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ABSTRACT: A simulation of a supercell storm produced for a prior study on tornado predictability is reanalyzed for the
purpose of examining the fine-scale details of tornadogenesis. It is found that the formation of a tornado-like vortex in the sim-
ulation differs from how such vortices have been understood to form in previous numerical simulations. The main difference
between the present simulation and past ones is the inclusion of a turbulent boundary layer in the storm’s environment in the
present case, whereas prior simulations have used a laminar boundary layer. The turbulent environment contains significant
near-surface vertical vorticity (z . 0.03 s21 at z5 7.5 m), organized in the form of longitudinal streaks aligned with the south-
erly ground-relative winds. The z streaks are associated with corrugations in the vertical plane in the predominantly horizontal,
westward-pointing environmental vortex lines; the vortex-line corrugations are produced by the vertical drafts associated
with coherent turbulent structures aligned with the aforementioned southerly ground-relative winds (longitudinal co-
herent structures in the surface layer such as these are well known to the boundary layer and turbulence communities).
The z streaks serve as focal points for tornadogenesis, and may actually facilitate tornadogenesis, given how near-
surface z in the environment can rapidly amplify when subjected to the strong, persistent convergence beneath a
supercell updraft.

SIGNIFICANCE STATEMENT: In high-resolution computer simulations of supercell storms that include a more real-
istic, turbulent environment, the means by which tornado-like vortices form differs from the mechanism identified in prior
simulations using a less realistic, laminar environment. One possibility is that prior simulations develop intense vortices for
the wrong reasons. Another possibility could be that tornadoes form in a wide range of ways in the real atmosphere, even
within supercell storms that appear to be similar, and increasingly realistic computer simulations are finally now capturing
that diversity.
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1. Introduction

a. A brief summary of our current understanding of
tornadogenesis in supercell storms

Tornado formation in supercell thunderstorms is among
the most intensely studied problems in mesoscale meteorol-
ogy,1 as evidenced by the numerous reviews that have been
written on the subject (Ludlam 1963; Rotunno 1993; Davies-
Jones and Brooks 1993; Davies-Jones et al. 2001; Markowski
and Richardson 2009, 2014a; Davies-Jones 2015). More stud-
ies have been devoted to supercell tornadoes than nonsuper-
cell tornadoes, presumably because the former are associated
with the most destructive tornadoes.

Our latest understanding of supercell tornadogenesis can
be summarized as follows. The supercell initially acquires
updraft-scale rotation (about a vertical axis) via the updraft’s
upward bending of horizontal vortex lines present in the verti-
cally sheared environment. Mature supercell storms, owing to
the dynamic vertical perturbation pressure gradient force
(VPPGF) field, tend to propagate to the right of the mean en-
vironmental wind (Rotunno and Klemp 1982, 1985), and as a
result, the storm-relative inflow into a mature supercell storm
tends to have a significant component aligned with the afore-
mentioned environmental horizontal vorticity. The presence
of a storm-relative streamwise vorticity component leads to the
supercell’s updraft having net cyclonic rotation (Davies-Jones
1984), as opposed to a vertical vorticity (z) couplet strad-
dling the updraft (and thus no net rotation) when cross-
wise horizontal vorticity is tilted.

Davies-Jones (1982a,b) hypothesized that the upward tilt-
ing of environmental vortex lines that leads to the so-called
midlevel mesocyclone2 cannot yield a tornado because the up-
ward tilting of the horizontal vorticity is occurring only as air
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1 Strictly speaking, tornadoes are microscale phenomena
(Orlanski 1975; Fujita 1981), but their parent thunderstorms
are usually regarded as mesoscale phenomena.

2 “Mesocyclone aloft” might be a better term, given that in
exceptionally strong environmental vertical shear, the tilting
of environmental vortex lines can yield mesocyclone-strength
z (!0:01 s21) at cloud base (e.g., Coffer et al. 2023).
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which a large fraction of the turbulence is resolved, (ii) contin-
ued efforts to improve the handling of near-surface turbulence
(including the lower boundary condition), which is always
going to be underresolved near the surface, regardless of the
model resolution, (iii) the inclusion of additional processes (e.g.,
radiative transfer, surface heat and moisture fluxes, ground
fluxes) that are routinely presumed to be of secondary impor-
tance but might alter conceptual models in unexpected ways, and
(iv) continued pursuit of methods for obtaining volumetric buoy-
ancy observations in supercell storms (e.g., Riganti and Houston
2017; Bartos et al. 2022), especially given the cold pool differ-
ences between the STORM9 and C20 simulations.

Acknowledgments. The author is grateful for discussions
pertaining to this work with Johannes Dahl, Ying Pan, Matt

Parker, Yvette Richardson, Rich Rotunno, Lou Wicker, and
George Young, and for the development and long-standing
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tem (GrADS). GrADS was developed by the Center for
Ocean–Land–Atmosphere Studies. Figure 1 was created using
GrADS software written by Bob Hart. Aaron Wang provided
MATLAB code for computing l2. Vis5d was also heavily
used for visualization in the course of this work, though not
for final figure production. The numerical simulations were
performed on the Roar supercomputer at Penn State’s
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FIG. 25. Schematic summarizing the key aspects of the STORM9 simulation associated with tornadogenesis. The
vortex lines (shades of blue) labeled “1,” “2,” and “3” can represent either a single vortex line at multiple times
through a parcel approaching the developing TLV, a la Fig. 13, or different vortex lines at a single time drawn through
locations increasing upstream of the developing TLV. The broad gray arrows indicate (storm-relative) trajectories
feeding the TLV from the environment and from the precipitation and outflow (precipitation/outflow trajectories
enter the developing TLV only once the flow associated with the intensifying z maximum becomes highly
“axisymmetrized”). In the close-up of the environmental surface layer (bottom of figure), the gray streamlines
indicate ground-relative perturbation winds associated with surface-layer eddies. The locations of alternating
surface streaks of fast and slow wind speed are also indicated.
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rises away from the surface. Of course, once a tornado is es-
tablished, inflow into the base of the vortex}and the vortex
lines embedded in that inflow}turn upward at a ;908 angle
to yield large z next to the surface. But Davies-Jones argued
that such extreme tilting of vortex lines cannot occur until a
tornado is established, and thus, the tilting of environmental
vortex lines by the supercell updraft alone cannot be re-
lied upon as a tornado genesis mechanism. For this reason,
Davies-Jones hypothesized that the development of large
z next to the surface, in environments lacking initial near-
surface z (the convergence of planetary vorticity also has
been assumed not to be a significant z source for the tor-
nado; e.g., Davies-Jones 2015) ought to involve air parcels
that have descended through downdrafts. Within down-
drafts, vorticity can be tilted upward even as air descends
(e.g., Davies-Jones and Brooks 1993), thereby circumvent-
ing the limitation of parcels only acquiring z in an updraft
once they have risen away from the surface.

Numerical simulations of supercell storms, and observations
where available, have supported the notion that downdrafts
are critical for the development of near-surface z, including tor-
nadoes, in supercells (Markowski 2002). Moreover, simulations

have revealed that horizontal buoyancy gradients associated
with the downdrafts are a key vorticity source (e.g., Klemp and
Rotunno 1983; Rotunno and Klemp 1985; Davies-Jones and
Brooks 1993; Adlerman et al. 1999; Markowski and Richardson
2014b; Dahl et al. 2014; Parker and Dahl 2015). The horizontal
buoyancy gradients, which generate horizontal vorticity baro-
clinically, owe their existence to the density variation between
the warm environment and the negative buoyancy in the pre-
cipitation region; the latter is due to latent cooling (mostly
evaporation, though melting and sublimation also contribute)
and hydrometeor mass. Depending on the orientation of the
baroclinic zones and air parcel residence times, the baroclini-
cally generated horizontal vorticity can be quite significant rela-
tive to (and potentially augment) the environmental horizontal
vorticity.

The horizontal vorticity within the rain-cooled air parcels
can develop a vertical component via tilting, either while parcels
are descending (Davies-Jones and Brooks 1993; Adlerman et al.
1999; Dahl et al. 2014; Parker and Dahl 2015), or once parcels
begin rising owing to the influence of the dynamic VPPGF asso-
ciated with the overlying rotating updraft (Rotunno et al. 2017;
Boyer and Dahl 2020; Fischer and Dahl 2022). Tornado-like
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FIG. 1. (a) Domain-averaged soundings and ground-relative vertical wind profiles in the initial environment (blue)
and quasi-steady environment after the 12-h spinup period, i.e., at the time that a warm bubble is introduced in order
to initiate convection (red). Wind barbs are in knots. The dashed red curve is the pseudoadiabat followed by a parcel
having the mean thermodynamic properties of the lowest 1 km. (b) Hodographs depicting the domain-averaged verti-
cal wind profiles at t5 0 h (blue) and t5 12 h (red). Units on the axes are m s21; select altitudes along the hodographs
are labeled (z 5 7.5 m, 1, 3, 6, and 12 km). The black arrow indicates the ensemble mean storm motion. The green
arrows indicate the storm-relative winds in the lowest 500 m. In both (a) and (b), the mean environments are indepen-
dent of the random number seed used to impose random temperature perturbations at t5 0 h (i.e., the soundings and
hodographs depict the mean environments in every ensemble member). The environmental parameters displayed in
the lower right portion of the figure are for the quasi-steady environment at t 5 12 h. MLLCL, MLCAPE, and
MLCIN refer to mixed-layer (ML) lifting condensation level (LCL), CAPE, and convective inhibition (CIN), respec-
tively. These were computed by lifting a parcel having the mean thermodynamic properties of the lowest 1 km.
Adapted fromM20.
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vortices (TLVs)3 can develop in numerically simulated storms if
the near-surface z is subsequently increased via stretching (e.g.,
Markowski and Richardson 2014b; Guarriello et al. 2018; Boyer
and Dahl 2020). Tornadogenesis in supercells has been viewed
as a “Goldilocks” problem: downdrafts and outflow are seen
as being critical for the initial development of near-surface z,
but not in excess, lest the upward accelerations that are subse-
quently necessary for the explosive growth of z are inhibited
by excessive negative buoyancy (Markowski and Richardson
2014b).

b. A critique of our current understanding of
tornadogenesis in supercell storms

Though the summary above seems rather compelling and
has been the basis for many review articles in recent decades,
vorticity and circulation budgets in observed storms have
proven difficult to obtain owing to the challenges in obtaining
buoyancy observations, especially above the ground, in addi-
tion to the errors in dual-Doppler wind syntheses (dual-
Doppler retrieval errors are exacerbated in vorticity budget
calculations owing to the presence of products of velocity de-
rivatives). There are also plenty of reasons to be skeptical
of past numerical simulations. Many of the simulations in
the late twentieth century used microphysics schemes that
might have enhanced the baroclinic zones (Markowski 2002).
Moreover, until roughly the last decade, the vast majority of
supercell simulations employed a free-slip lower boundary

FIG. 2. Reflectivity at z 5 993 m at 7200 s in each of the M20 ensemble members. White swaths are tornado tracks (the storms are ap-
proximately stationary on the model grid; the tracks are plotted by converting tornado locations to ground-relative locations). The numer-
als in each panel indicate the identification number of the ensemble member. Ensemble member number 9, the focus of this article, is indi-
cated by the bold box. Adapted fromM20.

3 The term TLV is probably more appropriate than tornado when
horizontal (vertical) grid spacings larger than ;25 m (;10 m) are
used, given what is required to resolve aspects of the wind field that
are unique to tornadoes (e.g., corner flow region, near-surface verti-
cal jets, suction vortices; Lewellen 1993).
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condition (Klemp and Wilhelmson 1978; Wilhelmson and
Wicker 2001). In relatively recent supercell simulations by
Schenkman et al. (2014), Roberts et al. (2016, 2020), Roberts
and Xue (2017), Yokota et al. (2018), and Tao and Tamura
(2020), which have employed more sophisticated microphys-
ics schemes and a semislip (i.e., bulk drag) lower boundary
condition, horizontal vorticity generation by surface friction,
with subsequent tilting and stretching, has been implicated in
the formation of TLVs, though downdrafts were likely still
critical for TLV formation in at least some, if not all of these
simulations (e.g., Schenkman et al. 2014).

Although numerical simulations have been vital to our
growth in understanding of supercells and tornadogenesis
over the last half century, it is fair to say that all supercell sim-
ulation results have sensitivities, ranging from mild to severe,
to the physical parameterizations, most notably the micro-
physics and lower boundary condition. With respect to the lat-
ter, it is more than just an issue of free-slip versus semislip.
The assumptions involved in the formulation of the semislip
lower boundary condition are themselves questionable, as dis-
cussed by Markowski (2016), Markowski and Bryan (2016),
Markowski et al. (2019), and Wang et al. (2020, 2023).

Another potentially serious omission in past simulations
stands out: lack of turbulence in the storm environment. Prior
studies have simulated storms almost exclusively in laminar
environments, either because the horizontal resolution was
marginal or inadequate (e.g., grid spacings !100 m), or, even
when it was adequate, a mechanism for triggering turbulence
was absent (e.g., Orf et al. 2017). Of course, in prior simula-
tions, turbulence is present within the storm and its outflow,
though the magnitudes of resolved versus subgrid-scale (SGS)
turbulence can be problematic, depending on the resolution
(that is an entirely different issue). This article is about the ef-
fects of resolved, coherent turbulent structures in the storm en-
vironment, particularly the surface layer, on TLV formation,
and by extension, tornadogenesis.

c. The M20 simulations

Markowski (2020, hereafter M20) created a 25-member
ensemble of relatively high-resolution (Dx 5 75 m, minimum
Dz 5 15 m; Dx and Dz are the horizontal and vertical grid
spacings) numerical simulations of tornadic supercell storms
using Cloud Model version 1 (CM1; Bryan and Fritsch 2002)
in order to study their intrinsic predictability. Small random
temperature perturbations present in the initial conditions
triggered turbulence within the boundary layers. The turbu-
lent boundary layers were given 12 h to evolve to a quasi-
steady state before storms were initiated via the introduction
of a warm bubble. There was no surface heat flux; thus, the
quasi-steady boundary layer might best be regarded as a late-
day boundary layer near the time of the early evening transi-
tion, which is when tornadoes are most likely anyway, at least
in the U.S. Great Plains region (Anderson-Frey et al. 2017).
The spatially averaged environments}which were extremely
favorable for tornadoes [e.g., large and directionally varying
wind shear, substantial convective available potential energy
(CAPE), high boundary layer relative humidity]}were

identical within the ensemble (Fig. 1). Only the random num-
ber seed and/or warm bubble location were varied.

All of the simulated storms were long-lived supercells
with intense updrafts and strong mesocyclones extending
to the lowest model level (z 5 7.5 m). Even the storms
with the weakest near-surface rotation probably could be re-
garded as weakly tornadic. However, despite the statistically
identical environments, there was considerable divergence
in the fine-scale details of the simulated storms (Fig. 2). The
intensities of the TLVs that developed in the simulations
ranged from EF0 to EF3, with large differences in formation
time and duration also being exhibited. All of the simulation
differences were ultimately attributable to differences in how
the initial warm bubbles and/or storms interacted with turbu-
lent boundary layer structures. The results suggested very
limited intrinsic predictability with respect to predicting the
formation time, duration, and intensity of tornadoes.

The M20 study focused on the predictability rather than
the dynamics of tornadogenesis. The tornadic supercells
in the M20 simulations all looked rather ordinary relative
to the existing body of literature (Fig. 3), possessing clas-
sic features such as a hook echo, cool air wrapping around
the tornado, an occluded gust-front structure, and a kidney-
bean-shaped low-level updraft overlying the tornado (Lemon
and Doswell 1979; Doswell and Burgess 1993). There was no
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FIG. 3. The tornadic region in M20’s ensemble member number 9
at 6540 s, at which time the TLV is at its peak intensity. Reflectivity
(gray shading) and vertical velocity (cyan contours of 6, 12,
18 m s21, etc.) are displayed at z5 993 m. Horizontal storm-relative
velocity vectors (every second grid point) and vertical vorticity
(red contours of 0.1, 0.2, 0.3 s21, etc.) are displayed at z 5 7.5 m.
The u′r 520:25 K isopleth (dark blue contour) is overlaid to
serve as a proxy for the gust-front location. Axis labels are in
kilometers.
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FIG. 5. Horizontal cross sections of z at z57.5 m (shaded) and w at z5 522 m (black isotachs of 5, 10, 15, 20, 25 m s21)
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Khanna and Brasseur 1998; Young et al. 2002), as is evident in
the M20 simulations (Figs. 6a,b). In the M20 simulations, the
ground-relative winds in the surface layer (nominally the lowest
;100 m AGL) are from 1758 (i.e., approximately due south;
Fig. 1). The horizontal wind speed streaks likewise imply the
presence of z streaks a quarter wavelength out of phase with the
horizontal wind speed streaks.

The surface-layer vortex lines tend to point approximately
908 to the left of the ground-relative wind, i.e., generally toward

the west in the M20 environment. Thus, the z streaks, which are
approximately orthogonal to the vortex lines, imply the pres-
ence of vortex-line corrugations in the vertical; i.e., the vortex
lines are not purely horizontal, but rather have small vertical
ripples along them owing to the tilting of horizontal vorticity by
the horizontal gradients of vertical velocity (w; Figs. 6c and 7c).
Small corrugations in the vortex lines in the horizontal plane
are also present, owing to the cross-vortex-line wind speed var-
iations associated with the horizontal velocity streaks, but the

FIG. 8. Samples of visualizations of hairpin vortices and other coherent structures found in the literature. (a) Hairpin vortices in a channel
flow, depicted via isosurfaces of 50% of the minimum l2 value, as simulated by Eitel-Amor et al. (2015). Axis labels indicate nondimen-
sional distances. The flow direction is parallel to the x1 axis. The Reynolds number is 590. (b) A pair of counterrotating, coherent (and vor-
tical) structures (green isosurfaces) and accompanying vortex filaments (black) in a simulation by Bernard (2011). (c) Coherent structures
in the surface layer as envisioned by Davidson (2015, p. 136), with an attendant vortex line.
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Khanna and Brasseur 1998; Young et al. 2002), as is evident in
the M20 simulations (Figs. 6a,b). In the M20 simulations, the
ground-relative winds in the surface layer (nominally the lowest
;100 m AGL) are from 1758 (i.e., approximately due south;
Fig. 1). The horizontal wind speed streaks likewise imply the
presence of z streaks a quarter wavelength out of phase with the
horizontal wind speed streaks.

The surface-layer vortex lines tend to point approximately
908 to the left of the ground-relative wind, i.e., generally toward

the west in the M20 environment. Thus, the z streaks, which are
approximately orthogonal to the vortex lines, imply the pres-
ence of vortex-line corrugations in the vertical; i.e., the vortex
lines are not purely horizontal, but rather have small vertical
ripples along them owing to the tilting of horizontal vorticity by
the horizontal gradients of vertical velocity (w; Figs. 6c and 7c).
Small corrugations in the vortex lines in the horizontal plane
are also present, owing to the cross-vortex-line wind speed var-
iations associated with the horizontal velocity streaks, but the

FIG. 8. Samples of visualizations of hairpin vortices and other coherent structures found in the literature. (a) Hairpin vortices in a channel
flow, depicted via isosurfaces of 50% of the minimum l2 value, as simulated by Eitel-Amor et al. (2015). Axis labels indicate nondimen-
sional distances. The flow direction is parallel to the x1 axis. The Reynolds number is 590. (b) A pair of counterrotating, coherent (and vor-
tical) structures (green isosurfaces) and accompanying vortex filaments (black) in a simulation by Bernard (2011). (c) Coherent structures
in the surface layer as envisioned by Davidson (2015, p. 136), with an attendant vortex line.
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isosurfaces) and accompanying vortex filaments (black) 



Khanna and Brasseur 1998; Young et al. 2002), as is evident in
the M20 simulations (Figs. 6a,b). In the M20 simulations, the
ground-relative winds in the surface layer (nominally the lowest
;100 m AGL) are from 1758 (i.e., approximately due south;
Fig. 1). The horizontal wind speed streaks likewise imply the
presence of z streaks a quarter wavelength out of phase with the
horizontal wind speed streaks.

The surface-layer vortex lines tend to point approximately
908 to the left of the ground-relative wind, i.e., generally toward

the west in the M20 environment. Thus, the z streaks, which are
approximately orthogonal to the vortex lines, imply the pres-
ence of vortex-line corrugations in the vertical; i.e., the vortex
lines are not purely horizontal, but rather have small vertical
ripples along them owing to the tilting of horizontal vorticity by
the horizontal gradients of vertical velocity (w; Figs. 6c and 7c).
Small corrugations in the vortex lines in the horizontal plane
are also present, owing to the cross-vortex-line wind speed var-
iations associated with the horizontal velocity streaks, but the

FIG. 8. Samples of visualizations of hairpin vortices and other coherent structures found in the literature. (a) Hairpin vortices in a channel
flow, depicted via isosurfaces of 50% of the minimum l2 value, as simulated by Eitel-Amor et al. (2015). Axis labels indicate nondimen-
sional distances. The flow direction is parallel to the x1 axis. The Reynolds number is 590. (b) A pair of counterrotating, coherent (and vor-
tical) structures (green isosurfaces) and accompanying vortex filaments (black) in a simulation by Bernard (2011). (c) Coherent structures
in the surface layer as envisioned by Davidson (2015, p. 136), with an attendant vortex line.
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Coherent structures in the surface layer with an attendant vortex line. 



How do tornadoes form in simulations with 
a laminar (non-turbulent) boundary layer?
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FIG. 20. Comparison of select fields in the (a),(c),(e) C20 and (b),(d),(f) STORM9 simulations at 5700 s. (a),(b)
Horizontal cross sections of u′r at z 5 7.5 m (color shading) and reflectivity at z 5 522 m (black contours of 20, 30, 40,
50, and 60 dBZ). The magenta box encloses the zoomed-in regions shown in (e) and (f). (c),(d) Horizontal cross sec-
tions of horizontal vorticity magnitude at z5 22.5 m (color shading) and reflectivity at z5 522 m [same contour levels
as in (a) and (b)]. In (c), “LFB” refers to the Beck and Weiss (2013) left-flank boundary. (e),(f) Close-up depiction of
horizontal cross sections of z at z57.5 m (color shading) and w at z5 522 m (black isotachs of 5, 10, 15, 20, 25, …m s21).
In all six panels, axis labels are in kilometers and the u′r 520:25-K isopleth [bold blue contour in (a), (b), (e), and (f); bold
white contour in (c) and (d)] is overlaid and serves as a gust-front proxy.

J OURNAL OF THE ATMOS PHER I C S C I ENCE S VOLUME 81506


&%( !'�'%�*%(��*����������������	��+��$�('!�$'"��'���+��%)$#%��������������������������

boundary (Figs. 20c and 21c). The enhancement is largely the
result of baroclinic horizontal vorticity generation (e.g., Klemp
and Rotunno 1983). No left-flank boundary is obvious in the
STORM9 simulation (Figs. 20d and 21d), and in fact horizontal
vorticity is a relativeminimum in the STORM9 simulation in the

outflow north of the updraft, owing to the reduced ground-
relative winds in this region and the use of the semislip lower
boundary condition.

The trajectories feeding the incipient TLV as the z maximum
undergoes axisymmetrization originate exclusively in the outflow
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FIG. 21. As in Fig. 20, but for 6300 s.

MARKOWSK I 507MARCH 2024


&%( !'�'%�*%(��*����������������	��+��$�('!�$'"��'���+��%)$#%��������������������������

5700 s

6300 s

TLV=tornado-like vortex



A close inspection of 


• (i) the details of the evolution of the vertical vorticity 
field, 


• (ii) trajectories, 


• (iii) Lagrangian analyses of the sources of circulation, 
and 


• (iv) vortex lines 


tells a different story from the decades-old consensus. 



• (i) The details of the evolution of the vertical vorticity field ( ):


• The initial  amplification occurs within longitudinal  streaks in the environmental 
air mass, rather than within the outflow or along the gust front. 


• (ii) Trajectories


• The incipient TLV is fed exclusively by environmental air parcels until 
axisymmetrization occurs 


• (iii) Lagrangian analyses of the sources of circulation:


• The TLV’s primary circulation source is vorticity in the environment, or 
environmental vorticity modified by surface drag, as opposed to baroclinically 
generated circulation. 


• (iv) Vortex lines… 


• that are constructed through the TLV also originate in the environment. 

ζ

ζ ζ



(Fig. 22a), i.e., on the cool side of the gust front, also in contrast
to the STORM9 simulation but consistent with prior numerical
simulation studies (e.g., Rotunno and Klemp 1985; Davies-Jones
and Brooks 1993; Wicker and Wilhelmson 1995; Markowski and
Richardson 2014b; Dahl et al. 2014; Boyer and Dahl 2020; Fischer
and Dahl 2022). As in Fischer and Dahl (2022), once a TLV is es-
tablished, trajectories feeding the TLV originate in both the out-
flow and in the environment (Fig. 22b). (The vortex is on the
cool side of the gust front, but parcels diffuse through the gust
front via SGS mixing and/or numerical diffusion.) Moreover,
analyses of the development of circulation about both a 3Dmate-
rial circuit (Fig. 23) and a hybrid circuit (supplementary material)
implicate baroclinic generation as the primary circulation source,
as found in all prior known numerical simulation studies using
the C20 methodology (e.g., Rotunno and Klemp 1985; Davies-
Jones and Brooks 1993; Wicker and Wilhelmson 1995; Adlerman
et al. 1999;Dahl et al. 2014).

Regarding the vortex lines (Fig. 24), those that enter the
low-level mesocyclone all originate in the forward-flank outflow
northeast of the updraft (cf. Fig. 15). Some vortex lines rise
through midlevels, and others subsequently descend into the
rear-flank outflow. The latter form arches like those documented
by Rotunno and Klemp (1985), Straka et al. (2007), Markowski
and Richardson (2014b), Markowski et al. (2008, 2011, 2012a,
2014), Marquis et al. (2012), and Kosiba et al. (2013).

4. Discussion

The analyses of sections 2 and 3 reveal several key differ-
ences in how the TLV develops in the STORM9 simulation
compared with the consensus understanding built on many

decades of numerical simulations and field observations. Though
nothing about the evolution of the larger-scale aspects of the
STORM9 simulation looks unusual (e.g., the storm’s reflectivity,
updraft, downdraft, and outflow structure, or the location of TLV
development; Fig. 3), a close inspection of (i) the details of the
evolution of the z field, (ii) trajectories, (iii) Lagrangian analyses
of the sources of circulation, and (iv) vortex lines tells a different
tale. Specifically, with respect to (i), the initial z amplification oc-
curs within longitudinal z streaks in the environmental air mass,
rather than within the outflow or along the gust front. With re-
spect to (ii), the incipient TLV is fed exclusively by environmental
air parcels until axisymmetrization occurs. With respect to (iii),
the TLV’s primary circulation source is vorticity in the environ-
ment, or environmental vorticity modified by surface drag, as op-
posed to baroclinically generated circulation. Not surprisingly, the
vortex lines referenced in (iv) that are constructed through the
TLV also originate in the environment.

It would seem that at least one of the following must be true:

1) prior supercell simulations that have used laminar, hori-
zontally homogeneous environmental boundary layers de-
velop TLVs (if their resolution permits), and perhaps also
near-surface mesocyclones, for the wrong reasons;

2) the M20 supercell simulations develop TLVs for the wrong
reasons;

3) supercell tornadoes form in a wide range of ways in the
real atmosphere, even within supercells that appear to be
similar, and increasingly realistic numerical simulations
are finally now capturing that diversity (if true, additional
environmental ingredients might be worthy of consider-
ation in tornado forecasting).

(a) (b)
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FIG. 22. Trajectories of parcels in the C20 simulation that attain z $ 0.05 s21 below z 5 22.5 m (the second grid
level for z) during the (a) axisymmetrization period (6030–6090 s) and (b) tornadic period (6090–6960 s). Trajectories
are plotted from 5400 s (the time that parcels are introduced into CM1) until 6270 and 6900 s in the respective panels;
gust fronts, reflectivity (gray shading), and vertical vorticity at z 5 7.5 m (0.01, 0.02, 0.04, 0.06, … , 0.40 s21) are also
displayed in each panel at these times. Parcels that dip below z 5 7.5 m at any point in their journey are excluded.
The colors of the trajectories vary with altitude.
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