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Doppler radar data corresponding to five tornado events are analyzed using the Ground-Based Velocity
Track Display method and the three-dimensional velocity field of nine volumetric samples is extracted.
These samples are selected to cover a range of wind speeds (between 36 m/s and 64 m/s) and vortex
structures representative of EFO to EF3 tornadoes in a first attempt to generate a tornado wind field data-
base. Tangential velocity profiles, swirl ratios and vortex structures, i.e. single-celled or two-celled vortex,
are determined for each of these volumetric samples.

Among the nine volumetric samples, two show single-celled characteristics, vortex breakdown bubble
is evident in one and four demonstrate two-celled vortex characteristics. The radial profiles of the tangen-
tial velocity are in good agreement with a modified Rankine vortex model. The variation of maximum
tangential velocities with height is very different when compared to the velocity variation in typical
atmospheric boundary layer flows. The swirl ratios of the tornado volumetric samples are computed
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using the flow rate through the updrafts and the maximum circulation in the flows.
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1. Introduction

The United States experiences an average of more than 1200
tornadoes per year which have resulted in around 1300 fatalities
and more than $24 billion damage in the previous 15 years [1].
The damage from tornado outbreaks in 2011 exceeded $10 billion,
representing the highest severe weather-related property damage
in a single year since 1980 [2]. The National Institute of Standards
and Technology (NIST) report [3] on the impacts of the 22 May
2011 EF5-rated Joplin, MO tornado details that a total of 553
non-residential and 7411 residential buildings were damaged to
some extent with about 43 percent of the residential buildings
being destroyed (i.e. damage classification of heavy/totaled or
demolished). Losses from damaged buildings in this tornado,
excluding damaged automobiles and other properties, totaled
about $1.78 billion. While many of the affected buildings did not
collapse, 84% of the total fatalities were building-related and 96%
of the deaths (155 out of 161) were caused by impact-related inju-
ries which means due to blunt force trauma.

Effectively designing tornado-resistant buildings and structures
requires a detailed knowledge of the nature of the wind threat
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including associated flow fields, intensity, translational path and
directional variability, geographical occurrence and statistics as
well as debris dynamics. Characterizing the complex structure of
tornado flows and simulating tornado vortices with flow character-
istics similar to natural tornadoes are the main steps in achieving
this long term goal. However, there are historical barriers: (i) the
shortage of full-scale velocity data, (ii) the unknown relationship
between actual and simulated tornadoes and (iii) the limited scale
of tornado simulators.

Collecting wind field data from tornadoes in nature has been
historically challenging. Technological developments of Doppler
radars (e.g. introduction of Doppler On Wheels (DOW) [4]) are
important recent advancements enabling full-scale tornado data
collection from a safe distance. However, until now the data anal-
ysis from these measurements was mainly focused on tornadoge-
nesis and individual events.

To ensure that experimentally or numerically simulated torna-
does have the same characteristics as field tornadoes, all the simil-
itude requirements must be satisfied. The complexity with tornado
simulations emanates from the swirl ratio (S) definition. This
important controlling parameter is defined based on the geometry
of a simulator and for that reason, the determination of the swirl
ratio for a field tornado is difficult/subjective as inlet and outlet
boundaries of a field tornado are not clearly detectable. Alterna-
tively, Hangan and Kim [5] suggested a practical approach towards
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properly scaling tornado vortices in laboratory which was further
developed and verified by Refan et al. [6].

Considering the reduced size of the simulators and therefore,
their small geometric scaling ratio, modeling buildings and struc-
tures and measuring the wind-induced loads has not been practi-
cal. However, the introduction of new wind facilities, such as the
WindEEE Dome at Western University, enables researchers to sim-
ulate tornado vortices in laboratory at a relatively large scale and
with flow characteristics similar to real tornadoes.

It is only recently that advanced techniques have emerged at
the level of field characterizations (mobile Doppler radars [4]),
mathematical modeling (Ground-Based Velocity Track Display
[7]) and experimental simulations (novel tornado simulators [8]
and lately developed scaling practices [6]). Herein we implement
some of these new techniques to characterize the flow structure
and velocity field of various tornado events. First, single-Doppler
radar data and the Ground-Based Velocity Track Display (GBVTD)
method [7] are used to extract the three-dimensional flow field
of nine volumetric samples (hereafter volumes) corresponding to
five tornado events. Next, the vertical structure of the tornadoes
revealed in these nine volumes are compared with simulated tor-
nado vortices. Tornado volumes are then ranked in an increasing
order of Enhanced Fujita Scale (EF-Scale) [9], determined based
on radar-measured maximum tangential velocity, to avoid the sub-
jectivity in tornado intensity ranking introduced by using damage
survey findings. At the end, the swirl ratio of each volume is esti-
mated using a new approach which is based on the flow field
and then is related to the EF-Scale. This analysis has the potential
to build a relationship between full-scale tornado events and phys-
ically or numerically simulated tornado-like vortices. The analyzed
data will serve as the beginning of what will eventually be a data-
base of full-scale tornado wind fields. This preliminary database
can be used by researchers focusing on experimental and numeri-
cal simulations of tornadic flows with the ultimate goal of studying
wind-loading effects on scaled models of buildings and structures.

2. Background

Physical [10-14] and numerical [15-18] simulations of
tornado-like flows have demonstrated variations in the vortex
intensity, structure and wind field, which are mainly governed by
the non-dimensional parameter known as the swirl ratio (S). The
swirl ratio can be defined as the ratio between the tangential
velocity (Viqn) at the edge of the updraft hole to the mean axial
velocity (V,) through the updraft opening: S=(1/2a)Visn/Vax-
Where a, namely the aspect ratio, is the ratio between the inflow
depth (h) and the updraft radius (rp). The terms inflow depth
(a.k.a. inflow height) and updraft hole originate from Ward-type
tornado simulators and are depicted in Fig. 1.

As shown in Fig. 2, variation of the swirl ratio results in various
tornado structures [19]. For very weak swirls, S < 0.2, the flow in
the boundary layer region separates (Fig.2a). By increasing the
angular momentum, a thin laminar swirling flow forms aloft while
the separated flow is forced to reattach to the surface (Fig. 2b). For
moderate swirls, 0.2 <S < 0.4, a turbulent vortex breakdown bub-
ble forms aloft and moves towards the surface as the swirl ratio
increases (Fig. 2c). At this transitional stage, the vortical flow con-
sists of a thin core close to the ground (supercritical zone) and a
turbulent two-celled flow aloft (subcritical zone). By further
increasing the swirl ratio, a downdraft develops along the center-
line and eventually the breakdown bubble touches the surface at
S~ 0.45 (Fig. 2d). For 0.8 <S < 1.4, a two-celled vortex with a cen-
tral downdraft impinging on the ground is observed (Fig. 2e). The
tornado vortex can split into two or more cells if the swirl increases
further (Fig. 2f). As explained by Hall [20,21], a key feature of
quasi-cylindrical vortices is to develop an adverse axial pressure
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Fig. 1. Schematic drawing of a typical Ward-type tornado simualtor.

gradient which is related to the radial expansion of the turbulent
core aloft. As a result, the updraft decelerates at the centerline
and maximum vertical velocities relocate to an annular ring sur-
rounding the vortex breakdown bubble. The presence of vortex
breakdowns in actual tornadoes has been confirmed by Pauley
and Snow [22] and Lugt [23]. Note that the swirl ratio values and
ranges provided above correspond to measurements performed
in a Ward-type tornado simulator [24].

Single- and dual-Doppler radar data from over 200 individual
tornadoes have been collected using proximate mobile Doppler
On Wheels (DOW) radars [4,25] during field projects such as Ver-
ification of the Origins of Rotation in Tornadoes Experiment 1
(VORTEX1: 1994-1995), Radar Observations of Tornadoes And
Thunderstorms Experiment (ROTATE: 1996-2001; 2003-08;
2012-13) and VORTEX2 (2009-2010). The first three-dimensional
maps of a tornado vortex inner and outer core flow with fine tem-
poral and spatial resolution were obtained using the prototype
DOW mobile radar in VORTEX1 [26]. These tornado wind maps
allowed for recording the horizontal and vertical structure of the
vortex and its evolution [27-29]. ROTATE [30,31] collected
single- and dual-Doppler radar data from more than 140 different
tornadic events that enabled the study of tornadogenesis [32], tor-
nado structure [33-37] and the relationship between tornadic
winds, debris, and damage [38-40].

ROTATE (2012-13) is the most recent field study of tornadoes
focused on the low-level winds and therefore of great interest for
the wind engineering community. Using data collected during this
field project, Kosiba and Wurman [41], for the first time, docu-
mented the fine-scale three-dimensional structure of the surface
layer in a tornado.

The Ground-Based Velocity Track Display (GBVTD) technique
was developed by Lee et al. [7] to resolve the wind structure of a
tropical cyclone using single-Doppler radar data. The method
was then extended by Lee and Wurman [35] to retrieve three-
dimensional structure of tornadoes. Since then, the GBVTD method
has been used by many researchers [36,37,41-46] to extract the
wind field of tornadoes from single-Doppler radar measured data.

Lately, Nolan [47] performed a thorough review on the accuracy
of the GBVTD method in retrieving velocity fields from single-
Doppler radar data. He concluded that vertical velocities obtained
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Fig. 2. Swirl ratio effect on the structure of tornado vortices; (a) very weak swirl, (b) laminar core, (c) breakdown bubble formation, (d) drowned vortex jump, (e) two-celled

turbulent vortex and (f) a family of three vortices - image adapted from [19].

through this mathematical method are biased, especially in weak
tornadoes. This is due to the effect of centrifuging of debris and
hydrometeors at low-levels which is shown to be more pro-
nounced for tornadoes rated F2 or less. The bias introduced to
the radial velocities (and consequently the axial velocities) can
be determined to some extent [47,48] given that information about
the size and type of scatterers is available over the life cycle of a
tornado event.

Nevertheless, retrieving the three-dimensional wind field of
tornadoes is an ongoing research and improvements in the GBVTD
method and in the correction for centrifuging effects are expected
in the near future.

Overall the research so far has been focused on either develop-
ing the GBVTD technique or on applying it to characterize mostly
singular events with meteorological applications. Herein, for the
first time, GBVTD is applied to analyze, in detail, the flow
structure of multiple tornadic events corresponding to various
EF-Scales. An important aspect of the present study is that all
the tornado events have been consistently analyzed and then
inter-compared. This work can therefore form a prerequisite for
building a three-dimensional flow field database for tornadoes
that can be used to calibrate engineering simulations (experimen-
tal/numerical) of tornadoes. In turn, the engineering simulations
can be further applied on model buildings and structures to deter-
mine tornado loading and differentiate it from straight/synoptic
winds loading and therefore generate much needed building/
structure design guidelines, codes and standards for tornado
prone areas.

3. Data analysis

The main limiting factors in generating full-scale tornado flow
database are the availability of field measurements and then the
quality of the data. At this preliminary stage of developing the
database, events and consequently the volumes were selected
(from the data that was made available to us) based on only the
vortex structure and the wind speed. The goal was to cover a wide
range of wind speeds and vortex structures so that the data can be
used for calibrating a large variety of experimentally/numerically
simulated vortices. That being said, five tornado events were cho-
sen for this study: Spencer, SD 1998 (F4), Stockton, KS 2005 (F1),
Clairemont, TX 2005 (F0), Happy, TX 2007 (EFO) and Goshen
County, WY 2009 (EF2) tornadoes. The GBVTD method was used
to analyze single-Doppler radar data from these five tornado
events.

Data acquired through a complete radar scan of a tornado from
regions beginning very close to the ground and ending hundreds of
meters aloft is termed as a “volumetric sample” or “volume” in
short. Out of the five tornadoes mentioned above, a total of nine
volumes of radar data were investigated in this study to retrieve
three-dimensional structure of the parent vortex. The number of
radar sweeps in a volume varied between 4 and 14 with the finest
and coarsest elevation angle increments of 0.3° and 6°, respec-
tively. The minimum observation height varied as a function of
the intervening terrain and/or the distance from the radar to the
center of rotation. Volumes were selected to cover wind speeds
associated with EFO- to EF3-rated tornadoes based on the maxi-
mum GBVTD-retrieved velocity.

The GBVTD analysis consists of four steps: filtering the raw
radar data, transforming the data into a Cartesian grid, identifying
the center of the vortex and retrieving tangential and radial veloc-
ity components through the algorithm detailed in [7]. In the fol-
lowing paragraphs, these four steps are briefly explained. A more
detailed discussion of the process can be found in [49,50,7].

Volumes of radar data were first filtered subjectively using the
SOLO II software [51] to remove noise and any spurious data
resulted from ground clutter and signal blockage near the surface.
Then, the data were mapped to a Cartesian grid (Ax, Ay, Az) using a
bilinear interpolation scheme [49]. Vortex center coordinates were
identified based on the findings of Wood and Brown [50], which
suggested that, given an axisymmetric flow field, the center of
the tropical cyclone is located on a circle that passes through the
radar and Doppler velocity maxima. Therefore, the circulation cen-
ters were identified for every volume and at each elevation angle of
the radar in accordance with this approach while taking into
account the asymmetry inherited in the flow field of tornado vor-
tices. The tornado circulation center at each elevation was then
shifted to vertically align the centers in order to account for the
time evolution in the wind field.

In the GBVTD method, velocity components normal to the radar
beam are retrieved under the assumption that the tornado is circu-
lar. Therefore, the GBVTD analysis is applied to a ring with the cir-
culation center of the vortex located at the center of this ring. The
Doppler velocity (Vp) is expressed as a function of tangential (V,qy),
radial (V,qq), translational (Vyq,s) and axial (V) velocities of the
atmospheric vortex as well as the terminal velocity of hydromete-
ors and debris (v):

Vb = Virans €OS(Y — Oy) €OS @ — Vign SINY €OS 0 + Vyqq COS 1 COS @

+ (Vax — v¢) sin @ (M
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where ¢ is the elevation angle of the radar beam, 0, is the direction
of the mean wind flow and, i and y are results of the observational
geometry as shown in Fig. 1 of Lee et al. [7]. Contributions from the
terminal velocity of hydrometeors and debris and the axial velocity
are neglected as only the axisymmetric velocity fields are investi-
gated. The horizontal velocities (tangential and radial components)
consist of axisymmetric and asymmetric components. In this anal-
ysis, it is assumed that the flow field is dominated by strong
axisymmetric tangential velocities. After simplifying the equations
and implementing the complex geometrical relationship between
an atmospheric vortex and the DOW, a system of equations relating
Doppler velocities to the tangential and radial velocities are solved
to retrieve the horizontal velocity field (i.e. azimuthally averaged
tangential and radial velocities). Then, the axial velocity at each grid
point is determined through upward integration of the continuity
equation with a no slip boundary condition at the ground.
Mathematical representation of this method and full assumptions
are explained in detail by Lee et al. [7].

NN
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Fig. 3 shows a contour map of Doppler velocities for the Happy,
TX 2007 tornado (hereafter Hp tornado) at 0203:20 UTC
(Coordinated Universal Time). The wind field of this tornado was
reconstructed for a volume from 0203:20 UTC to 0204:09 UTC
(hereafter v2). This volume consisted of 13 radar sweeps with ele-
vation angle increments ranging from 0.3° to 2°.

Fig. 4a depicts the vertical (axial-radial) velocity vector map
superimposed on the contour map of tangential velocities for Hp
v2 tornado extracted using the GBVTD method. It is observed that
the tangential velocity approaches its maximum of 38 m/s at
regions close to the ground (approximately 40 m Above Ground
Level (AGL)) with corresponding core radius (r.) of 160 m. The cen-
tral downdraft aloft is weakening as it reaches the ground and the
overall vertical flow pattern suggests that the vortex breakdown
“bubble” formed aloft has just touched the ground [20].

As previously addressed, the radial and, consequently, the axial
velocities obtained from the GBVTD analysis can be affected by the
centrifuging of hydrometeors and debris. Using a linear analytical
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Fig. 3. Plan Position Indicator (PPI) map of Doppler velocity (m/s) for the Happy, TX 2007 tornado at 0203:20 UTC (Hp v2) and at 0.3° radar elevation angle.
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Fig. 4. GBVTD retrieved structure of the Hp v2 at 0203:20 UTC, vertical (axial-radial components) velocity vectors superimposed on tangential velocity (contours). (a)

Without and (b) with correction for centrifuging effect of small raindrops.
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model for a translating tropical cyclone, Kepert [52] showed that in
a rotating boundary layer there must exist a radial inflow at and
around the radius of overall maximum tangential velocity. How-
ever, the net pressure force that accelerates the flow inward is
weak compared to the centrifugal force that moves dense particles
outward relative to the air and, as a result, the expected low-level
inflow is not observed in retrieved data. To account for the cen-
trifuging effect of hydrometeors and debris, the radial velocity
components were modified (Vyq4moq) Using the following equation
proposed by Nolan [47]

Low-end EF3
Two-celled

vy e [ Ve @)
rad,mod rad rad bias rad e max{vfan/r}

High-end EF2
Two-celled

where V44 pigs 1S the positive bias in the radial velocity values due to
the centrifuging of particles and Gy is the terminal fall speed of
dominant particles in the flow (e.g. raindrops, hailstones, debris)
as provided by Dowell et al. [48]. Information regarding scatterers’
size and type can be provided by the observers at the site of a tor-
nado or can be estimated based on the underlying surface of the site
and whether the tornado has passed through structures or not.
Given the limited availability of such information for the tornadoes
that were analyzed here, the vertical wind field of these events is
only corrected for small raindrops (0.5 mm in diameter). For more
information on centrifuging effect of hydrometeors and debris on
radar-retrieved data refer to Nolan [47] and Dowell et al. [48].

Fig. 4b displays the flow field of the Hp v2 corrected for cen-
trifuging influence of small raindrops. When compared to Fig. 4a,
it is seen that the divergence at lower elevations has decreased
while the updraft has slightly intensified. Note that the research
on the debris centrifuging effect is at its early stages and is not
yet mature. For instance, currently most algorithms, including
the one employed in this work, assume that the centrifuging effect
is evenly distributed over the whole flow field. However, an impor-
tant consideration is that large debris will be confined to lower
parts of the tornado. Therefore, when correcting for the centrifug-
ing effects of large scatterers, it is important to have an estimate of
the affected depth of the flow.

Following the approach detailed above for the Hp v2 volume,
the remaining eight tornado volumes were analyzed. A summary
of the main information regarding each volume of data analyzed
here as well as the parameters used in and extracted from the
GBVTD method are provided in Table 1. The damage-based
F- and EF-Scales for each tornado event were determined using
the Storm Events Database [1]. The time interval and the radar ele-
vation angle associated with each volume, the grid spacing and the
minimum height (z,,;,) scanned by the radar are also presented in
Table 1. The values of grid spacing are dictated by the radar reso-
lution near the center of the tornado. Choosing a larger value for
the grid size results in an excessive smoothing of the data, while
selecting a much smaller value adds noise to the calculation
[53,54].

The translational speed of the tornado was approximated based
on the distance that the tornado had traveled over radar observa-
tion time. The overall maximum tangential velocity (Vignmax)
obtained for each volume from the GBVTD analysis and the corre-
sponding radius (7 max) and height (zn.) are also provided in
Table 1. Note that the values reported in Table 1 and used to plot
the results are all grid values and not the measured values. Also,
since the surface layer in tornado flows is under debate and more
evidence is needed to clarify the structure of that layer, any extrap-
olation of the data to a grid point below z,,;, is avoided.

Sensitivity of the GBVTD analysis to the vortex center location
as well as the grid spacing were examined. Errors smaller than
20% of the radius of the maximum tangential velocity (r.) in the
center location identification and changes in the grid size by +8%

Low-end EF2
Single-celled

Mid-range EF1
Two-celled

100
41

Low-end EF1
Transition stage

150
160

Low-end EF1
Two-celled

150
47

Low-end EF1
Single-celled

160
250

High-end EFO
Touch-down

High-end EFO

96
200
VBD aloft

EF-scale (based on Vg max)

Vertical structure
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of the largest radar resolution at the tornado center resulted in
negligible changes in the tangential velocity profiles and the flow
structure.

4. Results and discussion

Results are divided into two sections: Section 4.1 presents the
three-dimensional velocity field obtained from the GBVTD analysis
and discusses the tornado events. Section 4.2 analyzes the entire
preliminary database, which consists of nine volumes, in an
attempt to correlate each of the volumes to their fluid mechanics
characteristics.

4.1. Individual event flow field analysis

Fig. 5 displays the GBVTD-analyzed structure of each volume of
tornado data. In these figures, the vertical velocity vector map is
superimposed on the contour map of the tangential velocity.
Results are corrected for the effect of centrifuging of small rain-
drops on the flow structure.

Given the primary objective of this work, initiating a prelimi-
nary database of tornado full-scale flow data for engineering appli-
cations, identifying the vertical structure of each volume of
tornado data is essential. In order to determine the vortex struc-
ture, the vertical velocity vector map of each volume analyzed
herein is qualitatively compared with Fig. 2. As discussed in Sec-
tion 2, variation of the swirl ratio results in various tornado flow
structures [19,23] among which the most important are the vortex
breakdown, vortex breakdown reaching the ground, two-celled
vortex and multiple vortices.

The very weak Clairemont, TX tornado (hereafter Clr tornado)
formed at 2305 UTC on 12 June 2005. This tornado was scanned
by the DOW3 radar using four elevation angles ranging from 0.3°
to 2.4°, resulting in measurement data at as low as 25 m AGL.
The vertical velocity vector map of this tornado at 2328:32 UTC
(hereafter v1), shown in Fig. 5a, suggests a downdraft that weakens
near the surface. Also, the maximum tangential velocity is
observed away from the surface. This configuration matches Fig. 2¢
of the work by Davies-Jones et al. [19] well and corresponds to the
stage of tornado vortex evolution just before the touch-down.

Another weak tornado was intercepted by DOW3 the evening of
21 April 2007 near the town of Happy, TX (hereafter Hp tornado).
This tornado was scanned from 0158:16 UTC to 0207:22 UTC and
for various elevation angles ranging from 0.3° to 13.1°. Fig. 5b illus-
trates a single-celled structure (compare with Fig.2b) with an
updraft close to the center of the vortex at 0159:53 UTC (hereafter
v1). A very weak outflow is detected at 400 m AGL and higher ele-
vations. Applying the correction for centrifuging of small rain drops
increased the maximum inflow by 34% and intensified the updraft
at the centerline. Approximately 3.5 min later, at 0203:20 UTC
(hereafter v2), a downdraft of 12 m/s is observed at very high ele-
vations (~900 m AGL) while the updraft is shifted away from the
centerline (Fig. 5¢). Also, the overall maximum tangential veloci-
ties are now moved towards the surface and the vertical structure
of the vortex is comparable with Fig. 2d. It is debatable if this con-
figuration represents the stage immediately before or after the
touch-down of the vortex breakdown (VBD) bubble as the core
region is not fully resolved.

The 5 June 2009 long-lasting EF2-rated tornado of Goshen
County (LaGrange), WY (hereafter GC tornado) was intercepted
by DOWs during the VORTEX2 project [55-58]. The GC tornado
event has been thoroughly investigated over its lifetime through
photogrammetric analysis combined with single- and dual-
Doppler radar analysis. This long lasting tornado started at 2152
UTC and ended at 2231 UTC. In a study by Wakimoto et al. [44],

the three-dimensional structure of this tornado was extracted
using the GBVTD method for two different volumes; 2216:08-
2216:45 UTC (hereafter v1) and 2218:07-2218:42 UTC (hereafter
v2). Three volumes of the GC tornado, including the two that have
been previously analyzed by Wakimoto et al. [44], were selected
for analysis in the current study. This provides the opportunity to
examine the robustness of the retrieval analysis.

The flow field approximated for GC v1 is shown in Fig. 5d. The
core region of the flow, which is about 300 m wide, and the sur-
rounding area are dominated by a downdraft. A very weak updraft
is observed away from the core at r=350 m. The overall recon-
structed flow field is in good agreement with the one reported
by Wakimoto et al. [44]. Since the flow field is dominated by a
downdraft, it is difficult to characterize the vertical structure of
the flow. However, axial downdrafts exceeding 17 m/s very close
to the centerline together with weak updrafts that are located at
the periphery of the funnel as shown by Wakimoto et al. [44], sug-
gest a two-celled vortex pattern. After 2 min in the GC v2 (see
Fig. 5e), the velocity field is still dominated by downdrafts and out-
flows while a local peak in the value of the overall maximum tan-
gential velocity is apparent at 160 m AGL. The lowest radar data
available for this volume is at 75 m AGL, which means that the
inflow layer is likely not resolved in this case. The retrieved flow
field of the GC v2 is well matched with the one presented by Waki-
moto et al. [44]. When compared to GC v1, the downdraft has
weakened slightly while there is no evidence of updraft at the
periphery of the funnel. These observations combined with the fact
that the overall maximum tangential velocity is captured at rela-
tively high elevations suggest that the tornado vortex is transition-
ing from a supercritical condition to a subcritical stage. Fig. 5f
depicts the GBVTD-extracted velocity field of the third volume of
the GC tornado scanned at 2218:50 UTC (hereafter v3). The core
radius shrinks by 30% when compared with GC v1 and GC v2 and
the overall maximum tangential velocity shifts back towards the
ground. Relatively strong downdrafts confined to the core along
with updrafts right outside of the vortex core are consistent with
the vertical structure of a two-celled vortex (see Fig. 2e). A persis-
tent downdraft in all three volumes of the GC tornado confirms
that the tornado is at the dissipation stage. Further investigations
of the axial profile of the tangential velocity for GC v1-v3, pre-
sented later in this study, may provide more insights into the ver-
tical field of the vortex.

DOWS3 intercepted a tornado near Stockton, KS on 9 June 2005
(hereafter Stc tornado) at 2157 UTC. Although this tornado was
rated F1, wind speeds as high as 50 m/s were measured by
DOWS3 in this event. The Stc tornado was briefly (from 2239:11
UTC to 2240:38 UTC) scanned by DOW3 and the GBVTD-
retrieved velocity field of one volume (hereafter v1) of data is pre-
sented in Fig. 5g. The vortex core is approximately 440 m wide
with the lowest height scanned by the radar being 43 m AGL.
The flow is dominated by inflow and consequently an updraft of
approximately 21 m/s in the core region which is representative
of a single-celled vortex structure.

On 31 May 1998 an F4 rated tornado impacted the town of
Spencer, SD Kkilled 6 people and left behind $17 million worth of
property damage. DOW3 collected data from this tornado (here-
after Sp tornado) at 0100 UTC for approximately 45 min. Herein,
two volumes of Sp tornado data, at 0135:20 UTC (hereafter v1)
and 0140:02 UTC (hereafter v2) were investigated. The Sp tornado
vortex core reached the city at 0138:08 UTC and exited at 0139:30
UTC.

The vertical structure of the flow in Fig. 5h for Sp v1 indicates
two-celled vortex (compare with Fig. 2e) characteristics with a
very strong downdraft of 62 m/s close to the center at 720 m
AGL. As noted by Fiedler and Rotunno [59] such a strong downdraft
is a characteristic of two-celled tornadoes. The overall maximum
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Fig. 5 (continued)

tangential velocity of 60.2 m/s is obtained at 51 m AGL and at a
radius of 192 m. Radar measurements are available for this volume
at 51 m AGL or higher. Fig. 5h illustrates a local peak in the tangen-
tial velocity values at higher elevations (~350 m AGL). As dis-
cussed by Kosiba and Wurman [37], this could be a retrieval
analysis error due to the temporal resolution of the radar. In other
words, the tornado intensification between successive scans is rep-
resented as a local peak in the tangential velocities aloft.

The wind field of the Sp v2 is displayed in Fig. 5i. Similar to the
Sp v1, a wide rotation is accompanied by a strong downdraft close
to the centerline. The vertical wind map is in very good agreement
with Fig. 2e of the work by Davies-Jones et al. [19] which suggests
a two-celled vortex flow. Maximum tangential velocities are
observed close to the surface and the updraft is shifted away
from the centerline. The overall maximum tangential velocity of
64.1 m/s at a radius of 208 m is estimated for this volume.

4.2. Investigation of the preliminary database

In this section, the focus is on analyzing the preliminary data-
base of tornado volumes to investigate potential correlation

between the swirl ratio and structure of field vortices and their
associated EF-Scale. Assessing the intensity of a tornado based on
damage surveys is highly subjective to accessibility, damage indi-
cators in the region and quality of structures and as a result, may
not be representative of true tornado intensity. For instance,
DOW measured data suggest that the Hp tornado was stronger
than EFO. Yet it travelled through an open country terrain and, as
a result due to the lack of indicators, it is most likely underrated.
Therefore, using the velocity range associated with each category
of the EF-Scale to rate tornado volumes is deemed more practical,
particularly for engineering applications. Subsequently, the vol-
umes of data analyzed in Section 4.1 are presented in Table 1 in
an ascending order of EF-Scale based on the overall maximum tan-
gential velocity value. In addition, since there is a range of veloci-
ties associated with each EF-Scale, the tornado volumes in Table 1
are categorized as low-end, mid-range and high-end. The vertical
structure of the vortex for each volume, as determined in Sec-
tion 4.1 through qualitative comparison of GBVTD-retrieved vortex
flow field with Fig. 2, is also reported in Table 1. An interesting
observation is that once the volumes are ranked based on the max-
imum tangential velocity (rather than damage survey results), the
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Fig. 6. Radial profiles of tangential velocity at different heights compared a Modified Rankine Vortex model and Rankine Combined Vortex model for (a) Clr v1 (EF0), (b) Hp v2
(EF0), (c) Hp v1 (EF1), (d) GC v1 (EF1), (e) GC v2 (EF1), (f) GC v3 (EF1), (g) Stc v1 (EF2), (h) Sp v1 (EF2) and (i) Sp v2 (EF3).
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full-scale tornado vortex structure variation with the maximum
tangential velocity matches the vortex structure evolution as a
function of swirl ratio as suggested by Davies-Jones et al. [19]
and other experimental works [10,13]. Note that hereafter, all
results are presented in an increasing order of EF-Scale and an
EF-Scale refers to the one based on Doppler-measured velocity
rather than damage-estimated velocity.

In addition to the data in Table 1, the velocity profiles of the
investigated tornado volumes can be used as a benchmark for
experimental and numerical simulations of tornado-like vortices.
It is known that the radial, and consequently the axial, velocities
are sensitive to the correction for centrifuging effects. In addition,
detailed information about scatterer size and type were not avail-
able for most of the tornado events studied here. As a result, only
tangential velocity profiles, which are less impacted by scatter
type, are presented. The tangential velocity variation with radius
is plotted in Fig. 6 for all volumes of data and at various heights.
Velocities and radii are normalized using the maximum tangential
velocity and the core radius corresponding to each height, respec-
tively. Results are compared with a Modified Rankine Vortex
model suggested by Houston and Powell [60] in which the tangen-
tial velocity is estimated using Vian = 2rcmaxVianmax 7/(Temax® + 7). A
Rankine Combined Vortex model (with different decay factors, o)
as proposed by Depperman [61] is also used for comparison with
full-scale data. In this model the vortex tangential velocity is
defined as Vign = Vignmax 1/Temax for the core region and Vi, =
Vianmax (Temax/T)”* for the outer core region. The overall maximum
tangential velocity (Viunmax) of each volume and the corresponding
radius (r,max) were used to calculate the tangential velocity in
these models. Overall, the Modified Rankine Vortex is in better
agreement with the field measurements. Also, decay factors of
0.4-0.6 result in better match with the full-scale data which is
consistent with the findings of previous studies [35-37]. No corre-
lation between the decay factor and the volume intensity is
observed. Discrepancies are spotted at lower heights and at the
outer core region of the vortex between the Modified Rankine Vor-
tex and the Doppler-measured data. As explained by Snow [62],
idealized profiles such as Rankine vortex are most applicable above
the surface layer, where radial velocities are relatively weak. The
Clr vl and Hp v1 are exceptions as the best agreements are
achieved at lower elevations. This may be explained by their super-
critical core at lower elevations, which means less surface interac-
tions [10,13]. In addition, discrepancies between the retrieved
tangential velocities of Sp v1 and the estimated velocities using
the Modified Rankine Vortex model at radial distances far from
the vortex core may be due to the presence of subvortices in the
full-scale data.

Experimental [63] and numerical [64,65] simulations have
shown that the axial profile of the maximum tangential velocity
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Fig. 7. Variation of the maximum tangential velocity with height for various
volumes of radar data.

in tornado-like vortices is distinctly different from the typical
straight winds profiles. Such velocity profiles in tornado flows
are rather flat in the near-surface region or present a local maxi-
mum very close to the surface. This characteristic of tornadic flow
fields is thought to be associated with the different loading and
collapse modes of structures in tornado events compared to
straight winds. In order to further assess this aspect for real torna-
does, the axial profiles of the maximum tangential velocity are
drawn in Fig. 7 for all volumes of data. Except for the ClIr v1, Hp
v1 and GC v2, the maximum tangential velocity increases as mov-
ing towards the ground. However, there is no evidence of a local
maximum of tangential velocities close to the surface. In a recent
study performed by Kosiba and Wurman [41], the near surface
flow of the EF2 rated Russell, KS tornado of May 2012 was retrieved
and the maximum tangential velocities were located at the lowest
heights (z <10 m AGL). Therefore, it may be that, if present, the
maximum in the current data is at elevations that are not resolved
by the radar measurements, particularly for weaker tornadoes. On
the other hand, Fig. 7 demonstrates minimal variations in the tan-
gential velocities at the lowest data points for Hp v2, GC v1, GC v3
and Stc v1. A similar trend was reported by Kosiba and Wurman
[41]. They observed a gradual decrease of about 10% in the Doppler
velocities from 10 m to 40 m AGL. Therefore, one may conclude
that the axial profiles of the tangential velocity reported here cor-
respond to the regions right above the inflow or the boundary layer
of the tornado vortex.

Fig. 7 suggests a different trend for axial profiles of the maxi-
mum tangential velocity for Clr v1, Hp v1 and GC v2, when com-
pared to trends observed for other volumes. The overall
maximum tangential velocity for Clr v1, Hp v1 and GC v2 is cap-
tured at relatively high elevations (z>160m AGL). This trend
implies that the vortex is at transition, from a supercritical stage
to a subcritical stage, which is consistent with the retrieved verti-
cal structure of Clr v1 and GC v2.

As discussed before, experimentally and numerically simulated
tornado vortices are governed by the swirl ratio. However, deter-
mining the swirl ratio of a field tornado is very challenging as S
is defined based on the boundaries of physical simulators and
these boundaries are not easily distinguishable for real tornadoes.
Calculating the swirl ratio of field tornadoes has been attempted by
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Lee and Wurman [35] and Kosiba and Wurman [37] for the Mulhall
(hereafter MI tornado) and the Sp tornadoes, respectively. They
estimated swirl ratios of 2-6 for the Ml tornado and 1-7 for the
Sp tornado. In both studies, it is stated that this range of swirl
ratios is consistent with the multiple vortex radar signatures
observed in these events. However, Kosiba and Wurman acknowl-
edged that due to the underrepresentation of the radial inflow in
radar measurements, the swirl ratio values might have been
overestimated. The swirl ratio in both aforementioned studies is
calculated using S = (1/2a)Vian/Vax in which V,,, and V,, are both
determined at the updraft radius.

Alternatively, the swirl ratio can be expressed using the maxi-
mum circulation (I"..) in the flow and the volumetric flow rate
(Q) through the updraft region [66]: S =roI",/2Q'. In this equation,
I', is calculated using the overall maximum tangential velocity
and the corresponding radius. Computing the swirl ratio of the
field data using the circulation may result in more accurate values
as it reduces the error associated with subjectively choosing the
representative values. Herein, the swirl ratio associated with each
volume was determined by calculating the average flow rate
through the updraft and the maximum circulation. As an attempt,
the updraft region is identified at the highest available radar scan
and is defined as an area for which the axial component of the
velocity is larger than the radial component. The estimated swirl
ratios and the values chosen for calculating S are reported in
Table 2. Since the flow was dominated by downdraft for the GC vol-
umes, it was not possible to estimate the updraft region and there-
fore, swirl ratio is not reported for these volumes. It is seen that
swirl ratio values vary between 1 and 5 for the volumes studied
here.

It was expected to obtain the maximum swirl ratios for Sp v1
and Sp v2 as they showed a two-celled vortex structure with large
tangential velocities. Yet, the maximum swirl ratios were com-
puted for Clr vl and Stc v1. Further investigations showed that
the last radar scan in aforementioned volumes was limited to
200 m and 320 m AGL, respectively. This results in an underesti-
mation of the flow rate aloft and therefore, high values of the swirl
ratio. The updraft region definition is the main contributing factor
to the underestimation of the flow rate for cases with limited
radar-scanned heights such as Clr v1 and Stc v1. The flow rate used
in the swirl ratio equation is defined as the volumetric flow rate
through the updraft region. So, once the updraft radius is known,
the flow rate can be calculated by multiplying the axial velocity
by the updraft area. Since the term updraft region comes from tor-
nado simulators, it is not easily distinguishable in field tornadoes.
As mentioned before, in this study it is assumed that the updraft
region is located at the highest available radar scan and is defined
as an area for which the axial component of the velocity is larger
than the radial component. Let’s consider the case that radar data
is only available up to z =z; (see Fig. 8). By definition, the updraft
radius (where the axial component of the velocity is larger than
the radial component) for this case equals to ro;. Now let’s con-
sider that for the same tornado vortex, radar data is available up
to z = z,. where, z, > z;. In this case, by definition, the updraft radius
equals to rg,. where, 1o, > 19 1. Therefore, the height at which the

Table 2

Estimated swirl ratio and the corresponding chosen parameters for each volume.
volume T'e,max (lTl) Vtan,max (lTl/S) To (l’l‘l) Q/ (lTl3/S) S
Clr vl 96 36.3 608 1.4 x 108 4.5
Hp v2 160 37.9 720 13.5 x 10° 1.01
Hp v1 160 39 600 11.2 x 10° 1.04
Stc vl 220 50.7 600 4 % 10° 5.13
Sp vl 192 60.2 512 8.2 x 10° 2.25
Sp v2 208 64.1 608 8.2 x 10° 3.09

L/

Z,

Fig. 8. Dependency of the flow rate value on the maximum height scanned by
radar.

updraft radius is selected at can affect the flow rate calculations.
In another word, the lower the height at which the updraft radius
is determined at, the lower the flow rate value and therefore, the
higher the value of the swirl ratio.

Excluding CIr vl and Stc vl from the discussion, results
obtained in Table 2 suggest dependency of vortex structure on
the swirl ratio as suggested by laboratory investigations
[10,19,66]. By comparing the estimated swirl ratios with the verti-
cal structure of the vortex for each volume of data (reported in
Table 1), one can conclude that as the swirl ratio increases the vor-
tex structure changes from a single-celled vortex with VBD aloft to
the touch-down stage and eventually to two-celled and multiple
vortices.

Overall, discrepancies between the swirl ratios calculated using
the full-scale data and the laboratory measurements are highly
expected mostly due to the uncertainties in identifying the updraft
region and in the retrieved inflow regions. However, when com-
pared to previous attempts [35,37] that calculated the swirl ratio
of field tornadoes, the alternative approach implemented in the
current study (swirl ratio as a function of maximum circulation
and the volumetric flow rate) resulted, as expected, in swirl ratios
that are closer to the laboratory reported S values [67,68].

5. Conclusions

In a first attempt to create and analyze a preliminary database
of full-scale tornado wind fields, nine volumes of single-Doppler
radar data were investigated. These volumes were selected to
cover a wide range of wind speeds and vortex structures and
correspond to EF-Scales between EFO and EF3, based on the maxi-
mum tangential velocity. The recently established mathematical
method, namely GBVTD, was implemented to reconstruct the
three-dimensional velocity field of these tornado volumes. Identi-
fication of field tornado vortex structure, i.e. single-celled vortex,
vortex breakdown bubble formation aloft, vortex breakdown bub-
ble touch-down and two-celled vortex, as well as the relationship
between these flow field features and swirl ratio and potentially to
EF-Scale is of particular interest for laboratory and numerical sim-
ulations of tornado-like vortices. Tangential velocity contour maps
combined with the vertical velocity vectors, all retrieved by the
GBVTD, were used to determine the vortex structure. Among the
nine volumes of data studied herein, Hp v1 and Stc vl showed
single-celled characteristics, vortex breakdown bubble was evident
in CIr v1, Hp v2 was at the touch-down stage and, GC v1, GC v3, Sp
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v1 and Sp v2 showed two-celled vortex characteristics. Maximum
velocities deduced from the full-scale data ranged between 36 m/s
and 64 m/s. The radial profiles of the tangential velocity were com-
pared with two analytical models and a good agreement was found
between the full-scale measurements and the Modified Rankine
Vortex model, particularly at higher altitudes. In addition, it was
observed that for the range of heights analyzed the vertical profiles
of maximum tangential velocities are very different compared to
typical atmospheric boundary layer profiles. In addition, the swirl
ratio of full-scale data was computed, for the first time, using the
flow rate through the updraft and the maximum circulation in
the flow.

This preliminary database along with the calculated swirl ratios
provide an insight into the flow field of tornadoes for a limited but
good variety of vortex structures and intensities. Following the
approach developed here, this preliminary database can be
extended and can be used to provide much needed information
in order to properly scale and simulate tornado-like vortices both
physically and numerically. This in change can provide the basis
of experimentally investigating the wind loading and structural
impacts of tornadoes on buildings and structures.
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