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Abstract

®

CrossMark

This article critically reviews research on tornado theory and observations over the last decade.
From the theoretical standpoint, the major advances have come through improved
numerical-simulation models of supercell convective storms, which contain the tornado’s parent
circulation. These simulations are carried out on a large domain (to capture the supercell’s
circulation system), but with high grid resolution and improved representations of sub-grid
physics (to capture the tornado). These simulations offer new insights into how and why
tornadoes form in some supercells, but not others. Observational advances have come through
technological improvements of mobile Doppler radars capable of rapid scanning and
dual-polarization measurements, which offer a much more accurate view of tornado formation,
tornado structure, and the tornado’s place within its parent supercell.

Keywords: tornado, supercell thunderstorm, fluid dynamics, mobile Doppler radar

1. Introduction

A tornado is a violently rotating column of air in contact
with the ground. Tornadoes have been spawned in all types
of convective storms (Bluestein 2013). The most violent tor-
nadoes rotate cyclonically and occur within supercells (long-
lived, intense convective storms that have rotating updrafts).
This article is focused on the tornadoes that form in super-
cells. As of the writing of The Fluid Dynamics of Tornadoes
(Rotunno 2013), theoretical research on supercells and tor-
nadoes had proceeded on two parallel paths. The present sur-
vey of developments in tornado theory over the past decade
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is largely about the convergence of these paths. Advances in
tornado observations offered new ideas on how the tornado is
formed within supercells and the variety of tornado flow fields.
These advances have been largely a result of improvements
in radar technology, particularly in the development of rapid-
scan, mobile, Doppler radars, especially those with polarimet-
ric capability (Bluestein 2022).

On the one hand, modern supercell research dates from
the 1940s when the routinely used surveillance meteorolo-
gical radar detected the anomalous motion and shapes of cer-
tain radar echoes now known to be supercells (Marshall and
Gordon 1957, Browning 1964). From that time through to the
current day, correlations between routine observables in the
pre-storm environment and supercell formation have informed
both the theory and forecasting of these storms. In the 1970s,
the advent of multi-Doppler radar observations and high-speed
computer simulations of supercells, allowed objective verifica-
tion of the simulated-supercell properties against observations
(Klemp et al 1981). In the following decades, the simulations

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-6633/ad7f6a
https://orcid.org/0000-0003-3906-8785
https://orcid.org/0000-0003-1090-2457
mailto:rotunno@ucar.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6633/ad7f6a&domain=pdf&date_stamp=2024-10-8
https://creativecommons.org/licenses/by/4.0/

Rep. Prog. Phys. 87 (2024) 114801

Report on Progress

were analyzed, field experiments carried out and a relatively
good understanding of the fluid dynamics of supercells was
achieved (Klemp 1987), including the mechanisms for super-
cell updraft rotation about a vertical axis and its anomalous
propagation; of relevance for tornadoes was the understanding
of the main source of near-ground (sub-cloud layer) supercell
rotation. For further information on supercells see Markowski
and Richardson (2010) and Bluestein (2013).

On the other hand, the study of tornadoes, and more gener-
ally three-dimensional vortices, goes back much further than
supercell studies in the history of fluid mechanics. To the cas-
ual (often terrified) observer, the tornado appears as a column
of ‘violently’ rotating cloud, dust or debris. The columnar
nature of most tornadoes motivates the view that the tor-
nado has a high degree of axial symmetry (or ‘axisymmetry’);
some of the earliest and best-known solutions to the governing
equations are for axisymmetric flow; the axisymmetric vortex
forms the basis for the analytic study of vortex asymmetries
(Dahl 2021). Laboratory studies of tornado-like vortices are
based almost exclusively on an axisymmetric source of angu-
lar momentum imposed on an axisymmetric convergent flow.

As will be developed herein, the study of tornadoes within
supercells faces several observational, theoretical, and com-
putational challenges. One is the non-axisymmetric source of
low-level supercell rotation; the source of low-level rotation in
the supercell depends in some way on the side-by-side juxta-
position of streams of cool, dense air with warm, less-dense
air interacting near the time of tornado formation (Markowski
and Richardson 2010, chapter 8). The other difficulty has been
the effect of surface friction which had been neglected in past
supercell simulations because of the complications introduced,
which are not necessary for the supercell, but potentially critic-
ally important for the tornado within it. Finally, past supercell
simulations, although based on the principles of Large Eddy
Simulation (LES), were executed with grid intervals too coarse
to resolve motions within the inertial subrange of turbulence
as required by LES (Wyngaard 2004).

Over the past decade or so, a new generation of high-
resolution supercell simulations including surface friction and,
in some cases, resolved turbulence has started to examine
the fluid dynamics of the largely axisymmetric, turbulent tor-
nado in the context of its fundamentally non-axisymmetric
sources of rotation in the parent supercell. This article crit-
ically reviews and evaluates the current ideas in this area,
in addition to validating by observations certain aspects of
tornado formation and structure made possible by the vastly
increased temporal resolution of recently developed mobile
radars and by other observing systems.

2. ldealized tornado-vortex models

To appreciate the developing confluence of ideas between tor-
nado and supercell-with-tornado models, we first review the
former to provide context for the latter. Idealized tornado-
vortex models are laboratory-inspired numerical simulations
in which a tornado-like vortex (TLV) is generated by an
axisymmetric converging flow imposed on an axisymmetric

source of angular momentum characterized by the Swirl ratio
S (the ratio of the imposed tangential to axial velocity, Rotunno
2013, R13, section 2.2). For constant viscosity, the Reynolds
number Re and S are the two control parameters for these
experiments. For fixed Re, the types of vortex motion vary as
a function of S as illustrated in figure 1 which shows the flow
in the axial-vertical plane for figures 1(a)—(c) (the tangential
motion is generally maximized on the streamlines reaching
nearest to the origin). For increasing S, the vortex structure
changes from (a) single-cell to (b) single-cell below and two-
cell (an updraft with a central downdraft) above to (c) two-cell;
the latter may give rise to (d) multiple vortices.

Past axisymmetric numerical simulations of the vortices
shown in figures 1(a)-(c) were done for Re =0 (103).
Rotunno et al (2016) simulated cases with Re as high as
6.4 x 10° for a range of S. They found laminar boundary-
layer flow even for the highest Re implying that fully three-
dimensional simulations are required to allow for the onset
and maintenance of turbulence. For the same physical set-
up as in the latter study, Nolan et al (2017) carried out LES
(three-dimensional) experiments in which turbulence stresses
are explicitly calculated. They found that that the boundary
layer and other parts of the flow are turbulent and that the cal-
culated stresses (momentum fluxes) act consistently with the
downgradient-diffusion hypothesis implicit in axisymmetric,
constant-viscosity simulations. For the most up-to-date stud-
ies along these lines see Wang et al (2023) which explores the
effect of near-surface parameterized stress in these LES TLVs.
The lower boundary condition on momentum is basically a
drag law in the LES studies while the laminar experiments in
Rotunno et al (2016) used the standard ‘no-slip’ (zero velo-
city) condition. Although the quantitative results for vortex
structure are different, good qualitative agreement was found
between the laminar-flow and LES/turbulence models.

To isolate the effects of a drag law in a simplified context,
Fiedler (Fiedler 2017) revisited the axisymmetric numerical
solutions of R13 with a constant viscosity, but using a drag
law for the stress instead of a no-slip lower boundary condi-
tion. As the drag-law parameter could be varied from zero to
infinity, solutions corresponding to the ‘free-slip’ (zero stress)
to no-slip were found in addition to the range in-between
(‘semi-slip’).

Figure 2 (after Fiedler 2017 Fluids) shows, for the same
S and Re, the effect of the lower boundary condition on the
velocity components (u¢, v, w®) in the cylindrical coordinates
(r,¢,z) and pressure variable p. In the free-slip case (top row),
there is no boundary layer, the solution has a weakly rotating
downdraft at the center (for all S) surrounded by strongly rotat-
ing upward motion (a ‘two-celled’ vortex as in figure 1(c));
the azimuthal velocity v¢ is amplified by the conservation of
angular momentum (T" = rv°) as fluid parcels are drawn radi-
ally inward by the applied buoyancy force (R13, section 3.2).
As with the no-slip solution (section 3.3, R13), in the semi-
slip case (bottom row; drag parameter set to produce solu-
tions between the free- and no-slip limits), there is now a
boundary layer in which intense radial inflow transports I'
closer to the center axis than in the free-slip case and, despite
the diffusive loss of I' to the surface, amplifies v¢ to speeds



Rep. Prog. Phys. 87 (2024) 114801 Report on Progress

Ve

Swirl ratio (5)

7

Figure 1. Vortex types as a function of Swirl Ratio S (R13; after Davies-Jones 1986). (Rotunno 2013). Reproduced with permission from
the Annual Review of Fluid Mechanics, Volume 45 © 2013 by Annual Reviews, www.annualreviews.org.
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Figure 2. Steady-state axisymmetric simulations of tornado-like vortices free-slip (top row) and semi-slip (bottom row) lower boundary

conditions. From left to right, the columns are the nondimensional radial, tangential and vertical velocities and pressure as functions of
radius and height, with the minimum and maximum values at the top of each pane. Reproduced from (Fiedler 2017). CC BY 4.0.
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which can be in excess of the free-slip case. Moreover, there We emphasize here that the solutions for the two-cell vor-
is intense upward motion and low pressure associated with tex (figure 1(c)) are only slightly affected by the lower fric-
the convergent boundary-layer which results in an upward jet tional condition and that therefore the free-slip two-cell solu-
of intensely swirling flow (termed an ‘endwall’ vortex as in tion (figure 1, top row) also represents a type of TLV (very
figure 1(b)) at the origin. Thus, the lower boundary condition wide, with a central downdraft). If the inner downdraft cell
can lead to qualitatively different types of TLV. is sufficiently narrow, the TLV will appear as a one-celled
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Figure 3. Data from a mobile, rapid-scan Doppler radar of a multiple-vortex tornado in Oklahoma on 31 May 2013. The intensity of the
precipitation/radar signal intensity about the tornado is seen in (a), where the arrows point to three separate vortices within the larger
tornado. Two of them exhibit weak-echo holes (WEH) created when debris and large precipitation particles are centrifuged radially
outward. The color scale runs from relatively weak (green) to intense (red). Each vortex is seen also as a large radial shear in Doppler
velocity in (b), where arrows point to the same three vortices noted in (a). Each vortex is also marked by relatively high spectral width (c),
since the volumes sampled by the radar encompass higher ranges of Doppler velocities where there are vortices. In (d), a parameter that
measures the (cross) correlation coefficient of the radar return in the horizontal and vertical plane shows that the overall tornado has a debris
cloud (lower correlations due to tumbling), against a background of higher correlations (above 0.9). The arrows point to protuberances, each
of which indicates a different debris cloud associated with each vortex. From Bluestein ez al (2015). © American Meteorological Society.

Used with permission.

vortex but with the vertical velocity maximum far above
rather than near the surface. The importance of these dis-
tinctions will become clearer in the discussion of super-
cell simulations using free-slip and drag-law lower boundary
conditions.

Three-dimensional instability of these axisymmetric vor-
tices can sometimes lead to multiple vortices (figure 1(d)),
each potentially having its own endwall structure with a strong
pressure minimum above the ground. For this reason, these
multiple vortices were originally termed ‘suction’ vortices,
but later the ‘suction’ aspect was de-emphasized, and more
recently, based on radar data, damage surveys, and modeling,
emphasized again (Wakimoto et al 2022). Multiple vortices
are prominent features in the observations described below
(figures 3 and 4).

Because the radar data were collected every 2 s, and the
vortices persisted for at most around 20-60 s, it was pos-
sible to track many of the vortices with respect to their parent,
larger-scale circulation center, which was hitherto impossible
with older radars, which scanned much more slowly (Bluestein
et al 2018). Most of the long-lived vortices formed in the left-
rear quadrant, near or just inside of the radius of maximum
wind, in a region of high radial shear of the azimuthal wind of
~0.01s~! (figure 5). They then rotated around the center of the
parent circulation center, and turned radially inward while they
dissipated in the two forward quadrants. It was hypothesized
that the radial-inward parts of the trajectories could have been
due to the effects of surface friction (as in the second row of
figure 2). Evidence was found that the multiple vortices either
retrograded slowly with respect to the mean azimuthal flow
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Figure 4. Smoothed tracks of ‘secondary,” multiple vortices in a large tornado in Oklahoma on 31 May 2013. The green (red) circles mark
the beginning (ending) of each vortex. From Bluestein ez al (2018). © American Meteorological Society. Used with permission.
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Figure 5. (a) Mean Doppler velocity as a function of distance from the center of the vortex in a tornado in Oklahoma on 31 May 2013 (see
also figures 3 and 4). (b) Azimuthal velocity of long-lived vortices as a function of distance from the center (black dots) and Rankine and
Burgers-Rott vortices fit to the Doppler data. From Bluestein et al (2018). © American Meteorological Society. Used with permission.

or moved along approximately with the mean azimuthal flow,
which is consistent with the existence of vortex Rossby waves
(Huang and Xue 2023), which are waves that can exhibit ret-
rograde propagation on the radial gradient in vorticity of the
axisymmetric azimuthal component of the wind (figure 5(b)).
The ground-relative speed of some vortices was well in excess
of 100 m s~!, in part due to the mean flow of the parent tornado
and in part due to the mean tornado motion and is thought to
be responsible for intense, but highly localized transient bursts
of damage.

In the foregoing studies it is assumed that the tornado forms
in a statically neutral environment with vertically constant
ambient I'. Parker (2012), using an axisymmetric setup (in a
3D model) similar the those described above, investigates the
effect of static stability on tornado formation; an axisymmetric

heating is imposed to represent the convective storm with dif-
fering initial distributions of I" (r, z) to represent midlevel rota-
tion. Among the interesting results is the effect of stability
on the downward transport of I' by compensating subsidence
surrounding central updraft created by the imposed heating;
this downward transport of I' can stimulate a boundary-layer
response shown as in the lower row of figure 2.

The latter result was anticipated in Davies-Jones (Davies-
Jones 2008) in which a rainy downdraft at the periphery of the
axisymmetric updraft transports I' downward, which then ini-
tiates the boundary-layer processes leading to endwall-vortex
TLV formation. We will describe this model in more detail
below as it provides, we believe, the closest mathematical
connections between the dynamics of supercells and tornadoes
characterized by the endwall vortex (figure 1(b)).



Rep. Prog. Phys. 87 (2024) 114801

Report on Progress

A =

&

warm, moist
inflow

- 41 ‘.) |edair

B

n-- O

Figure 6. Schematic of the flow within and around a supercell (following Klemp 1987, Markowski and Richardson 2010, Rotunno et al
2017). Streamlines (A), (B) and (C) carry horizontal vorticity into the supercell updraft whereupon they tilt upward to form supercell
rotation about a vertical axis. The typical location of the tornado is marked by the red ‘T’ and the (rarer) anticyclonic tornado by ‘AT’. From
Rotunno et al (2017). © American Meteorological Society. Used with permission.

3. Supercells

Recent comprehensive reviews of supercell theory and obser-
vations can be found in Bluestein (Bluestein 2013, chapter 4)
and Davies-Jones (Davies-Jones 2015). For the purposes of
this review of tornado theory and observations over the last
decade only a summary is given here of the characteristics of
the mature supercell relevant to tornadoes following Rotunno
(Rotunno 2013 section 1.2).

Figure 6 is a schematic diagram of the supercell. The super-
cell updraft is fed primarily by warm, moist environmental air
(marked ‘A’). The variation of the environmental wind with
altitude (wind shear) implies a horizontal component of vorti-
city (or horizontal vorticity for brevity) in the direction along
the inflowing air, which, when reoriented (‘tilted’) to the ver-
tical by the updraft, produces rotation about a vertical axis
at the low- to mid-levels of the supercell updraft (called a
‘mesocyclone’). As a result of the wind shear, the precipita-
tion falls to the downshear side of the updraft as illustrated;
evaporation of this precipitation cools the air at low levels and
thus creates a thermal boundary at and near ground level. This
thermal boundary produces horizontal vorticity baroclinically
on trajectories (B and C) directed toward the updraft along the
thermal boundary; this baroclinically produced vorticity may
be also tilted upward beneath the main storm updraft and pro-
duces updraft rotation about a vertical axis at near ground level
(trajectory ‘B’). Davies-Jones and Brooks (1993) found that
the continued baroclinic production of horizontal vorticity can

change the orientation of the vorticity with respect to the des-
cending flow such that a parcel may arrive at the surface with
enhanced vertical vorticity which can be amplified by vortex
stretching below the updraft (trajectory ‘C’). The typical loc-
ation of the (cyclonic?) tornado is indicated by the red ‘T".

The foregoing description is largely based on the first
generation of supercell simulations using simplified envir-
onmental wind profiles. The sources of rotation were and
continue to be a central question in subsequent numerical
studies of supercells. In recent years a more complete under-
standing of these sources based on a mathematically rig-
orous theory was developed in Dahl (2017) and Davies-
Jones (2022). Among the results relevant to this review is
the analysis of the effects of more complex and observa-
tionally pertinent environmental wind profiles have on low-
level rotation (the flow represented by ‘A’ in figure 6) and the
strength of the low-level updraft. These effects are discussed
below.

3 Sometimes an anticyclonic tornado is found near the tail end of the flank-
ing line marking the boundary between the outflow and the ambient warm,
moist air (Bluestein et al 2016), which is indicated by the blue ‘AT in figure 5
(see also Markowski and Richardson 2014, their figure 25(a) reproduced in
our figure 13). Recent Doppler-radar observations indicate that the anticyc-
lonic tornado tends to form as the companion cyclonic tornado is dissipating,
with some circumstantial evidence that a secondary downdraft surge coincid-
ent with it may be related to anticyclonic-tornado formation (Bluestein et al
2016, Margraf 2023).
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Figure 7. (a) Schematic diagram of the near-ground flow attending the typical intense tornado, superimposed upon the radar image
(reflectivity; red/orange signifies the most intense precipitation and yellow/green denotes the least intense) of a tornadic supercell in
southwest Oklahoma on 23 May 2024, courtesy of the second author). The tornado is located at T; the main updraft is centered near U
(actually the updraft assumes a horseshoe shape about the sharply curved yellow streamline at the right); the rear-flank downdraft is
centered near RFD; the forward-flank downdraft is located near FFD. (b) Tornado (cyclonic) in central Oklahoma on 24 April 2006, viewed
to the west (photo courtesy of the second author). Other notation is as in (a).

Figure 7(a) shows a more detailed schematic picture of the
near-ground flow in the immediately vicinity of an intense
tornado. There are a forward- and rear-flank downdraft pro-
duced by the precipitation-cooled air. The warm, moist envir-
onmental air flows towards the supercell updraft where the
warm air is occluded by the cold air. The tornado sits at the
tip of the occlusion. Figure 7(b) shows a photograph of a tor-
nado from a ground-level view (roughly from the ‘A’ location
in figure 6), illustrating the tornado’s position near or at the
occlusion point. Cool air associated with precipitation can be
seen in the background (right side of photo); warm, moist air
flowing from behind the viewer is made visible as it rises to
form the low cloud in the foreground. The cool and warm
air streams appear to be wrapping around the tornado which
itself is manifested by an axisymmetric cloud column on the
curled-back cloud base in the background. The lower cloud
base around the tornado is evidence of the powerful supercell
updraft lifting cool, nearly saturated air to its lower condensa-
tion level.

Over the last decade, supercell research has been focused
on how the physics of the apparently axisymmetric tornado is
related to the parent supercell’s low-level non-axisymmetric
circulation. Early numerical simulations of supercell fluid
dynamics produce the observationally recognizable features
illustrated in figure 6 (Klemp 1987). These simulations were
based on a free-slip lower boundary conditions which, as
described with respect to figure 2 (upper row) or as in
figure 1(c), can lead to a TLV without a boundary layer but
with intense rotation at ground level about a nearly vertical
axis (essentially a near-ground mesocyclone, see figure 13
of Klemp 1987). In contrast, idealized numerical simula-
tions (figure 2, lower row, or figure 1(b)) and observa-
tions of certain tornadoes indicate that frictional ground con-
tact (‘semi-slip’ lower boundary condition) is important, if
not essential, to explain the observed features of these tor-
nadoes more closely resembling the endwall vortex described
above. Based on this understanding, the present review of

tornadic supercell simulations is divided into a review of
recent free-slip and semi-slip studies of supercell TLVs.
Although available nowadays in textbooks (e.g. Markowski
and Richardson 2010, Cotton et al 2011, Bluestein 2013), we
next provide some context for numerical simulations and ana-
lysis of supercells with particular attention to the lower levels
of the supercell where tornadoes are observed.

4. Numerical simulations of the tornadic supercell

4.1. Cloud model and analysis tools

The supercell is a type of convective storm (seen as a cumulon-
imbus cloud); these storms can be simulated through numer-
ical solution of the equations of motion with representations
of the phase changes of water substance (which affects the
buoyancy through condensational heating and evaporative and
melting cooling and water-substance loading) and turbulence
(which affects scalar mixing and stress). All existing supercell
simulations are three-dimensional. In the Cartesian coordin-
ates (x,y,z) the dependent variables are the velocity field u =
(u,v,w), temperature, pressure and water substance in its three
phases. The equations of motion are,

d
d—’::—Vp+Bk+F (1)

where p is the pressure variable, B, the buoyancy, F, the fric-
tional force per unit mass and k the unit vector in the vertical
direction. The buoyancy Bis determined by numerical solu-
tion of the First Law of Thermodynamics considering the lat-
ent heating due to the phase changes of water substance and
water-substance loading. Separate equations for the transport
and conversion of the relevant categories of water (cloud, rain,
ice) and the conservation of mass complete the equations of a
cloud model (e.g. Bryan and Fritsch).
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The equation for the vorticity w =V xu = (£,7,() is
found by taking the curl of (1),

d
(T“;:(w~V)u—k><VB+V><F 2)

where for the purposes of this review we have assumed that the
flow may be approximated as incompressible (V -u = 0). The
basic tool for understanding the rotational characteristics of
the supercell is to solve (2) for w given u, B and F from either
the cloud-model solution or a hypothetically simpler flow that
captures some of the basic features of the supercell. Note
that although supercells are frequently referred to as supercell
thunderstorms, storm electricity is not considered significant,
and its effects are therefore absent from these equations.

The basic puzzle is that a supercell can form in environ-
ments rich in horizontal vorticity but with zero vertical vorti-
city [w = (wy, 0)] thus motivating a theory for how a supercell
updraft can develop rotation about a vertical axis, a hallmark
of the supercell. The other unique feature of the supercell is
its ability to live longer than it takes an air parcel to ascend
to the top of the storm and either exit through the anvil or fall
to the ground with precipitation, and also to propagate with
respect to the environmental winds in the cloud-bearing layer;
the analysis of this feature requires an examination of the solu-
tion of (1), particularly the behavior of the pressure p attending
a rotating updraft (Rotunno and Klemp 1985). Using (2) and
a cloud-model solution, figure 6 shows how the first term on
the right-hand side of (2) can redirect wy, (at low levels) to the
vertical through the tilting action of the supercell updraft w,,
[(wh - Vi) wyp|; the supercell propagation [analyzed through
(1)] is taken into account by the storm-relative perspective of
figure 6. The combination of propagation and ambient hori-
zontal vorticity gave rise to the concept of streamwise vorticity
(Davies-Jones 1984) which has been shown to be a very effect-
ive supercell-forecast parameter (next section). The second
term of the rhs of (2) shows that the buoyancy distribution pro-
duced by evaporative cooling of rain can produce an entirely
different direction to the local wy which can be subsequently
redirected upward through the first term on the right-hand side
of (1).

Another analysis tool is Bjerknes’ Circulation Theorem
which follows from the integral of (1) on a closed material
curve, viz.,

d—C:yg(Bk-l—F)ds 3)
dr

where the circulation C = ¢u -ds and ds is a line element
tangent to the curve. Equation (3) was originally used in
Rotunno and Klemp (Rotunno and Klemp 1985) to show that
the baroclinic effect of the cold pool was the fundamental
cause of near-ground circulation in a supercell. Where data
are available this result has been confirmed by observations
(Markowski et al 2012, their figure 1). Although we will refer
to circulation along the way, this review will focus less on cir-
culation than vorticity because the circuits become extremely
convoluted when followed far enough backward in time with

high spatial resolution in the presence of small-scale flow per-
turbations. Moreover, circuits will almost invariably dip below
the lowest grid level of the model and infect the calculations
with numerical error (see Davies-Jones and Markowski 2021
MWR where a method is developed to compute the circulation
on a non-material line that is constrained to remain above the
lowest grid level). The effects of surface friction (3) on circu-
lation warrant special consideration to be given below

The mathematical analysis of (2) and (3) has reached an
advanced state through the work of Davies-Jones (Davies-
Jones 2022 and refs.) based on Lagrangian parcel dynamics.
While the formulas are too complex for this review, some of
the basics results will be referred to in the interpretations of
recent simulation studies.

4.2. Tornadic supercell environments

Although most tornadoes occur within supercell storms, not
all supercells produce tornadoes. The consensus in the lit-
erature is that, given sufficiently large convective available
potential energy (CAPE) and low convective inhibition (CIN),
the environmental wind profile is the most important dis-
criminator for the tornadic supercell. The environmental wind
profile is most often displayed in the form of a hodograph
(Markowski and Richardson 2010, chapter 2.7, Bluestein
2013, Chapter 4.5) displaying the south-to-north wind V(z)
versus the west-to-east wind component U (z) with altitude z
as a parameter (figure 8). On a hodograph V=V (U), so the
direction of the shear vector is the tangent to the hodograph
line since (%, % ) = ‘é—lzj (i + g—VUi); the environmental vorti-
city (—9¥,9Y) = ¢ (— §5i +J) which is 90° to the left of the
shear vector. Figure 8 shows a typical supercell hodograph;
a distinguishing feature of the supercell is that its motion
(marked by the storm-motion vector ¢) is off the hodograph
line and across the wind shear which means that there is
supercell-relative flow as indicated by the black arrows. With a
reasonable guess or observation (typically based on radar-echo
movement) of ¢ one can estimate the magnitude of the rotation
on the streamline flowing into supercell as depicted for stream-
line ‘A’ in figure 6. An empirical measure of the net effect of
this streamwise vorticity entering the supercell is given by,

h
SRH (¢) = /(v —¢)-(V xv)dz, 4)

Storm-relative helicity (SRH) where the environmental v (z) =
[U(z),V(z),0], cis the storm-motion vector and / is an empir-
ically determined top on the inflow layer (typically 3 km)
(Bluestein 2013). In terms of figure 8, (v —c¢)-(V xv) is
optimally configured when the black and blue arrows align.
For a full theoretical account of the foregoing and other factors
affecting vorticity in a supercell see Davies-Jones (Dahl 2017).

There is a growing observational consensus that larger
values of SRH can discriminate between tornadic and non-
tornadic supercells through larger |v — ¢| and/or a more favor-
able alignment of relative velocity and ambient vorticity over
the layer depth. Estimates of the SRH over the lowest few
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Figure 8. Hodograph for a tornadic supercell (red line),
storm-relative motion vectors (black) and environmental vorticity
vectors (cyan) at z = 1, 2, 3, 4 km AGL. Typical wind values are
indicated on the axes.

hundred meters and over the lowest 6 km, combined with
thermodynamic indices CAPE and lifted condensation level
make up the Significant Tornado Parameter or STP (Thompson
et al 2004 Wea. Forecasting; Esterheld and Giuliano 2008
Electronic Journal of Sever Storm Meteorology;, Grams et al
2012 Wea. and Forecasting, Nowotarski and Jensen 2013
Wea. Forecasting; Parker 2014 Mon Wea Rev, Sherburn and
Parker 2014 Wea. Forecasting; Wade et al 2018 Mon Wea Rev,
Nowotarski and Jones 2018 Wea. and Forecasting, Coffer et al
2019 Wea. and Forecasting; Coniglio and Parker 2020 Mon
Wea Rev, Bunkers et al 2022 Wea. and Forecasting).

Numerical simulations have largely succeeded in cap-
turing this observed environmental sensitivity (section 4.5).
Evidence from these simulations indicate that SRH concen-
trated over the lowest few hundred meters produce strong low-
level rotation; the attending low pressure enhances the super-
cell updraft at low levels providing greater horizontal conver-
gence (Coffer et al 2023, Mon Wea Rev). This research shows
that the low-level inflow environment vorticity, characterized
by the SRH, (trajectory ‘A’ in figure 6) plays a crucial role in
tornadogenesis.

The recent simulations of tornadic supercells described
below all use some variation on the tornado-favorable envir-
onmental wind profile shown in figure 8 as well as the other
factors that comprise the STP.

4.3. Free-slip supercell simulations

Wind profiles such as those in figure 8 present a chal-
lenge for supercell simulations having frictional contact with
the ground. The simplest problem to consider is an ini-
tial condition with a horizontally homogeneous wind profile
[U(z),V(z),0], which satisfies the steady-state equations (1).
However, surface stress can produce an evolution of the ini-
tial profiles even in the absence of a storm that can severely
complicate interpretation. At the ground surface, the tangen-
tial stress (7, , 7y,) is typically given by the drag law,

(Tazs Tyz) = pCpV u?> +v?* (u,v) Q z =14, 5

where z = 4 is the height of the surface layer (typically anem-
é) ) 2 is the drag coefficient, zo

20

is the roughness length, «is von Karmdn’s constant and p is
the air density. Assuming the standard stress—strain relation,
the interior stress is given (for w = 0) by,

Ju Ov
(sza Tyz) = pv <8Z7 8Z> 5 (6)

ometer level), Cp = (/@/ln (

where v is the (eddy) kinematic viscosity and p the density.
For the standard free-slip (zero stress) condition, (6) requires
(8u v

B 87) =0 which is not generally the case for the envir-

onmental (%—g, %‘j) Thus, if (%—lzj, %‘Z/) # 0 at z =0, then the
stress derivatives a% (Taz» Tyz) 7 Oat z =0, which will accel-
erate the wind even without any of the other forces active in
(1). For this reason, the free-slip condition used in supercell-

simulation models is

0
gz(szvaz):OatZZQ @)

In a finite-difference grid-point numerical model, either the
traditional free-slip condition (7, 7y;) =0 or that given by
(7) act to extrapolate the vertical vorticity (¢ = % — g—;) of
the interior to z=0. In these free-slip simulations the fric-
tional force F is just that due to parametrized turbulence or any
implicit diffusion which does not generally play a major role
in interpretation. In contrast, the semi-slip condition makes
F a major contributor in the dynamics of the flow near the
ground; these simulations are discussed separately in the next
subsection.

The main application of the free-slip supercell simulations
is to understand how the first two terms on the rhs of (2)
act to produce vertical vorticity. Figure 9 (Dahl et al 2014)
is a schematic diagram based on an analysis of (2) for a
simulated supercell. The vorticity w is decomposed into a
‘barotropic’ (environmental) and a ‘baroclinic’ (generated by
internal buoyancy gradients) component. The black line rep-
resents the trajectory of a fluid parcel that reaches the vertical
vorticity maximum (the TLV). The environmental hodograph
used is like that of figure 8 so that the barotropic environmental
vorticity (red arrow) aligns with inflow velocity. On approach
to the cold air, the trajectory, in response to the high pressure
of the cold pool and low pressure of the updraft, curves to the
left and thus rotates the environmental vorticity with it (the
‘river-bend’ effect, i.e. the redirection of the horizontal vorti-
city by deformation with no change to the vertical vorticity,
see e.g. Davies-Jones 2017). Upon entry into the cold air the
baroclinic vorticity points to the left of the trajectory; how-
ever, as the trajectory begins to flow parallel to the cold air,
baroclinic production of vorticity and further alignment by the
local flow produces streamwise vorticity composed of both the
original barotropic environmental vorticity and the baroclinic
enhancement.

Figure 10 from Dahl et al (2014) shows that the vorticity
acquires a positive vertical component (¢ > 0) as the trajectory
descends through the cold pool and levels off on approach to
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Figure 9. Schematic diagram of a simulated supercell with free-slip conditions (Dahl et al 2014). The black curve is the trajectory of an air
parcel reaching the location of maximum vertical vorticity (the dashed line is its surface projection); the red arrows indicate the ‘barotropic’
(environmental) vorticity flowing into the storm which may be horizontally reoriented by the baroclinic effects of the cold pool; the blue
arrows represent the vorticity produced baroclinically along the cold-air boundary. From (Dahl e al 2014). © American Meteorological

Society. Used with permission.
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Figure 10. A portion of the trajectory shown in figure 9, which is
descending, and on which the baroclinically produced vorticity
(arrows) develops a component perpendicular to Lagrangian line
elements (dashed). From (Dahl et al 2014). © American
Meteorological Society. Used with permission.

the ground (as on trajectory ‘C’ in figure 6), which is referred
to as a ‘river’ as it appears to feed the developing TLV (see
also Dahl 2015).

Trajectories neighboring the ( river, which have velocity
and vorticity in alignment, are called the streamwise vorti-
city currents or SVCs (for further explanation, see Schueth

et al 2021); we interpret this feature as analogous to trajectory
‘B’ in figure 6. Figure 11 from Orf et al (2017) shows the
volume-rendered vorticity magnitude from the perspective of
an observer at position ‘A’ in figure 6; note how the SVC
becomes a series of vortices (a ¢ river) standing upright at the
lower boundary which may be a manifestation of upward tilt-
ing in a descending current illustrated in figure 10 as they circle
around the updraft center. It is not clear why there should be
discrete vortices in the river, but we suspect that there is a line
of shear vorticity that breaks up into individual vortices owing
to shear instability. It should be noted that the relation of the
SVC to the TLV or to the ( river is under active investigation.

Further simplification of the problem is achieved by mod-
elling the supercell updraft as a prescribed heat source and its
rainy outflow as a heat sink shown in figure 12 (Markowski
and Richardson 2014). The effects of supercell propagation
are accounted for by fixing the location of the heat source and
sink so that all the environmental motion is relative to it (like
moving the hodograph curve in figure 7 to the left such that
c=0)

This model produces results that are qualitatively and
quantitatively similar to those from a cloud model. For
example, analysis of the vorticity along the trajectory (red line)
in figure 13 gives results similar to those from the cloud-model
(Dahl et al 2014) described in figure 9.

One of the advantages of this model is that one has greater
control over the input parameters.

For example, Parker and Dahl (2015) examined the effect of
just the heat sink for various environmental winds finding, as
in more-complicated flows, that a parcel descending through
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Figure 11. A volume-rendering of vorticity magnitude before the tornadogenesis. The yellow arrow gives the general motion of the features
making up the Streamwise Vorticity Current (SVC); the red arrow points to the vortex that subsequently becomes the tornado. From Orf
et al (2017). © American Meteorological Society. Used with permission.
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Figure 13. Idealized supercell-model solution showing rotating
updraft, cold pool, a TLV, and an anticyclonic circulation (site of a
potential anticyclonic TLV). From (Markowski and Richardson
2014). © American Meteorological Society. Used with permission.

TLV. The result found in Rotunno et al (2017) was anticipated

10 -10 by Naylor and Gilmore (2014) in a sensitivity study using a
cloud model comparing tornadic and non-tornadic supercells.
Figure 12. Idealized heat source and sink meant to emulate At this point it worth re-emphasizing that the free-slip

supercell processes. From Markowski and Richardson (2014). ©

American Meteorological Society. Used with permission. supercell simulations described in this section can produce

TLVs only of the two-celled variety* (figure 1(c)) and, in cer-

tain high-resolution studies, multiple vortices (figure 1(d)).
the cold air acquires positive vertical component (¢ > 0) as in

figure 10 and, moreover, the environmental wind shear is not
essential, just the heat-sink-relative flow.

Using the same model as MR14, Rotunno et al (Rotunno  The horizontal component of (1) can be written as
et al 2017) revisited the idea that ¢ must be positive at the
nadir of the trajectory feeding the TLV (red line in figure 9) and —h
find that { can be zero at the nadir since large stretching along dr
the SVC amplifies the horizontal vorticity to be tilted into the
storm updraft (as for trajectory ‘B’ in figure 6). Boyer and If the core of the two-celled vortex is narrow enough in a model with hori-
Dahl (2021) found this mechanism in all their simulations but  ;ontal diffusion, the two-celled vortex will appear as a one-celled vortex but
hypothesized that it would only occur after the formation of a  without the signature boundary-layer circulation.

4.4. Semi-slip supercell simulations

d 10
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p 07

1



Rep. Prog. Phys. 87 (2024) 114801

Report on Progress

where Ty = (7, 7y;) and only the vertical derivative of the
horizontal stress is shown since it represents the effect of sur-
face drag. For a horizontally invariant initial flow, the first
terms on the right and left sides of (8) are zero; however,
as discussed in section section 4.3, a semi-slip (surface drag)
condition generally makes the stress-derivative term nonzero.
In idealized modeling studies the ‘fictitious’ force K is added
to cancel the stress-derivative term associated with the envir-
onmental flow [U(z),V(z),0]. Davies-Jones (Davies-Jones
2021) pointed out several unintended consequences (such as
producing a spurious source of vorticity) of this modeling
device that we will keep in mind as we review the current gen-
eration of supercell simulations using a semi-slip lower bound-
ary condition.

One way to avoid the artificial force of (8) is to use a
numerical weather-prediction (NWP) model with resolution
high enough to simulate a tornadic supercell. An NWP model
includes all the relevant physical processes but at the cost
of added complexity such as a non-stationary environment;
although the larger-scale motions are evolving, presumably
they do so slowly compared to the time for tornadogenesis.
Using multiply nested grids in an NWP model with horizontal
grid distances as small as 50 m, Schenkman et al (Schenkman
et al 2014) simulated the 8 May 2003 Oklahoma City tornadic
supercell; figure 14 is their conceptual model based on analysis
of the model output. As in the free-slip simulation (figure 9)
there is warm inflow with streamwise vorticity encountering
cool air with flow that turns cyclonically from the forward
flank to the rear-flank (figure 14(I)). In the second and final
stages (figures 13(I1)-14(III)), the cold-air wraps cyclonically
around the developing TLV. Friction with the ground creates
horizontal vorticity pointing to the left of each airstream; these
vortex lines converge towards the circulation center and are
redirected upward forming the TLV. Tao and Tamura (Tao and
Tamura 2020) using a different mesoscale model for another
case came to substantially similar conclusions. Other notable
studies using an NWP model include Mashiko (Mashiko 2016)
and Mashiko and Niino (Mashiko and Niino 2017). Using nes-
ted grids with a 10 m grid interval in the innermost grid, the
latter study simulates multiple vortices (which were observed
in the case studies).

Roberts et al (2016, 2020) investigated the effect of drag
in an idealized supercell using the modeling device in (8).
Figure 15 shows the conceptual model for tornadogenesis that
emerges from their simulation and analysis. In the three scen-
arios of figure 15, the cold pool is notably absent, and the
updraft is not specifically shown, although its presence can
be inferred by the upward tilting of the vortex lines. The vor-
ticity budgets following a trajectory in these scenarios show
the dominant contribution from surface friction in the pro-
duction of horizontal vorticity that then is tilted upward in
the developing TLV. Later idealized supercell simulations and
analysis by Dahl and Fischer (Dahl and Fischer 2023) (judging
the effects of the artificial force to be small) support the
importance of frictional vorticity generation with respect to the
TLV.

Based on rapid-scan mobile Doppler radar data from a
major tornado in Oklahoma (Houser ef al 2016; their figure 19)
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Figure 14. Conceptual model of tornadogenesis based on a
numerical weather prediction model forecast of the 8 May 2003
Oklahoma City tornadic supercell. From Schenkman et al (2014).
© American Meteorological Society. Used with permission.

it was speculated that the frictional generation of horizontal
vorticity along the rear-flank gust front (RFGF) produced a
weak-reflectivity band parallel to the RFGF and was correlated
with the intensification of the tornado and a visible horizontal
roll.
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Figure 15. Conceptual model of tornadogenesis based on
high-resolution supercell simulations. The yellow arrows represent
the 3D vorticity vectors. From Roberts et al (2016). © American
Meteorological Society. Used with permission.

An analysis of the relative roles of vorticity produc-
tion through baroclinic and surface-drag effects was done in
Fischer and Dahl (Fischer and Dahl 2022). Their findings are
summarized in figure 16. This diagram shows a two-step pro-
cess wherein the horizontal vorticity (small blue arrows) on
the air parcels that will form the TLV evolves according to
the processes identified in free-slip simulations in figure 9
(figure 16(a)). As the low-level circulation develops, its inter-
action with the semi-slip lower boundary (figure 16(b)) pro-
duces a convergent flow that concentrates the vortex lines and
streamlines to a common center producing the TLV. Further
refinement of these ideas can be found in Fischer et al (2024)°.

3 This paper appeared online just prior to the submission of the present art-
icle. It contains an excellent description of the environmental conditions for
tornadic supercells and stages of supercell development leading to the type of
tornado that depends crucially on the frictional contact at the lower boundary.

13

Markowski (Markowski 2024) using an idealized cloud
model with resolved boundary-layer turbulence found that the
TLV can form absent a cold-air boundary just by the effect
of the mesocyclone updraft lifting streamwise environmental
vorticity modified by turbulence in the form of shear-driven
rolls (figure 17). Although figure 17 shows a cool-air bound-
ary, simulations with the evaporation of rain artificially sup-
pressed showed similar behavior regarding the TLV. See also
figure A3 of Yakota et al (2018).

Stipulating that these analyses are technically correct, it is
the opinion of the authors that vorticity analysis alone leaves
important elements of the TLV dynamics unaccounted for.
That is, although one can track the simulated vortex lines
and streamlines in simulated TLVs, the physics of how these
lines converge toward a common center and turn upward
abruptly near ground level requires an analysis of the forces
acting on the air parcels possessing vorticity. In the schem-
atic diagrams of figures 14—17, the near-ground flow curves
cyclonically towards the center on the horizontal scale of the
mesocyclone. This curving can be explained by flow toward
the low-pressure mesocyclone center. However, without a
downdraft the vertical vorticity so produced would maxim-
ize far above the ground (Davies-Jones and Brooks 1993).
Although a downdraft is implied by the cold air in figures 14
and 15 it does not indicate a downdraft and figure 17 has only
the downdrafts associated with the roll vortices, which are
transient features with respect to the supercell updraft and very
shallow. We believe it fruitful to look for guidance from sim-
pler axisymmetric models in order to understand the forces at
work to produce the trajectories drawn in these figures.

To summarize, while vorticity analysis is essential in under-
standing many of the features it is generally insufficient for
understanding tornado structure influenced by surface friction.

Here are two examples showing that the vorticity analysis
(2) by itself is not sufficient to explain tornadogenesis with
boundary friction. First consider the axisymmetric model of
Davies-Jones (Davies-Jones 2008). Figure 18 (after Davies-
Jones 2008) shows the evolution of a storm-scale rotating
updraft that produces a TLV. Figure 18(a) represents the super-
cell by analogy to a Beltrami flow (parallel streamlines and
vortex lines, w X u = 0); in the absence of buoyancy and fric-
tion, it is a steady-state solution of (1). Rain is introduced
near r = 0, z = 1 which initially follows a streamline radially
outward before falling (figure 18). The negative buoyancy of
the falling rain produces a downdraft which transports angu-
lar momentum M (= rv) towards the lower boundary which,
in turn, initiates the processes leading to the endwall vortex
described above (figure 2, lower row) with strong radial inflow
near the surface, and an intense upward, swirling jet emer-
ging from the ‘corner’ region (near the origin). Analysis of the
vorticity evolution of air descending into the boundary layer
would show frictional generation of horizontal boundary-layer
vorticity which, through tilting, accounts for the vorticity of
the endwall vortex; vortex lines and streamlines swirl cyclon-
ically along the path much as illustrated in figures 15-17.

The transient behavior of idealized, numerically simulated
tornadoes themselves has been shown to be sensitive to sig-
nificant changes on the scale of the mesocyclone (not in
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Figure 16. Schematic diagram of the processes leading to tornadogenesis in a supercell simulation with semi-slip boundary conditions.
From Fischer and Dahl (2022). © American Meteorological Society. Used with permission.
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Figure 17. Summary schematic. The mesocyclone is indicated by
the cloud, streamlines are in gray and vortex lines are in two shades
of blue; the close-up depicts the boundary-layer rolls. From
Markowski (2024). © American Meteorological Society. Used with
permission.

the synoptic-scale environment), in particular to the relative
amount of tangential to radial flow in the corner region of
the vortex. If there is a sudden forced decrease in the radial
inflow or increase in the swirl, then the vortex may suddenly
intensify via ‘corner-flow collapse’ (Lewellen and Lewellen
2007). This mechanism, of which the Davies-Jones (2008)
simulation (figure 18) is an example, has been proposed as
way that TLVs may suddenly intensify when the RFD wraps
completely around the mesocyclone (occludes), effectively
blocking and decreasing low-level radial inflow. This idea has
not been tested observationally, applies only to axisymmetric
vortices, and buoyancy effects are not considered. Buoyancy
effects, however, clearly must be accounted for in real super-
cells, where mesocyclones are not axisymmetric, at least with
respect to buoyancy.

Another, perhaps starker, example comes from consider-
ing the boundary layer of a slowly evolving Rankine vor-
tex (inner core in solid-body rotation v o r surrounded by
a potential vortex v oc r~!; see figure 5(b)) with a no-slip
lower boundary condition. Using an axisymmetric numerical

model, Rotunno (Rotunno 2014) simulated the boundary-layer
of a slowly evolving Rankine vortex. Figure 19 shows the
nondimensional streamfunction and angular momentum; the
streamfunction shows a clockwise circulation in the radial-
vertical plane. A fluid parcel near r = 0.5,z = 0.1 enters the
boundary layer from above, loses angular momentum and
gains radial vorticity (—r'0T /0z) through friction, flows
radially inward and then upward. In this case the vorticity is
exactly zero for the parcel that enters the boundary layer and is
only acquired through boundary friction; however, the parcel
retains enough angular momentum which, upon flowing to its
minimum radius, can produce an intense endwall vortex [see
figures 9 and 10 in Rotunno (2014)].

To summarize, in both foregoing examples, there is a cir-
cular vortex above the boundary layer with low pressure at the
center. A frictional boundary layer inherits the radial pressure
gradient from above while reducing the centrifugal forces and
thus allowing flow towards lower pressure. Partial conserva-
tion of angular momentum in this boundary-layer flow gives
rise to the endwall vortex as described above. These examples
show that a Lagrangian analysis of vorticity on the parcels
that make up the TLV in these cases will arrive at the conclu-
sion that friction accounts for the vorticity of the TLV; how-
ever, without understanding the dynamics of the flow (pressure
gradients, acceleration, etc) to explain why those air parcels
arrive at or near the circulation center, frictional production
vorticity as an explanation for the TLV is at best incomplete.

We note here that in these simulations, just as the tor-
nado first appears as an endwall vortex, in rapid-scan mobile
Doppler-radar data the tornado vortex signature (TVS, a meas-
urement of the difference between the maximum outbound
and inbound Doppler velocities, a proxy for vertical vorticity)
in most instances appears first at the lowest elevation angle
and builds upward either very rapidly or nearly simultaneously
with height (figure 20), though there are some relatively rarer
instances where this conclusion might not be apparent (e.g.
French et al 2013, Houser et al 2015, Bluestein et al 2019,
Houser et al 2022; other cases not yet published, H Bluestein;
T Greenwood, M S thesis, Greenwood 2021).

The highest azimuthal wind speeds in simulated tornado
vortices/tornado-like vortices tend to be at low altitudes
(figures 20 and 21). Measuring the wind-speed profiles in
the vertical in the tornado boundary layer is very challen-
ging observationally because it is difficult to place reliable
instruments in the path of tornadoes and to obtain accurate
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Figure 18. Time sequence of an evolving supercell circulation. First row has the angular momentum M (in color) with the streamfunction in
black contours and rainwater mixing ratio in white contours; the second row has the radial velocity in black contours and the third row has
the vertical velocity in black contours. The parentheses at the top of each panel give the minimum, maximum and contour interval for the
plotted variable; the azimuthal velocity is in color on the second and third rows. Dashed contours indicate negative values. (After

Davies-Jones 2008, figure courtesy of R P Davies-Jones).

Doppler-radar measurements near the ground, owing to beam
blockage and sidelobe contamination from trees, buildings,
etc, debris centrifuging, and beam spreading, among other
factors (Snyder and Bluestein 2014). Some of the few good
measurements indicate that the strongest winds in a tor-
nado may be at ~25-75 m AGL (Bluestein e al 2007, their
figure 15) or even as low as~5 m AGL (Kosiba and Wurman
2013, figure 21).

However, there is some visual evidence from falling-tree
patterns that the radial-wind component at the ground might
be more significant than the tangential velocity, owing to the
strongly convergent flow in the surface boundary layer (e.g.
Karstens et al 2013, their figures 8 and 9; figure 1 in, Snyder
and Bluestein 2014). Davies-Jones et al (1978) had come to
the same conclusion based on observations of litter deposition
lines and one-sided mud accumulation on fence posts.

When tornadoes traverse from a region characterized by
one surface roughness to another, it is anticipated that the
structure of the tornado could change, owing to differences
in surface drag. Houser et al (2020) has detailed observational
attempts to see if differences in topography might be import-
ant, with relatively inconclusive results.

A few studies are beginning to simulate tornadic super-
cells with turbulent boundary layers (Nowotarski et al 2015,
Markowski 2024), but too few of these studies have been done
to establish robust conclusions. Bluestein et al (2014) used a
combination of mobile Doppler-radar and Doppler lidar obser-
vations in an attempt to show turbulent boundary-layer rolls
and their relationship to nearby tornadoes. However, the tor-
nadoes were beyond the range of the lidar and it is not clear
whether or not the rolls detected were of the same nature as
the shallow rolls simulated by Markowski (2024).
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Figure 19. Streamfunction (1//; )and angular momentum (f) from a solution for slowly evolving Rankine Vortex with a no-slip condition at

the lower surface. Reproduced with permission from Rotunno (2014).

4.5. Sensitivity studies

The sensitivity of tornadogenesis in supercell simulations has
been studied from two main angles: sensitivity to the envir-
onment (wind profile, thermodynamic instability) and sensit-
ivity to small internal perturbations (turbulence, microphysics
of clouds).

4.5.1. Environmental.  Using a cloud model (e.g. Bryan and
Fritsch, CM1) to simulate supercells, the following studies
have investigated the effects of the environmental input para-
meters on the simulation outputs vis-a-vis the supercell’s abil-
ity to produce TLVs. Using CM1 Naylor and Gilmore (Naylor
and Gilmore 2014) used environmental soundings from an
operational forecast model to study the difference between tor-
nadic and nontornadic supercell cases. They found that the
CM1 simulations with larger CAPE, smaller CIN and larger
SRH in the environment were more likely to produce TLVs.
Coffer and Parker (2017, 2018) contrast the differences in the
lowest-level wind profiles between nontornadic and tornadic
supercells. Figure 22 is their schematic diagram: they find that
the most important discriminator between tornadic and nontor-
nadic supercells is the angle between the storm-relative inflow
and the shear vector over the lowest 500 m. We note an obser-
vation of a low-level hodograph (determined from ‘clear-air’
return by a mobile Doppler radar) just upstream from a wall
cloud in a supercell in Kansas, just minutes before a tornado
formed, that the wind direction and strong vertical shear were
nearly normal to each other (Bluestein and Pazmany 2000,
their figure 7). Parker (2017) shows that upper-level features
of the wind profile matter less than previously thought for
the TLV potential of a simulated supercell. In an analysis
of soundings taken during the VORTEX2 field experiment
(Wurman et al 2012), Parker (2014) found that the difference

between tornadic and non-tornadic supercells was mostly in
lowest several 100 m. These studies show that simulated super-
cell TLVs can reproduce the observationally determined envir-
onmental sensitivity (section 4.2); the analysis of these simu-
lations therefore has the potential to provide a theoretical basis
for tornadogenesis.

Sherburn and Parker (Sherburn and Parker 2019) used CM 1
to investigate the reasons for TLVs occurring in low-CAPE
but high vertical-wind-shear environments. They found that
high shear can produce a strong updraft dynamically at low
levels (conducive to TLVs) in these environments. Using an
ensemble of high-resolution forecasts model, Yokota et al
(2018) similarly emphasized the importance of the dynamical
interaction between the updraft and shear in favoring TLVs;
interestingly, the mechanisms of low-level vorticity/circula-
tion formation were of secondary effect. The importance of
the dynamical shear-updraft interactions with respect to TLVs
was anticipated in studies of hurricane-associated tornadoes
(McCaul and Weisman 1996 MWR). Recently Goldacker and
Parker (Goldacker and Parker 2021) simulated a suite of tor-
nadic and non-tornadic supercells based on observed proxim-
ity soundings. They found that the tornadic supercell sound-
ings have enhanced SRH over the lowest several hundred
meters; this enhancement not only increased the low-level
updraft rotation but, perhaps more important, the strength of
the low-level updrafts which favors greater vortex stretching
below cloud base. Coffer er al (2023) using a similar mod-
eling setup analyzed the trajectories of the parcels compos-
ing the strong low-level updraft rotation (the mesocyclone)
and found that the vast majority originate from the envir-
onment (like trajectory ‘A’ in figure 6). Coffer et al (2023)
draw a distinction between ‘low-level’ (near cloud base) and
‘ground-level’ (near or at the surface) arguing that the tilting of
environmental vorticity and its effects on the pressure field are
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Figure 20. From Bluestein et al (2019), their figure 5. AVmax given
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is~10 m AGL). (Bluestein et al 2019). © American Meteorological
Society. Used with permission.

of paramount importance for the tornadic low-level mesocyc-
lone while baroclinic and frictional effects are more precisely
referred to as near-ground effects. We have adopted this ter-
minology throughout this report.

Research on potential environmental causes of tor-
nadic supercells is ongoing with notable contributions from
Flournoy et al (2020) showing that tornado-favorable environ-
ments nearer the supercell are much better predictors of TLVs
than tornado-favorable environments farther away. Flournoy
and Rasmussen (2023) investigated the timing of supercell
formation as a function of the strength of the initiating thermal
disturbance finding faster evolution with a stronger initial
thermal disturbance.

4.5.2. Ensembles, perturbations and forecasting. This
research falls under the general topic of atmospheric predict-
ability which distinguishes between practical and intrinsic pre-
dictability. Practical predictability is the study of how well
(accuracy, timing, etc) a phenomenon (tornadogenesis) can be
predicted given current tools (data, finite-resolution models,
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Figure 21. From Kosiba and Wurman (2013), their figure 4. Time
labels are shown as HMMss UTC, where H indicates hours. Kosiba
and Wurman (2013). © American Meteorological Society. Used
with permission.

data-assimilation). Intrinsic predictability is a study of what is
theoretically possible with a perfect model which we consider
first.

Fischer and Dahl (Fischer and Dahl 2020), using CM1
with the MR14 simplified heat source/sink (figure 9), shows
that tornadogenesis is very sensitive to the input paramet-
ers to the point at which forecasts of which specific super-
cell among different ones may produce a tornado is not pos-
sible. Ensembles of various environmental parameters have
been used to study intrinsic predictability. For example, Coffer
and Parker (2017) created an ensemble of wind hodographs
perturbed around the most favorable hodograph (like that in
figure 8). Although differing in detail, each ensemble mem-
ber produces an intense, long-lived TLV. In a companion
experiment using a less-favorable hodograph, about 40% of
the ensemble members produced a weak TLV indicating the
importance of internal variability. Markowski (Markowski
2020) using a large-eddy simulation (with resolved turbulent
eddies) to simulate an ensemble produced by random initial
perturbations. Although each ensemble member produced a
TLV, they varied considerably in intensity, onset time and
duration indicating a limited intrinsic predictability for TLVs.
Finally, Parker (2023) created an ensemble of simulations with
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Figure 22. Schematic illustrating the differences in the lowest-level wind profiles between nontornadic and tornadic supercells. From
Coffer and Parker (2017). © American Meteorological Society. Used with permission.

a forced updraft and randomly distributed vertical vorticity at
low levels. Since the circulation on a level circuit is the area
integrated vertical vorticity, each ensemble member has a dif-
ferent low-level circulation. The principal finding is that the
details of the vertical vorticity distribution are less important
than the associated circulation, with larger circulation (and
stronger near-surface convergence) cases leading to stronger
TLVs. In a related study Trapp et al (2017) examined the
relation between hodograph shape, updraft width and tornado
intensity in a series of supercell simulations finding that wider
storms favored wider more-intense tornadoes. We note that
both of these studies using free-slip conditions are strongly
analogous to the laboratory studies in which the updraft is
forced and the circulation is introduced at low levels (R13,
figure 8(a)).

With respect to practical predictability, in an ensemble
of high-resolution NWP forecasts for the 20 May 2013
Newcastle-Moore tornado, Snook et al (2019) found that 8
of the 10 ensemble members produced intense tornadoes. A
greater number of examples are needed to confirm the reliab-
ility of the latter finding. The operational Warn on Forecast
system (Heinselman er al 2023) has shown skill in forecast-
ing significant events (supercells with tornado potential) with
several hours of lead time.

5. Future developments

5.1. Theory and modelling

Given the apparent axisymmetry of the tornado and the com-
plex, asymmetric structure of the parent storm, further efforts
to understand the physical connections between the two are
desirable. For example, an analysis of the forces acting on
parcels forming the TLV would presumably highlight the role
of the pressure gradient which, in turn, could be related to

the circulation of the parent mesocyclone (Yakota ez al 2018).
Furthermore, identifying the center of an intensifying vortex in
the high-resolution supercell simulation could be used to trans-
form the fields to cylindrical coordinates; the azimuthally aver-
aged dynamics could then be compared to that of the axisym-
metric models such as those in figures 2, 18 and 19.

The model parameterizations of surface drag, microphys-
ics, turbulence, etc. were all developed for different applica-
tions, a critical assessment of these processes in the context of
simulating a tornado within a supercell is needed.

Another obvious avenue of future research is the applic-
ation of machine learning to larger ensembles of high-
resolution full-physics supercell simulations over a wider
variety of input parameters to distill the essential indicators
of tornadic supercells.

5.2. Observations

Centimeter-wave (C and X-band) electronically scanning
radars that have polarimetric capability are now being
developed which will be able to scan the entire volume of tor-
nadic supercells in just a matter of seconds (Bluestein 2022).
These radars will likely reveal with greater accuracy and more
detail how tornadoes form in nature and are related to their
parent storm and its environment. Radars of this type (rapid-
scan) that can be built at mm-wavelengths will allow for small
antennas having extremely high spatial resolution, necessary
to resolve air flow in the tornado boundary layer. However,
since attenuation is extreme at these wavelengths, useful data
may be collected only when there is relatively little pre-
cipitation surrounding the tornado. Polarimetric spectra will
be used to separate air motion from debris motion in tor-
nadoes (Bluestein et al 2022, Schneider 2023) and aid in
our interpretation of the Doppler-radar observations. Doppler
lidar technology will progress to the point that ultra-high
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spatial resolution and sensitivity can also be attained in the
clear-air (without precipitation-size scatterers) tornado bound-
ary layer. Unmanned aircraft systems (UASs) are now being
instrumented with video cameras and sensors to detect air-
flow and thermodynamic properties in the vicinity of storms
(e.g. Riganti and Houston 2017) and to document tornado
damage swaths (e.g. Wagner et al 2021). Markowski et al
(2018) and Bartos et al (2022) have proposed and tested
the possibility of using swarms of small, instrumented bal-
loons to acquire detailed thermodynamic measurements in
convective storms, which are not otherwise currently pos-
sible. UASs in the future may also be fitted with small,
relatively lightweight, low-power, phased-array (rapid-scan)
mm-wave Doppler radars to probe tornadoes just above the
ground.

In the past decade there have been limited, focused, indi-
vidual and small-team efforts to study tornadic supercells.
A new, intensive, larger-scale tornado field program may
be justified, however, as revolutionary, new observing sys-
tems become available and results from numerical simula-
tion experiments suggest new physical hypotheses to be tested
using a large array of such observing systems.
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