary will be required to validate the

present probe analysis, but the method itself is useful in displaying tilting, translation, and

asymmetry of the vortex velocity profile.

4.2 Contributions

This thesis contributes understanding to our scientific knowledge in the following ways:

a) Detailed reviews of previous tornado-related literature including field research and

simulations, have been presented, highlighting the deficiencies in acknowledgement

of asymmetry present in the tornado vortex cross-sectional profile,

b) A novel algorithm for generating the true centreline of a tornado vortex, even for

highly asymmetric cases, has been developed and proven to adequately satisfy the

deficiencies of pre-existing methods. This allows for a consistent definition of the

centre position that can be applied generally to any tornado dataset with isometric

grid spacing and executed with a high degree of computational efficiency, and

c) A detailed set of methods to quantify the asymmetry of a tornado vortex have been

laid out. This complements existing literature by providing two different methods to

scale existing data, should the raw data without spatial averaging exist, with the Ût

and κ ratios. These ratios demonstrate how the tornado vortex can vary in space and

therefore should be used to give a range of expected velocities for a given tornado

rating for use in wind-loading experiments. A timescale is also suggested to help

separate the larger-scale fluctuations of the tornado motion from its turbulent fluctu-

ations. This was used to classify the turbulence in the TKE and TI computations. It
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was found that, for these data, there is a large amount of fluctuation energy in the

higher frequency motions at a given point in time; however, further analyses of dif-

ferent data should be performed to determine if this finding can be replicated. The

probe tower analysis allows for the subsequent analysis of a building or other infras-

tructure in the path of a tornado and, because of the availability of the large dataset,

permits analysis of the ABL profile as the tornado passes in close proximity when

permitting asymmetry. The resulting data demonstrate the tilting presence of the vor-

tex and the clear presence of the spatial deviation about a given circumference of the

tornado. This indicates a clear need to account for the velocity fluctuations about

the average velocity because of the inherent excess damage the additional associated

wind-loading could pose to infrastructure.

4.3 Recommendations for Future Work

Through the research process, the following recommendations for potential future work

have arisen:

a) The tracking of an asymmetric vortex in a complex wind-field is possible with the

proposed method but it is not exhaustive and requires further refinement to properly

account for multiple vortices of varying strengths throughout their lifetimes in close

proximity to one another. This would require perhaps using weighting of the identi-

fied centre locations by their distance to the previous timestep or height and continual

tracking of all vortices at all timesteps, keeping the tracked locations as distinct as

possible. A complication to this is that often, two or more tornadoes will coalesce to

form one large vortex. Thus, more rigorous definitions for what constitutes a single

vortex versus a vortex made up of multiple smaller vortices during such a transition

is also required,

b) Additional development of all of the asymmetry analyses presented here, particu-
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larly the turbulence ones, to build statistical confidence with a large sample size is

required. This would permit development of guidelines for tornadoes of a given EF

intensity and an understanding of what range of wind speeds or other fluctuations

either side of an average could be expected, and

c) The ability to precisely track the centre of a tornado vortex produced even in full-

scale simulations permits the placement of a theoretical boundary far from the event

and the measurement of various parameters, such as the velocity vector around the

entire surface (including the top of the domain) and comparison to conventional ex-

perimental and numerical TVC studies. Furthermore, this could be applied in reverse

where the same parameters are applied at the same theoretical boundary to determine

if it is possible to generate a valid vortex reminiscent of the original tornado.
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Appendices

A Summary of Processing Algorithm

The centre of a vortex may be tracked with the proposed method by performing the fol-

lowing series of calculations on a two-dimensional, horizontal slice of data from a tornado

dataset. Here, each layer is analyzed without consideration of the layers above or below

(Fig. 2.6a). If not already available in the dataset, the vorticity, ω, is computed for the

two-dimensional plane:

ω = ∇ × u =
(
∂uz

∂y
−
∂uy

∂z

)
î +

(
∂ux

∂z
−
∂uz

∂x

)
ĵ +

(
∂uy

∂x
−
∂ux

∂y

)
k̂ (A.1)

where u = ux î + uyĵ + uzk̂ is the wind-field velocity vector where ux, uy, and uz are the

wind speeds in the x, y, and z directions, respectively, but only the k̂ remains. Then, to

ensure that the analysis does not proceed with too many datapoints for each step, a scale is

determined based on the resolution and dimensions of the dataset using

ns =

min
∣∣∣nx, ny

∣∣∣
c

 (A.2)

where ns is the scaling-factor (rounded to the nearest integer) based on the size of the

dataset, nx is the number of points in x, ny is the number of points in y, and c is the scaling

parameter (see Appendix B).

The first ns largest curl points (Fig. 2.6b),
[
xc, yc

]
, are spatially averaged using

⟨xc⟩ =

∑ns
i=1 xc,i

ns

⟨yc⟩ =

∑ns
i=1 yc,i

ns
.

(A.3)

The standard deviation, σ, of these locations, in x and y, respectively, is calculated us-
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ing

σx =


√∑ns

i=1
(
xc,i −

〈
xci

〉)2

ns − 1


σy =


√∑ns

i=1
(
yc,i −

〈
yci

〉)2

ns − 1

 .
(A.4)

The values are rounded up to accommodate that the data locations are not continuous and

also to take a more conservative selection approach.

Then a desired number of standard deviations, ϕ, from the averaged position is selected

such that all of the maximum curl locations outside of the bounds of the ellipse, drawn by

the following curve, are excluded:

(
xc,i − ⟨xc⟩

)2

σ2
x

+

(
yc,i − ⟨yc⟩

)2

σ2
y

≤ ϕ. (A.5)

The remaining number of positions, N, will be used as the starting point of lines drawn

perpendicular to the vector direction of the datapoint at each location (Fig. 2.6c). The

location of each intersection,
[
xt, yt

]
, between each line is computed using

xint =
b j − bi

mi − m j

yint =
m jbi − mib j

m j − mi

(A.6)

where b is the y-intercept of the lines with the domain ordinate, m is the slope of the lines,

and i and j are referring to the indexing of each line being compared such that i varies from

1 to N − 1 and j from i + 1 to N (Fig. 2.6d). The definition of N is modified to encompass

only the intersections that are located within the domain range. The location of
[
⟨xt⟩ , ⟨yt⟩

]
is then computed using

⟨xint⟩ =

∑N
i=1 xt,i

N

⟨yint⟩ =

∑N
i=1 yt,i

N
.

(A.7)
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The standard deviation, σ, of these locations, in x and y, respectively, is calculated us-

ing

σxint =


√∑ns

i=1
(
xt,i −

〈
xinti

〉)2

N − 1


σyint =


√∑ns

i=1
(
yt,i −

〈
yinti

〉)2

N − 1

 .
(A.8)

Then, a desired number of standard deviations, ϕ (its value may differ from that previously

used), from the averaged position is selected such that all of the intersections outside of the

bounds of the ellipse, drawn by the following curve, are excluded:

(
xint,i − ⟨xint⟩

)2

σ2
xint

+

(
yint,i − ⟨yint⟩

)2

σ2
yint

≤ ϕ. (A.9)

From the remaining number of intersections, nI , an average location is computed us-

ing

⟨xI⟩ =

∑nI
i=1 xint,i

nI

⟨yI⟩ =

∑nI
i=1 yint,i

nI
.

(A.10)

This final location (Fig. 2.6e) should be a valid position and also sufficiently far from the

domain edge such that the subsequent centre search does not attempt to collect data from

outside of the domain. In the event that this does occur, the maximum z-vorticity or mini-

mum pressure location can be substituted in place of
[
⟨xI⟩ , ⟨yI⟩

]
.

The nearest indexed position to
[
⟨xI⟩ , ⟨yI⟩

]
is used as the centre of a grid of size c-by-c that

will be used to identify the tornado centre, defined where there is zero horizontal, storm-

relative velocity. The location of minimum velocity of these points is identified and, unless

it is actually the tornado centre, is then used as the centre of a new smaller grid of size

three–by–three. Each possible combination of loop pattern is identified so that there can be

four quadrants made up of four positions in the new grid, four quadrants of six positions

in the new grid, and a large loop around the outside of the new grid (see Fig. 2.7). The
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values of the signs of the vectors, sgn u, in each loop are summated so that only the loops

where this sum is equal to zero are noted as being the possible location of the tornado

centre:
n∑

i=1

sgn u = 0. (A.11)

The sum of the magnitude of the tangential velocity vector, ut, around each of these iden-

tified loops is calculated so that the one with the minimum |ut| sum is taken to be the one

with the tornado centre (Fig. 2.6f):

min
n∑

i=1

|ut|i. (A.12)

If the smaller grid is still too large, the above steps are applied iteratively until the grid

is sufficiently small. If there is no path successfully identified, then the above steps are

repeated but the previously identified minimum velocity vector is skipped. The number

of repetitions should be limited to a total of c. Should this still fail to yield a path, the

point used for the final averaged intersection location may be substituted as the tornado

centre.

The four corners of the loop found above are bilinearly interpolated for the position where

ux = 0 and uy = 0 (see Fig. A.1a), unless no path is found in which case this interpolation

step is omitted. These corner points are arranged such that x(1) = x(3), x(2) = x(4),

y(1) = y(2), and y(3) = y(4) and such that x(1) < x(2) and y(1) > y(3) (Fig. A.1b). The

process of the bilinear interpolation is given for the first step in finding the interpolation of

the x-position between points 1 and 2 by

x12 = x (1) +
[

0 − uy,1

uy,2 − uy,1

]
(x (2) − x (1)) (A.13)

and 3 and 4 by

x34 = x (3) +
[

0 − uy,3

uy,4 − uy,3

]
(x (4) − x (3)) (A.14)
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for zero velocity in the y-direction, and then the interpolation of the y-position between

points 1 and 3 by

y13 = y (1) +
[

0 − ux,1

ux,3 − ux,1

]
(y (3) − y (1)) (A.15)

and 2 and 4 by

y24 = y (2) +
[

0 − ux,2

ux,4 − ux,2

]
(y (4) − y (2)) (A.16)

for zero velocity in the x-direction (Fig. A.1c). Next, the velocities of these interpolated

points are calculated for use in the final interpolation of the position of zero tangential

velocity that identifies the centre of the tornado. The velocity in the x-direction between

points 1 and 2 is interpolated using

ux,12 = ux,1 +

[
x12 − x (1)

x (2) − x (1)

] (
ux,2 − ux,1

)
(A.17)

and 3 and 4 by

ux,34 = ux,3 +

[
x34 − x (3)

x (4) − x (3)

] (
ux,4 − ux,3

)
(A.18)

for zero velocity in the y-direction, and then the interpolation of the y-position between

points 1 and 3 by

uy,13 = uy,1 +

[
y13 − y (1)

y (2) − y (1)

] (
uy,2 − uy,1

)
(A.19)

and 2 and 4 by

uy,24 = uy,2 +

[
y24 − y (2)

y (4) − y (2)

] (
uy,4 − uy,2

)
. (A.20)

Hence, the x and y positions of zero tangential velocity between these calculated velocities

can be interpolated to identify the centre of the tornado (Fig. A.1e)

x = x12 +

[
0 − ux,12

ux,34 − ux,12

]
(x34 − x12)

y = y13 +

[
0 − uy,13

uy,24 − uy,13

]
(y24 − y13)

(A.21)
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which concludes the searching portion of the algorithm (Fig. A.1f).

1 2

y

x

3 4

uy,1

ux,1 uy,2ux,2

uy,4

ux,4uy,3
ux,3

y24y13

x12

x34

(a) (b) (c)

uy,24uy,13

ux,12

ux,34

u = [0, 0] [x, y]

(d) (e) (f)

Figure A.1: Finding the tornado centre using artificial data for illustrative purposes as an
example. (a) Schematic example of tornado dataset with vectors (shown as black arrows)
on an isotropic grid (shown as dashed lines), (b) vector components (x in purple and y in
blue), (c) location of zero velocity (between x components in purple and y components in
blue), (d) interpolated vector components, (e) location of zero horizontal velocity (shown
as red circle), and (f) tornado centre location
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B Comparison of Scale Factor, c

To test the effects of changing the number of points selected in the maximum curl identi-

fication process, c was varied from 1 to 10, as an integer only for simplicity, and, based

on trial-and-error, was found to be an appropriate range. Although the overall effect of

changing this value appears to be minimal, selecting an extreme value in this range will

quickly deteriorate the accuracy of the centre detection capabilities of the proposed method

and increase the chance of another smaller, less-defined vortex being included in the search

(see Table B.1).

c Value Number of Re-attempts Number of Failed
Attempts

Failure Rate (%)

1 19 268 20.60

2 11 65 5.00

3 5 14 1.00

4 5 1 0.08

5 5 1 0.08

6 3 1 0.08

7 4 1 0.08

8 4 1 0.08

9 5 3 0.23

10 6 4 0.31

Table B.1: Comparison of the number of times the program failed to find a loop about a
centre and/or interpolate for a centre using different c values

An optimum value of c = 6 was determined for the current data based on the least number

of errors and re-attempts, even though a non-integer value may be optimal. The paths

determined for each different c-value can be seen in Fig. B.1. Adjusting c appears to only

affect the searching algorithm negatively at either end of the range selected. This is because

it begins to either exclude so many points that almost none are left for the analysis or, at

the other extreme, include so many points that the selection criterion of maximum curl
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becomes meaningless. This scaling factor acts as a tool to eliminate the many data points

identified as having a high curl but that only represent partially formed or small vortices

and would otherwise skew the centre locating of the program. It should only need to be

adjusted once by the user for a given dataset before proceeding with further analyses.

The searches performed neglected the results of the search from each preceding timestep,

resulting in errors introduced by sweeping through the entire domain unnecessarily. Given

the high spatial and temporal resolution of the dataset used in this paper, the search domain

after the centre is successfully located the first time may be reduced to a very small region

and carried through to each subsequent timestep processed.
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Failed Centre
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t2 = 6300 s
↓

↑

t1 = 5000 s

Figure B.1: Comparing the mode of identified tornado centre points, found by varying c,
with the failed results of the different c values used. The data shown are taken relative to
the simulation domain for all timesteps at height z = 15 m a.g.l.
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C TKE and TI Analyses Without Temporal Smoothing

The temporal smoothing of data through use of a window size, nw, is neglected here and

instead the raw signal is only time-averaged over the given time-block length, tb. This is

presented as a point of comparison with the windowing and in general appeared to cause

an increase in the values computed over all of the analyses.

First, the ratio of the SGS TKE to the grid-scale TKE (Fig. C.1) showed a much lower

proportion of SGS to grid-scale for all locations and both tornadoes, an average change of

about 5–10% from the windowed quantities.

Figure C.1: Non-smoothed grid-scale and SGS TKE as a proportion of the total TKE av-
eraged over different time-block lengths and shown at various vertical and radial locations
surrounding the vortex at (a) north, (b) east, (c) south, and (d) west of the tornado centre
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The relative change in values was still such that there was less contribution of the SGS TKE

with an increase in tb and r̂. Just as for the windowed cases, there was more contribution

of SGS TKE for T2 than in T3, in general. Again, the reader must note that the ground

level SGS was nearly negligible but only as an artefact of the limitations in the parent

simulation at the ground boundary. Thus, looking at ẑ2 and ẑ3, the average SGS TKE

made up approximately 5–20% of the total TKE with a bias towards the lower side of that

range.

The total TKE without temporal window smoothing applied to it can be seen in Fig. C.2.

As explained previously, the k̂ for T1 does not include the SGS TKE and should be regarded

with caution, as described in the smoothed case results (see Sect. 3.3). It is clear that the

total TKE values were much larger than in the smoothed case, at all locations and for all

time-blocks. The values were seemingly slightly more dependent on the height than in

the smoothed case, but this depended on the Cardinal position. For example, the west and

east locations seem to show a growth of 0.10 from the first to last ẑ location for r̂1 for

T2 but the exact opposite for T3. Overall, the values appear to be, as for the smoothed

cases, much lower at r̂2 than otherwise. The extreme values appeared to be even more

extreme than before, so for a lower windowing value it would be prudent to take care in

the normalization process. The values for T1 were, on average, between 0.05 and 0.15.

For T2, this range was between 0.10 and 0.70 but with a bias towards the lower end of the

range. For T3, this range was between 0.10 and 0.50 with, again, a bias towards the lower

end.
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Figure C.2: Non-smoothed statistics of the normalized total TKE, k̂T, averaged over differ-
ent time-block lengths and shown at various vertical and radial locations surrounding the
vortex at (a) north, (b) east, (c) south, and (d) west of the tornado centre

Finally, the non-smoothed TI were plotted in Fig. C.3. Unlike for the TKE, the TI values

were only moderately in the non-smoothed case, usually within 5–10% of the Î value in

the smoothed case 1. Notable exceptions to that can be seen north of the vortex and for

r̂3 where, again, the normalization process seems to be particularly sensitive to the relative

decrease in ut in the velocity vector magnitude compared to the other components. Unlike

for the non-smoothed TKE, however, there seemed to be little change in TI with height for

any of the cases and, other than the outliers, no dependence on the Cardinal location either.

1Not relative to each other, but in terms of the TI quantity itself.
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Here, unlike in the smoothed case, there seemed to be much less drop in TI at r̂2 resulting

in fairly constant values no matter the radial or vertical position. On average, the TI for T1

was between 15 and 50%, for T2 between 20 and 35%, and for T3 between 15 and 30%.

With the latter two datasets having no TI value larger than 50% and in general tended to be

closer in value to the lower end of the ranges given.

Figure C.3: Non-smoothed statistics of the TI across different time-block lengths and posi-
tions, vertically and radially, surrounding the vortex at (a) north, (b) east, (c) south, and (d)
west of the tornado centre
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