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Fig. 2.1. Conceptual plan view of a cyclonic tornadic supercell at low levels. The thick line
represents the radar echo. The finely stippled areas represent the updraft (UD), while the
RFD and FFD are coarsely stippled. From Lemon and Doswell (1979). The frontal symbols
illustrate the storm’s gust front associated with each downdraft region. Ground-relative
streamlines indicate the flow in and around the supercell. The tornado location is denoted
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Fig. 2.2. Cyclic mesocyclogenesis at low levels. Top panel: Occluding cyclic mesocyclogenesis;
bottom panel: non-occluding cyclic mesocyclogenesis. Vertical vorticity maxima (low-
level mesocyclones) are shaded in red. Updrafts are shaded in light blue and downdrafts
are shaded in dark blue. The yellow contour outlines the boundary of the storm’s rainy
area. The black frontal symbols indicate the RFD and FFD gust fonts. From Adlerman and
DroegemEIEr (2005). ....ocuiiieiuiiieeieeiieieie sttt bbb 14
Fig. 2.3. Mechanisms of vertical vortex genesis in different convective modes. (a) Supercells:
Blue (green) vortex lines represent vorticity that is produced baroclinically (frictionally).
The large vertically pointing arrow represents a low-level updraft that tilts and stretches
low-level horizontal vorticity into a low-level mesocyclone/tornado (indicated by the +
symbol as cyclonic vertical vorticity) for air parcels traveling along the red trajectories.
Red curved arrows denote the sense of rotation of the vortices. The gray frontal symbols
represent the storm’s surface gust fronts. From Yokota et al. (2018). (b) QLCSs: generation
of a cyclonic-anticyclonic vortex pair through downward tilting of horizontal vorticity in
westerly wind shear (typically available in the environmental; solid line) by a downdraft

(large downward-pointing arrow). Dashed curved arrows indicate the sense of rotation of
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the shear-induced vortex lines. (c) Similar to (b), but for upward tilting of horizontal
vorticity in easterly wind shear (typically produced baroclinically along the QLCS’ gust
front) by an updraft. Both (b) and (c) from Weisman and Davis (1998). (d) Non-supercell
local storms: (I & I1): strong convergence along a surface wind shift line (in this schematic,
a dry outflow boundary) initiates cumulus convection (represented by the cloud symbols
above the black arrows, which denotes updrafts along the boundary) and misocyclones
(circular arrows) through the release of vortex sheet instability. (111) Convection deepens
and stretches misocyclones. (IV) As convective towers grow into cumulonimbus,
misocyclones may be contracted into tornado, even before the onset of surface
precipitation. (V) Cold outflow from the storm’s rainy area encircles a mature tornado. (VI)
Increased rainfall and cold outflow completely encircle the tornado, which weakens and
moves into the cold air mass and dissipates within downdrafts (black downward-pointing
arrows). From Lee and Wilhelmson (1997D)........ccooviiiiiiieeeee e 21
Fig. 2.4. Mechanisms by which surface friction generates horizontal vorticity in supercell. (a)
Friction produces horizontal vorticity (orange vectors) through low-level shear in the
environmental (base-state) flow characterized as an Ekman spiral in a hodograph (inset).
Blue curved arrow denotes a trajectory entering a pre-tornadic vortex (blue cylinder);
dashed curved arrow in red represents the sense of rotation along the trajectory (which
coincides with a vortex line in this case, since the vorticity is in the streamwise direction).
(b) Production of near-ground horizontal crosswise vorticity in flow accelerating into a
developing tornado (insets). The crosswise vorticity is exchanged into streamwise vorticity
via a “riverbed effect” (green shaded area) as the flow curves cyclonically around the pre-

tornadic vortex. (c) Frictional enhancement of low-level convergence and updrafts (shaded
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in orange) along a supercell’s surface boundary (divergent flow behind the boundary is
shaded in green) causing the contraction of a pre-tornadic vortex into a tornado (indicated
by black arrows in opposing directions). From Roberts et al. (2016).........c.cccceevevverennnn. 28
Fig. 3.1. (a) Skew T-log p diagram for the idealized tornadic supercell experiment. The red (green)
solid line represents environmental temperature (dewpoint) in °C. The black dashed line
denotes the temperature for an ascending surface-based parcel. Areas of positive (negative)
buoyancy are highlighted by semi-transparent red (blue) shading. The black and blue dots
represent the lifting condensation level and level of free convection, respectively. (b)
Hodograph for storm-relative winds between the surface and 10 km AGL. Black dots are
heights (in km AGL). The green vector indicates the ground-motion vector (u = 11 m s¥;
v = 17 m s) originally subtracted from the wind profile to induce the storm to remain
quasi-stationary in the simulation. Some relevant convective parameters are shown in the
bottom right Sector Of the FIQUIE. ........oiiiiic e 37
Fig. 3.2. Time-height plot of domain wide 0-5000 m (a) maximum updraft, (b) minimum
perturbation pressure, and (c) maximum vertical vorticity, valid from 0 to 16200 s. ...... 43
Fig. 3.3. Evolution of the simulated supercell for tornado 1 at the lowest grid level (1 m AGL) at
(@) 7200 s, (b) 7500 s, (c) 7800 s, (d) 8100 s, (e) 8400 s, (f) 8700 s, (g) 9000 s, (h) 9300 s,
and (i) 9600 s. Reflectivity is shaded in dBZ. The -1-K perturbation potential temperature
contour is shown in magenta. Vertical vorticity is shaded in the foreground for (> 0.05 s
1 Vectors represent Storm-relative Winds. .............ccocevevcueriecueieeisseceeeee e, 45
Fig. 3.4. Time series of maximum ground-relative wind (m s*; black), minimum perturbation

pressure (hPa; purple), and maximum vertical vorticity (s*; golden) at 10 m AGL, valid

Xiv



from 7600 to 10800 s. The semi-transparent horizontal bars in the background denote EF-
scale wind speed ranges. (a) Tornado 1, (b) tornado 2, (c) tornado 3, and (d) tornado 4. 46
Fig. 3.5. Same as Fig. 3.3, but for tornado 2 (a) 9980 s, (d) 10280 s, (g) 10630 s, and (h) 11370 s;
tornado 3 (b) 11980 s, (e) 12280 s, (h) 13160 s, (k) 13490 s; and tornado 4 (c) 13880 s, (¢)
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Fig. 3.6. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
pressure (hPa) for values lower than 2.5 hPa. In (b), the solid blue denotes the RFGF and
the dashed blue lines denote internal boundaries. The yellow star denotes the location of
the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
in (b) the winds are ground relative. In all fields, the purple contour denotes the 10-dBZ
reflectivity contour. All fields valid at 7500 S. .........ccoieiiiinii e 54
Fig. 3.7. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
pressure (hPa) for values lower than 2.5 hPa. In (b), the solid blue denotes the RFGF and
the dashed blue lines denote internal boundaries. The yellow star denotes the location of

the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
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in (b) the winds are ground relative. In all fields, the purple contour denotes the 10-dBZ
reflectivity contour. All fields valid at 7800 S. .........ccoieiiiiiiice e 56
Fig. 3.8. 3D vorticity magnitude field (> 0.15 s%), valid at (a) 7740 s, (c) 7770 s, (c) 7800 s, and
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Fig. 3.9. (a) Vertical velocity (shaded; m s1) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
pressure (hPa) for values lower than 2.5 hPa. In (b), the solid blue denotes the RFGF and
the dashed blue lines denote internal boundaries. The yellow star denotes the location of
the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
in (b) the winds are ground relative. In all fields, the purple contour denotes the 10-dBZ
reflectivity contour. All fields valid at 8100 S. .........ccoiiiiiiiniiee 60
Fig. 3.10. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
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the dashed blue lines denote internal boundaries. The yellow star denotes the location of
the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
in (b) the winds are ground relative. In all fields, the purple contour denotes the 10-dBZ
reflectivity contour. All fields valid at 8400 S. ........ccoieiiiinii 61
Fig. 3.11. (a) Vertical velocity (shaded; m s*) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
pressure (hPa) for values lower than 2.5 hPa. In (b), the solid blue denotes the RFGF and
the dashed blue lines denote internal boundaries. The yellow star denotes the location of
the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
in (b) the winds are ground relative. In all fields, the purple contour denotes the 10-dBZ
reflectivity contour. All fields valid at 8700 S. .........cceieiiiiiii 63
Fig. 3.12. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange
for values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative
wind speed at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue
contours every 1 hPa, starting at -3 hPa), (d) volume rendered display of perturbation
pressure (hPa) for values lower than 2.5 hPa. In (b), the solid blue denotes the RFGF and
the dashed blue lines denote internal boundaries. The yellow star denotes the location of

the camera in (d) relative to the tornado. In (a) and (c), the winds are storm relative, while
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Fig. 4.2. Select stages of the simulated supercell life cycle. (a) 3600.000 s, (b) 7200.000 s, (c)
10800 s, (d) 11888 s, () 12032 s, (f) 12930 s, (g) 13950 s, (h) 14274 s, and (i) 14608 s.
Vertical vorticity (light shading; s™!), horizontal wind (vectors; m s™!), and the 0.3 g kg
rainwater mixing ratio contour. Vertical vorticity rivers [VVR, in (d)] are denoted by green
arrows in (d)-(i). Pockets of strong vertical vorticity associated with the tornadoes in the
center of the domain are shaded in the foreground, starting at 0.1 s™'. All fields at 158 m
AAGL. o bRttt b e be e e e e beeanbe e reenreeen 92

Fig. 4.3. (a)-(f) 3D visualization of vertical vorticity with values greater (less) than 0.075 s (-
0.075 s1) indicating regions of cyclonic (anticyclonic) rotation in yellow (blue). Buoyancy
(B; in ms™) is displayed at 1 m AGL, with positively or neutrally (negatively) buoyant air
in green (blue). The life cycle of the first tornado is shown at (a) 11888 s (tornadogenesis),
(b) 12032 s (peak stage), and (c) 12930 s (demise). (d)-(f) Same as in (a)-(c), but for the
second tornado at (d) 13950 s, (e) 14274 s, and (f) 14608 s. (g)-(i) The cloud field (sum of
cloud water and cloud ice mixing ratios; in g kg™*) corresponding to the second tornado in
(d)-(F). All nonzero values are diSplayed. ..........ccccooiiiiieiiiiee e 94

Fig. 4.4. Vertical velocity field (light shading; m s™) throughout the life cycle of the simulated
tornadoes at (a) 11888 s, (b) 12032 s, (c) 12930 s, (d) 13950 s, (e) 14274 s, and (f) 14608
s (compare with Figure 2d-i and Figure 3a-i). Horizontal wind (vectors; m s) and the 0.3
g kg* rainwater mixing ratio contour are also plotted. Pockets of strong vertical vorticity
associated with the tornadoes in the center of the domain are shaded in the foreground,
starting at 0.1 2. All fields at 158 M AGL........cccveviveiieeeeee et 95

Fig. 4.5. 3D visualization of vorticity magnitude, highlighting values greater than 0.15 s, at select

time frames: (a) 14102 s, (b) 14170 s, (c) 14190 s, (d) 14230 s, (e) 14250 s, and (f) 14270
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s. The viewpoint is that of an observer located at the southeast corner of the domain,
looking toward the northwest corner. The green dashed line denotes the tornado vortex
axis. Red arrows indicate vortices that form around the tornado and surrounding RFD
outflow at the surface. Orange and black arrows indicate distinct vortices used for
comparison with real vortices in FIQUIE 4.6..........cccoiiiiiiinenene e 98
Fig. 4.6. Visual observations of the 27 April 2011 Tuscaloosa tornado displaying several HVs.
Video frames extracted from videos of (a) Mike Wilhelm (available online at:
https://www.youtube.com/watch?v=TOFHTGOVETY) and (b) John Brown (available
online at: https://www.youtube.com/watch?v=9KjWtBrEYHY), courtesy of Mike
Wilhelm and Kory Hartman at SevereStudios.com, respectively. Red, orange and black
arrows indicate key vortices discussed in the text. Other vortices are also evident in the
figure. Tornado motion is due northeast (from left to right in the figure). Times in UTC are
TS 11U PSR S 100
Fig. 4.7. Tilting of HVs in the forward flank of tornadoes. (a) Visual observations of the 27 April
2011 Tuscaloosa tornado at 2206 UTC (extracted from Mike Wilhelm’s video, available
online at: https://www.youtube.com/watch?v=TOFHTGIOVETY; courtesy of M. Wilhelm).
(b) Vertical cross section of x-vorticity component (&; shaded in s*) along x = 54.05 km.
Solid purple contours denote the 1 x 10 g kg™ cloud water mixing ratio isopleth and
dashed green contours denote downward motion regions where w < -10 m s%. (¢) DVR of
perturbation pressure, highlighting values less than -9 hPa. (d) 3D visualization of vorticity
magnitude, highlighting values greater than 0.15 s™*. The dark orange arrows indicate the

position of the HV and the vertical black line indicates the scale height of the tornado in
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the DVRs. In all panels, the view is from the east-southeast. Tornado motion is due
northeast (from left to right in the figure). All simulation fields are valid at 14100 s.... 103
Fig. 4.8. Horizontal vorticity (magnitude is light shaded and vectors are red; in s™*) centered at the
tornado at (a) 1 m AGL and (b) 158 m AGL valid at 14230 s (during the intensification
phase of the tornado). Horizontal wind vectors are in black (in m s%) and vertical vorticity
{is shaded in the foreground, starting at 0.1 s™. The purple line indicates the 0.3 g kg
rainwater mixing ratio 1ISOPIETN. .......cooiiiii 106
Fig. 4.9. Time-height cross section of 0-5000 m (a) maximum updraft, (b) minimum perturbation

pressure, and (c) maximum vertical vorticity in the subdomain, valid from 0 to 10800 s.

Fig. 4.10. Evolution of the simulated supercell at the lowest grid level (1 m AGL) at (a) 7200 s,
(b) 7800 s, (c) 7960 s, (d) 8670 s, (e) 9720 s, and (f) 10050 s. Reflectivity is shaded in dBZ.
The -1-K perturbation potential temperature contour is shown in magenta. Vertical
vorticity is shaded in the foreground for ¢ > 0.05 s™*. Vectors represent storm-relative
winds. The insets at the top corner of (b)-(d) highlight the evolution of the tornado’s
structure in the volume rendered perturbation pressure field, where p’ < -10 hPa and the
yellow stars denote the camera’s location relative to the tornado. The small green, red, and
blue arrows in the inset plots point to the north, east, and up, respectively. .................. 110
Fig. 4.11. Time series of maximum ground-relative wind (m s; black), minimum perturbation
pressure (hPa; purple), and maximum vertical vorticity (s; golden) at 10 m AGL in the
subdomain, valid from 7600 to 10800 s. The semi-transparent horizontal bars in the

background denote EF-scale wind speed ranges. The vertical white lines are plotted at 9500
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and 9850 s, respectively, to demark the formation and decay of the simulated trailing HV
1O o T TR R PR PR PPPTPTPRPRTRTON 111
Fig. 4.12. Early segment of the Tuscaloosa tornado damage path highlighting tree-fall damage
(represented by small blue and red arrows). The figure is adapted from Fig. 13 of Karstens
et al. (2013) to include the location of the video shown in Fig. 4.13 of this study. The
camera icons are the location where the videos were taken. Image provided through the
courtesy of Dr. Christopher Karstens...........cooeiiieiiiiiieieie e 113
Fig. 4.13. (a)-(h) Image sequence showing the Tuscaloosa tornado as it passed north of the
observer, exhibiting a large trailing HV. The magenta dashed line in (a) and (b) outlines
the trailing HV due to the poor contrast with the tornado. The orange arrows denote the
spiraling vortices discussed in the text. Blue arrows show regular HVs advected by the
tornado’s outer flow. Times (MM:SS) are relative to the beginning of the video. Images
provided through the courtesy of Tom Deelo. ........ccccveieiiiiiiiiciieceee e 115
Fig. 4.14. (a)-(h) Image sequence showing the Tuscaloosa tornado as it passed north of the
observers, exhibiting a large trailing HV. The magenta dashed line in (a) and (b) outlines
the trailing HV due to the poor contrast with the tornado. The orange arrows denote the
spiraling vortices discussed in the text. The insets are zoomed-in views of the same
spiraling vortices. Blue arrows show regular HVs advected by the tornado’s outer flow.
The green arrow in (h) indicates a band of accelerating flow toward the tornado around the
position where the trailing HV was located in (a)-(g). Times (MM:SS) are relative to the
beginning of the video. Images provided through the courtesy of Ryne Chandler and Nate

L 10T ] T 1 USSR 116

XXili



Fig. 4.15. (a)-(d) Image sequence showing the Tuscaloosa tornado as it passed just north of the
observer, exhibiting a large trailing HV. Yellow arrows show damage to buildings at the
interface of the tornado and the trailing HV. The orange arrows denote the spiraling
vortices discussed in the text. The frame shown in (b) was rotated counterclockwise by 7°
to account for the unsteadiness of the footage. Times (MM:SS) are relative to the beginning
of the video. Images provided through the courtesy of Jason Rosolowski.................... 117

Fig. 4.16.Volume-rendered plots of three-dimensional vorticity magnitude where it exceeds 0.2 s°
Lat (a) 9500 s, (b) 9550 s, (c) 9600 s, (d) 9650 s, (e) 9700 s, (f) 9750 s, (g) 9800 s, and (h)
9850 s. The orange dashed rectangle highlights the early stage of the trailing HV. The red
dashed line subjectively denotes the tornado axis. Orange arrows indicate downward-
bending tails of the trailing HV and the model equivalent of the observed small spiraling
vortices shown in Figs. 4.13-4.15. The anticyclonic character of the spiraling vortices is
highlighted in the insets in (f) and (h), where ¢ < -0.1 s is shown in blue. The camera
POINES 10 ThE SOUTNWEST. ...t 121

Fig. 4.17. Top view of volume-rendered three-dimensional vorticity magnitude where it exceeds
0.2 st at (a) 9500 s, (b) 9550 s, (c) 9600 s, and (d) 9650 s. The vorticity field is rendered
only between the surface and 1 km AGL to avoid contamination by other intervening
structures. The red dashed line subjectively denotes the tornado axis, with the red circle
representing the base of the tornado. The camera is located at 5 km AGL. .................. 123

Fig. 4.18. (a) Potential temperature perturbation (¢"; shaded; K) and horizontal vorticity (whs;
orange vectors; s), (b) horizontal streamwise vorticity (shaded; s2) and (c) stretching of
horizontal streamwise vorticity (shaded; s). The red [green] contours in (a) and (b) [(c)]

represent vertical vorticity in the tornado; the outermost contour denotes ¢ =0.75 s, and
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it increases at 0.25 s intervals. Black vectors in all plots are storm-relative winds. The
yellow dashed line indicates the wind-shift line associated with a RFD internal boundary.
Both fields are valid at 9650 S at 50 M AGL. .....cccviiiiiieieie e 125
Fig. 4.19. Horizontal cross sections of (a) storm-relative horizontal wind speed (Vn; shaded; m s?)
and (b) vertical velocity (w; shaded; m s™) valid at 9610 s at 10 m AGL. Vectors are storm-
relative winds. The blue dashed line indicates the wind-shift line associated with an RFD
internal boundary. The magenta AB line located along y = 49.455 km refers to the vertical
cross sections shown in (b) and (c). (c) Vertical cross sections of storm-relative horizontal
wind speed and (d) vertical velocity along the AB red line in (a) and (b). The red contours
represent vertical vorticity in the tornado; the outermost contour denotes ¢ =0.75 s, and
it increases at 0.25 s intervals. The magenta arrow in (c) and (d) denotes the rotor-type
(o (oW =[] o SRS 127
Fig. 4.20. Conceptual model of evolution of HVs in the simulation from initial time to through to
+ 2At, at At time increments. Left column: 3D vorticity magnitude isosurfaces shaded in
blue. The vertically-oriented vortex represents an intensifying or mature tornado while
slantwise, detached vortex tubes represent more horizontally-oriented vortices in the
periphery of the tornado. Regions of enhanced frictional generation of horizontal vorticity
in strong, near-ground horizontal wind embedded in the RFD outflow are shaded in purple.
Magenta arrows in the middle panel show the tilted circulation on the forward side of the
tornado. Representative vortex lines associated with the HVs are displayed in light orange,
with circular arrows indicating their sense of rotation. Strong surface RFD flow is indicated
by the curved black arrows. Right column: The cloud field associated with a tornado

producing HVs consistent with the vorticity field displayed in the right column and visual
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observations. The RFD-related clear slot is annotated. The storm is moving to the northeast,
as indicated by the red arrow the upper panel...........coooeiiiinic e 131
Fig. 4.21. Conceptual model for the evolution of the trailing HV and spiraling vortices as related
to surrounding storm-scale features. Top panel: top view of the three-dimensional vorticity
magnitude field. Middle panel: three-dimensional vorticity magnitude field viewed from
the northeast. Bottom panel: cloud field consistent with the visual observations viewed
from the northeast. In all panels, time advances from the left to the right. All relevant
symbols are defined in the bottom section of the figure. At to, predominantly crosswise
horizontal vorticity which is produced in the RFD outflow evolves into coherent HVs that
align and accumulate in the vicinity of an internal boundary east-southeast of the tornado.
As large and small HVs interact in that zone, their self-induced wind fields initiate an
entangling process. By to + At, the HVs have fully intertwined and grown into a complex
vortex entanglement, visually observed as a large helical HV. As the entangling continues,
some smaller HVs as well as the tails of the larger HVs may bend downward, producing
small spiraling anticyclonic vortices in the outer edge of the HV. By to + 2At, the entangling
begins to disorganize, as seen by the increasingly distortion larger vortices composing the

trailing HVs. Spiraling vortices continue to occur during this stage. .........c.cceecvvvereenne. 134
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Abstract

Despite enormous progress in our understanding of tornadic supercells obtained over the
last several decades, many aspects regarding the evolution of these storms and their attendant
tornadoes require further investigation. High-resolution numerical simulations of tornadic
supercells represent an important tool to shed light on a number of physical processes associated
with supercell tornadogenesis. In recent years, numerical simulations have been used successfully
to better understand the role of surface friction, strong low-level updrafts, internal momentum
surges, and other types of storm-scale processes and/or structures in tornadogenesis. In this
dissertation, idealized, high-resolution (horizontal grid spacing ranging from to 30 to 100 m)
numerical simulations of a tornadic supercell are performed using the Advanced Regional
Prediction System (ARPS) in order to better understand some important aspects of the complex
evolution of tornadic supercells at fine scales. These analyses focus on two aspects of tornado
evolution. First, the cyclic nature of tornadogenesis is investigated, with emphasis on
understanding how a supercell evolving in a horizontally homogenous, steady-state environment
can produce significantly different tornadoes in each tornado cycle. Second, the evolution of
horizontal vortex tubes sometimes observed near real tornadoes is also addressed. Given that
surface friction can have a significant impact on the evolution of simulated tornadoes and
surrounding storm structures, its effects are included in the simulations.

A 50-m grid spacing experiment is employed to address the questions regarding cyclic
tornadogenesis. To avoid constant modification of the base-state wind profile by surface friction,
a three-force balance between the horizontal pressure gradient, Coriolis, and frictional forces is
enforced using the Geotriptic Wind Balance (GWB) technique, such that the wind profile remains

quasi-steady over the course of the experiment away from storm-induced perturbations. The
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simulated supercell produces four tornadoes in relatively regular periods during its life span, three
of which attain Enhanced Fujita 5 (EF5) intensity, while one briefly attains EF3 winds. All
tornadoes develop under intensifying low-level updrafts and lowering pressure aloft, but their
ensuing evolution differs considerably. The first tornado, also the strongest one, moves along the
interface between a rear-flank downdraft (RFD) and a forward-flank convergence boundary
(FFCB), while highly tilted to the tornado. When the tornado’s parent updraft sheds from the main
updraft to the east, it moves under the midlevel updraft, strengthening to peak intensity until it is
overtaken by cold outflow. After its dissipation, large amounts of precipitation in the rear-flank of
the storm cause the subsequent tornadoes to have shorter life spans, as they tend to become
“wrapped in rain” and detach from their parent low-level updraft too quickly. All tornadoes are
preceded by a low-pressure lobe (LPL) associated with accelerating inflow into the tornado’s
parent updraft. A band of enhanced near-surface streamwise vorticity in conjunction with the LPL
and enhanced inflow also develops and appears to feed into the low-level updraft, potentially
intensifying upward motions dynamically. Unlike previous conceptual models of cyclic
mesocyclogenesis, where midlevel updrafts move rearward relative to the storm and decay
completely, occluded midlevel updrafts merge with newly developed updrafts and produce
convoluted downdraft distribution at middle levels and near the rear-flank of the storm. This setup
is at least partially responsible for inducing the transition of the supercell from a “classic”
morphology into an HP mode, a condition that accounts for most of the individual differences
among tornadoes in this simulation.

The interactions between HV and tornadoes are analyzed in a 100-m and a 30-m grid
spacing simulations. For the 100-m grid spacing experiment (which is an early version of the 50-

and 30-m simulations), visualizations of the three-dimensional (3D) flow field based on direct
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volume rendering aided by visual observations of HVs in a real tornado reveal the existence of a
complex distribution of 3D vortex tubes surrounding the tornadic flow throughout the simulation.
A distinct class of HVs originates in two key regions at the surface: around the base of the tornado
and in the RFD outflow and are believed to have been generated via surface friction in regions of
strong horizontal near-surface wind. HVs around the tornado are produced in the tornado’s outer
circulation and rise abruptly in its periphery, assuming a variety of complex shapes, while HVs to
the south-southeast of the tornado, within the RFD outflow, ascend gradually in the updraft.

A combination of visual observations of a violent tornado and 3D visualizations of the
vorticity field near the tornado in the 30-m simulation (which based on the same observed tornado
case) are used to document a distinct type of HV, which persistently trails the right flank of the
tornado very close to the ground, hereafter referred to as “trailing HV”. The analysis shows that
trailing HVs are larger, stronger, and last longer than their small-scale counterparts. Still, their
vorticity matches that of other smaller HVs previously documented in the literature, which is
consistent with generation via frictional torques and baroclinity along warm RFD internal
boundaries. Interestingly, in some instances, trailing HVs display smaller spiral vortices
circulating their periphery, which may evolve into complex structures. Visualizations of the 3D
vorticity field show that the trailing HV arises as an entanglement along an RFD internal boundary
of large and small HVs originated in the RFD outflow during a period of tornado intensification.
The RFD internal boundary also serves as focus for stretching of vorticity that is exchanged from
originally crosswise into streamwise vorticity at the location of trailing HV, causing strengthening
of the trailing HV. The spiral vortices result from the same entangling processes that gives rise to
the trailing HV. Moreover, the analysis suggests that trailing HV may act as a rotor that reinforces

the surface wind speed in the right flank of the tornado.
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Chapter 1: Introduction

Over the past six decades, our understanding of tornadic supercells has seen enormous
progress which, as a consequence, has led to more accurate tornado forecasts. Such progress can
be traced back from the first detailed, observation-based description of supercell thunderstorms
(Browning 1964) to today’s impressive and increasingly more common high-resolution numerical
simulations of deep moist convection capable of resolving tornadoes and their parent storms all
together (Xue et al. 2014; Orf et al. 2017; Yokota et al. 2018; Orf 2019; Snook et al. 2019; Tao
and Tamura 2020). In spite of the outstanding advancements made thus far, a number of aspects
regarding supercell tornadogenesis remains elusive. For instance, it is still not possible to discern
why two or more supercells forming in virtually identical tornado-prone environments (at least in
terms of current observational capabilities) with very similar characteristics on a radar display,
result in widely different outcomes in terms of tornado production. In this context, one such
supercell may produce only brief, weak tornadoes or no tornadoes at all, while another nearly
identical supercell may produce strong, long-lived tornadoes (Markowski 2020). These
discrepancies suggest an extreme sensitivity of the tornadic potential of a supercell to small
differences in initial and boundary conditions, such that tornadogenesis does have a stochastic
component that is highly dependent on the evolution of internal structures of the storm, likely
including very small-scale features (Coffer and Parker 2017; Coffer et al. 2017; Coffer and Parker
2018; Yokota et al. 2018; Snook et al. 2019; Flournoy et al. 2020). Although this is certainly a
major issue for numerically predicting tornadoes (Markowski 2020), it also underscores the need
for a better understanding of how the evolution of fine-scale structures of supercells (e.g., internal
boundaries, individual updrafts and downdrafts, small-scale vortices) affects the overall evolution

of the parent storm, and how these structures interact with developing tornadoes and their nearby



environment (Orf et al. 2017; Orf 2019). Fortunately, the ever-increasing capabilities of computers
and observing platforms (such as mobile Doppler radars and lidars) continue to yield datasets of
tornadic supercells at increasingly higher temporal and spatial resolutions (i.e., on the order of 2 s
and less than 100 m, respectively), resulting in increasingly detailed fine-scale analyses of the
airflow within these storms (Pazmany et al. 2013; Wurman and Kosiba 2013; Houser et al. 2015;
Orf et al. 2017; Yokota et al. 2018; Bluestein et al. 2019; Orf 2019; Snook et al. 2019; Tao and
Tamura 2020; Schueth et al. 2021).

In this dissertation, a set of high-resolution numerical simulations of a tornadic supercell
(with horizontal grid spacing ranging from to 30 to 100 m) are conducted to address two distinct
but important aspects of supercell tornadoes that are intrinsically related to the fine-scale evolution
of internal structures of the storm: cyclic tornadogenesis and horizontal vortex tubes near
tornadoes. The motivation for studying these specific two aspects of supercell tornadoes is
discussed below.

1.1. Cyclic tornadogenesis

Past idealized numerical simulations addressing specifically cyclic formation of rotation in
supercells have been restricted to using horizontal grid spacing on the order of 500 m, which can
resolve low-level mesocyclones, at most (Adlerman et al. 1999; Adlerman and Droegemeier 2002;
Adlerman and Droegemeier 2005). These studies have shed light on the main aspects involved in
the sequential formation of mesocyclones in a supercell and its dependence on smaller-scale storm
features (gust fronts, occlusion downdrafts, two-celled updrafts, etc.) and, in general, show a
regular trend for mesocyclones to evolve in a remarkably similar fashion over each cycle
(Adlerman et al. 1999). In nature, however, tornadoes from different cycles of a supercell can be

quite different in terms of intensity, duration, and structure (Bluestein 2009; Tanamachi et al. 2013;



Knupp et al. 2014; Houser et al. 2015; Wienhoff et al. 2020) and, occasionally, tornadoes from
distinct cycles may interact with each other (French et al. 2015). In many circumstances,
differences between tornado cycles may be caused by heterogeneities in the environment, such as,
for example those associated with cell mergers (Wurman et al. 2007; Tanamachi et al. 2015). For
observed supercells, intrinsic heterogeneities and natural evolution of the environments make it
virtually impossible determine whether differences in tornado cycles arise due to storm-
environment interactions or due to in-storm processes alone. In fact, large differences in terms of
tornado characteristics between cycles in a supercell arise even without the complicating effects
of a heterogeneous base-state environment, since tornado attributes or even the likelihood of
tornadogenesis are volatile and extremely sensitive to initial and boundary conditions (Coffer et
al. 2017; Markowski 2020). Understanding why these differences occur for a particular supercell
and how they compare with existing observations and conceptual models of cyclic tornadogenesis
can provide an improved understanding of these phenomena and perhaps better anticipate
situations that may deviate from or add new information to long-established conceptual models.
1.2. Horizontal vortex tubes near tornadoes

High-resolution simulations of supercells display extremely turbulent cold pools,
especially when the grid spacing employed is fine enough [O(10-50 m)] to resolve very small
structures. Three-dimensional visualizations of simulated supercell outflows (Orf et al. 2017; Orf
2019; Yao et al. 2019) have revealed complex vortex-vortex interactions, mostly prevalent in the
vicinity of rear-flank downdrafts and low-level mesocyclones/tornadoes. Some of these vortices
interact with the tornado, evolving into quasi-horizontal vortex tubes, colloquially referred to as
horizontal vortices (Wurman and Kosiba 2013; Houser et al. 2016; Orf et al. 2017). Horizontal

vortices are occasionally observed around the periphery of real tornadoes as condensation tubes,



whenever the pressure drop within their cores is large enough to induce condensation (Houser et
al. 2016; Bai et al. 2017; Orf et al. 2017). Recent documentation of horizontal vortices in tornado
footage, close-range mobile Doppler radar observations and visualizations of tornado-resolving
simulations has provided some general insights into their typical behavior. In visual observations
and visualizations of tornado simulations, horizontal vortices occur prominently in rear-flank
downdrafts and appear to wrap around the tornado from the right-rear side (looking from behind
the tornado) through the left-front low-level sectors (Bai et al. 2017; Orf et al. 2017). In Doppler
radar observations, horizontal vortices also appear in the rear-flank downdraft region, in the
vicinity of rear-flank downdraft internal boundaries during tornado intensification (Houser et al.
2016). Their vorticity vectors have a large component to the left of the cold pool outflow winds
when near the surface (i.e., in the crosswise direction) or along the flow when ascending around
the tornado (when the crosswise vorticity horizontally tilted into streamwise vorticity). This
suggests that they can be generated by surface friction or by horizontal buoyancy gradients
(baroclinity) along warm rear-flank downdraft internal boundaries behind a cooler surge (Houser
et al. 2016). Since horizontal vortices are much weaker than the tornado itself, they apparently
behave as passive coherent structures of the flow, being advected and distorted by the tornado’s
outer circulation and evolving into arcs around the tornado.

Although horizontal vortices have been documented more frequently in recent years,
mostly based on observations, several aspects of their nature and importance in supercell dynamics
remain unknown. For example, are horizontal vortices always simply passive features of the flow?
Or, are there instances where horizontal vortices can have an impact on the flow field of the nearby
tornado? Do the horizontal vortices contribute in any significant way to tornado and/or related

mesocyclone circulations via vortex mergers? Can tornado-horizontal-vortex interactions enhance



damaging winds at the surface? Regarding the latter question, the only published report of ground-
level damage associated with a horizontal vortex was that of Bai et al. (2017), who suggested that
a downward-bending horizontal vortex far downstream of a typhoon-spawned tornado in Taiwan
was responsible for damage to power lines. More studies are needed to better understand the
behaviors and dynamics of horizontal vortices and whether/how they affect tornadoes and tornadic
winds, especially near the surface where damage can occur.

During the 27 April 2011 devastating tornado outbreak in the southeast United States,
several strong and violent tornadoes were accompanied by horizontal vortices (Knupp et al. 2014).
Many of the most intriguing HV-tornado interactions observed on that day occurred during the
early stages of the Tuscaloosa-Birmingham, Alabama, EF4 tornado?, as it intensified over
Tuscaloosa. During this stage of the tornado lifecycle, several Tuscaloosa residents video recorded
the tornado from multiple locations, affording an opportunity to document some HV structures
that have not been discussed much in the literature. More specifically, the visual observations
reveal the existence of large, persistent horizontal vortices that closely trail the tornado’s right
flank very near the ground, producing strong wind fields (hereafter referred to as “trailing
horizontal vortices” or “trailing HVs”). In addition, some of the videos suggest that these trailing
HVs can themselves interact with smaller HVs to create complex three-dimensional vortical
structures in the vicinity of the tornado, rendering these features even more interesting.

1.3. Objectives of this study

The purposes of this dissertation are twofold. First, we seek to better understand how and

why a supercell evolving in a horizontally homogenous, steady-state environment can produce

widely different tornadoes by contrasting the differences in storm structures that occur in each

! Hereafter, simply referred to as the Tuscaloosa tornado.



tornado cycle. This includes understanding how a previous tornado cycle affects the next to
highlight the similarities and mainly discrepancies from previous conceptual models of cyclic that
naturally arise for tornadic supercells simulated at high-enough resolution. Emphasis is given to
understanding how tornadoes evolve relative to their parent updrafts, especially at low levels and
how they relate to nearby storm structures. Second, this study seeks to better address questions
posed in subsection 1.2 regarding horizontal vortices and their interactions with tornadoes. In
particular, we seek to document and provide some preliminary understanding of the trailing HV
structures identified in selected videos of the Tuscaloosa tornado, that are rarely observable by
high-resolution mobile Doppler radar due to their small scale and relative rarity. In order to gain
insight on the three-dimensional structure and evolution of trailing HVs beyond the limited clues
available in the videos, we present visualizations and a brief qualitative analysis of a very high-
resolution numerical simulation based on the Tuscaloosa tornado case, which contains vortical
features with similar characteristics of visually observed trailing HVs. It is hoped that this study
will highlight the potential importance of horizontal vortices and their interactions with tornadoes,
as well as encourage more investigations on coherent vortical structures in supercell outflows may

affect tornado dynamics.



Chapter 2: Review of Supercells, Tornadoes, and Horizontal Vortices?

The chief objectives of this dissertation are to further our knowledge of the processes
conducive to tornado development in supercells and better understand how tornadoes interact with
neighboring storm- and substorm-scale structures. In this context, it is appropriate to review what
we do and do not know about these phenomena. In this section, a brief review of supercell
thunderstorms is provided, followed by a review of the types of tornadoes and other relevant
intense vortices produced by supercells. The mechanisms and modes tornadogenesis in supercells
are also reviewed.

2.1 Supercell thunderstorms

Supercell thunderstorms are the rarest yet, oftentimes, the most severe manifestation of
deep moist convection. The perception that supercells comprise a rather special subset of severe
deep convection dates back from the late 1950s and early 1960s. Browning (1964), based on
conventional radar observations, formally introduced the term supercell to refer to convective
storms that persisted for prolonged periods (in some cases, several hours) and moved to the right
of the pressure-weighted mean tropospheric wind to contrast with “ordinary” cells, i.e., those
whose lifespan was merely on the order of the advective timescale and tended to move along with
the mean wind. Early studies (Browning and Ludlam 1962; Browning and and 1963; Marwitz
1972a, 1972b, 1972c; Schlesinger 1973) correctly determined that the roots for supercell longevity
lied in the presence of strong environmental vertical wind shear through a deep layer of the
troposphere (e.g., 0-6 km AGL). In such environments, precipitating hydrometeors produced in a

storm’s updraft are redistributed downwind by the intense wind shear allowing the main updrafts

2 Some parts are direct excerpts from Oliveira et al. (2019) and Oliveira et al. (2022; entitled: Trailing Horizontal
Vortices in Observed and Numerically Simulated Tornadoes, submitted to the Bulletin of the American
Meteorological Society, in review at the time of this writing).



and downdrafts to coexist symbiotically for extended periods. This is opposed to ordinary cell
dynamics in which precipitation falls directly over the updraft within 40-60 min of storm formation
due to the lack of strong wind shear, ultimately cutting off the supply of unstable air for updraft
maintenance and causing its decay (Byers and Braham 1949). However, it was also noted at the
time that longevity and deviant motion were not features exclusive to supercells necessarily; for
example, multicellular storms tended to regenerate and propagate also to the right of the mean-
tropospheric wind due to the interaction of their cold pools with the environmental wind shear,
when the latter was substantial and had southerly component (Marwitz 1972b). Based primarily
on conventional radar, limited surface observations, and early numerical modelling efforts, Fujita
and Grandoso (1968) hypothesized that not only the longevity and deviant motion of supercells,
but their splitting behavior into anticyclonic and cyclonic storms was related to the presence of
persistent midlevel rotation [about 3-8 km above ground level (AGL)] in their updrafts. These
rotating updrafts, later referred to as midlevel mesocyclones and mesoanticyclones (e.g., Davies-
Jones 1984), would eventually become the defining characteristic of supercells that distinguishes
from other modes of deep convection.

Much of our current knowledge of supercells can be traced back to pioneering studies
combining of observations (e.g., from surface station, sounding, radar, aircraft, storm-chaser
footage), theory, and numerical modeling conducted during the early 1970s through the mid-to-
late 1980s (Barnes 1978b, 1978a; Klemp and Wilhelmson 1978b, 1978a; Wilhelmson and Klemp
1978; Lemon and Doswell 1979; Ray et al. 1981; Rotunno 1981; Wilhelmson and Klemp 1981;
Rotunno and Klemp 1982; Klemp and Rotunno 1983; Klemp and Weisman 1983; Davies-Jones
1984; Rotunno and Klemp 1985; Vasiloff et al. 1986; Brandes and Johnson 1988). The seminal

work of Lemon and Doswell (1979) illustrates the success of combining radar, instrumented



aircraft, visual, and surface observations to construct conceptual models of the main structures
composing a tornadic supercell (Fig. 2.1). In their model, the low-level structure of a supercell,
such as that seen in a low plan position indicator (PPI) of a radar display, contains a main updraft
(UD) accompanied by two main downdrafts regions. One such downdraft is located downwind of
the updraft in the storm’s forward flank (termed forward-flank downdraft or FFD), whereas the
other downdraft is located in the rear flank (termed rear-flank downdraft or RFD), each of these
downdrafts associated with its own surface gust front. In this mature stage of a tornadic supercell,
a low-level mesocyclone (around 0-3 km AGL) is situated near the interface between the updraft
and the RFD and at the tip of a hook in the low-level radar reflectivity field, such that the
mesocyclone exhibits a “divided structure” or, correspondingly, the updraft has a “horseshoe”
shape. Tornadoes are typically located around the center of the low-level mesocyclone also near
the updraft-RFD interface. A “flanking line” of cumulus towers is commonly observed along the
rear-flank gust front (RFGF). The conceptual model of Lemon and Doswell (1979) has endured
to this day with only minor modifications. Perhaps the most notable modification is the modern
notion that FFDs are not typically associated with well-defined surface gust fronts; rather, the
forward-flank region of supercells usually contains confluent boundaries (sometimes rather
diffuse), such as left-flank convergence boundaries (LFCBs) and/or forward-flank convergence
boundaries (FFCBs; Beck and Weiss 2013).

The first-order understanding that midlevel mesocyclones (and mesoanticyclones)
originate from tilting of horizontal vorticity available in the environmental wind shear was
established through numerical modelling and theoretical work in the late 1970s and 1980s. Davies-
Jones (1984) performed an elegant mathematical derivation of the origin of midlevel rotation in

supercells, where he demonstrated that upward tilting of streamwise horizontal vorticity by an



updraft in an environment characterized by clockwise-curved hodographs (veering shear vectors
with height) yields a high spatial correlation between positive vertical velocity and vertical
vorticity in rising air parcels, thus producing for net cyclonic midlevel rotation in supercell

updrafts.

Fig. 2.1. Conceptual plan view of a cyclonic tornadic supercell at low levels. The thick line
represents the radar echo. The finely stippled areas represent the updraft (UD), while the RFD and
FFD are coarsely stippled. From Lemon and Doswell (1979). The frontal symbols illustrate the
storm’s gust front associated with each downdraft region. Ground-relative streamlines indicate the
flow in and around the supercell. The tornado location is denoted by an encircled T.

Inspired by the landmark realistic numerical simulations of supercells by Klemp and
Wilhelmson (1978b, 1978a), Rotunno and Klemp (1985) demonstrated in a numerical study how
an updraft developing in an environment rich in environmental wind shear tilts initially
horizontally oriented vortex lines upward to produce midlevel rotation. As a storm develops
midlevel rotation, its motion and persistence become intrinsically associated with such rotation.
The presence of a midlevel rotation (localized zones of lowered pressure aloft) in a storm induces
nonlinear vertical dynamic pressure gradient accelerations on the flanks of the convective cloud in
a way that it continually grows along those flanks; for clockwise-curved hodographs, favorable

dynamic vertical pressure gradients are induced on the right flank of storms such that they

10



propagate to the right of the mean-tropospheric winds (Weisman and Klemp 1982, 1984). In
addition to investigating midlevel mesocyclogenesis, Rotunno and Klemp (1985) built upon their
previous research (Klemp and Rotunno 1983) to demonstrate near-surface vertical rotation in
supercells develops as the storm’s updraft tilts and stretches horizontal vorticity that is augmented
by baroclinically along horizontal buoyancy gradients in the rain-cooled downdraft portion of the
storm. A more detailed discussion of baroclinic vortex genesis modes will be provided in
subsection 2.4.

A key aspect of supercells that is particularly challenging to forecast accurately is their
ability to produce several mesocyclones and tornadoes sequentially during their life cycle (Darkow
and Roos 1970; Lemon and Doswell 1979; Johnson et al. 1987; Adlerman and Droegemeier 2002;
Dowell and Bluestein 2002a, 2002b). Under certain environmental setups, supercells can produce
tornadoes periodically for long periods, occasionally longer than 7 hours (e.g., Knupp et al. 2014).
The processes of sequential mesocyclone production in supercells has been referred to as cyclic
mesocyclogenesis, while the process of repeated tornado formation has been referred to as cyclic
tornadogenesis; cyclic mesocyclogenesis does not imply cyclic tornadogenesis, but cyclic
tornadogenesis occurs in association with cyclic mesocyclogenesis (Darkow and Roos 1970;
Johnson et al. 1987; Adlerman et al. 1999; Dowell and Bluestein 2002a, 2002b; Wurman et al.
2007; French et al. 2008; Houser et al. 2015). The dangers posed by cyclic tornadic supercells have
attracted considerable attention since the 1970s (Darkow and Roos 1970; Lemon and Doswell
1979), mainly due to some notorious tornado outbreaks that occurred in that decade and earlier
(e.g., Fujita et al. 1970; Agee et al. 1976; Locatelli et al. 2002). As a result, much has been learned

about the processes by which supercells produce tornadoes repeatedly.
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The first conceptual models o cyclic mesocyclogenesis were constructed on comprehensive
analyses of observational data. Lemon and Doswell (1979) produced a model where cyclic
mesocyclogenesis resulted from the discrete production of mesocyclones and updrafts following
the occlusion of an initial mesocyclone and updraft. The occlusion of mesocyclones is an analogy
to the occlusion process that occurs in well-developed extratropical cyclones. Utilizing a dataset
of approximately 100 radar-observed supercells, Burgess et al. (1982) conceived a conceptual
model of cyclic mesocyclogenesis in which the authors describe how mesocyclones are undercut
from their source of potentially unstable environmental air by outward-surging RFGFs that
occlude the mesocyclones. Undercut mesocyclones move rearward relative to the storm motion
(or leftward for cyclonic supercells in the Northern Hemisphere) as they weaken and disputation
within the storm’s precipitation area, while new mesocyclones/updrafts tend to develop at the
occlusion point because of the locally enhanced convergence in that region. A wide of
mesocyclone lifespans were identified in their study, ranging approximately from 45 to 90 min.

Adlerman et al. (1999) conducted a detailed analysis of an idealized numerical simulation
of a cyclic supercell initialized with a sounding associated with the 20 May 1977 Del City,
Oklahoma, storm, finding good agreement with previous observation-based models of cyclic
supercells. Their simulation shows that an initial low-level mesocyclone is cut off from its source
of potentially buoyant environmental air by an outward-surging RFD, reinforced by an occlusion
downdraft induced by a downward pressure gradient force due to rotation becoming stronger at
low levels (Klemp and Rotunno 1983). Further outward motion of the downdraft air causes the
original mesocyclone to occlude and detach from the RFGF, soon moving into the storm’s outflow
and attaining maximum intensity under a deep, vertically stacked updraft; after its peak stage, the

mesocyclone decays embedded in cold outflow and downdrafts. Enhanced surface convergence
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along a bulging RFGF triggers new updraft pulses downshear from the decaying mesocyclone,
which eventually develop into new mesocyclones. The entire process of cyclic mesocyclogenesis
in their simulation takes 60 min, 20 min longer than the typical cycling period documented by
Burgess et al. (1982). In a subsequent study, Adlerman and Droegemeier (2002) found that cycling
frequency (among other mesocyclone characteristics) is quite sensitive to a variety of model
parameters, including parameterizations of microphysics and surface friction, grid spacing, and
diffusion coefficients; this suggests that some cyclic aspects of supercells may be difficult to
accurately predict using numerical models. Additionally, Adlerman and Droegemeier (2005)
found that cyclic mesocyclogenesis is remarkably sensitive to the environmental wind shear
characteristics (i.e., hodograph shape) in which the supercell is embedded, commonly resulting in
two main modes of cyclic mesocyclogenesis. The first mode was described in Adlerman et al.
(1999) and other radar-based studies, and is termed occluding cyclic mesocyclogenesis (Fig. 2.2;
top panel), to refer to mesocyclones that move rearward relative to the storm after occlusion. The
second mode consists of decaying mesocyclones that propagate southward (in a storm-relative
sense) along the gust fronts without occluding, with new mesocyclones forming along kinks in the
gust front farther north repeatedly; this mode is referred to as non-occluding cyclic

mesocyclogenesis (Fig. 2.2; botton panel).
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Occluding Cyclic Mesocyclogenesis (OCM)

time —

Non-occluding Cyclic Mesocyclogenesis (NOCM)

time —

Fig. 2.2. Cyclic mesocyclogenesis at low levels. Top panel: Occluding cyclic mesocyclogenesis;
bottom panel: non-occluding cyclic mesocyclogenesis. Vertical vorticity maxima (low-level
mesocyclones) are shaded in red. Updrafts are shaded in light blue and downdrafts are shaded in
dark blue. The yellow contour outlines the boundary of the storm’s rainy area. The black frontal
symbols indicate the RFD and FFD gust fonts. From Adlerman and Droegemeier (2005).

In subsequent years, studies utilizing higher resolution Doppler radar data further refined
existing models of cyclic mesocyclogenesis and tornadogenesis and discussed how particular cases
can deviate from the models. Dowell and Bluestein (2002a, 2002b) analyzed Doppler radar data
of a cyclic tornadic supercell collected by an aircraft from the Verification of the Origins of
Rotation in Tornadoes Experiment (VORTEX; Rasmussen et al. 1994) to formulate a refined
conceptual model of cyclic tornadogenesis. Their model, which is based on the model of Burgess
et al. (1982), illustrates how a portion of the horseshoe updraft is “shed” during the occlusion
process and moves rearward relative to the storm motion, whereas the other portion of the updraft
remain attached to the RFGF. As the tornado-bearing updraft is shed further rearward into the
storm’s cold pool, increasing tilting and stretching of low-level horizontal vorticity (both

originated in the environment or augmented by in-storm processes) at the bulge of the RFGF

14



fosters new mesocyclone and tornado development downshear of the old tornado in a process that
can persists for hours. Beck et al. (2006) used high-resolution mobile Doppler radar of nontornadic
cyclic supercell to determine that hook-echo regeneration downshear of old occluding
mesocyclones depends on a surging RFGF to produce low-level deformation field that is a
favorable for new mesocyclone development. Using high-resolution mobile Doppler radar data of
a distinct cyclic supercell, French et al. (2008) hypothesized that for mesocyclones to persist and
intensify, strong rear-flank outflow needs to develop in order to balance strong storm-relative
inflow winds that tend to advect newly develop circulations into the cold pool to rapidly. More
recently, Betten et al. (2018) constructed nearly continuous wind retrievals over a 90-min period
from mobile Doppler radar observations of a cyclic high-precipitation supercell (Moller et al.
1990) to address interactions between the storm’s boundaries, vertical drafts, and mesocyclones.
Although the authors found an overall storm evolution similar to previous studies of cyclic
supercells, the interaction between gust fronts, internal boundaries, and updrafts differed markedly
between cycles, with RFD internal surges playing a major role in modulating these differences.
2.2 Types of tornadoes

Tornadoes are defined as violently rotating columns of air pendant from cumulonimbus
clouds or growing cumulus towers, which make contact with the surface (Glickman 2000; Agee
2014). Because of the intense winds in and around tornadoes and their relatively small diameter,
obtaining in situ measurements of their wind field has proven extremely difficult over the years.
Indeed, even obtaining indirect measurements of tornadic winds near the surface through mobile
Doppler radars is challenging given that such observations must be taken at a considerable close
range (Bluestein et al. 2007a; Bluestein et al. 2013; Kosiba and Wurman 2013; Wurman and

Kosiba 2013; Houser et al. 2015, 2016; Bluestein et al. 2018, 2019). In order to acquire reasonable
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post-storm estimates of tornado intensity, Fujita (1971) devised a six-category scale ranging from
0 to 5 to assign tornado strength ratings according to the degree of damage caused by tornadoes.
The Fujita (F) scale remained as the primary tool to estimate tornado intensity in the U.S. for
around three decades until early 2007 when it was replaced by the Enhanced Fujita scale (EF) scale
(WSEC 2006), a refinement that continues to employ the same 0-5 categories. Elaborated through
a combined efforts of engineers and meteorologists, the EF scale assigns more accurate and
consistent wind speed estimates according to the degree of damage to man-made structures and
vegetation than the F scale, most notably for the upper damage categories, which had long been
recognized to represent overestimates of actual tornadic winds (e.g., Edwards et al. 2013).
Convective storms can generate a myriad of surface vortices which may or may not qualify
as tornadoes. Building upon previous tornado categorizations (Davies-Jones et al. 2001; Agee and
Jones 2009), Agee (2014) proposed a tornado classification scheme divided into three main
tornado types. Tornadoes of Type | comprise those produced by mesocyclones (or, equivalently,
mesoanticyclones) within supercells. As such, tornadoes spawn from low-topped continental mini-
supercells and mini-supercells in landfalling tropical cyclones are included in this category as well.
Type Il tornadoes generally refer to tornadoes generated by mesovortices within larger, organized
multicellular convective systems, such as quasi-linear convective systems (QLCSs). Finally,
tornadoes of Type 11l designate localized or shear-induced vortices pendant from a cumuliform
updraft and in contact with the ground, such as landspouts (Bluestein 1985) and waterspouts
(Golden 1971). Although gustnadoes are also strong shear-induced vortices generated in
convective storms, they are no longer considered tornadoes according to the classification system
of Agee (2014) because of their lack of connection to the parent convective cloud. The tornado

taxonomy presented by Agee (2014) is used herein to discuss the types of tornadoes.
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Of all three type of tornadoes, Type | or mesocyclonic tornadoes are generally the ones
capable of attaining strong-to-violent (EF2-EF5) strength and, thus, cause significant damage
(Church et al. 1993; Davies-Jones et al. 2001; Smith et al. 2012); as a result, this type of tornado
has rightly received vast attention in the severe storms research community. Type | tornadoes form
as the result of persistent stretching of low-level mesocyclone-scale vorticity [0(0.01 s%)] under
the storm’s parent updraft, usually within a rotating wall cloud near the interface between the RFD
and the updraft (Klemp 1987; Wicker and Wilhelmson 1995; Davies-Jones et al. 2001; Markowski
et al. 2002; Markowski and Richardson 2009; Markowski et al. 2012b; Markowski et al. 2012a;
Kosiba et al. 2013; Markowski and Richardson 2014; Davies-Jones 2015). In the absence of
preexisting vertical vorticity at the ground, the mesocyclone-scale vorticity that is eventually
contracted into a tornado develops via tilting of low-level horizontal vorticity that is produced
either barotropically (i.e., contained in the pre-storm environmental wind shear; e.g., Mashiko et
al. 2009), baroclinically in downdrafts and along outflow boundaries (Markowski et al. 1998;
Atkins et al. 1999; Rasmussen et al. 2000; Markowski et al. 2008; Markowski et al. 2012b;
Markowski et al. 2012a; Dahl et al. 2014; Dahl 2015; Marquis et al. 2016; Boyer and Dahl 2020),
frictionally (Schenkman et al. 2014; Markowski 2016; Roberts et al. 2016; Roberts and Xue 2017;
Tao and Tamura 2020), or most likely, a combination of all the above processes (Markowski 2016;
Mashiko 2016a, 2016b; Yokota et al. 2018) (Fig. 2.3a). The last two mechanisms have been
considered to play a more relevant role in tornadogenesis (Dahl 2015; Roberts et al. 2016). In some
situations, anticyclonic tornadoes may form in association with mesoanticyclones on the trailing
end (with respect to storm motion) of the hook echo and RFGF near strong mesocyclones or
cyclonic tornadoes (Brown and Knupp 1980; Fujita 1981; Bluestein et al. 2007a; Wurman and

Kosiba 2013; Bluestein et al. 2016). Such tornadoes have been shown to form due to upward tilting
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of horizontal vortex lines into arcs straddling the hook echo; the horizontal vorticity is produced
baroclinically along the leading edge of the colder RFD and tilting occurs as the air parcels descend
in the RFD (Straka et al. 2007; Markowski et al. 2008; Markowski et al. 2012b; Kosiba et al. 2013;
Markowski and Richardson 2014). The branch of the vortex line arc in the trailing end of the hook
is responsible for the anticyclonic vortex, while the opposite end of the vortex line reinforces the
low-level mesocyclone. Given that the main focus of this dissertation pertains to mesocyclonic
tornadoes, a more in-depth discussion of the formation mechanisms of tornadoes in supercells will
be provided in subsection 2.4.

As previously discussed, Type Il tornadoes are produced by mesovortices in QLCSs, such
as squall lines or bow echoes. These mesovortices usually develop on the north (south) sector of
the QLCS apex in the Northern Hemisphere (Southern Hemisphere), such that they are sometimes
referred to as “bookend vortices” (Weisman 1993; Atkins et al. 2004). The perception that QLCSs
can produce tornadoes may be traced back to the late 1950s with Nolen (1959), who associated
the occurrence of tornadoes to undulated patterns seen in radar reflectivity displays of squall lines,
which became known as “line-echo wave patterns” or LEWPs. Smith et al. (2012) constructed a
climatology of significant severe storms based on storm reports from 2003 to 2011 in the
contiguous U.S., where the authors partitioned storm classification based on convective mode;
they demonstrated that QLCSs can account for as much as 14% of all reported tornadoes. More
recently, Ashley et al. (2019) used image classification and machine learning techniques to
elaborate a climatology of QLCSs; among their results, the authors show that in certain regions of
the U.S., such as the area west of the Appalachians, extending from the lower Great Lakes to the
mid-South, QLCS tornadoes can remarkably account for 50%-73% of all regional tornado reports.

Some particular QLCS tornado events may be quite efficient at producing tornadoes, especially in
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the presence of strong low-level shear (Forbes and Wakimoto 1983; Schenkman et al. 2012; Knupp
et al. 2014). As with Type | tornadoes, existing theories regarding the sources of horizontal
vorticity for the production of tornado-producing mesovortices in QLCSs rely on barotropic,
baroclinic, and/or frictional processes. Weisman and Davis (1998) proposed that, for a QLCS
moving eastward, downward tilting of horizontal vortex lines associated with westerly
environmental shear (typical of midlatitude pre-storm environments) by storm-scale downdrafts
can produce cyclonic-anticyclonic vortex couplets at the tail-end of QLCSs, with the cyclonic
(anticyclonic) member on the northern (southern) end of the convective line in the Northern
Hemisphere (Fig. 2.3b). The authors demonstrated that the inclusion of the Coriolis force acts to
favor the cyclonic member of the couplet over a few hours, consistent with the observed
predominance of cyclonic bookend vortices. In the same context, Weisman and Davis (1998) also
show that upward tilting of horizontal vortex lines associated with easterly shear (produced
baroclinically in the cold pool and along the leading edge of the QLCS) can also produce a vortex
couplet of the same sign of the one described by the barotropic mechanism (Fig. 2.3c). In recent
years, high-resolution numerical simulations of QLCS have shed light on the role of surface
friction in the formation of mesovortices. In a high-resolution (100-m grid spacing), real-data
simulation of a tornadic mesovortex that occurred on 8-9 May 2007 in Minco, Oklahoma,
Schenkman et al. (2012) found that surface friction was responsible for producing a horizontal
rotor around their mesovortex, which acted to enhance low-level updrafts and vortex stretching,
eventually resulting in tornadogenesis. The importance of surface friction is also reinforced by Xu
et al. (2015), who showed that meso-y scale QLCS vortices can form through the upward tilting
of horizontal crosswise vorticity produced frictionally ahead of the QLCS environment and also

within descending rear-inflow jets.
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Finally, tornadoes of Type Il develop in mesoscale environments containing abundant
preexisting vertical vorticity in the boundary layer, most commonly along convergent zones, such
outflow boundaries and fronts, but usually weak vertical wind shear (Fig. 2.3d). Based on a large
set of observed landspout events in Colorado, Wakimoto and Wilson (1989) concluded that this
type of tornado originates via a vortex sheet instability along a surface convergence boundary,
which breaks up into discrete misocyclones. Some of the resulting misocyclones may then become
collocated with growing convective updrafts along the boundary, eventually intensifying to
tornadic strength via vortex stretching. This mechanism was later confirmed in numerical
simulations by Lee and Wilhelmson (1997a, 1997b). Although Type Il tornadoes are usually not
as strong as Type | (and some Type Il) tornadoes, they may occasionally attain EF2 intensity

(Wakimoto and Wilson 1989).
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Fig. 2.3. Mechanisms of vertical vortex genesis in different convective modes. (a) Supercells: Blue
(green) vortex lines represent vorticity that is produced baroclinically (frictionally). The large
vertically pointing arrow represents a low-level updraft that tilts and stretches low-level horizontal
vorticity into a low-level mesocyclone/tornado (indicated by the + symbol as cyclonic vertical
vorticity) for air parcels traveling along the red trajectories. Red curved arrows denote the sense
of rotation of the vortices. The gray frontal symbols represent the storm’s surface gust fronts. From
Yokota et al. (2018). (b) QLCSs: generation of a cyclonic-anticyclonic vortex pair through
downward tilting of horizontal vorticity in westerly wind shear (typically available in the
environmental; solid line) by a downdraft (large downward-pointing arrow). Dashed curved
arrows indicate the sense of rotation of the shear-induced vortex lines. (c) Similar to (b), but for
upward tilting of horizontal vorticity in easterly wind shear (typically produced baroclinically
along the QLCS’ gust front) by an updraft. Both (b) and (c) from Weisman and Davis (1998). (d)
Non-supercell local storms: (I & II): strong convergence along a surface wind shift line (in this
schematic, a dry outflow boundary) initiates cumulus convection (represented by the cloud
symbols above the black arrows, which denotes updrafts along the boundary) and misocyclones
(circular arrows) through the release of vortex sheet instability. (I11) Convection deepens and
stretches misocyclones. (IV) As convective towers grow into cumulonimbus, misocyclones may
be contracted into tornado, even before the onset of surface precipitation. (V) Cold outflow from
the storm’s rainy area encircles a mature tornado. (VI) Increased rainfall and cold outflow
completely encircle the tornado, which weakens and moves into the cold air mass and dissipates
within downdrafts (black downward-pointing arrows). From Lee and Wilhelmson (1997b).
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2.3 Tornadogenesis mechanisms in supercells

In spite of remarkable advancements in our understanding of supercell tornadogenesis over
the past several decades, the knowledge on storm- and substorm-scale dynamics involved in
tornado formation remains incomplete. Overall, supercell tornadogenesis has been commonly
defined as a three-stage process (e.g., Davies-Jones 2015). In the first stage, a developing updraft
acquires vertical vorticity at mid-levels (about 3-8 km AGL) by tilting environmental streamwise
horizontal vorticity associated with large-scale (base-state) vertical wind shear. As previously
discussed, however, this mechanism cannot be invoked to explain the development of near-ground
mesocyclone-scale vorticity [0(0.01 s)] since rising air parcels carry their vorticity away from
the surface (Davies-Jones 1984). As such, the second stage of tornadogenesis relies on tilting of
near-ground horizontal vorticity (augmented via in-storm processes) by a downdraft, such that
parcels develop vertical vorticity while they descend toward the surface (Davies-Jones and Brooks
1993). The third and final stage of tornadogenesis consists of the amplification of vertical vorticity
produced in stage two into tornadic intensity [O(0.1-1 s%)] through stretching under the storm’s
updraft. While there is general consensus in the severe storms research community regarding the
mechanism responsible for midlevel mesocyclogenesis, the development of near-ground rotation
in supercells persists as a matter of debate. Over the last three decades, considerable effort has
been devoted to unraveling the mechanisms by which low-level horizontal vorticity is generated
within supercells as well as the roles played by the storm’s vertical drafts in the tilting and
stretching of such vorticity into low-level mesocyclones and tornadoes.

The landmark numerical studies of Klemp and Rotunno (1983) and Rotunno and Klemp
(1985) conspicuously indicated that baroclinic generation of low-level horizontal vorticity along

supercells’ outflow boundaries was the primary contributor to the development of intense near-
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surface rotation. Based on the notion that updrafts alone could not tilt horizontal vorticity to
produce vertical vorticity at ground level, Davies-Jones and Brooks (1993) used numerical
simulations to demonstrate how downdrafts could efficiently produce cyclonic vertical vorticity at
the surface. They showed that near-ground cyclonic vorticity develops due to a “slippage” process,
where horizontal vorticity and velocity vectors along air parcel trajectories descending in a
downdraft detach from one another due to continued baroclinic generation of horizontal vorticity.
This causes air parcels initially containing quasi-streamwise horizontal vorticity first to acquire
anticyclonic vorticity during their initial descent through tilting; upon nearing the ground,
however, the velocity vectors along air parcel trajectories become quasi-horizontal, while the
vorticity vectors acquire an upward (cyclonic) component due to the combined effects of
baroclinity and tilting. The key role of baroclinity in tornadogenesis has been widely substantiated
by a large body of literature (Wicker and Wilhelmson 1995; Markowski et al. 1998; Rasmussen et
al. 2000; Markowski et al. 2008; Markowski and Richardson 2009; Markowski et al. 2012b;
Markowski et al. 2012a; Beck and Weiss 2013; Dahl et al. 2014; Markowski and Richardson 2014;
Dahl 2015; Parker and Dahl 2015; Rotunno et al. 2017; Boyer and Dahl 2020; among many others).

Despite efficient at producing near-surface vorticity, baroclinity can become a hindrance
to tornadogenesis, if excessive. Based on mobile mesonet collected around tornadic and
nontornadic hook echoes from 1994 to 1999, Markowski et al. (2002) found that the likelihood of
tornadogenesis decreased considerably for supercells containing rear-flank outflows that were too
cold. Several other studies have corroborated these results (Shabbot and Markowski 2006; Grzych
et al. 2007; Hirth et al. 2008; Lerach et al. 2008; Markowski et al. 2008; Snook and Xue 2008; Lee
etal. 2011; Lee et al. 2012; Lerach and Cotton 2012; Markowski et al. 2012b; Dawson et al. 2015;

Marquis et al. 2016). On one hand, when the outflow is too cold, air parcels may acquire
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appreciable vorticity baroclinically, yet fail to amplify that vorticity into a tornado through
stretching under a low-level updraft due to excessive convective inhabitation. On the other hand,
when outflow buoyancy is too warm, air parcels may not develop enough baroclinic vorticity for
amplification under a low-level updraft. This conundrum has led tornadogenesis to be considered
a “Goldilocks” problem (Markowski et al. 2008; Markowski and Richardson 2009), in which the
outflow must possess some intermediate strength to sustain considerable baroclinic vorticity
production and still retain enough buoyancy such that vorticity-rich parcels can be stretched by a
low-level updraft (Markowski and Richardson 2014; Fischer and Dahl 2020).

Barotropic horizontal vorticity has also been considered as a potential source of tornadic
vorticity. It has been shown through idealized, axisymmetric simulations that downdrafts in the
vicinity of updrafts (such as RFDs) can produce ground-level vertical vorticity by reorienting
initially horizontal environmental vortex lines at the edge of the downdraft (Davies-Jones et al.
2001; Markowski et al. 2003a; Davies-Jones 2008; Parker 2012). Furthermore, sounding-based
climatologies of severe convective parameters in the late 1990s and early 2000s (Rasmussen and
Blanchard 1998; Brooks et al. 2003; Markowski et al. 2003b; Rasmussen 2003) showed that the
likelihood of supercells tornadogenesis was higher for environments containing larger low-level
(0-1 km) shear [or, similarly, storm-relative helicity (SRH)]. In order to investigate the relative
roles of barotropic and baroclinic processes in tornadogenesis, Markowski (2012) conducted a
detailed Lagrangian circulation analysis along material circuits for the 5 June 2009 Goshen
County, Wyoming, tornadic low-level mesocyclone based on dual-Doppler data collected during
the second Verification of the Origins of Rotation in Tornadoes Experiment [VORTEX2; Wurman
et al. (2012)]. Their results suggested that only a relatively small amount of circulation acquired

by the circuits came from environmental vorticity (at most, 10-30%); baroclinity was implied to
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have contributed much more to the circulation of the circuits. More recently, idealized supercell
simulations by Dahl et al. (2014) employed a Lagrangian approach to track vortex line segments
within downdrafts, where the authors found a much more significant contribution of baroclinity to
near-ground vertical vorticity production relative to environmental vorticity. Their results were
reinforced in a subsequent study by Dahl (2015) for environments containing crosswise vorticity.
The collective outcome of the abovementioned studies strongly indicates that baroclinic vorticity
usually dominates over environmental vorticity as a source of near-surface rotation®.

In recent years, the potential role played by surface friction in generating near-ground
horizontal vorticity for supercell tornadogenesis has become a central topic in the severe storm
research community. This source of vorticity has been mostly neglected in many numerical studies
addressing tornadogenesis because of their use of free-slip lower boundary conditions and the
challenges associated with realistically parameterizing surface drag (Wicker and Wilhelmson
1995; Markowski and Bryan 2016; Markowski et al. 2019). A number of studies employing
realistic heterogeneous (observation-based) initial and boundary conditions suggests that surface
friction can be a dominant contributor to the vorticity budget of tornadoes. Schenkman et al. (2014)
performed a real-case, high-resolution (50-m grid spacing) simulation of the 8 May 2003
Oklahoma City F4 tornado (Xue et al. 2014), in which two tornadoes developed. A Lagrangian
vorticity budget analysis for backward trajectories initialized in the tornadoes indicated that both
tornadoes formed predominantly due to tilting and subsequent stretching of horizontal vorticity
generated frictionally near the ground. In a similar context, Mashiko (2016b) and Mashiko (2016a)
performed real-case simulations of the 6 May 2012 Tsukuba tornado, Japan; by also integrating

material circuits and trajectories initialized around the low-level mesocyclone and tornado

3 Unless, perhaps, in extremely sheared environments, such as in landfalling tropical cyclones (Mashiko et al. 2009).
In that case, environmental vorticity may dominate the vorticity budget of tornado-entering parcels.
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backward in time, the authors found a dominant contribution of baroclinic effects for the total
circulation of the material circuits around the mesocyclone and vorticity budgets for the tornado,
though friction did play a secondary role. In turn, Yokota et al. (2018) performed a 33-member
ensemble experiment of the same Tsukuba tornado, in which friction was predominantly the main
contributor to pretornadic circulation in their backward-integrated material circuits that traveled
near the surface. However, depending on the times and positions that the circuits were analyzes,
baroclinic production of circulation could be as large as friction. Recently, Tao and Tamura (2020)
also performed simulations of the Tsukuba tornado, where they found a dominant contribution of
frictionally generated horizontal vorticity to the tornado’s vorticity budget.

The mechanisms by which surface friction instigate tornadogenesis in supercells were
investigated in detail by Roberts et al. (2016). The authors performed and compared a pair of
idealized, horizontally homogeneous supercell simulations initialized via a warm bubble, differing
by how surface drag was applied to the simulated winds. In one of their simulations, surface drag
was applied to the full wind (referred to as FWFRIC), while in the other experiment, surface drag
was applied to the environmental wind only (referred to as EnvFRIC). Overall, their FWFRIC
simulation produced a tornado very early in the life cycle of the storm (by 1500 s) before a mature
cold pool was established. On the other hand, the EnvFRIC simulation never develop a tornado,
only subtornadic vorticity maxima. A Lagrangian trajectory analysis of the FWFRIC experiment
determined that frictionally generated vorticity was paramount for the genesis of the tornado, since
strong baroclinity was still weak at that early stage of the storm’s evolution. Based on the
experiments, Roberts et al. (2016) summarized how that surface friction affects tornadogenesis in
three collective ways (Fig. 2.4). First, surface friction is responsible for producing Ekman-type

hodographs in the boundary layer, thus enhancing low-level shear (and thereby, horizontal
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vorticity) in the base-state environment (Fig. 2.4a). Second, surface friction acts on inflow winds
accelerating into a developing tornado to abruptly generate near-ground (0-200 m AGL) horizontal
crosswise vorticity, which is exchanged into horizontal streamwise vorticity via a “riverbend
effect”, as parcels turn cyclonically around the low-level circulation (Fig. 2.4b). The resulting
vorticity is then readily available for tilting and stretching into the developing tornado. Third,
surface friction enhances cross-isobaric flow at low-levels, leading to strong convergence and an
enhanced low-level updraft (Fig. 2.4c). Using the same set of experiments, Roberts and Xue (2017)
showed that the circulation in the pretornadic low-level mesocyclone of FWFRIC was
fundamentally produced via frictionally generated vorticity. In a subsequent study, Roberts et al.
(2020) also showed how the potential for tornadogenesis, timing, and other tornado characteristics
varied as a function of a set drag coefficients typical of continental environments. In short,
tornadogenesis was favored (hampered) in their experiments with drag coefficients set to nonzero

values (zero) and tended to occur more prominently for drag coefficients in an intermediate range.
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Fig. 2.4. Mechanisms by which surface friction generates horizontal vorticity in supercell. (a)
Friction produces horizontal vorticity (orange vectors) through low-level shear in the
environmental (base-state) flow characterized as an Ekman spiral in a hodograph (inset). Blue
curved arrow denotes a trajectory entering a pre-tornadic vortex (blue cylinder); dashed curved
arrow in red represents the sense of rotation along the trajectory (which coincides with a vortex
line in this case, since the vorticity is in the streamwise direction). (b) Production of near-ground
horizontal crosswise vorticity in flow accelerating into a developing tornado (insets). The
crosswise vorticity is exchanged into streamwise vorticity via a “riverbed effect” (green shaded
area) as the flow curves cyclonically around the pre-tornadic vortex. (c) Frictional enhancement
of low-level convergence and updrafts (shaded in orange) along a supercell’s surface boundary
(divergent flow behind the boundary is shaded in green) causing the contraction of a pre-tornadic
vortex into a tornado (indicated by black arrows in opposing directions). From Roberts et al.
(2016).
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While the sources of tornadic vorticity (related to stage 2 in the tornadogenesis process)
have been a central topic in tornado research as discussed above, a growing body of literature has
stressed the importance of intense low-level updrafts to tornadogenesis (Markowski and
Richardson 2014; Coffer and Parker 2015; Coffer and Parker 2017; Coffer et al. 2017; Orf et al.
2017; Roberts and Xue 2017; Yokota et al. 2018; Fischer and Dahl 2020; Flournoy et al. 2020;
Goldacker and Parker 2021). The notion that dynamically induced low-level lifting is likely key
to tornadogenesis was underscored in the numerical study of Wicker and Wilhelmson (1995). In
their idealized supercell simulations, pretornadic low-level mesocyclones (formed via tilting of
both barotropic and baroclinic horizontal vorticity) was shown to dynamically reduce the pressure
field above cloud base (via the “spin” term in the Poisson equation for perturbation pressure;
Klemp and Rotunno 1983; Rotunno and Klemp 1985), resulting in locally enhanced vertical
perturbation pressure gradient accelerations and stretching of mesocyclonic vorticity to tornadic
strength. This type of process was also found in the numerical simulations of Grasso and Cotton
(1995). More recently, in an in-depth analysis of the 5 June 2009 Goshen County tornadic supercell
during VORTEX2, Markowski et al. (2012a) hypothesized that the role of strong wind shear in
pretornadic environments was to promote midlevel mesocyclones with lowered bases (e.g., 1 km
AGL), in turn, favoring strong low-level upward accelerations. Their hypothesis was later
corroborated through highly idealized, dry simulations of supercell-like “pseudostorms” initialized
with artificial heat sources and sinks (Markowski and Richardson 2014). Tornadogenesis was
shown to become more likely when the environment contained strong low-level shear and mild
cold pools (i.e., those produced by heat sinks of an intermediate strength in their range of heat
sinks) due to tilting and stretching of baroclinally generated vorticity under persistent, dynamically

driven low-level updrafts at the base of the mesocyclone.
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The fundamental relevance of strong low-level updrafts in tornadogenesis were discussed
by Coffer and Parker (2017), who performed a pair idealized supercell simulations initialized with
composite base-state environments obtained from VORTEX2. One of the experiments composite
environments was derived from the tornadic events sampled by upper-air sounding during the field
campaign, whereas the other was produced from the nontornadic events. They showed that low-
level updrafts formed dynamically and organized in the tornadic case because the wind profile
contained large low-level (0-500 m AGL) environmental streamwise vorticity. Conversely, the
nontornadic simulations had disorganized low-level updrafts due to significant low-level crosswise
environmental vorticity in the wind profile. Remarkably, simulation initialized with the tornadic
simulations remarkably. The results of Coffer and Parker (2017) were further substantiated by
subsequent numerical studies utilizing ensemble analyses (Coffer et al. 2017; Flournoy et al. 2020)
and sensitivity experiments (Coffer and Parker 2018) derived from the same VORTEX2 dataset.
A collective outcome of the abovementioned studies is the notion that environmental streamwise
vorticity (SRH 0-500 m) in layer shallower than previously thought can better predict tornadoes
(Coffer et al. 2019).

Coffer et al. (2019) show that strong environmental near-ground horizontal streamwise
vorticity calculated for very shallow layers such as 0-500 or even 0-100 m AGL has high skill at
predicting tornadogenesis in supercells. More recently, Goldacker and Parker (2021) have shown
through idealized simulations initialized with real-data wind profiles that the low-level updrafts in
supercell-like storms that tilt large environmental near-surface streamwise vorticity can intensify
further via a feedback process, in which vertical vorticity is produced in the low-level updraft,

accompanied by localized pressure lowering. As a consequence, upward accelerations are
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augmented via vertical perturbation pressure gradients, leading to enhanced stretching of vertical
vorticity and so on, eventually resulting in tornadogenesis.
2.4 Horizontal vortex tubes near tornadoes

Supercells produce a wide spectrum of vortical structures with length scales ranging from
the large, midlevel mesocyclone (5-10 km in diameter; Brandes 1984; Wakimoto et al. 2004)
down to vortices on the order of only a few meters, such as suction vortices (e.g., Fujita 1981,
Fiedler 2009; Wurman and Kosiba 2013). One such manifestation of strong vorticity in supercells
occurs in the form of three-dimensional (3D), elongated vortex tubes that are typically observed
near tornadoes or in the periphery of their parent low-level mesocyclones (Bluestein et al. 2007b;
Knupp et al. 2014; Bai et al. 2017). They can occasionally be visually observed as condensation
tubes or severely slanted funnels, given high-enough relative humidity and/or intense-enough
cyclostrophic pressure drop inside them (Houser et al. 2016; Orf et al. 2017). These vortex tubes
are anecdotally referred to as “horizontal vortices” (hereafter, referred to as HVS) since, in contrast
to tornadoes that are defined as vertical vortices, the axis of rotation of these vortex tubes is
oriented primarily parallel to the ground.

Given the small scale and transient nature of HVs, they are hard to observe in Doppler
radar data or to resolve in high-resolution numerical simulations; most evidence for their existence
relies on videos or photographs (Knupp et al. 2014; Houser et al. 2016; Bai et al. 2017; Orf et al.
2017). Among the few existing observations, Wurman and Kosiba (2013) provide evidence for
large HVs south-southeast of two large tornadoes sampled by the DOW radar. In both cases, the
HVs are located outside of the tornadic circulation but their sense of rotation (inferred from radial
velocity plan position indicators at two levels; see their Figure 14) is different; in one case the

inferred horizontal vorticity vector points to the southwest while in the other it points to the north-
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northeast. This suggests different mechanisms may control HV formation. Houser et al. (2016)
provided an analysis of an HV interacting with the violent EI Reno-Piedmont tornado on 24 May
2011 based on Rapid-scan X-Polarimetric Doppler (RaXPol) data and videographic observations.
The HV, which is collocated with a weak-reflectivity band in reflectivity data, has a horizontal
vorticity vector orientation similar to the Canton tornado case from Wurman and Kosiba (2013),
which pointed to the northeast and originated in a rear-flank downdraft (RFD) internal momentum
surge (RFDIS) to the south-southeast of the tornado, close to the surface. The HV wraps around
the intensifying tornado, ascending in its circulation. The authors suggest possible mechanisms for
the formation of the HV consistent with the observed horizontal vorticity vector orientation, which
include: (i) baroclinic production along a warm RFD surge behind the primary RFD gust front, (ii)
frictional torques in outflow air also behind the primary RFD gust front and (iii) reorientation of
vertical vorticity associated with the tornado into a horizontal axis. Regardless of the mechanism,
horizontal stretching of the vortex tube into the intensifying tornado is responsible for
strengthening the HV to the point that cyclostrophic pressure drop in its core caused condensation
to form.

Using a numerical simulation employing 30-m isotropic grid spacing to investigate the 24
May 2011 El Reno supercell and tornado, Orf et al. (2017) were the first to describe simulated
HVs similar to visual observations. In their simulation, vortices ascend as funnel clouds on the
periphery of the simulated tornado, in a similar manner to that described in Houser et al. (2016).

As discussed by Houser et al. (2016), surface friction is a plausible mechanism that can
produce strong near-surface horizontal vorticity in the RFD outflow. This mechanism was shown
earlier by Schenkman et al. (2014) to have a significant impact on the vorticity budget of a

developing tornado in a real case simulation of the 8 May 2003 Oklahoma City tornadic storm
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(Xue et al. 2014). In that study, surface friction acts on outflow and inflow parcels to produce
strong near-surface horizontal vorticity that is abruptly tilted and stretched to produce pre-tornadic
vertical vorticity centers that eventually coalesce into a tornado. This mechanism was explored in
detail by Roberts et al. (2016) and Roberts and Xue (2017) in an idealized, single-sounding
simulation of the 3 May 1999 Bridge Creek-Moore tornado. In summary, the authors show that
surface friction acting on storm-induced flow produces near-surface crosswise horizontal vorticity
that can be exchanged into streamwise vorticity as the flow bends cyclonically when converging
toward a developing tornado (i.e., the river bend effect, e.g., Davies-Jones et al. 2001). The
vorticity-rich parcels can then be tilted abruptly and stretched to produce strong near surface
vertical vorticity.

Although recent studies have shed some light on the behavior of HVs near tornadoes,
overall, the typical behavior of HVs around tornadoes remains poorly understood. For instance, an
important question that remains unclear is whether HVs are simply passive features of the flow
surrounding tornadoes (i.e., merely distorted and advected by tornadic winds) or they can, in some
circumstances, interact with the tornado somehow to locally enhance (or disrupt) each other. To
address these questions, high-resolution simulations of tornadoes and HVs are key since they can
provide a reasonable depiction of the 3D flow in and around tornadoes. As such, Section 4 will be
dedicated to better understanding how HVs interact with tornadoes, making use of high-resolution

simulations of tornadoes and visual observations of tornado-HV interactions in real tornadoes.
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Chapter 3: Evolution of Storm- and Tornado-Scale Structures Leading to

Cyclic Tornado Formation

3.1 Methodology
3.1.1 Experiment setup

The three-dimensional, nonhydrostatic Advanced Regional Prediction System (ARPS; Xue
et al. 2000; Xue et al. 2001; Xue et al. 2003) is used for the numerical experiments used in this
dissertation. The ARPS was designed with the purpose of simulating convective-scale phenomena
and has been used extensively in studies concerned with the dynamics and prediction of tornadoes
(Snook and Xue 2008; Schenkman et al. 2014; Xue et al. 2014; Dawson et al. 2015; Roberts et al.
2016; Roberts and Xue 2017; Snook et al. 2019; Roberts et al. 2020). In order to resolve fine-scale
storm structures at low levels, a horizontal grid spacing of 50 m is used along with a vertical grid
spacing that stretches from 2 m at the surface to 200 m above 10 km above ground level (AGL).
This grid setup yields three levels of scalar variables (as well as horizontal wind components)
below 20 m AGL (1, 6, and 16 m AGL) and an average vertical grid spacing of 30.8 m below 650
m AGL. Placing the lowest scalar level very close to the model surface is also an attempt to
increase the sample size of parcel trajectories that do not fall below the lowest scalar level, thus,
avoiding the need to rely on extrapolated kinematic quantities (Guchte and Dahl 2018). Vorticity
budgets along Lagrangian trajectories for the tornadoes in the simulations presented herein will be
examined in a future study. A drawback of using very small near-surface grid spacing is that the
time step used in the explicit vertical advection scheme must also be very small; otherwise, the
linear stability condition can be easily violated, especially when tornadoes are present. Due to the

very small grid spacing used, both the large and small time steps used by mode-splitting time
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integration (Klemp and Wilhelmson 1978a; Xue et al. 2000) are set to 0.05 s to ensure time
integration stability in the presence of tornadic wind speeds®.

The domain size and total number of grid points are 100 km x 100 km x 18.2 km and 2003
x 2003 x 93, respectively, with open radiative lateral boundary conditions. The bottom boundary
is flat. The experiment is integrated forward in time for 4 h 30 min (16200 s) to encompass the
entire lifecycle of four tornadoes that form cyclically in the simulated supercell. History files are
saved at 60 s intervals for the first 5700 s of model integration (period corresponding to the
nontornadic phase of the storm) and every 2 s for the remaining integration window to sample the
life cycle of the tornadoes at considerably high temporal resolution.

For the microphysics parameterization, the National Severe Storm Laboratory double-
moment scheme (NSSL2M; Mansell et al. 2010) is used. Fourth-order advection is used in the
horizontal and vertical along with fourth-order horizontal and vertical computational mixing
coefficients. Subgrid-scale turbulence is parameterized with a 1.5-order turbulent kinetic energy
(TKE)-based scheme (Moeng and Wyngaard 1988).

In order to account for the effects of surface friction in this study, a semi-slip lower
boundary condition is employed. In the ARPS model, surface drag is parameterized through the
horizontal momentum stresses at the surface:

—T13(z = 0) = pCVpu, (3.1)

—Ty3(z = 0) = pCaVpv, (3.2)
where 7,5 and 7,5 represent the Reynolds stress tensor contained in the subgrid-scale turbulence
scheme, p is density, C, is the drag coefficient (dimensionless) valid at 1 m AGL, u and v represent

the ground-relative horizontal wind components, respectively, and ¥}, denotes the ground-relative

4 When the vertical Courant number is large and max(u, v, w) ~ sound speed, the advantages of using time splitting
are lost. More specifically, time splitting becomes less advantageous once the Mach number ~0.3-0.4.
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horizontal wind speed. Through this formulation, surface drag acts on the total wind field (base
state wind + storm-induced perturbation wind). This experiment and all others to be addressed in
later chapters employ C,; = 0.028. This C,; value corresponds to a roughness length ~9.16 cm,
which roughly corresponds to roughness lengths in between the C; = 0.005 and 0.01 experiments
used in Roberts et al. (2020), whose first model level AGL is 10 m.

To obtain a more complete depiction of 3D features of interest in this study, 3D
visualizations of simulated storm structures extensively. The visualizations mainly use the volume
rendering feature of the Visualization and Analysis Platform for Ocean, Atmosphere, and Solar
Researchers (VAPOR; Li et al. 2019) software.

3.1.2 Base-state environment and establishment of an initial balanced sounding

The base-state environment of the tornadic supercell simulation by a single sounding
shown in Fig. 3.1. The profile is obtained from a full-physics 3-km grid spacing Weather Research
and Forecasting (WRF) model ensemble-mean analysis nested within a 15 km grid covering the
contiguous U.S. for the 27 April 2011 devastating tornado outbreak in Mississippi-Alabama
(Yussouf et al. 2015). In that study, conventional and radar observations were assimilated on the
15 and 3 km grids, respectively, using ensemble Kalman filter. The model sounding is extracted
approximately 40 km southeast of the predicted storm corresponding to the Tuscaloosa-
Birmingham tornadic supercell (Knupp et al. 2014) at the 2100 Universal Time Coordinated
(UTC) analysis time. The analysis time is 1 h before the observed and predicted storms struck
Tuscaloosa (at around 2200 UTC). The thermodynamic profile is obtained from a grid point over
the city of Tuscaloosa (32.9° N; 85.6° W) and the wind profile is averaged over a 0.2° latitude-

longitude box centered on that grid point.
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Fig. 3.1. (a) Skew T-log p diagram for the idealized tornadic supercell experiment. The red (green)
solid line represents environmental temperature (dewpoint) in °C. The black dashed line denotes
the temperature for an ascending surface-based parcel. Areas of positive (negative) buoyancy are
highlighted by semi-transparent red (blue) shading. The black and blue dots represent the lifting
condensation level and level of free convection, respectively. (b) Hodograph for storm-relative
winds between the surface and 10 km AGL. Black dots are heights (in km AGL). The green vector
indicates the ground-motion vector (u= 11 ms™; v=17 ms?) originally subtracted from the wind
profile to induce the storm to remain quasi-stationary in the simulation. Some relevant convective
parameters are shown in the bottom right sector of the figure.

A comparison of the surface air and dew-point temperatures at the Tuscaloosa airport (28.0
°C and 21.0 °C, respectively) with the WRF profile (27.8 °C and 21.9 °C, respectively) revealed a
good agreement between the observations and WRF-generated analysis. The location and time of
the model-extracted sounding match the spatial and temporal ranges for proximity sounding
suggested by Potvin et al. (2010) and minimize contamination from the predicted storm. A constant
wind speed (u = 11 m s; v = 17 m s1) is subtracted from the sounding to keep the simulated

supercell quasi-stationary during its tornadic phase. For this 50-m experiment, the winds in Fig.
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3.1b are ~20 % stronger relative to those used in the original profile below 2 km AGL [the original
profile was used in the experiment of Oliveira et al. (2019); to be presented in Chapter 4]. This
modification was obtained via sensitivity experiments in order to obtain a strongly tornadic
supercell, given that the initial experiments using the same sounding of Oliveira et al. (2019) failed
to yield intense tornadoes. This discrepancy is likely a result of the current experiment using a
different model configuration from Oliveira et al. (2019), which include an updated version of the
ARPS model, a larger domain, smaller grid spacing, and double-moment microphysics.

The base-state environment features a combination of high conditional instability and
extreme values of low-level shear [e.g., 3424 J kg™t mean-layer Convective Available Potential
Energy (MLCAPE) and 486 m? s 0-1-km SRH], a setup known to be conducive to violent
tornadoes (Rasmussen 2003; Coffer et al. 2019; Taszarek et al. 2020) and consistent with
observations and mesoscale model analyses for 27 April 2011 around the time of the Tuscaloosa
tornado (Knupp et al. 2014). In our test early simulations, convective initiation was easily achieved
in this environment by releasing a 3-4 K warm thermal bubble due to the negligible mean-layer
convective inhibition (MLCIN; -2 J kg*) environment. A drawback seen in these experiments,
however, was that numerous spurious storms formed in the inflow of the developing supercell of
interest, contaminating its ensuing evolution. To avoid this problem, a temperature increment was
added to the sounding in the 720-2900 m layer, with a maximum 1.8 K added to the top of
atmospheric boundary layer AGL. This increment rapidly decreases following a fourth-degree
polynomial function such that at the bottom (top) of the modified layer, the perturbation is 0.2 K
(0.5 K). The depth of the layer and the magnitude of the temperature increment were chosen by
trial and error and were found to be the best option to eliminate spurious inflow convection while

sustaining a vigorous tornadic supercell storm in the simulation. This procedure artificially mimics
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the often-present top-of-boundary-layer inversion, and its direct effect was to reduce the MLCAPE
and increase the magnitude of MLCIN from 2 to 19 J kg™. Convection is initiated with an
ellipsoidal thermal bubble perturbation centered at (y = 16 km; x = 55 km) with a horizontal
(vertical) radius of 10 km (1.5 km). The maximum potential temperature perturbation at the center
of the bubble is 6 K. This larger than typical (and usually undesired) thermal amplitude is needed
to develop a sustained supercell because of the larger inhibition added to the sounding as well as
the strong low-level wind shear in the environment.

The straightforward inclusion of surface drag in idealized convective storm simulations
has the undesired effect of constantly slowing down the initial near-ground wind profile (Roberts
2017), thus modifying the base-state kinematic environment as the storm evolves and complicating
analyses of storm evolution of chief interest in this study. In order to avoid this issue, the
“Geotriptic Wind Balance” (GWB) technique presented by Dawson et al. (2019) is used. The key
idea of this technique is to allow the initial base-state environment to remain quasi-steady by
enforcing a three-way balance among the horizontal pressure gradient, Coriolis, and frictional
forces in the model. A brief description of the technique is now provided.

For any arbitrary initial sounding that is assumed to be subject to a three-force balance:

— _ 19, E 3.3
0 o + fv + E[u], (3.3)
= _10p; E 34
0 3y fu+ F,[v], (3.4)

where F denotes the frictional terms computed from the u and v wind components. For a
simulation initialized using an arbitrary sounding, the Coriolis force (second term on the RHS) and
the parameterized frictional force (third term on the RHS) can be readily computed in the model
since both terms are direct functions of the known local wind profile. Thus, the only unknown term

in equations (3.3) and (3.4) based on the initial arbitrary sounding is the horizontal pressure
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gradient force (PGF; first term on the RHS). In turn, the horizontal PGF can be readily calculated
from (3.3) and (3.4) by assuming that the frictional and Coriolis forces in the observed (initial)
sounding are representative of the frictional and Coriolis forces in the model:

P, = fv + F [u], (3.5

P, = —fu + E,[v], (3.6)
where P is a pseudo-PGF force denoting the estimated horizontal PGF from the initial sounding,
i.e., the “real” PGF. In the model, the RHS of (3.5) and (3.6) is simply calculated from the rate of
change of u and v following the first time step of model integration, usually computed at the
southwesternmost grid column of the domain. This computation is performed very early in the
simulation and away from the initial thermal perturbation to ensure that the only forces acting on

the wind profile are the frictional and Coriolis forces. In the model, this computation appears as:

fv+EJ[u] = % , (3.7)
~fu+Fy[v] = =2, (3.8)

where the u, and v, are the wind components at the initial time, while u; and v, are the wind
components computed after the first model time step At has elapsed. Following the first model
time step integration, the vertical pseudo-PGF profile is calculated using (3.7) and (3.8) at each
model grid column and then added to the momentum equations for all subsequent time steps in the
simulation. The outcome of this procedure is that the wind profile remains virtually steady over
time away from storm-induced perturbations. This is particularly advantageous in this study since
our goal is to understand why and how tornadoes vary between cycles due to storm-induced
structural differences, such that an environment constantly modified by surface drag would further
complicate the analysis of the results. (This was one of the major reasons for employing the GWB

method in the first place.)

40



A recent paper by Davies-Jones (2021) suggests that the use of the GWB technique to
maintain a steady-state environment in the presence of surface friction idealized storm simulations
can introduce an artificial source of near-ground horizontal vorticity into the simulation, which
can affects the vorticity budget of tornadoes and other vortices. In addition, Davies-Jones (2021)
also discusses how storm initiation in idealized simulations using very warm initial perturbations
may upset the initial environment and trigger potentially unrealistic storm processes, such as
barotropic tornadogenesis modes early in a storm’s lifecycle. As Davies-Jones (2021) was
published after the simulations presented in this study were completed and analyzed, it was not
possible to address those issues for this work. In all simulations presented herein, though, in spite
of the initial peak updrafts triggered after the release of the thermal bubbles, no tornadoes formed
early in the storm’s life cycle, such that the deleterious effects of the very warm bubble might have
been less severe in these simulations. Moreover, it is believed the fundamental qualitative aspects
of the evolution of supercells and tornadoes analyzed in this dissertation are not invalidated by this
issue, as will be discussed in subsequent chapters. Nonetheless, the issues raised by Davies-Jones
(2021) and its impacts on the storm simulations in this study deserve more in-depth analysis and
should quantitatively be addressed in future work.

3.2 Simulation results
3.2.1 Overview of storm evolution and its attendant tornadoes

Before beginning a detailed evolution of the supercell during cyclic tornadogenesis, it is
relevant to present the overall evolution of the storm and the main features associated with the
tornadoes it spawns. This is illustrated in Fig. 3.2, which shows a time-height plot of domainwide
maximum vertical velocity (wWmax), minimum perturbation pressure (p'min), and maximum vertical

vorticity ({max) for the entire duration of the simulation. Since the focus of our analysis is the
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evolution of the supercell during its tornadic phase, the initial nontornadic development of the
simulation is briefly described. Following an initial updraft peak associated with the release of the
thermal bubble, intense (but short-lived) updrafts develop over the first 3600 s of the storm’s life
cycle, displaying oscillations in strength due to the initial cell split into right- and left-moving
storms (Klemp and Wilhelmson 1978b; Rotunno and Klemp 1982). The right-moving cell, which
is the storm of interest in this study, migrates toward the center of the domain as it intensifies,
while its left-moving counterpart weakens as it moves toward the northern border of the domain
(not shown). Shortly after 3600 s, the midlevel updraft has developed {max values well in excess of
0.01 st associated with p'min < -5 hPa above 1 km AGL, evidencing the presence of a midlevel
mesocyclone and characterizing the storm as a supercell. Between 3600 and 6600 s, despite
oscillations in the intensity of low-to-midlevel updrafts, the supercell steadily matures while still
moving toward the center of the domain, where it eventually minimizes its grid-relative motion by
6600 s.

Significant changes in the storm’s behavior ensue after 6600 s. Very strong updrafts (Wmax
> 40 m s) and pressure deficits (p'min ' < -10 hPa) develop in the layer between 1 and 2 km AGL
and build upward, reaching 3 km AGL by 7200 s, while also extending toward the surface (with
Wmax > 20 m s1). At this time, the storm displays a “classic” supercell morphology on the surface
reflectivity field (Fig. 3.3a), which includes a well-defined hook echo in the reflectivity field and
an attendant RFGF [seen as an arc in the -1-K density potential temperature perturbation (6,)
isotherm], and heavy rainfall accompanied by divergent flow in the FFD northwest of the hook

echo.
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Fig. 3.2. Time-height plot of domain wide 0-5000 m (a) maximum updraft, (b) minimum
perturbation pressure, and (c) maximum vertical vorticity, valid from 0 to 16200 s.

Between 7200 and 7500 s, the low-level updraft and low pressure abruptly build downward
below 1 km AGL. Near the surface, transient pulses of Wmax, p'min, and {max occur simultaneously
(Fig. 3.2a-c), indicating that the intensification of the low-level updraft results in stretching of
vertical vorticity maxima within the storm in the vicinity of the tightening hook echo (Fig. 3.3b).
Simultaneously, the RFGF bulges northeastward and vertical vorticity increases in the hook echo,
further evidencing an intensification of the low-level circulation (Fig. 3.3c). The persistence of
these processes eventually culminates in tornadogenesis® shortly after 7800 s (more precisely, at

7830 s). In this study, tornadogenesis is subjectively defined as the formation of a deep (z > 1 km),

5 Since the Reynolds number of the numerical simulation is orders of magnitude less than the actual atmosphere, the
term “tornado” here is synonymous with “tornado-like vortex”.

43



persistent (lasting > 2 min) vortex exhibiting maximum ground-relative wind speed (Vhmax)
exceeding (29 m s; i.e., the lowest bound for EFO damage), {max > 0.3 s, and p'min < -10 hPa at
10 m AGLS, respectively (Fig. 3.4a). The initial 300-s period of the tornado’s life cycle is
characterized by rapid tornado intensification (Vimax exceeds 80 m s, which corresponds to EF4
intensity; Fig. 3.4a) and deepening (z > 2.5 km; Fig. 3.2a). This initial strong phase is sharply
followed by a weakening phase from 8100 s to 8400 s, when the tornado’s 10-m AGL winds drop
to EF2 strength and p'min increases to ~ -15 hPa (Figs. 3.2 and 3.4a). The weakening phase occurs
in conjunction with a noteworthy erosion of the western side of the hook echo and an initially
northeastward and then northwestward (Figs. 3.3d,e) motion of the tornado along the RFGF. As
will be discussed later in this chapter, this evolution is influenced by a dynamically induced RFD
internal surge. After undergoing the weakening stage, the tornado again intensifies and deepens,
this time attaining its peak intensity between 8600-8850 s, with Vhmax > 100 m s? (i.e., EF5
strength), ¢max > 2 s, p'min < -70 hPa (Fig. 3.4b-c), in addition to a depth > 5 km AGL through
which wmax > 50 m s extends. (Fig. 3.2a-c). The remarkable intensification of the tornado occurs
as it occludes and detaches from the RFGF, causing it to move rearward relative to the supercell
and closer to its precipitating core (Figs. 3.3f). The tornado maintains EF4 strength until 9000 s
(Fig. 3.4a), when it begins to become encircled by larger amounts of precipitation from a newly
developed hook echo (Fig. 3.3g). Increasing precipitation around the tornado and further rearward
motion (Fig. 3.3h) eventually lead to its definitive weakening and dissipation by 9460 s (Fig. 3.4a).
Concomitant with the decay of the first tornado, a new hook echo forms to the east-northeast of

the remnants of the first circulation along the primary RFGF at 9600s (Fig. 3.3i), in agreement

& These thresholds are defined at the 10 m AGL to be consistent with conventional measurements of wind speed used
for EF scale ratings.
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with previous conceptual models of occluding cyclic tornadogenesis (Burgess et al. 1982;

Adlerman et al. 1999; Dowell and Bluestein 2002a; Beck et al. 2006).
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Fig. 3.3. Evolution of the simulated supercell for tornado 1 at the lowest grid level (1 m AGL) at
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Immediately following the dissipation of the first tornado, new intensification of the low-
level updraft and pressure lowering take place above 1.5 km AGL, eventually penetrating
downward below 1 km AGL, as the new hook echo expands (Figs. 3.2a and 3.5a, respectively).
As with the first tornado, the persistence of this trend results in a second tornado by 10280 s (Figs.
3.4b and Fig. 3.5d). The second tornado deepens much more abruptly than the first tornado,
growing higher than 3 km in less than a minute (Fig. 3.2), while attaining EF2-strength winds by
10300 s (Fig. 3.4b). Unlike the first tornado, however, the second tornado forms more than 1 km

to the west of the northern tip of the RFGF and into the precipitation of the hook (Fig. 3.5b). The
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tornado reaches peak intensity by 10630 s (Fig. 3.5g) when it briefly displays instantaneous Vhmax
> 92 m s, After this period, precipitation increases in the hook echo as the tornado travels
rearward relative to the storm (Fig. 3.5d), resulting in its weakening and dissipation at 11370 s.
The growing amount of precipitation in the supercell’s rear-flank denotes the onset of its transition
into a high-precipitation (HP) morphology (Moller et al. 1990; Doswell and Burgess 1993; Moller
et al. 1994).

Following the demise of the second tornado, the supercell enters a more disorganized
phase, highlighted by a large hook echo reminiscent of the second low-level mesocyclone and
transient updraft pulses and pressure perturbations above 1 km AGL in Fig. 3.2a. In spite of the
updraft pulses, strong Wmax (15-25 m s) persists continuously just above the surface (z > 100 m).
These updrafts are accompanied by shallow, transient vertical vorticity maxima seen in Fig. 3.2c,
which reside within a broad, lingering low-level mesocyclone (Fig. 3.5b). By 12280 s, a third
tornado forms just west of the RFGF at the reflectivity gradient of a poorly defined hook echo
(Fig. 3.5e). This tornado is much weaker and smaller than its predecessors (Fig. 3.2c), remaining
mostly at EF1-EF2 strength, but briefly attaining EF3 intensity by 13160 s (Figs. 3.4c and 3.5h).
Once again, another increase in precipitation in the hook echo and storm-relative rearward motion
induce the tornado to be absorbed into the lingering low-level mesocyclone of the second tornado
and dissipate by 13490 s (Fig. 3.5k). The evolution of the third tornado reflects the disorganized

state of the supercell at this stage.
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Fig. 3.5. Same as Fig. 3.3, but for tornado 2 (a) 9980 s, (d) 10280 s, (g) 10630 s, and (h) 11370 s;
tornado 3 (b) 11980 s, (e) 12280 s, (h) 13160 s, (k) 13490 s; and tornado 4 (c) 13880 s, (c) 14180
s, (¢) 14520 s, (c) 15030 s.

In the subsequent 400 s following the dissipation of the third tornado, the lingering low-

level mesocyclone finally decays and new low-level updraft intensification and pressure lowering

take place below 500 m AGL (Fig. 3.2b,c), resulting in the formation of a new hook echo and a
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fourth tornado by 13880 (Figs. 3.5¢,f). Fig. 3.2 shows that the tornado forms and grows abruptly
similar to the second tornado, growing higher than 3 km and intensifying to EF3 intensity in less
than a minute (Fig. 3.4d). Similar to the second and third tornadoes, the fourth tornado also forms
and attains its peak intensity (instantaneous Vhmax briefly exceeds 95 m s at 14520 s) to the west
of the RFGF (Fig. 3.5i), thus embedded in heavy precipitation since its genesis. By 15030 s, the
tornado also dissipates by moving rearward relative to the storm into the rear-flank high-
precipitation core (Fig. 3.51). Following the decay of the fourth tornado, no additional tornadoes
develop in the simulation until the end of model integration (16200 s).

To summarize the overall evolution of the supercell, Table 3.1 shows some statistics of
cyclic tornadogenesis. In a radar-based study of cyclic mesocyclogenesis, Beck et al. (2006)
determined mesocyclone cycling frequency by adapting the method devised by Burgess et al.
(1982), where cycling frequency is defined as the amount of time elapsed between the beginning
of the mature phases of subsequent mesocyclones. A mesocyclone was subjectively determined to
attain its mature phase when its hook echo became equally divided into updraft and downdraft. In
this study, this method is adapted by determining the time elapsed between two tornadogenesis
events since, during this phase, the parent low-level mesocyclones are already divided into updrafts
and downdrafts, though not necessarily equally divided (analyses of the vertical velocity fields
will be presented in the next subsection). Although the first tornado takes over 2 h 10 min to form,
subsequent tornadogenesis events occur much more rapidly at later stages. This result is in
agreement with Adlerman et al. (1999), who showed that, once a supercell successfully undergoes
its first cycle, it develops a structure that is more prone to the formation of new low-level
mesocyclones/tornadoes. The average cycling frequency of simulated and observed cyclic

supercells in previous studies ranges from a few minutes (6 min; Beck et al. 2006) to more than an
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hour (Burgess et al. 1982) because it is highly sensitive to the environment the storm is embedded
(Adlerman and Droegemeier 2005), interactions with other storms (Wurman et al. 2007), and
model parameters (Adlerman and Droegemeier 2002), thus, varying significantly from storm to
storm. The cycling frequency for the simulated supercell in this study fits well in between other
simulated and observed supercells, with an average cyclic frequency of 35.2 min.

In spite of the tendency for the supercell to produce tornadoes more frequently with time,
not surprisingly perhaps, there is no clear relationship between the intensity and duration of the
tornadoes with progressing cycles. This is mainly because the third tornado (the weakest tornado)
persists longer than the second and fourth tornadoes. In addition, the two longest-lived tornadoes,
tornadoes 1 and 3, take the longest time to attain their peak phases, while tornadoes 2 and 4 attain
peak strength rather rapidly (less than 6 min). Furthermore, there is also no clear relationship
between cycling progression and the amount of time elapsed from the peak to demise phases of
tornadoes, although later tornadoes (tornadoes 3 and 4) do dissipate faster after reaching their peak
phases. These differences among cycles seem to be largely influenced by the supercell transition
from a classic structure into an HP mode (Fig. 3.5), where, for example, increasing amounts of
precipitation and turbulent outflow in the rear-flank of the storm, drastically affect the evolution
and interrelationship between successive cycles and individual characteristics of each tornado.
Therefore, it becomes evident that the complex evolution of internal storm-scale features has a
major effect in determining the ultimate characteristics of cyclic tornadogenesis, as one might
expect (Coffer et al. 2017). Such complex storm-scale evolution and their impacts on cyclic

tornadogenesis warrant a more detailed assessment.
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Table 3.1. Statistics of cyclic tornadogenesis for the 50-m supercell simulation.

Tornado Duration | Interval from Interval from Interval from Interval
(min) previous cycle | genesis to peak | peak to demise | without
(min) (min) (min) tornado
(min)
Tornado 1 27.1 — 16.1 11.0 —
Tornado 2 18.1 40.7 5.8 12.3 16.6
Tornado 3 20.0 33.4 14.6 54 15.3
Tornado 4 14.1 31.6 5.6 8.5 11.6

3.2.2 Low-level storm- and substorm-scale evolution associated with cyclic tornado development

In order to better compare the role of storm- and substorm-scale structures in modulating
each tornado cycle in the simulation, a more detailed analysis of key components of the supercell’s
low-level structure is now provided. The analysis addresses the four tornadoes (hereafter referred
to as tornadoes 1, 2, 3, and 4, respectively), but emphasizes tornado 1 because it denotes the
transition of the supercell into its tornadic mode and also because it is the longest lived and
strongest of the four tornadoes. Additionally, emphasis is given to the evolution of low-level
updrafts and features related to them given their well-known relevance to tornado dynamics
(Markowski and Richardson 2014; Coffer and Parker 2017; Coffer et al. 2017; Yokota et al. 2018;
Fischer and Dahl 2020; Goldacker and Parker 2021). The focus herein is to inspect how the
interaction between low-level updrafts and surrounding storm structures affects the tornadoes
throughout their life span and, consequently, clarify the differences between cycles by taking
advantage of the high spatiotemporal resolution of the present dataset, as compared previous
studies of cyclic supercells (Adlerman et al. 1999; Adlerman and Droegemeier 2002; Dowell and

Bluestein 2002a; Beck et al. 2006; French et al. 2008; Betten et al. 2018).
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3.2.2.1 Tornado 1

The pretornadic phase of tornado 1 is illustrated in Fig. 3.6 at 7500 s. The 300-s period
preceding tornadogenesis will be referred to herein as the pretornadic phase of each tornado’. Fig.
3.6a presents the vertical velocity field (w) at 500 m AGL to show the structure of low-level
updrafts and downdrafts accompanying the developing tornado. At this stage, a narrow band of
the RFD near the tip of the hook and behind the RFGF likely consisting of a small-scale occlusion
downdraft (Klemp and Rotunno 1983; Klemp 1987; Markowski 2002) begins to protrude into the
south side of the low-level updraft and produce a well-known horseshoe shape or a “divided
mesocyclone structure” (Lemon and Doswell 1979; Klemp and Rotunno 1983; Klemp 1987;
Markowski 2002; Skinner et al. 2014; Betten et al. 2018). The low-level updraft is initially north-
south oriented, containing the strongest and more compact updrafts (w > 20 m st) in the northern
portion at the tip of the hook and gentler ascent of southeasterly environmental inflow just east of
the hook. At the surface (Fig. 3.6b), in addition to the RFGF, a left-flank convergence boundary
(LFCB; Beck and Weiss 2013; Coffer and Parker 2017) separates colder outflow from the storm’s
core from cooler air to the east. Also at 500 m AGL, a broad area of storm-relative inflow winds
(Vhsr) in excess of 25 m st flanks the eastern side of the low-level updraft (Fig. 3.6¢). The winds
in the inflow band enter the updraft directly from the southeast and northeast. This inflow band
bears striking resemblance to a radar-sampled northeasterly inflow band northeast of a low-level
mesocyclone in a cyclic supercell documented by French et al. (2008). Smaller areas of locally
strong Vhsr can be seen far northwest of the low-level updraft collocated with dipoles of upward

and downward motion, and are located at the leading edge of intense small-scale downdrafts (Figs.

" For tornado 1, specifically, tornadogenesis occurs actually shortly after 7800 s, at 7830 s. The simulated fields are

shown every 300 s to provide a more detailed analysis of this tornado.
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3.6a) and heterogeneous outflow buoyancy (Figs. 3.6b) near the storm’s core. More importantly,
the inflow band contains a core of stronger winds (Vhsz > 30 m s) 3 km east of the low-level
updraft that is collocated with an area of locally lower pressure (p’ < -3 hPa). Fig. 3.6d shows a 3D
view of the p’ field from the southeast of the hook in which the low pressure area appears as a low-
pressure lobe (LPL), extending from the surface upward and connecting to the pretornadic low-
level mesocyclone aloft. Collectively, the LPL and broad inflow band represent a 3D manifestation
of the well-known inflow low structure typically found in the inflow regions of supercells, where
the environmental low-level winds accelerate into the storm producing low pressure via the
Bernoulli effect (e.g., Fig. 8.23 on page 221 of Markowski and Richardson 2010). Other high-
resolution supercell simulations using 3D visualizations, such as Orf et al. (2017), have also shown
LPLs associated with concentrated bands of inflow around low-level updrafts. However, the LPL
shown by Orf et al. (2017) lies on the cool side the FFCB and is associated with an streamwise
vorticity current (Schueth et al. 2021), unlike the one shown in the present study, which primarily
originates in the environment or along the forward-flank reflectivity gradient. Visualizations of the
3D p’ field at earlier times (not shown) indicate that the appearance of the LPL antecedes the
appearance of the low-level mesocyclone aloft and account for the expanding pressure deficit in

the 1-3 km layer AGL seen in the time-height plot (Fig. 3.2b) beginning at 6600 s.
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Fig. 3.6. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange for
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starting at -3 hPa), (d) volume rendered display of perturbation pressure (hPa) for values lower
than 2.5 hPa. In (b), the solid blue denotes the RFGF and the dashed blue lines denote internal
boundaries. The yellow star denotes the location of the camera in (d) relative to the tornado. In (a)
and (c), the winds are storm relative, while in (b) the winds are ground relative. In all fields, the
purple contour denotes the 10-dBZ reflectivity contour. All fields valid at 7500 s.

By 7800 s, 30 s before tornadogenesis, the low-level updraft becomes stronger, with w >
20 m s occupying a larger area at the northern tip of the hook that is bounded by a more protruding
occlusion downdraft to its southeast (Fig. 3.7a). The RFD also strengthens to the northwest of the

low-level updraft and acquires northwesterly momentum; this configuration demarks the onset of
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the hook echo erosion previously shown in Figs. 3.3d and 3.3e. Fig. 3.7b shows that the RFDIS
reaches the surface containing higher 6, air than the surrounding outflow, suggesting that the RFD
is dynamically forced downward from higher altitudes (above 1 AGL) and relatively drier
(Nascimento et al. 2014; Skinner et al. 2014; Skinner et al. 2015; Schenkman et al. 2016). As a
consequence, the erosion of the hook echo appears to result from hydrometeor evaporation/melting
caused by dry air entrainment into the RFD. Considering the RFDIS reached the low-level
circulation just around the time of tornadogenesis, it seems reasonable to speculate that strong
convergence (not shown) along its leading edge acted to instigate tornadogenesis (Kosiba et al.
2013). Nonetheless, given the steady intensification of the pretornadic low-level updraft well
before the arrival of the RFDIS, it appears more likely that the RFDIS might have served as a
catalyst to tornadogenesis rather than an instigator in this case. To the east of the low-level updraft,
the broad inflow band increases in aerial coverage to the northwest toward the storm’s core (Fig.
3.7c). The LPL accompanying the inner core of stronger inflow winds also stretches
northwestward, but becomes more concentrated and connects to the low-level mesocyclone within
the hook echo. This is also shown in Fig. 3.7d, which also reveals that the LPL becomes stronger

but concentrated at higher levels to the northwest of the low-level mesocyclone/incipient tornado.
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Fig. 3.7. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange for
values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative wind speed
at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue contours every 1 hPa,
starting at -3 hPa), (d) volume rendered display of perturbation pressure (hPa) for values lower
than 2.5 hPa. In (b), the solid blue denotes the RFGF and the dashed blue lines denote internal
boundaries. The yellow star denotes the location of the camera in (d) relative to the tornado. In (a)
and (c), the winds are storm relative, while in (b) the winds are ground relative. In all fields, the
purple contour denotes the 10-dBZ reflectivity contour. All fields valid at 7800 s.

The vortex dynamics leading up to the formation of tornado 1 is rather complex and

unsteady. A closer inspection of Fig. 3.6d shows that the intensifying low pressure perturbation

attending the pretornadic vortex aloft comprises other vortices revolving around the main axis of

the low-level mesocyclone. This evolution is better visualized in the 3D vorticity magnitude field
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around the time of tornadogenesis (Fig. 3.7). Several vortices from the rear-flank outflow with a
variety of different orientations (main axes denoted by the dashed orange lines) approach and
interact with the main pretornadic vortex at the RFGF-FFCB intersection (main axis denoted by
the green dashed lines; Fig. 3.7a). The pretornadic vortex, which is highly tilted toward the north
(due to rapid forward motion in a ground-relative sense), becomes distorted, disconnects and
reconnects with the ground as it intertwines and merges with some of the vortices (Fig. 3.7b,c). As
this vortex intertwining process proceeds, the pretornadic vortex eventually congeals into a tornado
by 7830 s (Fig. 3.7d). This mode of tornadogenesis involving a highly tilted, fast-moving tornado
differs from the more steady vortex accumulation presented by Orf et al. (2017), where a parade
of misocyclones emerges from the SVC at the surface and gradually congeal into a tornado under
the low-level updraft in a more organized fashion. In fact, the complex mode of tornadogenesis
mode seen in the present simulation shares similarities to the more unsteady genesis mode
observed in several tornadoes of the 27 April 2011 tornado outbreak (from which the original
sounding is derived), such as the Cullman and Cordova tornadoes, in addition to the Tuscaloosa
tornado itself (Knupp et al. 2014).

Following genesis, the tornado begins to move northeastward influenced the RFDIS to its
west shortly after undergoing a brief weakening period (Fig. 3.9a; also shown in Fig. 3.4a). At the
surface, the tornado, still located at the RFGF-LFCB intersection and far removed from coldest
outflow air, ingests air that is neutrally or weakly negatively buoyant (6, ~ -1 to 0 K; Fig. 3.9b), a
favorable configuration to tornado formation and maintenance (Markowski et al. 2002; Shabbot
and Markowski 2006; Grzych et al. 2007; Marquis et al. 2011; Lee et al. 2012; Markowski and

Richardson 2014; Marquis et al. 2016; Flournoy et al. 2020). The core of strong inflow winds and
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the LPL further intensify and expand, producing a large zone of low pressure that connects with

the tornado to the southwest (Fig. 3.9c).

Fig. 3.8. 3D vorticity magnitude field (> 0.15 s%), valid at (a) 7740 s, (c) 7770 s, (c) 7800 s, and
(d) 7830 s. The green dashed lines denote the axis of the pretornadic vortex, while orange dashed
lines denote axis of other vortices that interact with the pretornadic vortex. The solid blue line
indicates the subjectively identified RFGF and the dashed blue line denotes the subjectively
identified FFCB.

The 3D view presented in Fig. 3.9d shows that the LPL also develops upward to form a
tilted deep column downstream of the tornado. Such growth of the LPL results from the
intensification of the parent midlevel updraft located 2-3 km northwest of the surface tornado; the
evolution of the midlevel updrafts will be explored in more detail in subsection 3.2.4. Fig. 3.9d
shows that, at low levels, the tornado is nearly vertically stacked but tilts sharply toward the north
and toward the upper portion of the LPL. Animations of the p’ field (not shown) show that, in

addition to the pronounced northward tilt, the upper portion of the tornado exhibits a spiral
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structure during this stage. The presence of this structure together with the strong downdraft near
the center of the tornado at 500 m AGL in Fig. 3.9a are characteristic of vortex breakdown aloft
due to a downward dynamic perturbation pressure gradient acceleration in the core of the low-
level tornado (Church et al. 1979; Rotunno 1979; Pauley and Snow 1988; Lewellen and Lewellen
2007; Fiedler 2009; Dahl 2021). Also in Fig. 3.9d, a small-scale low-pressure tube can be seen
attached to the tornado’s east side at the surface (also noticeable in Fig. 3.9b). This structure
corresponds to an HV beginning to wrap around the tornado circulation. A detailed analysis of
HVs will be provided in Chapter 4.

The tornado enters a second period intensification by 8400 s (recall Fig. 3.4a) when its
motion shifts from northeastward to northwestward, denoting the onset of the rearward storm-
relative motion typical of occluding mesocyclones/tornadoes (Burgess et al. 1982; Adlerman et al.
1999; Dowell and Bluestein 2002b, 2002a; French et al. 2008; Bluestein 2009). From this period
on, the low-level updraft “sheds” into two parts that evolve differently, as in the conceptual models
of Adlerman and Droegemeier (2000) and Dowell and Bluestein (2002a, 2002b). One of the low-
level updrafts is associated with the occluded tornadic circulation and will hereafter be referred to
as an occlusion updraft following Betten et al. (2018), while the other portion of the updraft, which
IS weaker, remains attached to the RFGF to the southeast of the tornado, hereafter referred to as
RFGF updraft. The occlusion is better illustrated in Fig. 3.10b, which shows that the tornado shifts

to a position ~ 0.5 km northwest of the RFGF-FFCB intersection. Despite the occlusion, 6,
perturbations surrounding the tornado remain small (-1 K < 8, < 0 K). Figs. 3.10c and 3.10d show

that the inflow band and LPL intensify in a narrow zone just north-northeast of the tornado as a

response to the strong occlusion updraft suggesting the upward mass flux associated with the
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occlusion updraft becomes rather substantial. Interestingly, another HV encircles the near-ground

sector northeast of the tornado, a situation also seen in observed tornadoes (Houser et al. 2016).
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Fig. 3.9. (a) Vertical velocity (shaded; m s) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange for
values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative wind speed
at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue contours every 1 hPa,
starting at -3 hPa), (d) volume rendered display of perturbation pressure (hPa) for values lower
than 2.5 hPa. In (b), the solid blue denotes the RFGF and the dashed blue lines denote internal
boundaries. The yellow star denotes the location of the camera in (d) relative to the tornado. In (a)
and (c), the winds are storm relative, while in (b) the winds are ground relative. In all fields, the
purple contour denotes the 10-dBZ reflectivity contour. All fields valid at 8100 s.
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At 8700 s, the tornado is nearing its peak phase as shown in Fig. 3.4a. Unlike previous
times when the tornado was capped by a strong downdraft aloft, its structure at 500 m AGL is
almost entirely dominated by a strong, compact updraft situated directly above the surface tornado
(Figs. 3.11a,b). Indeed, during this phase, the tornado evolves into a deep coherent vortex (Fig.
3.11d) consistent with the time-height plot (Fig. 3.2b) that gradually tilts to the north into the low
pressure area under the parent midlevel updraft/mesocyclone. The continuous rearward storm-
relative motion of the tornado places it closer to the coldest portion of the rear-flank outflow, with
another RFDIS and new hook echo wrapping around its south sector, though colder outflow does
not feed into the tornado yet (Fig. 3.11b). Previous studies attribute tornado/mesocyclone
intensification and deepening following the occlusion process, such as in tornado 1, to
enhancement of vertical vorticity stretching under a deep low-to-midlevel updraft (Adlerman et al.
1999; Betten et al. 2018) and to “blocking” of low angular momentum warm-sector air out of the
low-level circulation (Markowski et al. 2012b; Markowski et al. 2012a). The increasing separation
between the occlusion and RFGF updrafts also reflects in the characteristics of the inflow features.
Figs. 3.11c and 3.11d show a nearly complete detachment of the LPL (now located along the
forward-flank reflectivity gradient) from the tornado coupled with a dramatic weakening of the
storm-relative inflow in the same region. This suggests that the upward mass flux is becoming

more concentrated in the contracting tornado itself.
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Fig. 3.11. (a) Vertical velocity (shaded; m s*) at 500 m AGL, (b) density potential temperature
perturbation (shaded; K) at 1 m AGL and perturbation pressure (regions shaded in orange for
values < - 3 hPa to highlight the tornado position, when it is present), (c) storm-relative wind speed
at 500 m AGL (shaded; m s) and perturbation pressure (hPa; dashed blue contours every 1 hPa,
starting at -3 hPa), (d) volume rendered display of perturbation pressure (hPa) for values lower
than 2.5 hPa. In (b), the solid blue denotes the RFGF and the dashed blue lines denote internal
boundaries. The yellow star denotes the location of the camera in (d) relative to the tornado. In (a)
and (c), the winds are storm relative, while in (b) the winds are ground relative. In all fields, the
purple contour denotes the 10-dBZ reflectivity contour. All fields valid at 8700 s.

Key changes in the supercell’s low-level structure occur after the peak phase of the tornado.
Fig. 3.12a shows that the tornado becomes overtaken by an occlusion downdraft at 500 m AGL

accompanying the cold (6, < -4 K) surface RFDIS, which finally impinges on the west and south
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sides of the tornado (Fig. 3.12b). A new hook echo, previously shown in Figs. 3.3g-i (and later
associated with tornado 2), forms in association with the gradual expansion and intensification of
the RFGF updraft. The inflow band core and LPL shrink in size, detaching completely from the
tornado (Figs. 3.12c,d). In turn, new zones of strong inflow begin to form approximately 6 km east
of the tornado. Fig. 3.12d also reveals that the tornado, although still deep and strong at the surface
(Fig. 3.4a), becomes highly tilted to the west near the surface and toward the north above aloft. By
9300 s, the tornado becomes mostly embedded in downdraft and cold outflow (Figs. 3.13a,b).
Undulations along the vortex and increasing northward tilt (Fig. 3.13d) denote the “rope out” stage
of the tornado, which retains considerably high (EF2) winds at the surface (Fig. 3.4a). While the
tornado decays, the RFGF updraft continues to gradually expand and intensify, occupying the
inflow notch area east of the incipient hook echo with w > 8 m s, With the ongoing demise of the
occlusion updraft, the inflow band core east of the hook and low-level updraft broadens and
becomes collocated with a new LPL (Figs. 3.13c,d). The morphology of the LPL is quite similar
to the original LPL associated with tornado 1. A separate nearly horizontal tube-like structure is
also observed in Fig. 3.13d just above, but not fully attached to the LPL; this feature is associated
with the new midlevel mesocyclone. The development of the low-level updraft downstream of the
old occlusion updraft accompanied by a new midlevel mesocyclone, inflow band, LPL, and hook
conform well to long-established conceptual models of occluding cyclic tornadogenesis (Burgess
etal. 1982; Adlerman et al. 1999; Dowell and Bluestein 2002a, 2002b; Adlerman and Droegemeier

2005; Beck et al. 2006).
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3.2.2.2 Tornadoes 2, 3, and 4

Overall, the cycling tendency of tornadoes 2, 3, and 4 is similar to that of tornado 1 in terms
of the conceptual models of cyclic supercells (i.e., they all exhibit regeneration of hook echoes
east-northeast of old ones, low-level updraft shedding and occlusion of low-level circulation).
However, the individual characteristics of each of these features differs remarkably between each
cycle, thus, resulting in rather different tornado characteristics.

Similar to tornado 1, the pretornadic stage of each tornado exhibits a well-defined
horseshoe updraft at 500 m AGL located in the inflow notch east-northeast of the hook (Figs.
3.14a-c). The low-level updrafts of each tornado all form to the east southeast of the previous
tornado’s location, similar to the cycling mode of tornado 1. Yet, low-level updraft differences
between the subsequent tornadoes to tornado 1 are notable and result mainly from the large amount
of precipitation and RFD outflow in the hook region due to the later HP character of the supercell
(Figs. 3.15a-c; Figs. 3.3 and 3.5a-c). Tornadoes 2 and 4, i.e., the ones which form and deepen most
rapidly (Figs. 3.14a and 3.14c; also Fig. 3.2), have weaker maximum low-level updrafts (w ~ 12
and w ~ 10 m s, respectively) than tornado 1 during the pretornadic phase. In addition, there is
no indication of small-scale occlusion downdrafts related to incipient vortices at 500 m AGL. In
turn, the core of the 500-m AGL updraft of tornado 3 (near x = 48 km, y = 49 km) lies just west of
the 10-dBZ reflectivity contour and at the leading edge of an RFDIS associated with the outflow-
dominated circulation of tornado 2 (Figs. 3.14b and 3.14j). Of the four tornadoes, tornado 3 is the

only directly one affected by a circulation from a previous cycle. At the surface (Figs. 3.15a-c), 6,

deficits are as small as those for tornado 1, within -1 K and 0 K under the pretornadic low-levels

updrafts; in the same context, 6, gradients are also weak in the northeast inflow into the low-level

updrafts, generally smaller than -1 K km™. Such conditions may indeed facilitate the ongoing
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intensification of the pretornadic low-level updrafts, as they may be in a “Goldilocks” regime,
where 6, deficits are small enough so that air parcels retain large buoyancy and small, but not
negligible baroclinic generation of horizontal vorticity (Markowski and Richardson 2009). During
genesis, all three tornadoes form in an occlusion updraft accompanied by occlusion downdrafts,
thus, detached to the west from the RFGF-FFCB intersection (Figs. 3.14d-f and 3.15c-d). This
situation does not imply that the tornadoes develop surrounded by RFD, though; indeed, tornado
2 is the one mostly surrounded by downdraft, including the occlusion downdraft to its east-
southeast and the broader RFD just to the west. Tornadoes 3 and 4 are mostly embedded in
updrafts, both associated with the parent occlusion updrafts and updrafts bands due to RFDIS in
their vicinity. In spite of the differences in the low-level updrafts and downdrafts, tornadoes 2 and
4 begin to ingest some cooler air to their east (6, < -2 K) that is enveloped in the hook; 6, gradients
also increase slightly to the northeast. On the other hand, the scenario for tornado 3 is quite similar
to its pretornadic phase, without a notable 6, hook or any other feature that is deviant from the
previous phase, partly due to the smaller and weaker character of developing tornado 3 not
significantly influencing the neighboring storm structures. During both the pretornadic and
tornadogenesis phases of the three tornadoes, the coldest portion of the outflow remained favorably
far west of the developing tornadoes as for tornado 1 and in agreement with the results of Flournoy

et al. (2020).
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During the peak phase of the three tornadoes, the RFGF surges eastward and northward
leading up to an increased separation between the occlusion updraft and RFGF updrafts (Figs.
3.15g-1). Such separation (or shedding) is equivalent or slightly smaller than that observed during
the peak phase of tornado 1, which was attained well after the occlusion and when the tornado
began to become embedded in precipitation near the core of the storm (Figs. 3.3f, 3.11a and 3.11b).
Tornadoes 2 and 4 are able to maintain strong, organized occlusion updrafts (even containing
strong central downdrafts) as they move rearward into the outflow (Figs. 3.14g and 3.14i); tornado
3, on the other hand, is advected into the chaotic outflow-dominated circulation of tornado 2 by
the strong easterly storm-relative flow at the northern part of the low-level updraft (Figs. 3.14h).
Despite moving deeper into the precipitating core of the supercell, the rain-cooled air ingested by

the three tornadoes is not particularly cold, with within 8, ~-3 K to -2 K (Figs. 3.15g and 3.15i).
The 6, gradients also do not increase significantly for tornadoes 2 and 4, but increase notably for

tornado 3, reaching ~ -2 K km™ just north of the tornado (Fig. 3.15h), implying a more important
role of baroclinic vorticity generation for tornado 3 at peak stage. Similar to tornado 1, the later
tornadoes reach their demise when removed several kilometers from the RFGF and into the colder
rear-flank outflow (Figs. 3.14j-1). Dissipation of tornado 2 occurs when it is overtaken by the heavy
precipitation and downdrafts/divergence in the hook (Fig. 3.14j), decaying into a broad, persistent
circulation which later “ingests” tornado 3, facilitating its decay in colder air, in turn (Figs. 3.14k
and 3.15k), as previously described. The dissipation of tornado 4 resembles more that of tornado
1, where the tornado simply moves farther rearward into the colder outflow, leaving behind a
reorganizing RFGF updraft for the next tornado cycle (Figs. 3.141 and 3.15l).

Similar to the tornado 1, the subsequent tornadoes are each preceded by a broad inflow

band collocated with an LPL bounding the low-level updraft to the east-northeast, despite not
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having a pretornadic vortex to their southwest at this stage (Fig. 3.16). The pretornadic inflow
bands and LPLs of tornadoes 2 and 4 bear remarkable resemblance, while exhibiting the strongest
winds (Vhsr > 35 m s1) and low pressure (p’ < -6 hPa) at 500 m AGL, although the LPL of tornado
2 occupies more of its inflow core area (Figs. 3.16a and 3.16c¢). The 3D view provided in Figs.
3.17a and 3.17c show that the pretornadic LPLs of tornadoes 2 and 4 are also broader and deeper
than that of tornado 1. The pretornadic inflow band and LPL of tornado 3 are much weaker than
both tornadoes 2 and 4, but larger than tornado 1 (Figs. 3.16b and 3.17b). Other low-p’ structures
can also be seen in Figs. 3.17a-c for each tornado and correspond to their midlevel mesocyclones.
As for tornado 1, the inflow band of each of the later tornadoes exceeds Vhsr > 35 m st (even > 40
m s for tornado 4) and encircle the west side of the developing tornadoes (Figs. 3.16d-f); this
evolution is more noticeable for tornadoes 3 and 4, while for tornado 2 the core of high winds
barely changes and the LPL weakens slightly (Figs. 3.16e). These differences in the LPLs are also
visualized in Figs. 3.17d-f. The three tornadoes form well to the southwest of the LPL and exhibit

a northward tilt toward the core of the LPL aloft, similar to tornado 1.
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Fig. 3.16. Storm-relative wind speed (shaded; m s), but for tornado 2 (a) 9980 s, (d) 10280 s, (g)
10630 s, and (h) 11370 s; tornado 3 (b) 11980 s, (e) 12280 s, (h) 13160 s, (k) 13490 s; and tornado
4 (c) 13880 s, (c) 14180 s, (c) 14520 s, (c) 15030 s.
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During the peak phase, the process of detachment from the inflow band and LPL is
underway for each tornado, again, similar to tornado 1 (Figs. 3.16g-i and 3.17g-i). The process is
more noticeable in tornadoes 2 and 3 (Figs. 3.16g,h and 3.17g,h) which move further rearward and
away from the core of high inflow winds and into the cold pool. Upon becoming encircled by
precipitation, the tilt of the tornado toward the north increases considerably. The top portions of
tornadoes 2 and 4 remain attached to the LPL aloft (Figs. 3.17g and 3.17i), while tornado 3 fully
separates from its parent LPL and merges with other low pressure features within the turbulent
outflow-dominated circulation of tornado 2 (Figs. 3.17h). This separation trend persists until the
dissipation phase when the original inflow band core and LPL of each tornado weakens and is
located more than 6 km to the east-northeast of the decaying tornadoes (Figs. 3.16j-i). The only
inflow band that shows signs of re-intensification for the next cycle is that of tornado 3 since the
next cycle occurs much more rapidly than the previous one (Figs. 3.16Kk). Still, all tornadoes leave
a residual LPL to the east of their previous position under a separate low pressure area associated
with a new midlevel, which will be the precursor of the next tornado cycle. Unlike tornado 1, later
tornadoes do not decay through a “rope out” process. Rather, the tornadoes tend to dissipate while
interacting with other turbulent vortices in the rear-flank outflow, occasionally displaying a
multiple-vortex structure. Such mode of tornado dissipation was also reported in the high-

resolution simulation of Orf et al. (2017)
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Fig. 3.17. Perturbation pressure (hPa; shaded for values less than -2.5 hPa), but for tornado 2 (a)
9980 s, (d) 10280 s, (g) 10630 s, and (h) 11370 s; tornado 3 (b) 11980 s, (e) 12280 s, (h) 13160 s,
(K) 13490 s; and tornado 4 (c) 13880 s, (c) 14180 s, (¢) 14520 s, (c) 15030 s.
3.2.3 Relationship between tornado cycling and the nearby low-level inflow vorticity field

So far, it has been shown that each cycle of the tornadic supercell is associated with a band
of enhanced low-level inflow winds to the east of and into the storm’s updraft accompanied by an
LPL. These features undergo well-defined cycles of strengthening, maturity, and weakening that
follow closely each updraft/ tornado cycle. As a consequence, this type of pattern reflects on other

kinematic quantities in the same region of the storm, which may be even more relevant to the
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development of the tornadic supercell, such as the near-surface vorticity field. Very large
environmental streamwise vorticity near the surface (in the 0-500 or even 0-100 m AGL layers)
indicates a heightened tornado potential given that all atmospheric conditions are favorable to
supercells (Coffer et al. 2019). Furthermore, the interaction of the strong near-surface streamwise
horizontal vorticity with supercell low-level updrafts may dynamically induce feedbacks that
enhance the updraft further and may result in tornado formation Goldacker and Parker (2021).
Hence, it is relevant to assess the surrounding streamwise vorticity in the inflow sector of the
supercell and how it evolves during each tornadic cycle.

Fig. 3.18 shows the evolution of total (3D) streamwise vorticity at 100 m AGL for all
simulated tornadoes through their life cycles®. Total streamwise vorticity is shown here in an
attempt to better highlight in-storm vortical features (other than tornadoes themselves), which may
have a considerable vertical components (Orf et al. 2017). As expected, similar to the enhanced
inflow band and LPL features discussed previously, the inflow streamwise vorticity field at 100 m
also displays a clear pattern of intensification, maturation, and weakening following the life cycle
of each tornadic updraft. During the pretornadic phase of tornado 1 (Fig. 3.18a), a broad corridor
of enhanced streamwise vorticity is seen just east of the hook echo and collocated with the near-
surface LPL, a pattern that persists during the tornadogenesis phase of the tornado (Fig. 3.18e).
From the tornadogenesis into the dissipating phase, the enhanced area of streamwise vorticity
detaches into two bands, one very strong and small oriented in the north-south direction that
accompanies the occlusion updraft and the other one accompanying the RFGF updraft (Fig.

3.18e,i,m). The streamwise vorticity band associated with the tornado persists with it until its

8 The times of the pretornadic, tornadogenesis, peak, and dissipation phase of tornado 1 are not exact as for the other
tornadoes in order to keep consistency and facilitate comparisons with previous fields shown for tornado 1 at 300-s
intervals.
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dissipation phase, where the tornado has already moved far rearward into the storm’s cold pool.
Just east of the RFGF updraft, the other branch of the enhanced streamwise vorticity region
gradually reattaches to the strengthening LPL (and RFGF updraft) during the weakening stage of
tornado 1 (Figs. 3.18i,m), and fully develops into a new, single streamwise vorticity band when
tornado 2 forms (Figs. 3.18b,f), clearly in conjunction with the newly established low-level updraft

The same general evolution is also observed for tornadoes 2, 3, and 4, though the details
of the streamwise vorticity band vary widely among these tornadoes. For example, though
tornadoes 2 and 4 share a number of similarities (strength, structure, rapid development), the
enhanced streamwise accompanying these tornadoes do not present any particularly similar
structure, except for the general pattern described for tornado 1 and strong LPLs (Figs. 3.18 b,f,j,n
and 3.18d,h,I,p). Tornado 3, the weakest tornado, has the broadest enhanced inflow region but it
is the first tornado to detach from it, due to rapid occlusion and absorption into the lingering low-

level mesocyclone of tornado 2 (Figs. 3.18 c,g,k,0).
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3.2.4 Evolution of midlevel updrafts and relationship with the low-level tornadoes

The previous analysis of the vertical velocity field at low levels highlighted a rather
organized pattern of tornado cycling at low levels, where an updraft associated with a tornado
intensifies, occludes, and moves rearward relative to the stormin its decay phase, while the updraft
at the RFD weakens during the “shedding” process, to later intensify and become the dominant
low-level updraft (Adlerman et al. 1999; Dowell and Bluestein 2002a; French et al. 2008). Most
structural differences among the low-level updrafts occur due to increasing precipitation and
downdraft in the rear flank of the storm as each cycle progresses.

The transition of the storm into an HP mode is related to a complex evolution of its midlevel
updrafts. Unlike the low-level vertical velocity field, the midlevel updrafts of the supercell evolve
in quite unorganized morphologies as the storms cycles. Classic conceptual models of occluding
cyclic mesocyclogenesis (or tornadogenesis), such as that of Adlerman et al. (1999), emphasize
how occluding midlevel mesocyclones move rearward relative to the storm and into the cold pool
as they dissipate and a completely new midlevel updraft develops to the east-northeast of the old
one, triggered by the a surging RFGF. In the simulation shown herein, however, new and old
midlevel updrafts often interact before an old updraft is able to decay completely, producing
structures that significantly differ from Adlerman’s conceptual model. This is illustrated in Fig.
3.19, which presents the vertical velocity (shaded) and vertical vorticity fields (blue and red
contours) at 4 km AGL. The evolution of the midlevel updrafts associated with tornado 1 follows
the conceptual model of Adlerman et al. (1999) during its life cycle, first shedding from an
intensifying RFGF updraft (i.e., directly above the RFGF underneath) during the tornado formation
phase (Figs. 3.19a,e) until it is completely separated from the RFGF updraft during the peak and

decay phases (Fig. 3.19i,m). Most of the strongest downdrafts related to the occluded midlevel
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updraft at this stage are located far northwest from the intensifying updraft to its southeast.
Nonetheless, during the life cycle of tornado 2 (Figs. 3.19b,f,j,n), the occluding midlevel updraft
of cycle 1 does not decay completely and eventually merges with tornado 2’s midlevel updraft,
producing a broad area of upward motion with embedded areas of downdraft to its west (the
difference becomes evident by comparing the tornadogenesis phases of tornadoes 1 and 2; Figs
3.19e and 3.19f). Other robust updrafts form west of x = 46 km near and between y = 46 and 48
km atop the southern extent of surface rear-flank cold pool, also merging with the preexisting
midlevel updrafts. This configuration becomes more convoluted during the life cycle of tornado 3
(Figs. 3.19c¢,9,k,0), with downdrafts extending as far south as y = 46 km and new updrafts still
merging to the main updraft between y = 46 and 48 km. The expanding downdrafts are directly
related to the copious amounts of precipitation and outflow previously shown in Figs. 3.3 and 3.5,
and account for the disorganized structure of the lingering mesocyclone associated with tornado 2
that absorbs tornado 3. During the life cycle of tornado 4 (Figs. 3.19c¢,9,k,0), most of the turbulent
downdrafts predominant during the life cycle of tornado 3 are displaced to the northwest of the
tornadic updraft, such that the tornadic updraft is able to organize into a larger and stronger
structure than tornado 3’s updraft.

In summary, for this particular simulated supercell, despite persistent tendency for low-
level updrafts to evolve into relatively organized cycles, the evolution of their corresponding
midlevel updrafts is rather complicated due to mergers with other developing updrafts of the same
supercell, which result in disorganized downdraft patterns nearby, which in turn, affect the
precipitation field at the surface and the evolving tornadoes. This scenario with decaying tornadic
midlevel updrafts interacting with new tornadic updrafts has similarities with that documented by

Houser et al. (2015) for the 24 May 2011 EI-Reno-Piedmont tornadoes, although in that case the
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authors describe the evolution of the low- and midlevel mesocyclone to be a hybrid between
occluding and non-occluding modes of Adlerman and Droegemeier (2005). In this simulation, all
tornado cycles undergo the occluding mode.
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Fig. 3.19. Vertical velocity (shaded; m s*) and vertical vorticity (blue and red contours denote
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3.3 Summary and discussion

In this study, a 50-m grid spacing idealized numerical simulation of a cyclic tornadic
supercell was conducted to assess the impact of certain storm-scale structures on the evolution of
tornadoes. The simulations includes the effects of surface friction, which have been shown to be
important for the development of tornadoes. In order to mitigate the continuous decelerating of
near-surface winds in the base-state wind profile caused by surface friction that would otherwise
introduce undesired extra degrees of freedom in our analyses (via an evolving base-state wind
field), the initial base-state initial profile was artificially balanced using the Geotriptic Wind
Balance (GWB) method (Dawson et al. 2019). Overall, four tornadoes develop in the simulated
supercell after 2 h of model integration until the end of the experiment (4 h 30 min). Three of the
tornadoes (tornadoes 1, 2, and 4) attain EF5 intensity (though briefly for tornadoes 2 and 4), while
one of the tornadoes is weaker, briefly attaining EF3 strength. Each of the tornadoes formed as
strong low-level updrafts (with wWmax > 40 m s below < 1 km AGL) and low pressure aloft
developed several minutes before their genesis, causing continuous stretching of near-surface
vertical vorticity into tornadic intensity. Such process has been extensively documented in the
literature and attributed to dynamically induced updraft at low altitudes resulting from tilting of
near-surface environmental streamwise vorticity or frictionally or baroclinally augmented
horizontal vorticity from within the convective storm (Coffer and Parker 2017; Goldacker and
Parker 2021). The chaotic evolution of the storm itself did not preclude the occurrence of cyclic
tornadogenesis at relatively regular intervals. After the first tornado formed, the supercell
proceeded to produce tornadoes repeatedly, as the overall storm structure became prone to
reestablishing intense low-level updrafts (along new hook echoes) and develop new tornadoes to

the east-northeast of the decaying tornadoes, in a way that is similar to well-established conceptual
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models of cyclic supercells (Burgess et al. 1982; Adlerman et al. 1999; Dowell and Bluestein
2002a, 2002b; Beck et al. 2006).

Nevertheless, the chaotic evolution of the supercell did cause each tornado to behave in
rather particular ways. Tornado 1, which was the longest lived, formed through complex small-
scale vortex-vortex interactions and remained near the RFGF-FFCB intersection during its initial
development stage, while moving northeastward and subsequently northwestward (in a storm-
relative sense), influenced by an RFDIS. The interaction of the RFDIS with the tornado also caused
horizontal vortex tubes to wrap around the low-level of the tornado at times, in agreement with
high-resolution observation of tornadoes (Houser et al. 2016). Though tornado 1 was always
located within its parent low-level updraft, its initial development occurred considerably far south
from its parent midlevel updraft, causing the top portion of the tornado to be poorly connected to
the midlevel updraft. As the tornado occluded (i.e., became completely surrounded by cool outflow
and detached from the RFGF), its parent low-level updraft separated into two parts, an occlusion
updrafts (associated with the tornado) and a reminiscent updraft at the RFGF far east of the
tornado. This type of evolution is well documented in both observed and simulated
tornadoes/mesocyclones (Burgess et al. 1982; Adlerman et al. 1999; Dowell and Bluestein 20023,
2002b; Beck et al. 2006). When the tornado moved further rearward relative to the storm, its tilt
with height decreased and the tornado intensified to its peak intensity as a deep coherent vortex.
However, constant rearward motion and a surge of cold outflow caused the tornado to decay.
Before its dissipation phase, though, the air surrounding the tornado had only small density
potential temperature deficits (-2 to 0 K), a condition favorable for tornado maintenance

(Markowski et al. 2002; Marquis et al. 2012).
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The evolving structure of the supercell from a “classic” morphology in the surface
reflectivity field to a high-precipitation (HP) mode had a major effect in determining the
characteristics of subsequent tornadoes. While tornado 1 took several minutes to become
embedded in the precipitating core of the storm, tornado 2, 3, and 4 occluded quickly, even before
genesis (Markowski et al. 2012b; Markowski et al. 2012a). A large amount of precipitation that
developed at the rear flank of the storm developed when tornado 1 dissipated was rapidly encircled
by the evolving circulation of tornado 2. A similar scenario occurred for tornado 4. Interestingly,
tornadoes 2 and 4 displayed were rather similar in terms of structure, intensity, duration, and the
time they took to form (on the order of 20 s). One reason that these two tornadoes formed so rapidly
is that they were not as tilted with height as tornado 1 during genesis, such that vertically vorticity
stretching may have intensified these tornadoes more readily through a significant depth. The
occlusion process itself may have blocked low angular momentum air from the warm sector of
these tornadoes, causing the area-average circulation around them to increase quickly (Markowski
et al. 2012a). The reason why tornado 3 was the weakest tornado is related to why it also persisted
longer than tornadoes 2 and 4: the lingering rain-wrapped mesocyclone of tornado 2. Just after
forming at the RFGF updraft, tornado 3 occluded and moved into the rain-wrapped mesocyclone
of tornado 2. Unlike previous tornadoes, tornado 3 did not spend time growing (i.e., intensifying
via vertical vorticity stretching) along with its parent low-level updraft, as it quickly shed into the
rain-wrapped circulation. Nonetheless, once within the rain-wrapped mesocyclone, tornado 3
remained within disorganized areas of intense upward motion, which helped maintain the tornado
for as long the rain-wrapped mesocyclone persisted. A more detailed analysis of these results may
benefit from Lagrangian vorticity budget along trajectories or circulation analysis along material

circuits. Attempts to perform vorticity budget calculations along forward or backward integrated
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trajectories were frustrated in the present study because most often parcels trajectories passing
through the cold pools and flowing into the tornadoes were not reliable due to strong flow and
strong gradients in the turbulent flow in those regions. In addition, any vorticity budget analysis
for these simulations should address the spurious vorticity source issues raised by Davies-Jones
(2021) due to the use of the GWB technique, a problem that was not covered in this study. This
type of investigation is left for a future study.

The transition of the supercell from a “classic” to an HP morphology seems to be caused,
at least partially, by a disorganized evolution of midlevel updrafts. Unlike previous conceptual
models of cyclic mesocyclogenesis (Adlerman et al. 1999) that predict a general rearward motion
and decay of the midlevel updraft away from the newly evolving updraft, midlevel updrafts in the
tornadoes analyzed in this supercell often merged to the newly developed updrafts while other
updraft formed on back side of the surface cold pool, also merging the new tornadic updrafts. This
process creates a convoluted distribution of precipitation that falls closer to the rear-flank of the
storm and is more readily advected around the new tornadoes.

A feature that preceded each of the four tornadoes was a low-pressure lobe (LPL)
collocated or in close proximity to the core of enhanced inflow winds to the east of the low-level
updrafts. This structure evolved in close relationship with the intensifying pretornadic updrafts and
is related to accelerating winds into the updraft (Markowski and Richardson 2010). The LPL forms
at low levels, initially between 500-2000 m AGL, but later expands upward and downward,
eventually merging with the midlevel mesocyclone low pressure volume. Related to the enhanced
inflow winds, zones of enhanced near-ground streamwise vorticity develop to the east of low-level
updrafts. These zones develop during the genesis and intensification phases of the tornadoes and

detach from the low-level updrafts when the occlusion updrafts are shed and move rearward into
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the core of the storm. Storm environments feedbacks are known to locally modify the environment
in the vicinity of a supercell, including local increases in SRH near the storm (Wade et al. 2018).
In some situations, such enhancements may be measured to heights as deep as 1-2 km AGL (M.
Coniglio, personal communication). Given the importance of high streamwise vorticity for the
development of dynamically induced low-levels updrafts in supercells, the presence of such
enhancements in the immediate vicinity of the storm may perhaps foster tornadogenesis by further
augmenting dynamics feedbacks between the low-level updrafts and the environmental vorticity
field (Goldacker and Parker 2021). This hypothesis can be investigated in future numerical studies
and perhaps based on field campaign data near supercells.

One encouraging result from this simulation for numerical prediction purposes is the
tendency of the supercell to undergo cycling at relatively regular intervals, despite differences
between cycles. Britt et al. (2020) found that ensemble forecasts of supercells at 1-km grid spacing
do have skill in providing useful guidance on the likelihood and cycling frequency of supercells.
Based on the single simulation presented here, it is possible that numerical forecasts at much finer
(< 250 m) grid spacing may be able to predict well cycling frequency and likelihood. To test this,

further assessments must be conducted, preferentially using an ensemble framework.
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Chapter 4: The Evolution and Structure of Horizontal Vortex Tubes near

Observed and Simulated Tornadoes®

4.1 Methodology

In order to analyze the evolution and structure of HVs near simulated tornadoes, two
idealized simulations are employed. The configuration of these simulations, which are conducted
using the ARPS model, are quite similar to that presented in Chapter 3, and a brief description of
each of them is provided here. Some features that are common to both simulations include fourth
advection along with fourth-order computational mixing in the horizontal and vertical directions
(with mixing coefficients adjusted to correspond to the vertical and horizontal grid spacing of each
experiment). The environment is horizontally homogeneous; lateral boundary conditions are open
radiative and the lower boundary is flat. Also, both simulations employ the previously described
GWB technique (Dawson et al. 2019) to maintain the base-state environment in the presence of
surface drag, which is enabled by applying the drag coefficient C; = 0.028 in the 1.5-order TKE
turbulence closure scheme (Moeng and Wyngaard 1988) at the lowest scalar level of the vertical
grid (at 1 m AGL). In addition, visualizations of the 3D wind field concerning the vorticity features
addressed in this section are compared to visual observations of HVs in real tornadoes to better
understand the behavior of the observed vortices.

4.1.1 100-m grid spacing experiment

The 100-m simulation is an early version of the 50-m experiment described in Section 3

and the 30-m experiment to be addressed in subsection 4.1.1. The simulation employs a horizontal

grid spacing of 100 m, which is marginal for resolving tornadoes and even more HV structures.

° As in Chapter 2, some parts of this chapter are direct excerpts from Oliveira et al. (2019) and Oliveira et al. (2022;
entitled: Trailing Horizontal Vortices in Observed and Numerically Simulated Tornadoes, submitted to the Bulletin
of the American Meteorological Society, in review at the time of this writing).
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Nevertheless, visualizations of this simulation are still able to capture some relevant interactions
between tornadoes and HVs, as will be discussed.

The domain extent for this simulation is 84 km x 84 km x 16 km (843 x 843 x 83 grid
points). A Rayleigh sponge layer is applied above 12 km AGL to damp vertically propagating
disturbances within the domain. As with the 50-m experiment in Chapter 3, the vertical grid
spacing stretches from 2 m to 200 m above 10 km AGL, placing the lowest scalar level at 1 m
AGL. Due to the very small near-surface grid spacing and aspect ratio, the large and small time
steps are set to initially 0.075 s and 0.05, respectively. Model integration is carried out using mode
splitting, with the leapfrog (forward-backward) scheme for the slow (fast acoustic) modes. The
model is integrated until 14270.175 s using the 0.075 s large step. However, at this time, a tornado
with strong near-surface updrafts is underway, and the vertical advection stability limit is violated
since the first model layer is very shallow. From this time on, the simulation is restarted and run
until 4 h 20 min using a large time step of 0.025 s while the small time step size is kept at 0.05 s.
This is possible because vertical acoustic wave propagation is treated implicitly in the ARPS so
that the small time step size is limited by horizontal grid spacing only. The large time step size is
on the other hand limited by the very small vertical grid spacing in the case of large vertical
velocity. The acoustic wave models are integrated using forward-backward integration schemes
with time step size Az, starting from the past time level t — At and ending the future time level t +
At, in n number of “small” time steps. When n = 1, At = 2At, hence the ‘small’ time step size is

twice as large as the ‘large’ time step size (Skamarock and Klemp 1992; Xue et al. 1995).
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Fig. 4.1. (a) Skew T-log p diagram for the idealized tornadic supercell experiment. The red (green)
solid line represents environmental temperature (dewpoint) in °C. The black dashed line denotes
the temperature for an ascending surface-based parcel. Areas of positive (negative) buoyancy are
highlighted by semi-transparent red (blue) shading. The black and blue dots represent the lifting
condensation level and level of free convection, respectively. (b) Hodograph for storm-relative
winds between the surface and 10 km AGL. Black dots are heights (in km AGL). The green vector
indicates the ground-motion vector (u =11 ms™; v=17 ms?) originally subtracted from the wind
profile to induce the storm to remain quasi-stationary in the simulation. Some relevant convective
parameters are shown in the bottom right sector of the figure.

The microphysics scheme of Lin et al. (1983) [modified by Tao and Simpson (1991)] is
used with the rain intercept parameter Nor set to 2 x 10 m™, rather than the default value of 8 x
10 m*. The reduced value can produce more realistic cold pools and sustained tornadic vortices
(Snook and Xue 2008; Dawson et al. 2010; Roberts et al. 2016; Roberts and Xue 2017; Roberts et
al. 2020).

The initially horizontally homogeneous environment defined by the same single sounding

used in Chapter 3, which was obtained from the 27 April 2011 real-case numerical forecast of
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Yussouf et al. (2015). The artificial modifications to the thermodynamic profile are applied to this
original sounding to damp spurious convection in the domain, but no alterations to the wind profile
are applied here. As such, Fig. 4.1 shows the initial environment; notice the different hodograph
and shear parameter values as compared to those presented in Fig. 3.1 in the previous chapter).
Storm initiation is triggered by a 6-K thermal perturbation placed at (x = 55 km; y = 16 km). Data
are saved every 60 s (2 s) before (after) 10800 s of model time.
4.1.2 30-m grid spacing experiment

This experiment is nearly identical to the 50-m experiment presented in Section 3, except
for variations in the horizontal grid spacing and the domain extent. This 30-m simulation addressed
in this chapter is used to analyze the feature described in the Introduction as a “trailing HV”, a
larger-scale, more complex and energetic type of HV that may potentially interact with a nearby
tornado. In order to better resolve fine-scale HV structures at low levels, a horizontal grid spacing
of 30 m is used along with the same vertical grid spacing of 2 m at the surface, which stretches to
200 m above 10 km AGL. The average vertical grid spacing is this simulation is 30.8 m below 650
m AGL. As in the previous simulations, the very small grid spacing used at the surface requires
very small large and small time steps in the mode-splitting time integration scheme due to the high
tornadic winds; thus, the large and small time step sizes are set to 0.05 s to ensure stability during
time integration. The domain extent is 90 km x 90 km x 18.2 km (3003 x 3003 x 93 grid points),
with a Rayleigh sponge layer applied above 14 km AGL. The experiment is integrated forward in
time for 3 h (10800 s) to encompass the entire lifecycle of a simulated tornado.

Very high-resolution simulations of tornadic supercells produce massive amount of data
that need to be storage on disk for analyzing tornado dynamics. Given that this study focuses on

analyzing vortex structures around the tornado and surrounding storm-scale features, to save disk
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space, we keep only three-dimensional data in an 18 km x 18 km x 18.2 km box that follows the
storm’s low-level (0-3 km AGL) mesocyclone. Data are saved every 60 s during the storm’s
nontornadic phase (0-6600 s) and every 2 s for the remainder of simulation, including the
pretornadic phase and the tornado’s full tornado lifecycle (6602-10800 s).

The base-state environment of the tornadic supercell simulation is exactly the same
(modified) sounding used in Chapter 3 (Fig. 3.1). The 6-K warm bubble used to trigger convection
in the environment is initially located at (x = 55 km; y = 16 km). Microphysical processes are
parameterized using the NSSL 2-moment scheme (Mansell et al. 2010).

4.2 HVs in the 100-m experiment
4.2.1 Overview of the simulated supercell and tornado

The simulated storm is fully developed into a supercell (e.g., with a hook-like appendage
in the rainwater field and well-defined forward- and RFD gust fronts; Fig. 4.2a) after 1 h of model
integration as it gradually moves northwestward within the domain. This northwestward motion
persists (but slows down) during the first 3 h of simulation. During this period, the storm develops
only mesocyclone-scale vertical vorticity of O(102 s1) at low levels (Fig. 4.2a—c), with multiple
low-level mesocyclone cycles taking place. However, tornado-intensity vortices do not develop
until later in the simulation, a behavior that differs from the observed supercells in the 27 April
2011 tornado outbreak which were prolific tornado producers during a significant fraction of their

life span.
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Fig. 4.2. Select stages of the simulated supercell life cycle. (a) 3600.000 s, (b) 7200.000 s, (c)
10800 s, (d) 11888 s, (e) 12032 s, (f) 12930 s, (g) 13950 s, (h) 14274 s, and (i) 14608 s. Vertical
vorticity (light shading; s™!), horizontal wind (vectors; m s!), and the 0.3 g kg! rainwater mixing
ratio contour. Vertical vorticity rivers [VVR, in (d)] are denoted by green arrows in (d)-(i). Pockets
of strong vertical vorticity associated with the tornadoes in the center of the domain are shaded in
the foreground, starting at 0.1 s™'. All fields at 158 m AGL.

After 3 h 16 min, significant structural changes occur in the supercell. Rapid strengthening of
the low-level updraft at the tip of the hook (not shown) occurs coincidently with a sharpening (i.e.,

increase in confluence) of an LFCB. The increase in the degree of organization of the LFCB results
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in the formation of “vertical vorticity rivers” oriented along the y-axis (Dahl et al. 2014; Parker
and Dahl 2015; Coffer and Parker 2017), which first appear at the base of downdrafts northwest
of the low-level circulation (Fig. 4.2d). These features, along with enhanced vertical vorticity in
an RFD internal boundary, are thought to be the primary storm-scale sources of vertical vorticity
to the developing low-level rotation in other simulations in the literature (Beck and Weiss 2013;
Dahl et al. 2014; Parker and Dahl 2015; Coffer and Parker 2017). At 11888 s, the first tornado
forms at the tip of the hook as seen in the vertical vorticity field (Fig. 4.2d, Fig. 4.3a, and Fig.
4.4a). In this relatively coarse grid spacing simulation, a tornado is defined as a deep (> 1 km),
persistent (lasting > 2 min), concentrated vortex with vertical vorticity exceeding 0.1 s** and wind
speed greater than 29 m s (the minimum wind threshold of an EFO tornado) at 10 m AGL,

As the tornado matures, it briefly attains a maximum EF3 intensity at 12032 s (Fig. 4.2e, Fig.
4.3b, and Fig. 4.4b), with peak ground-level wind speeds of 62.2 m s at 10 m AGL and surface
core width (roughly estimated based on the highly-asymmetric radius of maximum wind at 1 m
AGL) of about 200 m. After this short period of intensification, however, the tornado maintains
only EF1 wind speeds during most of its life cycle. Throughout its life cycle, the tornado exhibits
significant northeastward tilt with height (Griffin et al. 2019) and is stronger near the ground during
the tornadogenesis and maintenance phases (Fig. 4.3a,b). In fact, nearly all the violent tornadoes
on the 27 April 2011 tornado outbreak displayed pronounced northeastward tilt with height in
addition to the almost ubiquitous presence of HVs (Knupp et al. 2014). The condensation funnel
of this first tornado never touches the ground, a result of the insufficient cyclostrophic pressure

drop within the tornado vortex (also likely due to the relatively coarse horizontal grid spacing).

10 No minimum pressure perturbation threshold was imposed in this initial experiment, though a tornado is usually
present in the simulation when surface p’min < -10 hPa or so.
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Fig. 4.3. (a)-(f) 3D visualization of vertical vorticity with values greater (less) than 0.075 s (-
0.075 s indicating regions of cyclonic (anticyclonic) rotation in yellow (blue). Buoyancy (B; in
ms?) is displayed at 1 m AGL, with positively or neutrally (negatively) buoyant air in green (blue).
The life cycle of the first tornado is shown at (a) 11888 s (tornadogenesis), (b) 12032 s (peak
stage), and (c) 12930 s (demise). (d)-(f) Same as in (a)-(c), but for the second tornado at (d) 13950
s, (e) 14274 s, and (f) 14608 s. (g)-(i) The cloud field (sum of cloud water and cloud ice mixing
ratios; in g kg?) corresponding to the second tornado in (d)-(f). All nonzero values are displayed.
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Fig. 4.4. Vertical velocity field (light shading; m s) throughout the life cycle of the simulated
tornadoes at (a) 11888 s, (b) 12032 s, (c) 12930 s, (d) 13950 s, (e) 14274 s, and (f) 14608 s
(compare with Figure 2d-i and Figure 3a-i). Horizontal wind (vectors; m s*) and the 0.3 g kg™
rainwater mixing ratio contour are also plotted. Pockets of strong vertical vorticity associated with

the tornadoes in the center of the domain are shaded in the foreground, starting at 0.1 s*. All fields
at 158 m AGL.

In addition to the abovementioned LFCB vorticity river, less prominent rivers exist northeast
of the tornado (Figure 4.2e), possibly associated with forward-flank convergence boundaries
(FFDBs; Beck and Weiss 2013). The FFCB merges with the LFCB just north-northwest of the
tornado and may contribute to the vertical vorticity budget of the tornado (Beck and Weiss 2013;
Dahl et al. 2014; Parker and Dahl 2015; Coffer and Parker 2017).

After approximately 17 min on the ground, the first tornado becomes completely occluded
and wrapped in rain, resulting in broadening of the hook as the dissipating tornado moves rearward

(southwestward) relative to the parent supercell (Fujita et al. 1970; Dowell and Bluestein 2002b;
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French and Kingfield 2019) (Figs. 4.4f and 4.4c). The near ground vortex becomes completely
detached from its upper portion and gradually decays (Fig. 4.3c). The remnant vortex persists as a
shrinking area of vertical vorticity embedded in precipitation that eventually mixes out within the
turbulent downdraft outflow in the rear part of the storm. Despite that, the hook persists as a large
low-level circulation, with an anticyclonic flare (Markowski et al. 2008; Bluestein et al. 2016) to
its southeast (Fig. 4.2f).

As the occluding downdrafts gradually weaken, new vertical vorticity rivers form at the FFDB
and LFCB as well as smaller feeders at the edge of a downdraft surge northwest of the low-level
mesocyclone. A second tornado then forms at 13950 s (Adlerman et al. 1999) (Fig. 4.2g, Fig.
4.3d,g, and Fig. 4.4d). The second tornado, unlike the first one, becomes large (400 m wide at the
surface) and strong enough such that the pressure drop within its core is able to produce a
condensation funnel that extends all the way to the ground during its most intense phase (Fig.
4.3h). As this tornado matures (Fig. 4.2h), it reaches ground-relative wind speeds at 10 m AGL of
86.7 m s, corresponding to high-end EF4 intensity. The vortex is also tilted to the northeast but
is wider at low levels than the first tornado at its maintenance phase (compare Fig. 4.3b,e). Note
also the well-defined “divided mesocyclone” structure (Lemon and Doswell 1979) in Fig. 4.4e,
with the development of an occlusion downdraft east of the tornado.

Similar to the first tornado, the occlusion process wraps precipitation around the tornado,
which eventually also becomes completely embedded in rain (Figs. 4.2i and 4.4f). The circulation
also broadens and becomes asymmetric, resulting in detachment of tornado and its associated
LFCB and FFCB vorticity rivers, which now surround the occluded low-level mesocyclone. The
decaying circulation then moves southwestward into the heavy precipitation of the hook and

dissipates. Unlike the first tornado, however, as the second tornado becomes detached from its

96



upper portion, multiple surface vertical vorticity centers (Figs. 4.2i and 4.3f,i) associated with
updraft pockets (Fig. 4.4f) persist in the decaying broad surface circulation.

After the second tornado dissipates, the simulated supercell maintains a well-defined hook in
the rainwater field but no additional tornado forms until the end of model integration at 4 h 20 min
(not shown).

4.2.2 Evolution and kinematics of HVs near a tornado
Throughout the development of the tornadoes in the simulation, the presence of HVs
surrounding the tornadic circulations is ubiquitous, with striking similarities with the HVs
presented in Orf et al. (2017). Using direct volume rendering (DVR), we now investigate the
evolution, types and different structures of HVs exclusively focusing on the second simulated
tornado since it is stronger and associated with a greater variety of HVs.
4.2.2.1 3D vorticity structure and visual observations
During the intensification and maintenance phases of the tornado, there is enhanced activity
of HVs near its outer circulation. It is also during this phase that these structures are more
prominent and well defined. This is shown in a visualization of the 3D vorticity magnitude field
in Fig. 4.5, which highlights regions of vorticity magnitude > 0.15 s™*, prior to and around the time
the tornado attained EF4 strength. The general appearance of the vorticity magnitude field reveals
a complex distribution of elongated vortices surrounding the tornado and its parent low-level
mesocyclone. A wide spectrum of length scales is evident that includes vortices of nearly the same
dimensions of the tornado down to scales near the grid spacing resolvability limit. This observation
is supported by videographic evidence (Fig. 4.6), which indicates that the width of some HVs can
be as small as a few meters. [Note that the width of condensation tubes should be smaller than the

actual HV circulation, e.g., Atkins et al. (2014)]. The broad spectrum of HV scales (as well as
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other small-scale vortices in Fig. 4.5) is a reflection of the turbulent nature of the storm’s cold pool
where they reside primarily, as also seen in the visualizations of Orf et al. (2017).

(@) (b)) (c)

3.3kmAGL

Fig. 4.5. 3D visualization of vorticity magnitude, highlighting values greater than 0.15 s, at select
time frames: (a) 14102 s, (b) 14170 s, (c) 14190 s, (d) 14230 s, (e) 14250 s, and (f) 14270 s. The
viewpoint is that of an observer located at the southeast corner of the domain, looking toward the
northwest corner. The green dashed line denotes the tornado vortex axis. Red arrows indicate
vortices that form around the tornado and surrounding RFD outflow at the surface. Orange and
black arrows indicate distinct vortices used for comparison with real vortices in Figure 4.6.

In order to assess the similarity of the simulated vorticity structure with real-world
observations of HVs, Fig. 4.6 presents visual observations from video frames of the 27 April 2011
Tuscaloosa-Birmingham EF4 tornado, when several HVs were orbiting the tornado
simultaneously. In both Figures 4.6a and 4.6b, the storm-relative viewpoint of the observers is
approximately similar to that shown in Figure 4.5, looking from the southeast through the RFD
region, but turning north and northwest (Figure 4.6¢) as the tornado moved northeast. In both
observed and simulated tornadoes, the HVs revolve counter-clockwise in the tornadic outer wind

field and tend to align azimuthally around (but outside) the tornado core, thus forming ring-like
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structures encircling the tornado. Although in a different context, this behavior bears remarkable
resemblance to the process by which elongated vortices in isotropic homogeneous turbulence, the
so-called “worms” [e.g., Jiménez et al. (1993)], interact with a large, sustained columnar vortex in
the visualizations of Takahashi et al. (2005). In their study, the interaction of the sustained vortex
and the worms is shown to induce disturbances in the larger vortex core flow that can affect its
dynamics. Given the vorticity arrangement shown in Figure 4.5, it seems plausible to hypothesize
that vortex-vortex interactions analogous to those shown by Takahashi et al. (2005) may occur
among tornadoes and surrounding HVSs.

Both observed and simulated HVs have a tendency to form in preferred storm-relative
regions. The majority of the vortices appear or become well defined (as large tubes in Fig. 4.5 or
condensation funnels in Fig. 4.6) to the rear (south and southeast) and right (east) sides of the
tornadoes as they ascend in the outer circulation updraft. In fact, many HVs first appear close to
the ground in an arc extending from the rear through the right side of the tornado. This is seen in
the convoluted vorticity distribution surrounding the simulated tornado (Fig. 4.5a—) and in the
large, ascending vortex attached to the right flank of the observed Tuscaloosa tornado

condensation funnel, shown in the leftmost arrows in Figures 4.6a and 4.6b.
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Fig. 4.6. Visual observations of the 27 April 2011 Tuscaloosa tornado displaying several HVs.
Video frames extracted from videos of (a) Mike Wilhelm (available online at:
https://www.youtube.com/watch?v=TOFHTGOVETY) and (b) John Brown (available online at:
https://www.youtube.com/watch?v=9KjWtBrEYHY), courtesy of Mike Wilhelm and Kory
Hartman at SevereStudios.com, respectively. Red, orange and black arrows indicate key vortices
discussed in the text. Other vortices are also evident in the figure. Tornado motion is due northeast
(from left to right in the figure). Times in UTC are estimated.

The evolution of HVs shown in Fig. 4.5 highlights the diversity of structures and shapes the
HVs can assume when interacting with the tornado. Large HVs close to the tornado initially tend
to maintain their tornado-relative position (bottommaost red arrow in Fig. 4.5e and the leftmost red
arrows in Fig. 4.6a,b), then eventually become detached from the surface as they are tilted by the
updraft and finally spiral and evolve into complex shapes (e.g., uppermost red arrow in Fig. 4.5e).
Smaller vortices near the tornado edge, on the other hand, are rapidly captured in the tornado outer
circulation and spiral upward, either maintaining their horizontal orientation or becoming severely
distorted into a variety of shapes. Two such examples of complex shapes include the coil spring
and U-shaped vortices in the forward sector of the tornado in Fig. 4.5b,c and 4.6a,b, denoted by

the orange and black arrows, respectively. Clearly, the strong vertical motion gradients in the
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leading edge of the tornado (especially in forward-tilted tornadoes, as in both observed and
simulated tornadoes presented here) and sinking motion ahead it must be involved in the creation
of these highly-distorted vortex shapes (this aspect is further discussed later). We also note that
vortices located farther away from the tornado core tend to be moved around with less change in
shape or orientation (e.g., the U-shaped vortex in Fig. 4.5d—f and Fig. 4.6¢). This suggests that the
rate of distortion of HVs is a function of the 3D shear strain rate surrounding the tornado core.
Therefore, the length scale of the HVs and their distance to the parent tornado are both key to
determining how their shapes and structures evolve near the tornadic wind field.

The behavior of the most prominent HV in the simulation, i.e., the one highlighted by the
black arrow in Fig. 4.5, is further compared with visual observations in Fig. 4.7. In the real
Tuscaloosa tornado, a large HV is tilted upward in the right flank of the tornado as it revolves
around it and then attaches to the cloud base in its forward flank (Fig. 4.7a). A vertical cross section
along the y-axis at 14100.075 s in the simulation (Fig. 4.7b) reveals the corresponding HV already
located in the front sector of the tornadic circulation with horizontal vorticity predominantly
oriented along the x-direction. In that sector, a lowering in the cloud base can be seen collocated
with the HV. Although HVs are crudely resolved in the simulation, condensation driven by
cyclostrophic pressure drop is still able to form when the HV nears the cloud base because of the
nearly saturated air at that level. The simulated perturbation pressure (Fig. 4.7c) and vorticity
magnitude (Fig. 4.7d) fields bear a striking resemblance with the visual observation in Fig. 4.73,
despite the more evident horizontal orientation of the HV in the simulation fields. The region where
the HV attaches to the tornado in the perturbation pressure field (Fig. 4.7c) denotes a region where
the upward tilting of the HV is reduced or even slightly tilted downward ahead of the tornado in

the vorticity magnitude field (Fig. 4.7d). Such reduced upward (or downward) tilt appears to be
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due to weaker updraft or downward motion in the secondary vertical circulation ahead of the
tornadic circulation where the HV resides which, in this case, is enhanced by the pronounced
northeastward tilt of the tornado. Thus, as this particular HV rotates around the tornado, it is
affected by a minimum in upward motion (or downdraft) ahead of the tornado (i.e., along the
tornado motion vector) and stronger updrafts at its northwestern and southeastern tips (transverse
to the tornado motion vector; see Fig. 4.4e). This pattern of horizontal gradient of vertical motion
(Vaw) may result in the U-shape of the HV later in its life cycle (Figs. 4.5b—e and 4.6c).

The general evolution of the HV shown in Fig. 4.7 also suggests that, once the HV reaches
the regions of strong Vhw ahead of the tilted tornado, it aligns perpendicularly to Vaw and attaches
to this region. Ultimately, the HV becomes part of the horizontal vorticity field associated with the
tornado-relative Vaw. This does not occur for weak, small HVs: as previously stated, they are
quickly distorted by the strong velocity gradients as they approach the tornado outer edge.
Therefore, the visualizations indicate that strong HVs can form far outside the tornado core via
processes, such as frictional or baroclinic torques, and eventually become embedded in regions of

sharp tornado-relative Vaw and attendant horizontal vorticity field.
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Fig. 4.7. Tilting of HVs in the forward flank of tornadoes. (a) Visual observations of the 27 April
2011 Tuscaloosa tornado at 2206 UTC (extracted from Mike Wilhelm’s video, available online at:
https://www.youtube.com/watch?v=TOFHTGOVETY; courtesy of M. Wilhelm). (b) Vertical cross
section of x-vorticity component (&; shaded in s) along x = 54.05 km. Solid purple contours denote
the 1 x 10 g kg* cloud water mixing ratio isopleth and dashed green contours denote downward
motion regions where w < -10 m s, (c) DVR of perturbation pressure, highlighting values less
than -9 hPa. (d) 3D visualization of vorticity magnitude, highlighting values greater than 0.15 s%.
The dark orange arrows indicate the position of the HV and the vertical black line indicates the
scale height of the tornado in the DVRs. In all panels, the view is from the east-southeast. Tornado
motion is due northeast (from left to right in the figure). All simulation fields are valid at 14100 s.

4.2.2.2 Near-ground flow kinematics and potential HV formation mechanisms
Having analyzed the structure and types of HVs presented in the simulation, a brief
assessment of the near-ground wind field surrounding the tornado and its associated horizontal
vorticity is now presented. Even though vorticity budget analysis are not carried out in this study,
the near-ground kinematic patterns around the tornado can provide valuable information about
potential HV formation mechanisms and help guide future dynamical analyses.
As discussed earlier, among the variety of vortices observed in the simulation, a group of

HVs is known to form near the ground in two key regions: in a circle around the base of the tornado
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and in an arc extending from rear through the right flanks of the tornado. The vortices near the
base of the tornado continuously form and rapidly rise just outside the tornado core flow, while
the ones in the rear and right flanks form longer near-surface tubes before accelerating toward the
right side of the tornado and revolving around it, as previously described. One of the potential
mechanisms for the rapid generation of HVs is via the Leibovich and Stewartson (1983) instability.
An in-depth discussion of this mechanism can be found in Nolan (2012). Regardless of the genesis
region, what is special about this class of vortices is that they typically erupt from the near-surface
pool of enhanced horizontal vorticity. This shallow pool of horizontal vorticity that exists close to
the ground (dark purple at the ground in Fig. 4.5) is a direct result of surface drag and the resulting
large near-surface vertical shear (Schenkman et al. 2014; Roberts et al. 2016; Roberts and Xue
2017)*. The tornado acts as a pump pulling the near-surface horizontal vorticity field upward: the
vortices near the base of the tornado are abruptly displaced and/or tilted upward by the updraft
while the ones in the right and rear flanks rise more gently along slantwise paths.

The idea that surface drag can be responsible for the generation of HVs can be linked to
the predominant sense of rotation displayed by the vortices. In our 3D visualizations, virtually all
large HVs, either embedded in the tornado outer circulation or RFD outflow, rotate around a
horizontal axis with sinking motion ahead of them and trailing rising motion, as they orbit the
tornado in the same way the HV presented by (Houser et al. 2016). An analysis of the videos
presented in Fig. 4.5 also shows that the observed vortices in the Tuscaloosa tornado, as well as
other tornado events (Knupp et al. 2014; Houser et al. 2016; Bai et al. 2017), consistently display

the same behavior. This suggests that HVs near the surface have horizontal vorticity vectors that

11 Though a fraction of this vorticity may have artificial origins considering the arguments of Markowski and Bryan
(2016) regarding the lack of turbulent eddies in the inflow region and Davies-Jones (2021) regarding the introduction
of spurious vorticity sources due the GWB technique.
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point to the left of the horizontal wind vector at large angles, implying considerable crosswise
horizontal vorticity (Schenkman et al. 2014; Roberts et al. 2016; Roberts and Xue 2017; Yokota
et al. 2018; Tao and Tamura 2020). This can be seen in Fig. 4.8a, which shows the horizontal
vorticity field at 1 m and 158 m AGL. Immediately outside the tornado core, in predominantly
rotational flow, near-surface horizontal vorticity vectors, consistent with the near-surface HVSs,
point to the left of the prevailing horizontal wind in which they are embedded, thus having a large
crosswise component. Above the surface (i.e., farther from the lower boundary; Fig. 4.8b) the
vorticity vectors become more streamwise, suggesting that HVs that arise from the near-ground
pool of enhanced horizontal vorticity tend to exchange their crosswise vorticity into the streamwise
direction, as they spiral around and upward near the tornado. This observation is consistent with
generation of crosswise horizontal vorticity via surface friction in strong, accelerating horizontal
flow (Schenkman et al. 2014; Houser et al. 2016; Roberts et al. 2016; Yokota et al. 2018; Tao and
Tamura 2020).

Another possibility for the horizontal vorticity of near-surface HVs is generation by
baroclinic torques (Davies-Jones et al. 2001; Markowski et al. 2008; Dahl et al. 2014; Markowski
and Richardson 2014; Dahl 2015; Parker and Dahl 2015; Fischer and Dahl 2020). However, if the
horizontal vorticity in the HVs were mainly created baroclinically at the leading edge of a
negatively buoyant RFD, the generated horizontal vorticity would point to the right of the
downdraft and cold pool flows, giving an opposite sense of rotation than observed (Markowski et
al. 2008; Wurman and Kosiba 2013). Yet baroclinity can still yield the observed vorticity if it is
produced at the leading edge of an RFD warm surge, as suggested by Orf et al. (2017). Thus
vorticity generated may not be confined to be very close to the ground surface. This aspect is an

important difference between Orf et al. (2017) and the present study since the former employed a
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free-slip lower boundary condition while we include surface drag to capture the effects of surface
frictional generation of horizontal vorticity. Recent studies have found that surface-friction-
generated vorticity can be an important or dominant source of vorticity the feeds a tornado vortex
near the ground (Schenkman et al. 2014; Roberts et al. 2016; Roberts and Xue 2017; Yokota et al.
2018; Tao and Tamura 2020). This process appears likely the main source of vorticity of the HVs
observed in this study. Nevertheless, quantitative analyses of the simulation data are needed to
address this question with any degree of certainty and also quantify any sources of vorticity for

HVs.

y (km)
y (km)

sl e A NN NIRRT N

Fig. 4.8. Horizontal vorticity (magnitude is light shaded and vectors are red; in s*) centered at the
tornado at (a) 1 m AGL and (b) 158 m AGL valid at 14230 s (during the intensification phase of
the tornado). Horizontal wind vectors are in black (in m s) and vertical vorticity ¢ is shaded in
the foreground, starting at 0.1 s™. The purple line indicates the 0.3 g kg™ rainwater mixing ratio
isopleth.
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4.3 HVs in the 30-m experiment
4.3.1 Overview of the simulated supercell and tornado

Before presenting an analysis of trailing HVs, it is relevant to provide a general assessment
of the simulated storm and its attendant tornado, similar to the analysis presented in Section 3.1 of
the previous chapter. The general evolution of the supercell is depicted in Fig. 4.9 in terms of time-
height cross sections of 0-5000 m AGL domainwide Wmax, p'min, {max. Overall, the first 2 h of storm
evolution are quite similar to the storm simulated in the 50-m experiment. The initial updraft
impulse develops into deep convection by 1800 s and splits into left-moving and right-moving
cells by 2400 s (not shown). The right-moving cell, i.e., the storm of interest in this study, moves
to the northwest, while the left-moving cell moves to the north and eventually exits the simulation
domain (not shown). By 3600 s, the storm’s midlevel updraft has developed {max values exceeding
0.01 st in the 2-5 km AGL layer, characterizing the storm as a supercell. The storm moves
northwestward between 3600 and 6600 s, eventually slowing its northwestward movement so that
the storm’s updraft becomes nearly centered in the domain. At 7200 s, the storm displays a
“classic” supercell morphology, with well-defined forward- and rear-flank precipitation cores, a
hook echo, and a RFGF (denoted by the eastward arcing of the 6, -1-K contour between 43 km <
y <45 km in Fig. 4.10a). During the 3600-7200 s period, the supercell updraft cycles a few times,
as indicated by transient pulses in wmax and {max In Figs. 2a and c, respectively. However, no

tornado-like vortex develops in the first 2 h of model integration.

107



(%]
(]
w (ms1)

pr (hPa)

8.6
0.4
8.2

Z (s71)

5] 1800 3600 5400 7200 9000 logeo
t(s)

Fig. 4.9. Time-height cross section of 0-5000 m (a) maximum updraft, (b) minimum perturbation
pressure, and (c) maximum vertical vorticity in the subdomain, valid from 0 to 10800 s.

Dramatic changes in the storm’s behavior commence around 7200 s and precede
tornadogenesis. Strong updraft and pressure deficit develop simultaneously in the 1-3 km AGL
layer and build downward toward the surface in the following minutes (Fig. 4.9a,b). As this trend
continues, small, short-lived pockets of high {max begin to form and intensify rapidly near the
surface, indicating that the strengthening low-level updraft is enhancing stretching of low-level ¢
(Fig. 4.9¢). This behavior has been extensively described in previous numerical simulations of
tornadic supercells and is attributed to the generation of strong dynamic vertical perturbation

pressure gradient acceleration (DVPPGA) within low-level mesocyclones during the pretornadic
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phase (Grasso and Cotton 1995; Wicker and Wilhelmson 1995; Markowski and Richardson 2014;
Coffer and Parker 2017; Coffer et al. 2017; Orf et al. 2017; Roberts and Xue 2017; Yokota et al.
2018; Flournoy et al. 2020). These studies attribute the generation of low-level DVPPGA to
rotationally induced nonlinear effects resulting from tilting and stretching of large low-level
streamwise horizontal vorticity available in the storm environment (Markowski and Richardson
2014; Coffer and Parker 2017; Coffer et al. 2017; Goldacker and Parker 2021), later augmented
by baroclinic (Wicker and Wilhelmson 1995; Orf et al. 2017) or frictional (Roberts and Xue 2017)
processes within the parent supercell. Further intensification of the low-level updraft eventually
culminates in tornadogenesis'? by 7800 s (Fig. 4.10b), illustrated in Figs. 4.9b and 4.9¢ as an
explosive development of a high-{max, low-p'min column extending up to 5 km AGL.

Shortly after formation, the tornado intensifies rather rapidly, attaining instantaneous
ground-relative wind speeds of 100 m s (above the EF5 threshold) by 7960 s (Fig. 4.11) and
displaying a spiral vortex breakdown (Fiedler 2009; Dahl 2021) just above the surface in the
visualized perturbation pressure (inset in Fig. 4.10c). After its initial intensification, the strength
and structure of the tornado fluctuates considerably throughout the remainder of its life span (Fig.
4.11), reaching EF5 intensity (10 m wind speed reaches 90 m s*) several times during the period.
During its third intensification stage, the tornado, recently occluded and located 1-1.5 km to the
west of the RFGF (Fig. 4.10d), attains its highest intensity around 8670 s, with instantaneous
surface winds in excess of 120 m s, p'min lower than -110 hPa and (max of nearly 4 s. Such
extreme values are consistent with the presence of a near-ground vortex breakdown seen in Fig.

4.10d.

12 A “tornado” is defined herein as in Chapter 3, i.e., persistent (lasting > 2 min), deep (z > 1 km), strong ({max > 0.3 §°
1 p'min < -10 hPa) coherent vortex with wind speeds exceeding the minimum criteria for EFO strength at 10 m AGL,
the level at which wind speeds are assessed for EF-scale rating.
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Fig. 4.10. Evolution of the simulated supercell at the lowest grid level (1 m AGL) at (a) 7200 s,
(b) 7800 s, (c) 7960 s, (d) 8670 s, (e) 9720 s, and (f) 10050 s. Reflectivity is shaded in dBZ. The -
1-K perturbation potential temperature contour is shown in magenta. Vertical vorticity is shaded
in the foreground for ¢ > 0.05 s. Vectors represent storm-relative winds. The insets at the top
corner of (b)-(d) highlight the evolution of the tornado’s structure in the volume rendered
perturbation pressure field, where p’ < -10 hPa and the yellow stars denote the camera’s location
relative to the tornado. The small green, red, and blue arrows in the inset plots point to the north,
east, and up, respectively.

Following its peak stage, hook-echo precipitation fully encircles the tornado causing its
complete occlusion and a gradual weakening trend in the subsequent 600 s concomitant. Though
embedded in rain, a fourth intensification phase begins at 9300 s, when the tornado again reaches
EF5 strength and a new spiral breakdown structure (Fig. 4.10e). It is during this stage, specifically

from 9500 to 9850 s, that the trailing HV (seen as a large curling horizontal low-p’ lobe south of
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the tornado in Fig. 4.10e) to be analyzed in the next section develops. Finally, the tornado
intensifies one last time by 10050 s as a shallow single-celled vortex (Fig. 4.10f) before finally

dissipating by 10500 s in the storm’s precipitating core. The total duration of the tornado is ~ 45

min.
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Fig. 4.11. Time series of maximum ground-relative wind (m s%; black), minimum perturbation
pressure (hPa; purple), and maximum vertical vorticity (s*; golden) at 10 m AGL in the
subdomain, valid from 7600 to 10800 s. The semi-transparent horizontal bars in the background
denote EF-scale wind speed ranges. The vertical white lines are plotted at 9500 and 9850 s,
respectively, to demark the formation and decay of the simulated trailing HV in Fig. 9.
4.3.2 Visual characteristics of trailing HVs in the observed Tuscaloosa tornado

There were numerous social media (Youtube) posts of videos capturing the Tuscaloosa

tornado as it formed and tracked through the city. Three videos of the early stages of the Tuscaloosa

tornado highlighting the trailing HVs are used in our analysis. These videos were taken by Ryne
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Chandler and Nate Hughett (hereafter referred to as “Chandler/Hughett video™), Jason Rosolowski
(“Rosolowski video”), and Tom Deelo (“Deelo video™), who kindly granted permission for use in
this study. Two of the videos, the Chandler/Hughett and Rosolowski videos, were also used and
geolocated by Karstens et al. (2013) in their assessment of tree fall damage patterns induced by
the Tuscaloosa tornado. An independent geolocation procedure using spatial matches to video
frames of all three videos is conducted to ascertain the precise location where the videos were
taken using Google Maps (maps.google.com). Both Chandler/Hughett and Rosolowski video
locations matched accurately those shown in Karstens et al. (2013); in addition, the Deelo video
location was determined successfully using the location information available in the video’s
description. The geolocated video sites relative to the tornado’s early damage path are shown in
Fig. 4.12, which is adapted from Fig. 13 of Karstens et al. (2013). The video’s names, observer’s
locations, their distances to the tornado’s center line (determined from Fig. 4.12) as well as the

hyperlinks to the videos URLSs are shown in Table 4.1.

Table 4.2. Relevant information on the Tuscaloosa tornado used in this study.

Videographer(s) | Location Aprox. distance to tornado Video’s online address
(lat, lon) (m)

R. Chandler/ 33.17979°N, 500-600 m https://www.youtube.com/
N. Hughett 87.55692°W watch?v=TIx26tN6pCk

T. Deelo 33.17589°N, 1000 m https://www.youtube.com/
87.55421°W watch?v=I8FceUTsJ84

J. Rosolowski | 33.19472°N, 150-200 m https://www.youtube.com/
87.52420°W watch?v=50hIVzIZLuQ

The trailing HVs occurred during two instances of the early life cycle of the Tuscaloosa

tornado. The first instance was filmed at close range (Table 4.1) in both Deelo’s and
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Chandler/Hughett’s videos, from which selected frames are shown in Figs. 4.13 and 4.14,
respectively. In both figures, the camera initially points to the northwest and gradually shifts to the
north-northeast to follow the northeastward-moving tornado. The main aspects of trailing HVs can
be gained by a combined analysis of Figs. 4.13 and 4.14. In Fig. 4.13, despite the contamination
by backlighting, the trailing HV can be discerned in the foreground, as a large, near-surface quasi-
horizontal tube tangent to the outer edge of the tornado’s condensation funnel and present in all
panels. The trailing HV is oriented from the rear (southwest) toward the forward flank (northeast)

of the tornado, with its forward sector wrapping around the tornado.
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Fig. 4.12. Early segment of the Tuscaloosa tornado damage path highlighting tree-fall damage
(represented by small blue and red arrows). The figure is adapted from Fig. 13 of Karstens et al.
(2013) to include the location of the video shown in Fig. 4.13 of this study. The camera icons are
the location where the videos were taken. Image provided through the courtesy of Dr. Christopher
Karstens.

These observations are better illustrated by the wider perspective shown in Fig. 4.14,

despite the poor contrast between the tornado and the trailing HV in Figs. 4.13a and b. The rotation
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of the trailing HV is characterized by extremely intense helical flow with the associated rotation
vector directed from its tail into the forward flank of the tornado, as denoted by the hypothetical
streamlines in Fig. 4.13b. The vertical motion field in this flow configuration contains strong
upward motion superimposed on the tornado’s updraft and downward motion on the external edge

of the trailing HV just above the surface.
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Fig. 4.13. (a)-(h) Image sequence showing the Tuscaloosa tornado as it passed north of the
observer, exhibiting a large trailing HV. The magenta dashed line in (a) and (b) outlines the trailing
HV due to the poor contrast with the tornado. The orange arrows denote the spiraling vortices
discussed in the text. Blue arrows show regular HVs advected by the tornado’s outer flow. Times
(MM:SS) are relative to the beginning of the video. Images provided through the courtesy of Tom
Deelo.

The longevity of the trailing HV relative to smaller HVs can also be seen in Figs. 4.13 and
4.14. Smaller-scale HVs are seen moving rapidly around the tornado in Figs. 4.13b and c and in
Fig. 4.13a and b (indicated by blue arrows). Conversely, the trailing HV approximately preserves
its size, intensity, and position relative to the tornado throughout the entire period shown in Figs.
4.13 and 4.14a-g (12 and 13 s, respectively). This shows that, unlike small-scale HVs, trailing HVs
may be associated with larger, more persistent storm-scale structures, such as RFD internal
boundaries in the right-rear sector of the tornado (notice the accelerating flow toward the tornado
denoted by the green arrow in Fig. 4.14h around the earlier location trailing HV). It is interesting
to notice, though, that the downstream portion of the trailing HV eventually tilts upward into the
forward flank of the tornado (Figs. 4.13d-h and Figs. 4.14d-g).

The second instance of a trailing HV in the Tuscaloosa tornado occurred approximately 3
min after the one shown in Figs. 4.13 and 4.14 and is shown in Fig. 4.15 (Rosolowski’s video; also
seen in Fig. 4.12). In Fig. 4.15, the tornado has just passed to the north of the observer, who is
watching the tornado moving due northeast and is located immediately to the southeast of the
tornado. The trailing HV is seen as a horizontal condensation funnel attached to the right-forward
edge of the tornado in Fig. 8, with its tail closer to the observer. From this perspective, not only is
the strong helical flow of the trailing HV more evident, but also the upward motion at the interface
between the vortex and the tornado just above the ground. In fact, the strong upward jet in this
region can be seen violently lifting off building materials in Figs. 4.15b and ¢ (yellow arrows).

The still images and the video suggest that the HV, which is likely to be outside the radius of
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maximum winds from the tornado, can also create damaging winds. The potential for HVs to

enhance damage near the periphery of the tornado should be studied further.
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Fig. 4.14. (a)-(h) Image sequence showing the Tuscaloosa tornado as it passed north of the
observers, exhibiting a large trailing HV. The magenta dashed line in (a) and (b) outlines the
trailing HV due to the poor contrast with the tornado. The orange arrows denote the spiraling
vortices discussed in the text. The insets are zoomed-in views of the same spiraling vortices. Blue
arrows show regular HVs advected by the tornado’s outer flow. The green arrow in (h) indicates a
band of accelerating flow toward the tornado around the position where the trailing HV was located
in (a)-(g). Times (MM:SS) are relative to the beginning of the video. Images provided through the
courtesy of Ryne Chandler and Nate Hughett.
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Fig. 4.15. (a)-(d) Image sequence showing the Tuscaloosa tornado as it passed just north of the
observer, exhibiting a large trailing HV. Yellow arrows show damage to buildings at the interface
of the tornado and the trailing HV. The orange arrows denote the spiraling vortices discussed in
the text. The frame shown in (b) was rotated counterclockwise by 7° to account for the unsteadiness
of the footage. Times (MM:SS) are relative to the beginning of the video. Images provided through
the courtesy of Jason Rosolowski.

The visual aspects of the trailing HV collectively provide clues regarding their formation
mechanisms. The sense of rotation of trailing HVs, their vertical motion pattern, and position
relative to the tornado match other radar-detected and numerically simulated HVs observed to the
south and east of intensifying tornadoes and near RFD internal boundaries (Houser et al. 2016),
who suggested that HVs are produced via frictional torques and/or baroclinity along a relatively
warm RFD internal boundaries, with the former likely being more effective near the ground. The
tree fall pattern found outside the tornado’s damage path observed at the times of
Chandler/Hughett’s and Deelo’s videos were taken and just before Rosolowski’s video (Fig. 4.12)
suggests the occurrence of RFD internal boundaries and/or strong inflow winds into the tornado;
this further substantiates the potential role of frictional processes in the formation of HVs, and

117



possibly also contribution of baroclinic vorticity generation at the leading edge of internal surge
(whose leading edge is the internal boundary; Skinner et al. 2011; Schenkman et al. 2016), if the
internal surface is warmer than its surrounding.

An additional intriguing aspect present in both trailing HVs is that they episodically exhibit
smaller vortices wrapping around their outer edges. This phenomenon occurs twice in the first
trailing HV. In the first situation, a thin, quasi-vertical condensation tube appears near the tail of
the trailing HV and moves along its external periphery, as it rotates around the base of the tornado
(orange arrows in Figs. 4.13a-c and Figs. 4.14a-c). The “head” of the vortex rotates under the
trailing HV while its tail leans outward with height, such that their vertically vorticity component
is clockwise. With time, the combined wind fields of the tornado and the trailing HV deform this
vortex into an “S”-shaped structure and subsequently into a “coil-spring structure®” that spirals
upward toward the cloud base (Figs. 4.14d-g). A few seconds later, a similar (but smaller) vortex
appears near the tail of the trailing HV and also moves along its outer edge and around the tornado
(Figs. 4.13e-h and Figs. 4.14e-g). This second vortex develops a spiral structure at its tail in Figs.
4.13e-h and Figs. 4.14e-g. Multiple thin, wave-like vortices are also observed twisting around the
tail of the second trailing HV (Figs. 4.15a,c,d). The systematic appearance of small vortices
twisting around trailing HVs is, perhaps, a clue of the vortex dynamics involved in the formation
of the latter. The formation mechanism of the trailing HV is discussed in the next section with the

aid of the numerical simulation.

13 The “coil-spring vortex” is indeed the same as shown in Figs. 6a and b of Oliveira et al. (2019) or Figs. 4.6 and
4.7 of this chapter.
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4.3.3 Simulated trailing HV
4.3.3.1 3D structure and evolution

The previous section provided evidence for the existence of trailing HVs based on videos
of the Tuscaloosa tornado. Nevertheless, analyses relying solely on visual observations are
inherently limited to features revealed by air motion tracers (in this case, condensation) and, thus,
cannot afford more comprehensive assertions about the structure and origins of trailing HVSs. In
this section, visualizations of a trailing HV in the supercell simulation are employed to substantiate
the visual observations and further unravel the three-dimensional morphology of trailing HVs.

Fig. 4.16 shows volume-rendered plots of three-dimensional vorticity magnitude
throughout the lifecycle of the simulated trailing HV during the fourth intensification and peak
stage of the tornado (9500-9850 s; see also Fig. 4.10e and Fig. 4.11). This field is used because it
better reveals the fine-scale aspects of the complex wind field around the trailing HV. It would be
relevant to visualize the resolved HV features as condensation tubes for straightforward
comparison with the observed HVs. However, HVs do not appear when the cloud water field is
visualized; in fact, the tornado itself appears merely as an elevated funnel cloud; a similar issue
also occurs in the tornado-resolving simulation of Finley et al. (2018). The causes for the
underestimation of condensation in the simulated vortices are unclear and are currently subject of
further investigation, but it is believed that the cause of this issue resides in the NSSL2M version
in the ARPS used in this study.

At 9500 s (Fig. 4.16a), the tornado is seen from the northeast as a northward-leaning tube,
with its main axis denoted by the dashed red line. As is typical of high-resolution supercell
simulations, several vortex tubes exist in the cold pool and around the tornado, but more

prominently in the low levels of the RFD region (in the orange rectangle). Some of these vortices
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are longer and located adjacent to the ground, extending horizontally far north into the east side of
the tornado, where they gently tilt upward. Between 9550 and 9600 s (Figs. 4.16b,c), other vortices
originating in the RFD outflow impinge on the incipient trailing HV, resulting in a larger, more
complex structure. The position of the trailing HV relative to the tornado and the upward tilt near
the tornado’s forward sector are consistent with observed trailing HVs in Figs. 4.13 and 4.14,
although the length of the vortices is much larger (~1.5-2 km) than that noticed in the visual
observations; this is an due to condensation only revealing the strongest section of the trailing HV
in the vicinity of the tornado. Also similar to the real trailing HVs (Figs 4.13-4.15), the rotation in
the vortices constituting the simulated trailing HV is dominated by strong helical flow directed
from its tail into the tornado’s forward flank.

From 9650 s to 9750 s (Figs. 4.16d-f), more vortices interact with the trailing HV, causing
its structure to evolve from initially quasi-horizontal vortices into a large, complex entanglement
of vortex tubes, extending further into the rear-flank area, but preserving similar orientation
relative to the tornado. The entangled vortex is composed of a mixture of large, quasi-horizontal
vortices and smaller, three-dimensional vortices, with the large vortices contributing mostly to the
structure of the trailing HV. As the tornado becomes completely wrapped in rain and weakens
(Figs. 4.10e,f and 4.11), the structure of the trailing HV falls apart into a disorganized three-
dimensional structure of intertwined vortices (Figs. 4.16f,h). Entangling of quasi-parallel vortex
tubes has been described in simulations of turbulent flows (Jiménez et al. 1993) and occurs as a
result of the self-induced velocity fields of the individual vortices via the Biot-Savart law (Wu et

al. 2007; Davidson 2015). Similar dynamics accounts for the structure of the trailing HV.
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(a)

Fig. 4.16.Volume-rendered plots of three-dimensional vorticity magnitude where it exceeds 0.2 s
Lat (a) 9500 s, (b) 9550 s, () 9600 s, (d) 9650 s, (e) 9700 s, (f) 9750 s, (g) 9800 s, and (h) 9850 s.
The orange dashed rectangle highlights the early stage of the trailing HV. The red dashed line
subjectively denotes the tornado axis. Orange arrows indicate downward-bending tails of the
trailing HV and the model equivalent of the observed small spiraling vortices shown in Figs. 4.13-
4.15. The anticyclonic character of the spiraling vortices is highlighted in the insets in (f) and (h),
where < -0.1 s is shown in blue. The camera points to the southwest.
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The entangled nature of trailing HVs is also responsible for the formation of the small
spiraling vortices observed in Figs. 4.13-4.15. From 9650 to 9850 s (Figs. 4.16d-h), smaller
vortices (orange arrows) form near the tail of the trailing HV and move along it, until they rotate
around the tornado, similar to the thin vortices in Figs. 4.13-4.15. Being smaller and weaker than
the larger vortices composing the trailing HV, the smaller vortices are twisted by the bulk rotation
of the trailing HV, causing their tail to lean outward and their “head” to move under the trailing
HV. This tilts the small, initially quasi-horizontal vortices into a nearly vertical orientation
dominated by anticyclonic vorticity (seen in insets in Figs. 4.16d-h), distorting them into “S”-
shaped or spiral structures (Figs. 4.16g-h; also seen in Fig. 4.13c and 4.14). These small vortices,
when eventually absorbed into the training HV, head first, can however still contribute positively
to the vertical vorticity when the leading part of the trailing HV is lifted off ground.

Further insight into the structure of the simulated trailing HV and its association with
nearby storm-scale features is provided in the top view of the volume-rendered vorticity field (Fig.
4.17). At 9500 s, the large HVs constituting the trailing HV are located to the east and southeast
of the tornado, surrounded by smaller HVs. The large HVs are located immediately rearward of a
northeast-southwest-oriented RFD internal boundary (blue dashed line). This boundary serves as
a focus for accumulation of vortex tubes originating in the RFD outflow to the west. This is seen
in the following 250 s (Figs. 4.17b-f), as more HVs continue to form in the RFD outflow and in
the vicinity of the boundary and progressively intertwine around the largest vortices, giving rise to
the complex entangled structure that constitutes the trailing HV. The RFD internal boundary also
acts as a corridor of strong rear inflow toward the tornado as the westerly internal flow turns
northward near and at the boundary; as a result, the originally left-pointing crosswise horizontal

vorticity just west of the boundary becomes streamwise (Fig. 4.18a). As previously discussed, the
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initially crosswise horizontal vorticity is likely attributed to frictional torques or baroclinity along

warm RFD surges (both mechanisms act constructively along the warmer tongue between 46.6 km

<X <46.7 km and 49.2 km <y < 49.6 km).

Fig. 4.17. Top view of volume-rendered three-dimensional vorticity magnitude where it exceeds
0.2 s at (a) 9500 s, (b) 9550 s, (c) 9600 s, and (d) 9650 s. The vorticity field is rendered only
between the surface and 1 km AGL to avoid contamination by other intervening structures. The
red dashed line subjectively denotes the tornado axis, with the red circle representing the base of
the tornado. The camera is located at 5 km AGL.

The internal boundary is also a favorable region for intensification of the trailing HV, as
the HVs accumulate and are stretched along the boundary. This is evidenced by horizontal cross
sections of horizontal streamwise vorticity and its stretching term shown in Fig. 4.18b and c. The

trailing HV is located just to the west of the boundary-related wind shift, where flow rapidly
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accelerates toward the east sector of the tornado, resulting in a corridor of intense streamwise
vorticity (Fig. 4.18b) due to stretching (Fig. 4.18c). The relationship between the trailing HV and
the RFD internal boundary corroborates the inferences made using the visual observations (Figs

4.13-4.15) and the visualizations of vorticity (Fig. 4.16).
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Fig. 4.18. (a) Potential temperature perturbation (6°; shaded; K) and horizontal vorticity (wp,;
orange vectors; s?), (b) horizontal streamwise vorticity (shaded; s?) and (c) stretching of
horizontal streamwise vorticity (shaded; s2). The red [green] contours in (a) and (b) [(c)] represent
vertical vorticity in the tornado; the outermost contour denotes (= 0.75 s, and it increases at 0.25
st intervals. Black vectors in all plots are storm-relative winds. The yellow dashed line indicates
the wind-shift line associated with a RFD internal boundary. Both fields are valid at 9650 s at 50
m AGL.
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4.3.3.2 Near-surface wind field

A question raised in the Introduction was: “Can tornado-HV interactions enhance
damaging winds at the surface?” The observed damage at the interface between the tornado and
the trailing HV in Figs. 4.15b and c suggest this may occur. We now further address this question
by inspecting the intensity of the near-surface horizontal and vertical velocity fields near the
interface between the simulated tornado the trailing HV. Figs. 4.19a and b show horizontal cross
sections of storm-relative horizontal wind and vertical velocity on a 400 m x 400 m area
encompassing the tornado and the trailing HV at 10 m AGL at 9610 s, during the mature phase of
the trailing HV. Storm-relative winds are stronger at the eastern periphery of the tornado, where
the trailing HV is located (Fig. 4.19a; seen also in Figs. 4.17 and 4.18a). The area of enhanced
horizontal winds is also collocated with the northern tongue of a band of intense upward motion
(Fig. 4.19D), just to the southeast of the tornado. This is the area where the tornado draws in and
stretches horizontal streamwise vorticity along the internal boundary, as identified in Figs. 4.18b.
The superposition of the trailing HV and the tornado wind fields induces a rotor-type circulation
containing extremely strong winds (> 80 m s between 10 and 70 m AGL, with small-scale areas
exceeding above 90 m st just to the north; Fig. 4.19¢) and updrafts (> 20 m s at 20 m AGL; Fig.
4.19d) just above the surface through the vortex. Hence, the analysis based on Fig. 4.19 suggests
that trailing HVs are associated with both enhanced storm-relative horizontal and upward flow at
the right edges of tornadoes to some extent. Unfortunately, however, such conclusions based on a
single simulated event are, at most, circumstantial, since it is impossible to know exactly how the
unsteady, highly asymmetric tornado (notice the multiple-vortex structure in the vertical vorticity
contours in Figs. 4.19a and b) would have evolved in the absence of the trailing HV. More studies

addressing the interactions of trailing HVs and tornadoes are necessary to confirm this possibility.
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magenta arrow in (c) and (d) denotes the rotor-type circulation.
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4.3 Summary and discussion
4.3.1 Behavior of small-scale HVs based on the 100-m simulation
An idealized numerical simulation of a tornadic supercell is produced with the ARPS
model at 100-m grid spacing and visualized with VAPOR; the data are analyzed, with the aid of
3D visualizations, to qualitatively determine the 3D structure, types and evolution of HVs near
simulated tornadoes. The simulation includes surface drag with a semi-slip lower boundary
condition in order to capture the effects of surface friction on the production of near-ground

horizontal vorticity. Furthermore, the first scalar model level is placed at 1 m AGL to augment
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vertical resolution close to the surface to resolve near-surface vertical shear, and to facilitate future
trajectory-based analyses. The simulated parent supercell remains nontornadic during the first 3 h
of life cycle, producing only mesocyclone-scale low-level vertical vorticity. After 3 h 16 min, the
supercell transitions to its tornadic mode, producing two significant tornadoes. The first tornado
lasts for 17 min and briefly attains EF3 strength, while maintaining EF1 winds for most of its life
cycle. The second tornado is shorter lived but stronger, with peak winds reaching a high-end EF4
threshold. Both tornadoes exhibit significant tilt to the northeast with height.

HVs exist near the simulated tornadoes throughout their entire life cycle but are more
prominent during the strengthening and maintenance phases of the tornadoes, consistent with the
case study of Houser et al. (2016). A comparison of volume-rendered 3D vorticity magnitude fields
and visual observations shows that the most significant HVs appear near the surface in an arc
extending from the south toward the east sides of the tornadic circulation, embedded in both
tornado outer flow and RFD outflow behind the gust front. Larger HVs tend to maintain their shape
and position relative to the tornado longer than their smaller-scale counterparts, which quickly
become distorted and are advected around and upward outside the tornado. Moreover, HVs farther
away from the tornado tend to keep their shape and revolve around the parent circulation more
slowly. This may be a result of reduced 3D shear strain rates outside and farther away from the
tornado core flow. Once HVs are captured in the near-tornado, accelerating flow, very strong
stretching occurs, which can occasionally form condensation inside the vortex tube via
cyclostrophic pressure deficits, as shown in Figs. 4.6 and 4.7, and also discussed by Houser et al.
(2016).

A closer inspection of a strong simulated HV reveals that the vortex is advected

cyclonically toward the forward flank of the tornado at low levels. Because the tornado tilts
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forward with height, strong horizontal gradients of vertical motion exist ahead of it. Our
visualizations suggest that strong HVs can form within the storm cold pool and later become
attached to the zone of strong horizontal gradient of vertical motion ahead of a forward-tilted
tornado. Thus, HVs can occasionally be absorbed in the horizontal vorticity field associated with
tornado-relative vertical motion gradients. In fact, many of the fast moving, forward-tilted
tornadoes observed on the 27 April 2011 tornado outbreak displayed HVs in their forward sectors
during a significant portion of their life cycle (Knupp et al. 2014).

Another relevant aspect seen in both 3D visualizations and videos of the Tuscaloosa
tornado is the tendency for HVs to have horizontal vorticity vectors with a large crosswise
component at low levels, similar to the 24 May 2011 El Reno tornado studied by Houser et al.
(2016). Regions of large horizontal near-ground vorticity collocated with and pointing to the left
of strong near-surface horizontal winds strongly suggest a possible role by surface friction in the
production of HVs. Recent studies have shown that surface friction can produce significant near-
ground horizontal vorticity within RFD outflows (Schenkman et al. 2014) and in the storm’s inflow
(Roberts et al. 2016; Roberts and Xue 2017; Roberts et al. 2020; Tao and Tamura 2020) that is
ultimately tilted and stretched to produce tornadic vortices. It may well be possible that the HVs
described in this study are coherent-structure manifestations of the vorticity-generation processes
discussed by Schenkman et al. (2014) and Roberts et al. (2016), revealed here owing to the use of
3D visualizations and comparisons with real tornado footage. Recently, 3D visualizations of
simulated tornadic supercells have provided crucial insights into storm- and tornado-scale
processes involved in tornado formation and dynamics (Orf et al. 2017; Orf 2019). Mechanisms
other than surface friction, such as baroclinity along RFD warm surges behind their primary gust

fronts and reorientation of near-tornado vertical vorticity into the horizontal (Houser et al. 2016),
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may also be important for the generation of the variety of 3D vortex tubes in the vicinity of a
tornadic wind field. The complex distribution of HVs near the simulated tornadoes in the RFD
outflow suggest all these mechanisms may be acting together. A conceptual model of the 3D
structure, relevant flow features and what we believe to be the most plausible mechanisms for HV
formation is presented in Figure 4.20.

We want to point out that the 100-m horizontal grid spacing used in this study is certainly
coarse to resolve the vast spectrum of HVs that may exist in nature, which possibly includes HVs
of only a couple of meters of length scale. Consequently, we may be resolving only the larger,
more energetic HVs in the initial portion of the inertial subrange, implying that only a small part
of the HV spectrum is represented here. With an isotropic grid spacing of 30 m, Orf et al. (2017)
was able to resolve a broader spectrum of 3D vortical structures in their supercell’s cold pool and
around the tornado. Such grid spacing was enough to allow condensation to form inside the HV as
happens in nature, which suggests that, to properly address the dynamics of HVs, grid spacing on
the order of a few meters is desirable.

Takahashi et al. (2005) show that turbulent worm-type vortices that interact with a
dominant large vortex can affect the dynamics of the latter. Although we did not address the
impacts of HVs on the parent tornado itself, the interaction is clearly seen in the volume rendered
movies. Given the highly nonlinear nature of these vortex-vortex interactions, it would be plausible
to speculate that the most energetic HVs can have some influence on the tornado vortex. These
questions were partially addressed in the 30-m experiment, but a more sophisticated approach to
study this type of very small-scale structures is needed. Future work including detailed vorticity

and circulation budget analyses and perhaps in real-data simulations of violent tornadoes at very
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high-resolution (grid spacing 10-30 m) may be able to provide a clearer picture of the dynamics of

HVs.
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Fig. 4.20. Conceptual model of evolution of HVs in the simulation from initial time to through to
+ 2At, at At time increments. Left column: 3D vorticity magnitude isosurfaces shaded in blue. The
vertically-oriented vortex represents an intensifying or mature tornado while slantwise, detached
vortex tubes represent more horizontally-oriented vortices in the periphery of the tornado. Regions
of enhanced frictional generation of horizontal vorticity in strong, near-ground horizontal wind
embedded in the RFD outflow are shaded in purple. Magenta arrows in the middle panel show the
tilted circulation on the forward side of the tornado. Representative vortex lines associated with
the HVs are displayed in light orange, with circular arrows indicating their sense of rotation. Strong
surface RFD flow is indicated by the curved black arrows. Right column: The cloud field
associated with a tornado producing HVs consistent with the vorticity field displayed in the right
column and visual observations. The RFD-related clear slot is annotated. The storm is moving to
the northeast, as indicated by the red arrow the upper panel.
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Finally, it is important to point out that the 1.5-order TKE-based subgrid-scale turbulence
parameterization with a mixing length (AxAyAz)*® can result in relatively large vertical mixing
relative to the vertical grid spacing. This would imply rather large vertical turbulence mixing and
more efficient transfer of (negative) surface momentum flux (due to surface drag) upward into the
flow above ground. The subgrid-scale turbulence parameterization near a rigid wall (Chow et al.
2005) and with a large grid aspect ratio (Xue et al. 2001; Nishizawa et al. 2015) are issues that can
potentially affect near-ground tornado dynamics and deserve further investigation.

4.3.2 Behavior of trailing HVs based on the 30-m simulation

A combined analysis of videos of the 27 April 2011 Tuscaloosa EF4 tornado and 3D
visualizations of a 30-m grid spacing simulation based on the same tornado reveals a distinct type
of HV structure termed “trailing HV”. As the name indicates, this type of vortex trails the tornado
and is attached to its right flank and immediately above the surface, producing visually impressive
helical motions consistent with vorticity generation via surface friction or baroclinity along warm
RFD internal boundaries. Unlike previously documented HVs, which are typically smaller than
the tornado and move along with its outer flow, trailing HVs are larger and strong enough to
interact with the tornado for longer periods and maintain a semi-stationary tornado-relative
position, without being advected around and distorted significantly. An intriguing aspect of trailing
HVs is that they occasionally display smaller vortices around them. The tail of these vortices leans
outward with height while they move crosswise relative to the outer periphery of the trailing HV
axis and rotate around the base of the tornado, such that their vertical component of vorticity is
clockwise or anticyclonic. When reaching the forward sector of the tornado, they may evolve into
spiral structures with the leading portion being advected upward into the tornado’s upper flow and

contribute cyclonic vorticity to tornado circulation. Spiral structures are commonly observed in
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tornadoes during vortex breakdown (Fiedler 2009; Dahl 2021). In the case of the small vortices
discussed here, though, vortex breakdown dynamics seems unlikely to explain their spiral
structures, since they do not appear to be rooted at the ground as vertical vortices and may be later
advected upward. Rather, it seems plausible to assume that, based on the tornado videos and
simulation visualizations, the spiraling structures result from the combined wind fields of the
trailing HV and the tornado acting to deform the smaller vortices. To the authors’ knowledge, this
is the first study to document such vortical structures in the context of tornado dynamics.
Visualizations of the simulated three-dimensional vorticity magnitude field show that the
trailing HV forms as an amalgamation of mainly streamwise HVs originating in the RFD near-
surface outflow (presumably produced by frictional effects) west and south of the tornado. An
internal convergence boundary attached to the east-southeast flank of the tornado acts as a corridor
where the HVs accumulate, realign (with the flow turning into the direction of HV rotation axis so
that the horizontal velocity and vorticity vectors become aligned), and are subsequently intensified
via stretching of streamwise horizontal vorticity. The induced velocity field of neighboring quasi-
parallel large HVs causes them to entangle and subsequently evolve into long intertwined vortices;
this entangling process is the essence of the trailing HV structure. Furthermore, the vortex
entangling process also explains the smaller, spiraling vortices observed in the videos of the
Tuscaloosa tornado. The small vortices, initially quasi-horizontal, arise at the tail of the trailing
HV and are twisted (i.e., tilted downward) by the trailing HV, such that their “heads” move
underneath and along the trailing HV, while their tail becomes quasi-vertical and rotates clockwise.
Analogous entangling of quasi-parallel vortices is known to occur in low-Reynolds-number

simulations, but has not been extensively studied in the context of supercell or tornado dynamics.
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A conceptual model summarizing proposed formation mechanisms of trailing HVs, as well as their

relationship with the internal convergence boundary and smaller vortices is provided in Fig. 4.21.
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Fig. 4.21. Conceptual model for the evolution of the trailing HV and spiraling vortices as related
to surrounding storm-scale features. Top panel: top view of the three-dimensional vorticity
magnitude field. Middle panel: three-dimensional vorticity magnitude field viewed from the
northeast. Bottom panel: cloud field consistent with the visual observations viewed from the
northeast. In all panels, time advances from the left to the right. All relevant symbols are defined
in the bottom section of the figure. At to, predominantly crosswise horizontal vorticity which is
produced in the RFD outflow evolves into coherent HVs that align and accumulate in the vicinity
of an internal boundary east-southeast of the tornado. As large and small HVs interact in that zone,
their self-induced wind fields initiate an entangling process. By to + At, the HVs have fully
intertwined and grown into a complex vortex entanglement, visually observed as a large helical
HV. As the entangling continues, some smaller HVs as well as the tails of the larger HVs may
bend downward, producing small spiraling anticyclonic vortices in the outer edge of the HV. By
to + 2At, the entangling begins to disorganize, as seen by the increasingly distortion larger vortices
composing the trailing HVs. Spiraling vortices continue to occur during this stage.
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One of the videos of the Tuscaloosa tornado (Rosolowski’s video) shows damage to
structures near the region where a trailing HV tangents the tornado. An analysis of the low-level
winds during the mature stage of the simulated trailing HV shows that the combined wind fields
of the tornado’s outer updraft and the upward branch of the trailing HV resemble a rotor-type
circulation that potentially enhances upward and horizontal winds very close to the surface, where
significant damage may result. Larger-scale rotor-type circulations have been observed in
simulated quasi-linear convective systems (Schenkman et al. 2012) and tornadic supercells
(Schueth et al. 2021) and are associated with enhanced upward motion and horizontal vorticity. It
is possible that the trailing HV documented in this study represents an additional class of rotor
circulation in severe storms.

Finally, a few considerations regarding real and simulated trailing HVs must be made.
First, since this is the first study to document trailing HVs, their frequency of occurrence is
unknown. Trailing HVs have a higher degree of coherency compared to smaller (turbulent) HVs,
given their apparent association with internal RFD boundaries. It seems plausible to assume that
similar structures eventually occur in other strong/violent tornadoes, but are not readily visualized
as condensation tubes (when the pressure drop inside is not large enough, at least away from the
tornado). It is also possible that such structures are simply too rare and go unreported in most
situations. The ever-increasing availability of close-range mobile Doppler radar, as well as visual
observations of tornadoes may eventually elucidate these concerns. Second, surface friction was
implied as the most likely vorticity generation mechanism for trailing HVs. Nevertheless, it is
known that the use of semi-slip lower boundary conditions in severe storm simulations is
problematic, resulting in overestimates of near-ground horizontal vorticity in the storm’s inflow

due to insufficient resolved turbulence (Markowski and Bryan 2016), intrinsic artificial problem
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of the GWB technique used herein (Davies-Jones 2021) and underestimation in the outflow due to
violations of the Monin-Obukhov similarity assumptions (Markowski et al. 2019). The reasonable
match between the visual observations of the trailing HVs and their simulated counterpart suggest
that these issues, although present in the simulation, do not hamper the qualitative interpretation
of the results presented in this study. Lastly, the results also underscore the importance of studying
interactions between tornadoes and their nearby turbulent outflow (Takahashi et al. 2005). Further
investigation of these processes can lead to a broader understanding of the spectrum of behaviors
and structures that tornadoes display in nature. Detailed quantitative analyses of the vorticity

sources of HVs and other related processes are underway and will be reported elsewhere.
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Chapter 5: Summary and Future Work

In this dissertation, idealized, high-resolution numerical simulations of supercells
conducted with the Advanced Regional Prediction System (ARPS) were performed with the
objective of better understanding important characteristics of cyclic tornadogenesis and horizontal
vortices (HVs) sometimes observed near tornadoes. Three simulations with grid spacings of 100-
, 50-, and 30-m, respectively, were investigated: the 50-m simulation was used in the analysis of
cyclic tornadogenesis, while the 30-m simulation was used to analyze the HVs; the 100-m
simulation is an early version of the 50- and 30-m simulations, which used different model
configurations and was also used to analyze several aspects of HVs. Considering that surface
friction has been shown to play a significant role in the dynamics of tornadoes (including and in
the generation of HVS), its effects have been included in all experiments via parameterized surface
drag using a drag coefficient (C;) = 0.028, corresponding to roughness length of 9.16 cm. Since
surface friction tends to continuously slow down the wind profile near the surface, thus undesirably
modifying the base-state environment as the storm evolves, the Geotriptic Wind Balance (GWB)
method was used to mitigate this issue. This method allows an idealized numerical simulation to
be initialized using an input arbitrary sounding (in this case, extracted from another model output
dataset) and drag coefficient and remain in a three-way force balance between the horizontal
pressure gradient, Coriolis, and frictional forces during the duration of the model integration. The
100-m experiment used a model-derived sounding from a 3-km grid spacing Weather Research
and Forecasting (WRF) model ensemble-mean analysis of the 27 April 2011 EF4 Tuscaloosa
tornado as initial condition. The 50- and 30-m experiments used a similar sounding, but with

stronger environmental winds below 2 km AGL (obtained artificially via sensitivity experiments).
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Cyclic tornadogenesis is investigated in the 50-m simulation to address how the evolution
of the supercell at high resolution deviates from previous conceptual models of cyclic
tornadogenesis/mesocyclogenesis, particularly, how different tornado cycles affect each other
subsequently. Four tornadoes developed cyclically in the simulated supercell during the 16200 s
(4 h 30 min) duration of model time integration. The characteristics of each tornado varied
significantly from cycle to cycle, as did the supercell structure associated with each of them.
Despite these differences, the supercell did produce tornadoes at relatively regular intervals, with
an average cycling frequency of 35.2 min, well within the range found for other numerically
simulated or observed supercells. Tornadoes 1, 2, and 4 attain EF5 strength (though tornadoes 2
and 4 only reach such intensity briefly), while one tornado 3 only briefly attained EF3 intensity
and evolved in rather different way than the other tornadoes. The main reason for the remarkable
differences between each tornado cycle are related to the transition of supercell from an originally
“classic” morphology to a high-precipitation (HP) mode. Tornado 1 developed during the “classic
phase” of the supercell, remaining removed from the strongest precipitation core of the storm and
colder outflow for several minutes. When the tornado’s parent low-level updraft occluded, tornado
1 finally become encircled in precipitation, initially intensifying (attaining peak strength), as it
moved underneath its parent midlevel updraft, but later dissipated embedded in rain and outflow.
After tornado 1 decayed, a large amount of precipitation was produced in the rear-flank of the
storm, which was rapidly advected into the low-level updraft associated with developing tornado
2, causing it to occlude as it formed. As tornado 2 decayed, a large surface circulation persisted
for several minutes embedded in precipitation. As tornado 3 formed, it was quickly ingested by
the lingering low-level circulation of tornado 2, such that the tornado never underwent drastic

intensification under an organized low-level updraft for a prolonged period as did the other
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tornadoes. After the dissipation of tornado 3, the supercell reorganized once again to produce
tornado 4, which occluded, intensified rapidly, and decayed embedded in precipitation similar to
tornado 2. The increasingly disorganized and HP character of the supercell is partially attributed
to a complex evolution of the storm’s midlevel updrafts. Unlike classic cyclic mesocyclogenesis
conceptual models, the occluded midlevel updrafts in the simulated supercell often merged with
newly developed updrafts, either bearing a new tornado or triggered along the southern extent of
the surface outflow boundary. This induced a convoluted distribution of midlevel downdrafts that
tended to produce increasing amounts of precipitation at the storm’s rear flank, and closer to
developing tornadoes. All tornado cycles were preceded and developed southwest of low-pressure
lobes (LPLs) located in the inflow sector of the tornadoes. These LPLs form due to accelerating
low-level inflow into the intensifying tornadic updrafts. These structures were associated with
zones of enhanced near-surface streamwise environmental vorticity, suggesting that the supercell
can locally intensify the surrounding vorticity field and further strengthen its low-level updrafts
dynamically.

Interactions between tornadoes and HVs were investigated first in the 100-m simulation.
Despite the relatively coarse grid spacing for resolving fine-scale structures, important insights
regarding HV-tornado interactions were found. By visualizing and comparing the simulated 3D
vorticity magnitude field to visual observations of the real Tuscaloosa tornado, it was shown that
HVs usually appear within the rear-flank downdraft (RFD) or the outer tornadic flow at low levels
and on the back and right sectors of the tornado (in a tornado-relative sense). As the HVs are lifted
in updrafts outside the tornado, they encircle the tornado, with larger HVs maintain the shapes and
position relative to the tornado, while small HVs are quickly distorted by surrounding turbulent

flow. HVs located farther from the tornado (in less turbulent flow) may maintain their structure

139



for longer periods. A closer inspection of a large HV interacting with the simulated tornado reveals
that HVs are advected toward the forward sector of the tornado with time, eventually coupling
with the forward portion of the secondary circulation of the tornado, which is distorted by the
tornado fast forward motion. When this occurs, the vortex aligns azimuthally with the outer
tornado flow, sometimes developing into a downward-bending or U-shaped structure. Abrupt
acceleration of the air into the HV at this stage may cause enough cyclostrophic pressure drop in
its core and induce condensation formation. The apparently passive behavior of HVs relative to
the tornado in the 100-m simulation is representative of most HVs observed in real tornadoes.
Analysis of the near-surface vorticity field around HVs and their typical sense of rotation in visual
observations show that they emerged from strong crosswise horizontal vorticity presumably
produced via surface drag, baroclinity along warm RFD internal surges (RFDISs), or a
combination of both.

Further analyses of tornado-HV interactions were conducted using the 30-m simulation
and additional visual observations of the Tuscaloosa tornado. This combined analysis revealed a
type of HV that has different characteristics from the ones described above, which was referred to
as “trailing HV”, as this vortex closely trailed the right flank of the of the fast-moving tornado.
Trailing HVs differed from regular HVs particularly because they were much larger, more intense,
last longer, and maintain their tornado-relative position for longer periods. Nonetheless, the sense
of rotation of trailing HVs was the same as their smaller counterparts, possibly a result of
frictionally generated crosswise horizontal vorticity within the storm’s rear-flank outflow.
Interestingly, smaller vortices formed in the tail end of the trailing HV and moved along its outer
edge and around the base of the tornado. These small vortices, initially quasi-horizontally oriented,

were tilted downward when moving along the trailing HV outer portion, such that their tails
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pointed upward producing anticyclonic (clockwise) vertical vorticity. One of the small vortices
developed a spiral structure at its tail end that was hypothesized to result from deformation or some
instability induced by sharp velocity gradients between the tornado and the trailing HV. The
vortical structure seen in visualizations of the 3D vorticity field of the 30-m simulation that is
thought to be model-equivalent of the visually observed trailing HV for as horizontal vortex tubes
formed in the rear-flank outflow within near-ground crosswise horizontal vorticity accumulated
along an RFD internal boundary adjacent to the east-southeast flank of the tornado. When
accumulating, the vortex tubes entangled, giving rising to a “spaghetti”-like structure;
occasionally, smaller vortices at the tail end of the trailing HV were depleted and distorted in a
similar way as the observed spiral vortices previously mentioned. Along the RFD internal
boundary, horizontal vorticity vectors aligned with the local velocity vectors producing an
elongated band of horizontal streamwise vorticity that was stretched in the confluent flow. Cross
sections taken in the sector where the trailing HV tangents the tornado revealed its rotor-like
structure analogous to other rotors observed in supercells and quasi-linear convective systems.
These cross sections, coupled with a close-range video of the trailing HV, suggested that its
interaction with the tornado may produce locally enhanced winds speeds, though more quantitative
analyses are needed in order to make more definitive statements about this feature.

The work presented in this dissertation, though essentially qualitative, adds relevant
components to our understanding of tornadic storms. In particular, the LPL structure and its
relationship with tornado cycling, must be further investigated. How often and what under
circumstances is the appearance of an LPL associated with tornado formation? These questions
could not be addressed in the current single (50-m) simulation because all mesocyclone cycles do

produce tornadoes. Ensemble simulations similar to those of Coffer et al. (2017) and Markowski
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(2020) using other initial soundings can be used to address these questions. Another interesting
feature related to the LPLs is the band of enhanced environmental streamwise vorticity near the
surface. Observational studies have documented areas of enhanced storm-relative helicity in the
inflow sector of tornadic supercells (Wade et al. 2018). Acceleration of inflow into the low-level
updraft seems to be of primary importance for generating this type structure. In addition, surface
friction is likely to play a significant role in its development due to its proximity to the surface
(Dowell and Bluestein 2002a). Future quantitative investigations of this simulation can employ
vorticity budget analyses along trajectories to determine the formation mechanisms of these
vorticity bands and their impacts on tornadogenesis. This is also an opportunity to address the
issues raised by Davies-Jones (2021), so that it is possible to determine how much of the vorticity
in and around the storm is physical or produced by spurious sources. Finally, future work should
also investigate more objectively the interactions between HVs and tornadoes. In low-Reynolds
number simulations of isotropic turbulence, small-scale vortex filaments (so-called “worms”) are
known to induce instabilities on larger columnar vortices (Takahashi et al. 2005). To which extent
an analogy can be made regarding tornadoes and HV's is unknown. Perhaps highly idealized “toy”
model simulations can be used to address this question and the vortex entangling process by which

trailing HVs develop.
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