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ABSTRACT: Sufficient low-level storm-relative flow is a necessary ingredient for sustained supercell thunderstorms and
is connected to supercell updraft width. Assuming a supercell exists, the role of low-level storm-relative flow in regulating
supercells’ low-level mesocyclone intensity is less clear. One possibility considered in this article is that storm-relative flow
controls mesocyclone and tornado width via its modulation of overall updraft extent. This hypothesis relies on a previously
postulated positive correspondence between updraft width, mesocyclone width, and tornado width. An alternative hypothe-
sis is that mesocyclone characteristics are primarily regulated by horizontal streamwise vorticity irrespective of storm-relative
flow. A matrix of supercell simulations was analyzed to address the aforementioned hypotheses, wherein horizontal stream-
wise vorticity and storm-relative flow were independently varied. Among these simulations, mesocyclone width and intensity
were strongly correlated with horizontal streamwise vorticity, and comparatively weakly correlated with storm-relative flow,
supporting the second hypothesis. Accompanying theory and trajectory analysis offers the physical explanation that, when
storm-relative flow is large and updrafts are wide, vertically tilted streamwise vorticity is projected over a wider area but with
a lesser average magnitude than when these parameters are small. These factors partially offset one another, degrading the
correspondence of storm-relative flow with updraft circulation and rotational velocity, which are the mesocyclone attributes
most closely tied to tornadoes. These results refute the previously purported connections between updraft width, mesocy-
clone width, and tornado width, and emphasize horizontal streamwise vorticity as the primary control on low-level mesocy-
clones in sustained supercells.

SIGNIFICANCE STATEMENT: The intensity of a supercell thunderstorm’s low-level rotation, known as the
“mesocyclone,” is thought to influence tornado likelihood. Mesocyclone intensity depends on many environmental at-
tributes that are often correlated with one another and difficult to disentangle. This study used a large body of numeri-
cal simulations to investigate the influence of the speed of low-level air entering a supercell (storm-relative flow),
the horizontal spin of the ambient air entering the thunderstorm (streamwise vorticity), and the width of the storm’s
updraft. Our results suggest that the rotation of the mesocyclone in supercells is primarily influenced by streamwise
vorticity, with comparatively weaker connections to storm-relative flow and updraft width. These findings provide
important clarification in our scientific understanding of how a storm’s environment influences the rate of rotation of its
mesocyclone, and the associated tornado threat.
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1. Introduction

Essential to the understanding and prediction of supercell
tornadoes is a fundamental understanding of the processes
that regulate their parent low-level mesocyclone.1 This is
because the pressure perturbations within supercell meso-
cyclones result in strong near-surface vertical accelerations
(e.g., Rotunno and Klemp 1985), which vertically stretch
near-ground vertical vorticity contributing to tornadogenesis
(e.g., Doswell and Burgess 1993; Wicker and Wilhelmson 1995;

Dowell and Bluestein 2002; Skinner et al. 2014; Markowski and
Richardson 2014; Davies-Jones 2015; Markowski and Richardson
2017; Murdzek et al. 2020) and tornado maintenance (e.g., Wicker
andWilhelmson 1995). Consequently, there is evidence that me-
socyclone intensity influences tornado likelihood (Coffer and
Parker 2015; Coffer et al. 2017; Coffer and Parker 2018), size
(Trapp et al. 2017), and wind speeds (Marion et al. 2019; Sessa
and Trapp 2020), so long as the other necessary ingredients for
tornadogenesis are present. These other necessary ingredients
include vertical vorticity at the surface (Doswell and Burgess
1993), an optimal outflow buoyancy (Markowski et al. 2002;
Brown and Nowotarski 2019), and vertical alignment between
near-surface vertical vorticity and the mesocyclone (Guarriello
et al. 2018). Because of the strong influence of mesocyclone
characteristics on tornadogenesis, a large body of research over
the last half century has sought to better understand theCorresponding author: JohnM. Peters, john.m.peters@psu.edu

1 In this article, “low level” will refer to the mesocyclone near
cloud base. For the remainder of this paper, “low-level meso-
cyclones” will simply be referred to as “mesocyclones.”
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connections between the characteristics of a storm’s environ-
mental wind profile and the storm’s mesocyclone size and rota-
tion. Our intent in the present article is to clarify these
connections.

The importance of environmental horizontal vorticity
in the formation of mesocyclones was first recognized in
Browning and Landry (1963) and Barnes (1970). Beginning
with Davies-Jones (1984), a series of seminal theoretical
studies (Davies-Jones 2008, 2017, 2022) have shown that
horizontal streamwise vorticity, which is the component of
the vorticity pointed in the direction of the storm-relative
wind, is necessarily present within a storm’s inflow for the
updraft to attain net positive vertical vorticity, and conse-
quently cohesive updraft rotation. In turn, strong net updraft
rotation at low levels within a supercell results in stronger
near-ground vertical accelerations and a greater chance of in-
creasing near-ground rotation to tornadic intensity (Wicker
and Wilhelmson 1995; Markowski and Richardson 2014;
Coffer and Parker 2015; Coffer et al. 2017). In addition to
environmentally derived horizontal vorticity, storm-generated
horizontal vorticity within supercell cold pools is also an im-
portant source of streamwise vorticity to low-level mesocy-
clones (Rotunno and Klemp 1985; Davies-Jones and Brooks
1993; Dahl et al. 2014; Davies-Jones 2022). Hence, the strong
influence of both environmentally derived and storm-generated
horizontal streamwise vorticity on mesocyclone characteristics
is well established in past literature.

Storm-relative helicity (SRH), which is a popular supercell
and tornado forecast parameter, is the vertically integrated
product of horizontal streamwise vorticity and storm-relative
wind (Lilly 1986; Davies-Jones et al. 1990; Droegemeier et al.
1993; Brooks et al. 1993). The use of SRH in research and
forecasting of supercells and tornadoes has become prevalent
during the last several decades in both the United States (e.g.,
Thompson et al. 2003, 2007, 2012; Coffer et al. 2019) and
Europe (e.g., Coffer et al. 2020; Taszarek et al. 2020). This
quantity is generally larger in tornadic supercell environ-
ments than in their nontornadic counterparts (Markowski
et al. 2003; Parker 2014; Coniglio and Parker 2020). All else
being equal, a supercell is thought to have a more intense
mesocyclone when environmental SRH is large, relative to
when environmental SRH is small. This idea is consistent
with past theoretical analyses that have related the covari-
ance of vertical vorticity and vertical velocity in updrafts to
the environmental SRH (e.g., Davies-Jones 1984, 2022).
Consequently, tornadogenesis is considered more probable
when SRH is large in a supercell’s environment because of
the connections between a mesocyclone and near-ground
stretching of vertical vorticity.

Because the formula for SRH contains the vertically inte-
grated storm-relative flow magnitude multiplied by horizontal
streamwise vorticity, the use of SRH in forecasting supercell
mesocyclones and tornadoes implicitly introduces the layer-
integrated (or proportionally, layer-averaged) storm-relative
flow magnitude as a predictor of these storm attributes. This
leads us to question whether storm-relative flow itself exerts a
direct influence on mesocyclone intensity and tornadoes. There
is ample evidence connecting layer-averaged storm-relative

flow to the general characteristics of supercell updrafts, such
as overall updraft width and maximum updraft vertical veloci-
ties (Droegemeier et al. 1993; Warren et al. 2017; Peters et al.
2019, 2020b,c,d, 2022a,b). Indeed, both Droegemeier et al.
(1993) and Peters et al. (2020d) found that a lower bound of
low-level layer-averaged storm-relative flow of roughly 10 m s21

was necessary for a sustained supercell to exist in their simula-
tions, which implies that a lower bound of this quantity is neces-
sary for supercell tornadoes to occur (e.g., Parker and Dahl
2015). This “critical lower threshold” is likely a consequence
of sufficiently strong low-level storm-relative flow ensuring
that outflow does not “undercut” the updraft (e.g., Klemp and
Wilhelmson 1978; Brooks et al. 1994; Brown and Nowotarski
2019), and that an updraft need-be sufficiently wide to over-
come the deleterious effects of entrainment-driven dilution
and attain a steady state (Peters et al. 2020c; Morrison et al.
2020; Peters et al. 2020a, 2022a,b).

Assuming that there is sufficient low-level layer-averaged
storm-relative flow and other supportive environmental con-
ditions for a supercell to exist, there is inconclusive evidence
for a link between storm-to-storm variations in the low-level
layer-averaged storm-relative flow magnitude and mesocy-
clone and tornado behavior. For instance, studies of storm
proximity soundings from the Rapid Update Cycle (RUC)
show minimal differences in low-level storm-relative wind
magnitude between tornadic and nontornadic supercells (e.g.,
Thompson 1998). In fact, both Markowski et al. (2003) and
Nowotarski and Jensen (2013) showed evidence that ground-
relative flow is a more skillful discriminator of tornadic from
nontornadic supercells than storm-relative flow, which possi-
bly relates to the relationship between ground-relative flow
and the frictional generation of near-surface horizontal vortic-
ity (e.g., Flournoy and Rasmussen 2021; Fischer and Dahl
2022). In contrast, an analysis of field project radiosonde
launches by Coniglio and Parker (2020) found that low-level
storm-relative flow was statistically larger in tornadic than in
nontornadic supercells, though the degree to which local
storm-driven accelerations were responsible for these trends
is unclear. Further exacerbating the uncertainty, the magni-
tude of storm-relative flow appears in the denominator of
equations for updraft vertical vorticity [e.g., Eq. (12) in Klemp
1987], which implies an inverse relationship between the verti-
cal vorticity in mesocyclones and storm-relative flow.

It has also been suggested that wide supercell updrafts tend
to produce wider and more intense mesocyclones and torna-
does (Trapp et al. 2017; Marion and Trapp 2019; Marion et al.
2019; Sessa and Trapp 2020) than their narrower counter-
parts. If true, this link supports a possible connection between
the low-level layer-averaged storm-relative flow magnitude
and mesocyclone intensity, implying that storm-relative flow
regulates mesocyclone intensity via its connection with updraft
width. For instance, Trapp et al. (2017) showed that progres-
sively increasing the low-level hodograph length in idealized
supercell simulations resulted in progressively wider and more
intense updrafts and mesocyclones. However, Trapp et al.
(2017) varied the low-level storm-relative flow and low-level
horizontal streamwise vorticity magnitudes simultaneously in
their simulations. Since updraft width is strongly connected to
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storm-relative flow and mesocyclone intensity is strongly con-
nected to horizontal streamwise vorticity, it is possible that the
connection between updraft width and mesocyclone width in
these studies was simply an artifact of their experiment design.
Furthermore, the physical explanation for this connection be-
tween mesocyclones and tornadoes provided by Trapp et al.
(2017), which assumes that the rapid rotation in tornadoes
originates from the radial contraction of angular momentum
in the tornado’s parent mesocyclone, has been debated (Coffer
and Markowski 2018). It is generally understood that air parcels
in tornadoes originate in convective outflow and a storm’s envi-
ronmental inflow (e.g., Dahl et al. 2014; Fischer and Dahl 2022),
rather than from within the tornado’s parent updraft. Hence,
the existence of this possible connection between storm-relative
flow, updraft width, and supercell mesocyclones is unclear.

Given the aforementioned scientific questions, the objec-
tive of the present article is to clarify the role of storm-relative
flow in supercell mesocyclones. We consider the following op-
posing hypotheses:

• H1: Low-level layer-averaged storm-relative flow and envi-
ronmental2 horizontal streamwise vorticity together (with
comparable influence) regulate the mesocyclone size and
intensity via their combined regulation of the mesocyclone
width and the vertical vorticity magnitude.

• H2: Assuming there is sufficient low-level layer-averaged
storm-relative flow for a sustained supercell to exist, meso-
cyclone size and rotation are primarily regulated by the en-
vironmental horizontal streamwise vorticity magnitude.

We address these hypotheses with a matrix of idealized
large-eddy simulations (LESs) of supercell thunderstorms,
which are introduced in section 2 and analyzed in section 3.
We provide theoretical support for our conclusions in section 4.
Our results are summarized and discussed in section 5.

2. Simulations

a. Model configuration

Our experiment consisted of a matrix of 32 LESs of super-
cells simulated within environments with independently var-
ied low-level horizontal streamwise vorticity and low-level
storm-relative flow (and by extension updraft radius). This
setup is designed to address our hypotheses by allowing us to
investigate the separate influences of these environmental
characteristics on mesocyclones. Our simulations used Cloud
Model 1 (CM1) version 20.3 (Bryan and Fritsch 2002) with a
time-splitting acoustic integration scheme (psolver 5 2 in the
namelist.input file). Model dimensions were 400 km with 1152 grid
points in the horizontal directions, and 25 km with 250 grid
points in the vertical direction. We also used horizontal and
vertical “grid stretching” options (stretch_x5 1, stretch_y5 1,
stretch_z 5 2 in the namelist.input file). The horizontal grid

spacing was 100 m within the inner 100-km-wide square posi-
tioned at the domain center, and increased outward from this
inner fine mesh to 4056 m at the domain boundaries. The ver-
tical grid spacing was uniform at 25 m below 2000 m, and then
gradually increased to 250 m by the domain top. These stretch-
ing options achieved an LES resolution within the regions of
the domain that contained active convective updrafts, while
maintaining a coarser resolution in less vital domain regions,
such as in the stratosphere and near the domain boundaries
far from convective updrafts. We also used an adaptive time
step (adapt_dt5 1 in the namelist.input file) with an initial time
step of 0.5 s. Subgrid-scale turbulence was parameterized using
the Smagorinsky option in CM1 with separate horizontal and
vertical turbulence coefficients (sgsmodel 5 2 with tconfig 5 2
in the namelist.input file), and microphysics were parameterized
with the double-moment scheme of Morrison et al. (2009) with
hail as the prognostic rimed ice species. All other simulation at-
tributes that are not explicitly discussed below were set to their
default values in the namelist.input file of the CM1 version 20.3
release.

Lateral domain boundaries were set to the open radiative
option (Durran and Klemp 1983), and the top boundary was
set to free slip. The lower boundary was set to the semislip op-
tion with a surface drag coefficient of 1.4 3 1022, and with
other attributes consistent with Coffer and Parker (2017). Fol-
lowing Coffer and Parker (2017), a Coriolis force of f5 1024 s21

was applied, and was balanced by a fictitious large-scale pres-
sure gradient force (icor 5 1 and lspgrad 5 1 in the namelist.
input file). This is an identical configuration to what was referred
to as “Coriolis applied to the perturbation wind only” in the
older release of CM1 used in Coffer et al. (2017). We also used
the “spinup”method of Coffer and Parker (2017), wherein CM1
was run as a single-column model until the vertical wind profile
had reached a quasi-steady state, after roughly 15 h. The result-
ing “spun-up” vertical wind profiles were used as initial condi-
tions for our supercell simulations.

We initiated convection using the “updraft nudging” tech-
nique of Naylor and Gilmore (2012), with the nudging region
located at the domain center with a horizontal radius of 10 km, a
vertical center point of 1500 mAGL, a vertical radius of 1500 m,
an e-folding time of 0.5 s21, a maximum vertical velocity w value
of 10 m s21, and a gradual ramp down of the nudging amplitude
between the simulation times of 15 and 20 min. Domainwide
random potential temperature u perturbations with a maximum
amplitude of 0.25 K were also included in the initial conditions
to facilitate the development of turbulence. To minimize the po-
tential influence of the updraft nudging on our results, we did
not analyze any simulation times until 20 min after the nudging
had ceased. Spurious vertical vorticity from updraft nudging that
exists for longer than 20 min is possible (e.g., Fischer and Dahl
2022), but is unlikely to change the interpretation of our results
given our focus on low-level mesocyclones, rather than the initial
stages of tornadogenesis. Total integration times in all simula-
tions were 3 h. Finally, we used a trial-and-error method to
adjust the domain translation velocity so that the right-moving
storms were approximately centered in the model domain in
each simulation.

2 While this study focuses on how a storm’s surrounding environ-
ment influences its mesocyclone, we recognize the potentially impor-
tant influence of storm-generated (baroclinic) vorticity on low-level
mesocyclones, and plan to study this influence in the future.
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b. Model vertical temperature and wind profiles

All of our simulations use the composite vertical thermody-
namic profile of observed soundings near tornadic supercells
in the Verification of the Origins of Rotation in Tornadoes
Experiment 2 (VORTEX2; Wurman et al. 2012) that was gen-
erated in Parker (2014) (see Fig. 1). Our simulations were run
with two different general hodograph shapes. The first shape
followed the “L-shaped profile” of Chavas and Dawson
(2021) (denoted in the simulation name with an “L,” Fig. 2),
wherein the shear is purely in the y direction below a critical
height h, and then switches to being purely in the x direction
above h. The formula for this profile is

u(z) 5 ub,

y(z) 5 yb 1 s1z,
(1)

below height h, where ub and yb are constants, and s1 is a cons-
tant shear magnitude below height h. At and above h, the pro-
file becomes

u(z) 5 ub 1 s2(z 2 h),
y (z) 5 yb 1 s1h,

(2)

where s2 is a constant shear magnitude above height h. The
wind velocity is then held constant above 6 km AGL. The
shape of this wind profile closely resembles observed wind
profiles from supercell environments (Markowski et al. 2003;
Parker 2014), which often feature an abrupt nearly 908 “kink”
at low levels and approximately unidirectional shear above
this “kink.” We set ub and yb in all profiles to the approximate
average values of 21.5 and 3.5 m s21, respectively, from the
tornado report proximity sounding database of Smith et al.
(2012), Thompson et al. (2012), and Coffer et al. (2019), and
set h to 1000 m. Variations in the ground-relative wind may
influence mesocyclones and tornadogenesis via the relationship
between ground-relative winds and the frictional generation of
low-level horizontal vorticity (Flournoy and Rasmussen 2021;
Fischer and Dahl 2022). We have neglected such variations in
the ground-relative wind to limit the scope of our study.

To provide a contrast with the L-shaped wind profile which
did not have curvature above 1 km AGL, the second hodo-
graph shape featured curvature everywhere below 6 km AGL.
This wind profile was prescribed by the following formulas:

u(z) 5 ub 2 a1cos p
z
a2

( )
,

y(z) 5 yb 1 a1sin p
z
a2

( )
,

(3)

below height h, and

u(z) 5 ub 2 a1cos p
h
a2

1
z 2 h
zt 2 h

a2 2 h
a2

( )[ ]
,

y(z) 5 yb 1 a1sin p
h
a2

1
z 2 h
zt 2 h

a2 2 h
a2

( )[ ]
,

(4)

above h, where zt 5 6000 m. These equations produce a half-
circle-shaped hodograph (denoted in the simulation name
with a “C,” Fig. 3) with different shear magnitudes below and
above h, much like in the case of the L-shaped wind profile.
This profile also has two free parameters: a speed a1 that con-
trols the “radius” of the hodograph, and a height a2 that con-
trols the dividing point on the hodograph circle between the
shear layers below and above h.

To provide context for how we will vary our wind profiles
to set up our experiment, we revisit the definition of SRH
(assessed over depth h), which is

SRH ≡
�z5h

z50
vs|VSR|dz 5 hvs |VSR| 1 hv′

s|V′
SR| ’ hvs |VSR|,

(5)

where vs ≡ (VSR

/|VSR|) · vH is the horizontal streamwise vor-
ticity, VSR is the horizontal storm-relative wind vector, vH is
the horizontal vorticity vector, overbars denote averages over
depth h, and primes denote local departures from layer aver-
ages. All quantities in this equation represent the vertical wind

FIG. 1. Skew T – logp diagram of the VORTEX2 composite tor-
nadic supercell sounding from Parker (2014). The environmental
T (K), density temperature Tr (K), and dewpoint temperature
Td (K) are shown in thick red, thin red, and thick green, respec-
tively. Black lines are the Tr for undiluted (solid) and entraining
(dashed; fractional entrainment rate « 5 1 3 1024 m21) parcels
lifted adiabatically from the surface using the method of Peters
et al. (2022c). Density temperature is defined following Peters
et al. (2022c) as Tr ≡ T[11 (Rd=Ry )qy 2 qt], where T is the tem-
perature of the lifted parcel, Rd and Ry are the dry-air and water
vapor specific gas constants (set to their values in CM1), qy is
the water vapor mass fraction of the lifted parcel (specific
humidity), and qt is the total water mass fraction of the lifted
parcel. Convective available potential energy (CAPE) and con-
vective inhibition (CIN) for the undiluted parcel (CAPE and
CIN, respectively), and for the entraining parcel (ECAPE and
ECIN, respectively) are listed in the upper-right corner.
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profiles used to initialize simulations, and therefore represent a
storm’s “background environment.” Hence, as was discussed in
the introduction, SRH relates to the product of vs and |VSR|,
and the use of SRH in forecasting implicitly introduces |VSR| as
a predictor of tornadoes (which is why we are investigating this

quantity here). We should note that the quantity v′
s |V′

SR |, which
represents the covariance of horizontal streamwise vorticity and
horizontal storm-relative flow, also influences SRH. However,

in situations when both vs and |VSR| are relatively uniform with

height (such is the case in our model profiles), this covariance

term is small and its influence on storm behavior can be ne-

glected in our analysis.
In both the L and C wind profiles, the low-level vs (hereafter

simply vs) and |VSR| (hereafter VSR) are determined indepen-
dently of one another by varying s1 and s2 in the L profile, and
a1 and a2 in the C profile. Each wind profile shape featured four

FIG. 2. Storm-relative hodographs for the 16 L simulations before (thin green lines) and after (thick black lines) the 15-h “spinup” pe-
riod, with u and y wind on the x and y axes, respectively (m s21), and the origin representing the “Bunkers”-estimated right-mover storm
motion. Dots are plotted on the hodograph curve from the surface to 6000 m AGL at intervals of 1000 m. Wind speed range rings are in-
cluded every 10 m s21. vs increases from the leftmost column to the rightmost column, and VSR increases from the bottom row to the top
row. The red 3 denotes the location where the ground-relative wind is zero. Each panel contains a subpanel in the lower right showing
VSR (red; m s21), vsh (i.e., streamwise vorticity times h, blue, m s21), and SRH (green, m2 s22). The quantities in the subpanel were com-
puted using the adjusted profiles (i.e., after the 15-h spinup period). The horizontal streamwise vorticity percentage, defined as the layer
average of the horizontal streamwise vorticity magnitude divided by the total horizontal vorticity magnitude, is listed in each subpanel.
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different values of initial vs (denoted by an “O” in the simula-
tion name), and four different values of initial VSR (denoted by
a “V” in the simulation name). Table 1 provides the precise ini-
tial values of both vs and VSR. To obtain the s1 and s2 that cor-
responded to a given desired vs and VSR, we simply searched
for s1 and s2 (in the case of the L profile), and a1 and a2 values
(in the case of the C profile) that minimized the difference be-
tween the vs and VSR in our profiles and the desired values.
This optimization procedure assumed that storm motion fol-
lowed the Bunkers et al. (2000) “ID method” as a storm-motion
estimate.

Values of vs and VSR, computed using the actual storm mo-
tions in the simulations, differed somewhat from that of the
Bunkers estimates used to set up the simulations. This is

permissible in our experiment, given that the Spearman correla-
tion coefficient between vs and VSR among the simulations was
0.24 with a p . 0.05 determined from Student’s t test, meaning
that this correlation is not statistically different from zero and
that we achieved our goal of varying vs and VSR independently.
Values of VSR based on simulated storm motions ranged from
11.5 to 31.5 m s21, which is consistent with the range of typical
supercell environments (i.e.,.10 m s21; Droegemeier et al. 1993;
Thompson 1998; Peters et al. 2020d). Bulk wind differences over
the 0–1 km AGL layer ranged from 2.12 to 24.85 m s21, which is
roughly consistent with the ranges in supercell environments
shown in Fig. 9 of Thompson et al. (2003). Hence, the character-
istics of our wind profiles generally reflect that of observed
supercell environments.

FIG. 3. As in Fig. 2, but for the C simulations.
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Because of the inclusion of parameterized surface drag and
a fictitious wind balance in our simulations, there was inevita-
bly some drift in the model vertical wind profile from the ini-
tial analytic profiles during the 15-h spinup period, and over
the course of a 3-h simulation with active convection. The ini-
tial drift during the 15-h spinup period was very subtle (cf. the
green to black lines in the hodographs in Figs. 2 and 3), and
did not appreciably change the profile shapes or vs and VSR

magnitudes. We also acknowledge that the inclusion of a ficti-
tious wind balance can lead to spurious vorticity generation.
Once again, this subtle spurious effect is unlikely to affect our
conclusions given our focus on low-level mesocyclones, rather
than the early stages of tornado formation.

The naming convention uses the V and O values in
Table 1. For instance, the simulation with the C wind profile,
VSR 5 22 m s21, and vs 5 2.5 3 1022 s21 is referred to as the
C V3 O4 simulation. These various combinations resulted in
32 unique vertical wind profiles, and consequently 32 simula-
tions. Hodographs for the L and C wind profiles are shown in
Figs. 2 and 3, respectively, with various vertical wind profile
diagnostics (e.g., SRH) for each wind profile listed in the
subpanels.

c. Quantifying storm attributes

Analyses that are presented later required that we track
the primary right-moving supercell updraft within the do-
main, which we accomplished with the following algorithm.
First, we computed the 1–3 km AGL average w, which we
call wmean. Second, grid points within wmean were zeroed out if
their 1–3 km AGL average vertical vorticity zmean was negative.
Third, we identified continuous regions of wmean . 3 m s21.
Fourth, we applied a Gaussian smoother with a radius of in-
fluence of 7.5 km to wmean, to create ws, where the subscript
s denotes “smoothed.” Finally, the “updraft of interest” was
assigned to the continuous region of wmean . 3 m s21 that
contained the maximum value of ws. The updraft centroid at
each time was defined as the average x and y location of
all grid points contained within the updraft area. Finally, a
Gaussian filter was applied to the position time series with a
temporal radius of influence of 10 min to smooth the posi-
tion time series. This method reliably tracked what we sub-
jectively determined to be the most intense right-moving
storm within each simulation. Time series of storm motion
were computed using a centered-in-time finite difference
that used filtered storm positions in 1 min model output.

Within the tracked updrafts, we quantify the following me-
socyclone attributes (each with relevance to past research and
forecasting):

• Mesocyclone radius Rm (i.e., the radius of rotating updraft),
defined using the area Am of the contiguous horizontal extent
of z and w concurrently exceeding 1 3 1022 s21 and 3 m s21,
respectively, such that Rm ≡










Am/p

√
. This definition of meso-

cyclone extent is similar to that used in Trapp et al. (2017).
• Net updraft circulation c, defined as

c ≡
��

zdA, (6)

where
��

dA is the area integral within the continuous up-
draft area A at a given height. Circulation is often used in
theory and numerical analyses of tornadoes.

• Equivalent updraft rotational velocity v, defined as

v ≡
c

2p1/2A1/2 : (7)

This quantity represents the rotation velocity that the up-
draft would have along its periphery if it were circular. This
quantity is relatable to forecasting and “nowcasting,” given
that rotational speed can be derived from Doppler radial
velocity data.

• Average updraft vertical vorticity z, defined as

z ≡
c
A
: (8)

Vertical vorticity is commonly used in defining mesocyclone
boundaries and assessing mesocyclone intensity.

• Average updraft helicity density UH, defined as

UH ≡
1
A

��
wzdA: (9)

UH is a popular metric for mesocyclone intensity in fore-
casting and past theoretical analyses.

We experimented with a reasonable range of alternative w
thresholds (i.e., 1, 5, 10 m s21) used to define updrafts, z thresh-
olds (i.e., 0.25 3 1022, 0.5 3 1022, 2.0 3 1022 s21) used to de-
fine the mesocyclone, and heights (i.e., 500, 1500, 2000 m)
at which to assess quantities. All of these parameters
gave similar results (not shown) to those described in the
next section. Finally, to draw a physical connection be-
tween mesocyclone attributes and tornadoes, we analyze
the horizontal maximum in w at 1 km AGL as a proxy for
the potential for vertical stretching of vertical vorticity by the
updraft.

The variables vs and VSR, which depend on storm motion,
were computed at each output time using the tracked storm
motion at that time and the initial model wind profile
(which represents the far-field environment). These quanti-
ties were vertically averaged over the lowest 1 km AGL of
the atmosphere, and then temporally averaged from 45 min
until either the end of the simulation or the last tracked up-
draft point.

TABLE 1. The range of 0–1 km AGL mean vs and 0–1 km AGL
mean VSR used to initialize simulations.

Wind attribute Value

O1 vs 5 0.25 3 1022 s21

O2 vs 5 1.00 3 1022 s21

O3 vs 5 1.75 3 1022 s21

O4 vs 5 2.5 3 1022 s21

V1 VSR 5 14 m s21

V2 VSR 5 18 m s21

V3 VSR 5 22 m s21

V4 VSR 5 26 m s21
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d. Identifying tornadoes

The primary underlying motivation for studying mesocy-
clones is their connection to tornadoes. Hence, we also quan-
tify tornado behavior in our simulations. Tornadoes were
objectively defined as continuous regions of Okubo–Weiss
(OW) parameter at the lowest model level (12.5 m AGL)
exceeding 5 3 1023 s22 that contained ground-relative wind
speeds exceeding the EF-0 threshold of 29 m s21. Tornado ra-
dius was defined from the tornado area Ator as











Ator/p

√
. In these

calculations, OW ≡2(­u/­y1 ­y /­x)22 (­u/­x2 ­y /­y)21 z2

is positive in regions where the z magnitude exceeds the normal
and shear strain magnitudes, which is characteristic of rotating
fluids with closed circuit streamlines. We also evaluated OW
thresholds ranging from 2.53 1023 to 13 1022 s22 (not shown),
and found our results to be relatively insensitive to the particular
threshold used.

3. Results

a. General attributes of the simulations

There were two general outcomes for deep convection
among the simulations. In the most common outcome, quasi-
steady supercells with persistent rotating updrafts developed
from the initial updraft nudging region, and persisted until the
end of the simulation at 3 h. This was generally true for the
V2–4, the L V1 O1, and L V1 O2 simulations, evidenced by
relatively steady values of maximum domain w from 30 min
onward through the end of the aforementioned simulations
(Fig. 4). In contrast, supercell-like storms did develop in the
V1, the L V2 O4, C V2 O1, and C V2 O4 simulations, but
these storms were undercut by their outflow and eventually
decayed by the end of the simulations, as evidenced by a peak
and then a decline in maximum domain w (Fig. 4). Hence,
like in the case of past modeling studies (Droegemeier et al.
1993; Peters et al. 2020d), a critical lower threshold of storm-
relative flow appears necessary for sustained supercells to de-
velop. We devote the remainder of quantitative analysis to
understanding the influences of storm-relative flow on sus-
tained supercells, and accordingly only include simulations
whose updrafts were captured by our tracking method for up
to 80 min after the initial forcing period ceased. This excludes
the following simulations: L V1 O3, L V1 O4, L V2 O4, and
the C V1 O1–4.

Roughly a third of the simulations produced tornadoes,
which are evident as abrupt and sometimes persistent jumps
in the magnitude of maximum surface z in Fig. 4, and are
marked by green lines on the x axis. We ignore these tornadic
periods when they occur within 20 min of the end of the forc-
ing time period, due to spurious influences of the convection
initiation method on tornadogenesis (Davies-Jones 2021).
Tornadic simulations were generally grouped toward larger
vs (i.e., the right-hand side of Fig. 4) and with less apparent
sensitivity to VSR (i.e., the rows in Fig. 4).

Composite radar and cold-pool characteristics show common
characteristics of supercells in all simulations, including a gen-
eral offset of precipitation toward the northwest, north, and
northeast of the updraft, and hook echoes with accompanying

rear-flank cold pools (Fig. 5). Consistent with the results of
Peters et al. (2020d), updraft area appears to depend strongly
on storm-relative flow, while showing comparatively little
dependence on horizontal streamwise vorticity. Interestingly,
there is a complex relationship between composite mesocyclone
characteristics, horizontal streamwise vorticity, and storm-
relative flow (Fig. 6). For instance, the most locally intense
1 km AGL z generally occurs with largest horizontal stream-
wise vorticity. Among the simulations with intermediary and
small magnitudes of horizontal streamwise vorticity (i.e., O1–3),
there is a subtle trend for decreasing z with increasing storm-
relative flow (particularly in the L simulations), implying little
connection or even an inverse relationship between maximum
mesocyclone z magnitude and VSR. The patterns evident in
this subjective analysis foreshadow quantitative trends in the
simulations that will become apparent in the next subsection.

b. Mesocyclone characteristics as a function of the storm
environment

We quantitatively evaluate our hypotheses via an explora-
tion of correlations between updraft, mesocyclone, and envi-
ronmental attributes. All reported correlation coefficients (CC)
are Spearman rank correlations. Replicating our analysis with
Pearson CC (not shown) yielded similar results to those shown
below. We acknowledge that correlations themselves do not
strictly signify a causal relationship between variables. Hence,
we devote section 4 to exploring the physical connections re-
sponsible for the correlations identified in this section. We
require that p , 0.05 from a Student’s t test to consider a
correlation to be statistically different from zero.

Consistent with our subjective analysis of Fig. 5, updraft ra-
dius and storm-relative flow were strongly correlated with a
CC of 0.76 (Fig. 7a), whereas updraft radius and horizontal
streamwise vorticity were poorly correlated (CC of 0.14, Fig. 7b).
This result supports the part of H1 postulating that storm-relative
flow should regulate updraft radius. The other part of H1
hinges on the connection between updraft radius and meso-
cyclone attributes hypothesized by Trapp et al. (2017). Con-
sistent with our subjective analysis of Fig. 6, simulated
mesocyclone radius was uncorrelated with simulated up-
draft radius and storm-relative flow (Figs. 7c,d), whereas
mesocyclone radius displays a significant CC of 0.77 with hori-
zontal streamwise vorticity (Fig. 7e). These statistics demon-
strate that mesocyclone area in our simulations is strongly tied
to horizontal streamwise vorticity and comparatively insensitive
to storm-relative flow or updraft radius.

An analysis of net updraft circulation reveals similar pat-
terns of correlations. Both updraft radius and storm-relative
flow were weakly positively correlated with updraft circula-
tion (Figs. 7f,g). In contrast, the CC of horizontal streamwise
vorticity with updraft circulation was 0.87 (Fig. 7h), suggesting
a strong physical connection between these two variables.
This pattern of correlations continues with rotational velocity,
with statistically insignificant correlations present between
updraft radius, storm-relative flow, and rotational velocity
(Figs. 7i,j), and a strong statistically significant CC of 0.86
present between horizontal streamwise vorticity and rotational
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FIG. 4. Time series of maximum domain w (red, m s21, left y axis) and maximum surface
z (blue, s21, right y axis), with the initial forcing period hatched. Each panel represents a sep-
arate simulation with columns and rows corresponding to initial vs and VSR, respectively.
The L wind profile simulations are shown in the top group, and the C wind profile simula-
tions are shown in the bottom group. Green lines along the x axes mark tornadic periods.
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velocity (Fig. 7k). Correlations of updraft radius and storm-rel-
ative flow with average updraft vertical vorticity (Figs. 7l,m)
were statistically significantly negative in a similar manner to
our subjective assessment of Fig. 6. In contrast, the relationship

between horizontal streamwise vorticity and average updraft ver-
tical vorticity is large and positive, with a CC of 0.70 (Fig. 7n).
The story is the same for UH, which was strongly correlated
with horizontal streamwise vorticity (Fig. 7q, CC 5 0.89), and

FIG. 6. As in Fig. 5, but showing 1 km AGL z (shading, s21) and the 1 km AGL 3 m s21 w contour (thick black line). Panels are zoomed
in on the updraft relative to Fig. 5.

FIG. 5. Composites centered on the 1 km AGL updraft centroid of 1 km AGL simulated logarithmic radar reflectivity factor (shading,
dBZ), surface potential temperature u perturbation (blue contours, K), and the 1 km AGL 3 m s21 w contour (thick black line). Compo-
sites were computed from 45 min through 3 h, with data output every 1 min. In the case of simulations that did not produce sustained
supercells, composites were temporally averaged from 45 min until the last instance that our tracking algorithm identified an updraft.
x and y axes ticks are the x and y distances from the updraft center (in km), respectively. Each panel represents a separate simulation with
columns and rows corresponding to initial vs and VSR, respectively. (left) The L wind profile simulations; (right) the C wind profile simula-
tions. Panels faded yellow correspond to simulations that were excluded from correlation analyses because their storms did not survive for
longer than 80 min.
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uncorrelated with updraft radius (Fig. 7o) and storm-relative
flow (Fig. 7p).

The statistically insignificant correlations of mesocyclone
characteristics with storm-relative flow potentially hide weak
physical relationships whose signal is swamped by the strong
relationship between variables and horizontal streamwise vor-
ticity. To better understand the nature of storm-relative flow
influences on updrafts, we further isolated the influence of
storm-relative flow from that of horizontal streamwise vorticity
by computing a linear trend line (not shown) between horizon-
tal streamwise vorticity and each variable, and then removed
this trend line from the data (referred to as “detrending”). We
then recomputed correlations of the resulting detrended varia-
bles with updraft radius and storm-relative flow. The resulting
relationship of updraft radius and storm-relative flow with de-
trended mesocyclone radius (Figs. 8a,b) and detrended rota-
tional velocity (Figs. 8e,f) remained statistically insignificant. In
contrast, the relationship of updraft radius and storm-relative
flow with detrended circulation was more positive than in the
case of the nondetrended circulation (Figs. 8c,d). This indi-
cates that for a given horizontal streamwise vorticity magni-
tude, stronger storm-relative flow (wider updrafts) generally
results in greater circulation than weaker storm-relative flow

(narrower updrafts). An even stronger statistically significant
negative relationship was present between updraft radius and
storm-relative flow with detrended average vertical vorticity
(Figs. 8g,h) and UH (Figs. 8i,j). This indicates that for a given
horizontal streamwise vorticity, stronger storm-relative flow
(wider updrafts) generally results in weaker overall verti-
cal vorticity magnitudes than weaker storm-relative flow
(narrower updrafts).

c. Tornado characteristics as a function of mesocyclone
characteristics and the storm environment

Since the underlying motivation for studying mesocyclone
intensity relates to tornado prediction, we explore how the
trends in mesocyclone behavior from the previous subsection
correspond to trends in tornado behavior. First, we establish a
dynamical link between mesocyclone attributes and tornadoes
by examining correlations between mesocyclone attributes and
temporal averages of 1 km AGL maximum vertical velocity
wmax (Figs. 9a–f; with tornadic time periods excluded). Updraft
radius showed no statistically significant connection to wmax

(Fig. 9a), whereas all mesocyclone attributes were strongly
correlated with wmax (Figs. 9b–f). This suggests that storms
with faster rotating mesocyclones (whichever way rotation

FIG. 7. Scatterplots of predictors (columns) for updraft and mesocyclone attributes (rows). Each dot represents a temporal average
from a given simulation from 45 min through 3 h. Spearman correlation coefficients CC are shown in panel labels, with the panel label
color reflecting the relative magnitude of CC (reds are positive, blues are negative). Hatched CC were not statistically significantly differ-
ent from zero.
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was measured) featured larger near-ground vertical accel-
erations than in storms with slower rotating mesocyclones,
and accordingly a greater potential for stretching of near-
surface vertical vorticity. A similar trend is evident in Peters
et al. (2020d) (Fig. 10 in that study). Interestingly, while the
results of Peters et al. (2020d) agree with ours in that hori-
zontal streamwise vorticity had a larger influence on low-
level vertical velocity than storm-relative flow, these trends
in Peters et al. (2020d) reversed in the upper troposphere
with storm-relative flow largely determining overall updraft
maximum vertical velocity. Hence the controls on low-level
and overall updraft maximum vertical velocity differ from
one another.

Next, we consider four tornado attributes: the length of
time during which a tornado was present in a simulation
(referred to as “tornado hours”), maximum ground-relative
wind speed (“max Vsfc”) within the tornado, the maximum
tornado radius, and the 90th percentile of tornado radius.
Tornado hours are set to zero for nontornadic storms. All
other tornado-related quantities are omitted for nontornadic
storms.

None of the tornado attributes were statistically signifi-
cantly correlated with updraft radius (Figs. 9g,m,s,y). This

includes tornado width (Figs. 9s,y), which casts doubt on the
connection between updraft and tornado width hypothesized
by Trapp et al. (2017), among our simulations at least. The
length of time a storm was tornadic showed the strongest cor-
relation with circulation and rotational velocity (Figs. 9i,j),
with slightly lesser, albeit comparable, correlations with meso-
cyclone radius, average vertical vorticity, and UH (Figs. 9h,k,l).
Maximum surface wind speeds showed the strongest correlation
with circulation (Fig. 9o) and rotational velocity (Fig. 9p),
and slightly lesser, albeit statistically significant, correlations
with mesocyclone radius (Fig. 9n), average vertical vorticity
(Fig. 9q), and UH (Fig. 9r). In contrast with the aforemen-
tioned tornado characteristics, the only mesocyclone attri-
bute that was statistically significantly correlated with tornado
radius was circulation, at a modest CC 5 0.57 (Fig. 9u). All
other correlations between mesocyclone attributes and
tornado width were small and statistically insignificant
(Figs. 9t,v–x,z–dd). In general, circulation and rotational
velocity are the mesocyclone attributes most closely tied
to the amount of time a storm was tornadic, and the inten-
sity of the tornadoes that did form, whereas tornado radius
seems to have little connection with the attributes of the
mesocyclone that we have studied.

FIG. 8. Analogous layout to Fig. 7, but for mesocyclone attributes that are detrended with respect to horizontal
streamwise vorticity.
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4. Theoretical interpretation of the results from
simulations

The physical explanation for an absent or weak inverse re-
lationship of mesocyclone properties with storm-relative flow
and updraft width relates to the slant angle f5 tan21(w/ySR)
of parcels relative to the horizontal as they enter the mesocy-
clone. We demonstrate this using a steady-state Boussinesq
Beltrami flow model (e.g., Davies-Jones 2008) to represent the
behavior of the air entering below the 1 km AGL updraft. In
Beltrami flow, vorticity is purely streamwise such that

VSR 5 lX, (10)

where VSR is the three-dimensional storm-relative flow vector,
V is the three-dimensional vorticity vector, and l is a constant
that is referred to as the “abnormality.” The Beltrami flow as-
sumption is a reasonable approximation in our simulations,
given that the horizontal vorticity below 1 km AGL in the ini-
tial model vertical wind profiles of the simulations that pro-
duced sustained supercells was nearly purely streamwise (e.g.,
Figs. 2 and 3). For air that begins in the cloud’s far-field envi-
ronment with no vertical velocity, a storm-relative wind speed
of VSR, and a horizontal streamwise vorticity of vs, we may use
Eq. (10) to write

VSR 5 lvs: (11)

In the updraft core (denoted by subscript c), we may use
Eq. (10) to write

zc 5 lwc: (12)

Combining Eqs. (11) and (12) to eliminate l yields

zc 5 vs

wc

VSR
: (13)

While the above equation explicitly contains storm-relative
flow, it does not offer much definitive insight into its influence
on the mesocyclone due to the coincident presence of wc in
the equation, which may vary independently of VSR.

To eliminate wc, we note that

wc

VSR
5

|VSR|
VSR

tanfc ’ tanfc, (14)

where we have linearized the equation by assuming that the
three-dimensional storm-relative wind speed |VSR| remains
equal to the initial storm-relative wind speed in the far-field
environment VSR, such that |VSR|/VSR 5 1. Combining Eq. (13)
with Eq. (14) yields

zc 5 vs tanfc: (15)

A similar expression was obtained in Davies-Jones (2022), his
Eq. (88). We may further simplify this expression using the
Boussinesq continuity equation, which is written in its azi-
muthally averaged cylindrical form as

­rur
­r

1
­rw
­z

5 0, (16)

where ur is the azimuthally averaged radial wind component.
Radially integrating from the updraft center at r 5 0 to the
updraft edge at r 5 R and vertically integrating from the

FIG. 9. Analogous layout to Fig. 7, but for mesocyclone attributes (columns) as predictors for tornado attributes (rows).
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ground to the height h of the mesocyclone we are examining
yields

2hûr 1 Rw 5 0, (17)

where 2ûr is the area average of inflowing air across the up-
draft edge (i.e., “inflow”), and w is the horizontal average of
w at height h.

Past studies (e.g., Peters et al. 2019, 2020a) have shown that
the low-level storm-relative wind VSR scales proportionally to
ûr . Hence, we assume that ûr 5 2sVSR, where 0 , s , 1 is a
constant. Furthermore, we assume that w scales with wc such
that w 5 awc for 0 , a , 1 (this assumption is commonplace
in the cumulus parameterization community; e.g., Morrison
2017; Morrison and Peters 2018). Applying these assumptions
to Eq. (17) and rearranging yields

wc

VSR
’ tanfc ’

2hs
Ra

: (18)

Equation (18) tells us that, to first approximation, the ascent
angle fc of the storm-relative airstream scales inversely with
the updraft radius, irrespective of the strength of the low-level
updraft and the speed of storm-relative flow at the updraft
edge (i.e., inflow). This is because a strong low-level updraft
must feature commensurately strong low-level horizontal in-
ward accelerations, relative to a weak low-level updraft, to
satisfy mass continuity. Because these horizontal and vertical
accelerations scale with one another, their respective influences
on f approximately cancel one another in the ratio wc/VSR, and
hence these terms vanish from the equation.

Combining Eqs. (18) and (15) yields

zc5
2hs
a

vs

R
: (19)

This equation tells us that the vertical vorticity in the mesocy-
clone scales proportionally to the horizontal streamwise vortic-
ity, and inversely with the updraft radius. The storm-relative
flow has now dropped out of the equation, but implicitly remains
present via its scaling with R (see our Fig. 7a). This scaling is
supported by numerous previous studies (Warren et al. 2017;
Peters et al. 2019, 2020c,a), along with in our simulations
(Fig. 7a). Our interpretation of this equation will hinge on
the assumptions that a, s, and hence 2hs/a are constants.
We will verify these assumptions shortly by assessing the
right-hand side of Eq. (19) as a predictor of simulated meso-
cyclone characteristics.

An expression for R as a function of ûr (again, the average
radial flow across the updraft boundary) was derived in section 4
of Peters et al. (2019), Eq. (18) therein. In its full form, the ex-
pression from Peters et al. (2019) is quite complicated, but can
be simplified to

R2 5
4bûrH

2

aCAPEH

, (20)

if we assume that the flow ascending through the core of our
simulated supercell updrafts is approximately undiluted, which
is a reasonable assumption in sustained supercells (e.g., Peters

et al. 2019). Hence the entrainment-relatedV terms in Eq. (18)
from Peters et al. (2019) vanish yielding Eq. (20). Here, H is
the height that typically coincides with the height of maximum
buoyancy [see Peters et al. (2019) for a specific definition], b
is a constant, a holds the same definition in that study as it does
here, CAPEH ≡

�z5H

z5LFCBADdz5 B̂ADH, whereBAD is the buoy-
ancy for an air parcel originating in the storm’s effective inflow
layer (EIL; Thompson et al. 2007) that is lifted adiabatically, LFC
is the level of free convection, and B̂AD is BAD averaged from
the LFC to H. Using ûr 5 2sVSR [as we did to derive Eq. (18)]
and simplifying, we may write Eq. (20) as

R 5 tVSR, (21)

where t ≡ s








4b/a

√( )(H/












CAPEH

√ ) relates to the time scale of
ascent of an updraft parcel. Outside of tornadic periods, it
is reasonable to assume that H and CAPEH were invariant
among the simulations that produced sustained supercells.
Hence, t is approximately constant and the scaling between R
and VSR is approximately linear (see Fig. 7a). Combining
Eq. (20) with Eq. (19) yields

zc5
2hs
at

vs

VSR
, (22)

which affirms that zc should scale inversely with VSR, and is
consistent with the negative relationship that we found in the
simulations (e.g., Fig. 8h).

The schematic in Fig. 10 illustrates the physical reason for
the relationships in Eqs. (19) and (22). In an environment
with weak storm-relative flow below height h and a small up-
draft radius, the storm-relative airstream below height h must
turn upward at a steep slant angle f1 to feed the low-level up-
draft (Fig. 10a). In contrast, when storm-relative flow is large,
parcels travel a greater horizontal distance for a given vertical
displacement, thereby achieving a smaller slant angle f2

(Fig. 10b). Because f1 . f2, the narrower updraft amid
weaker storm-relative flow will project more initially hori-
zontal streamwise vorticity into the vertical direction, and
thereby achieve a larger z magnitude than the wider updraft
amid stronger storm-relative flow.

To show evidence in support of our theoretical exercise, in
each simulation we released a total of 50 000 trajectories in-
line with model integration using the built in CM1 software,
which integrates forward in time with a third-order Runge–
Kutta scheme. Initial y locations of trajectories ranged from
225 to 25 km at intervals of 100 m, z locations ranged from
40 to 4040 m at intervals of 40 m, and x locations were speci-
fied as x(z)5 40 0003 u0(z)/u0(zb), where u0 is the initial
model vertical u-wind profile and zb is the height of the low-
est scalar model level (12.5 m AGL). This range of initial
trajectory locations was meant to optimize the number
of trajectories entering storms’ 1 km AGL updrafts. We began
trajectory integration at these locations 75 min into the simula-
tions. To be considered a participant in the 1 km AGL updraft,
we required that trajectories reach 1 km AGL with w$ 3 m s21.
Slant angle f relative to the horizon (in degrees) was defined as
(180/p)a tan 2[w, VSR(t)], where VSR(t) is the instantaneous
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VSR along a trajectory. Values of f were then averaged over all
updraft trajectories for each lag time prior to 1 km AGL up-
draft entry. The difference in slant angle as a function of storm-
relative flow along these trajectories is demonstrated in Fig. 10c,
wherein average slant angles of parcels entering the low-level
updraft are less in the L 03 V4 simulation, which had strong
storm-relative flow, than in the L 03 V2 simulation, which had
weaker storm-relative flow.

Equation (19) indicates that vertical vorticity should scale
with horizontal streamwise vorticity, which is indeed the case
with a CC of 0.79 between these variables (Fig. 11a). Second,
Eq. (18) suggests that f should scale inversely with updraft
radius, which is also true among simulated trajectories with a
CC of 20.70 (Fig. 11b). Storm-relative flow follows a similar
general trend to updraft radius, in terms of its negative rela-
tionship with f (Fig. 11c). Indeed, a comparison of f as a
function of time prior to updraft entry in the L O3 V2 simula-
tion, which featured weak storm-relative flow, to that of the
L O3 V4 simulation, which featured comparatively strong

storm-relative flow, shows patterns of slant angles that mimic
that of the schematic (Figs. 10a–c). That is, steeper slant an-
gles were present near the updraft edge in the V2 simulation
than in the V4 simulation. Finally, our theoretical analysis
hinges on the assumption that s/a ’ constant in Eq. (19). If
this assumption is valid, h(vs/R) (where h is our mesocyclone
height of 1000 m AGL) and z should have an approximately
linear relationship with one another. Indeed, these two varia-
bles show a linear trend when plotted against each other with
a Spearman CC of 0.87, and importantly a linear Pearson CC
of 0.90 (Fig. 11d). This strongly supports our theoretical inter-
pretation of mesocyclogenesis.

The expressions for zc in Eqs. (19) and (22) can be used to
corroborate the correlations of storm-relative flow with the
other mesocyclone attributes in the simulations (i.e., Fig. 7).
For instance, from the definition of circulation in Eqs. (6) and
(21), we deduce that c ; zcR

2 ; zct
2V2

SR. This may lead one
to incorrectly deduce that c should depend strongly (i.e., qua-
dratically) on storm-relative flow. However, the inverse

FIG. 10. (a),(b) Schematic illustrating the effect of VSR on mesocyclogenesis. Black curved
streamlines represent storm-relative flow, with the relative number of streamlines representing
the storm-relative flow magnitude. Red circular arrows represent horizontal streamwise vorticity.
Gray shaded regions denote the cloudy updraft region of a supercell. f is the slant angle of par-
cels relative to the horizontal. The scenario in (a) leads to larger vertical vorticity than that in
(b). (c) Averages of f over all trajectories from a given simulation (y axis, degrees) as a function
of time relative to 1 km AGL updraft entry (x axis, min) from the L O3 V4 simulation (blue
line) and the L O3 V2 simulation (red line).
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dependence of zc on storm-relative flow is partially offsetting.
This is demonstrated by combining Eqs. (6), (19), and assum-
ing that z 5 azc (i.e., average vertical vorticity scales with its
value at the updraft center), to obtain

c 5 2phsvstVSR: (23)

Hence the dependence of c on VSR, while positive and linear,
is relatively weak because of the aforementioned offsetting
factors (e.g., Figs. 7g and 8d).

Similarly, from Eqs. (6), (7), and (21), we deduce that
n ; ztVSR, which suggests that rotational velocity should
scale linearly with storm-relative flow. However, this linear
dependence is entirely offset by the inverse dependence of
zc on VSR. This is shown by combining Eq. (7) with Eq. (23)
to obtain

n 5 hsvs: (24)

Hence, there is no dependence of n on VSR in Eq. (24) or in
the simulations (e.g., Figs. 7j and 8f).

Finally, solving Eq. (18) for wc, and multiplying the result-
ing expression by Eq. (15) yields

UHc 5 wczc 5 (tan21fc)2vsVSR, (25)

which is consistent with Eq. (90) in Davies-Jones (2022). This
equation may lead us to deduce that UH scales positively with
VSR. However, combining Eq. (25) with Eqs. (21) and (19)
yields

UHc 5
4h2s2

t2a2

vs

VSR
, (26)

which affirms that UHc, like zc, should scale inversely with
VSR, which is again supported by the negative relationship be-
tween detrended UH and R and VSR in Figs. 8i and 8j.

5. Summary, conclusions, and closing discussion

In this article, we disentangle the influences of environmental
horizontal streamwise vorticity and storm-relative flow}the
primary constituents of storm-relative helicity}on low-level
mesocyclone characteristics in simulated supercells. We con-
sider the following hypotheses in our analysis:

• H1: Low-level layer-averaged storm-relative flow and envi-
ronmental horizontal streamwise vorticity together (with
comparable influence) regulate the mesocyclone size and in-
tensity via their combined regulation of the mesocyclone
width and the vertical vorticity magnitude.

• H2: Low-level layer-averaged storm-relative flow influences
mesocyclones insofar as a critical lower threshold of this
quantity is needed in a given environment for a sustained
supercell. However, assuming there is sufficient low-level
layer-averaged storm-relative flow for a sustained supercell
to exist, mesocyclone size and rotation are primarily regu-
lated by the environmental horizontal streamwise vorticity
magnitude.

Our general conclusions are as follows:

FIG. 11. (a) vs vs z (as in Fig. 7n). (b) Updraft R vs f along trajectories averaged between the first instance of
w 5 1 m s21 and the 1 km AGL updraft. (c) As in (b), but with VSR instead of R. (d) h(vs/R) vs z, with the linear
Pearson CC shown in parentheses.
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• Consistent with prior studies, a lower threshold of storm-
relative flow is necessary for simulations to produce a sus-
tained supercell.

• When storm-relative flow is large and updrafts are wide,
vertically tilted horizontal streamwise vorticity is projected
over a wider area, but with a lesser average magnitude than
when these parameters are small. These factors generally
offset one another, resulting in weak correspondence of
storm-relative flow with updraft circulation and rotational
velocity (the updraft attributes most connected with tor-
nado behavior) within the range of storm-relative flow
magnitudes that typifies supercell environments.

• Rather, simulated mesocyclone characteristics, including
those strongly related to tornadoes, were primarily de-
termined by horizontal streamwise vorticity (supporting
H2 over H1).

Overall, our results provide clarity on the role (or lack
thereof) of storm-relative flow in dictating supercell low-level
mesocyclone characteristics, which had previously been diffi-
cult to disentangle due to interdependent environmental
attributes. We argue that the skill of SRH in predicting tor-
nadoes primarily originates from the connection between
SRH and horizontal streamwise vorticity. This idea is sup-
ported by past proximity sounding analyses of tornado en-
vironments. For instance, McCaul (1991) found that both
horizontal streamwise vorticity and SRH had similar corre-
lations with tropical cyclone tornado characteristics. Markowski
et al. (2003) showed that low-level vertical profiles of horizontal
streamwise vorticity discriminated between significantly torna-
dic supercell environments and weakly tornadic or nontorna-
dic supercell environments similarly to low-level SRH density.
Nowotarski and Jensen (2013) showed that self-organizing
maps of vertical profiles of horizontal streamwise vorticity
were among the best predictors of significantly tornadic super-
cells, while those of SRH density were not. Further, predictive
skill in distinguishing tornadic versus nontornadic supercells
was nearly identical for 0–500 m average horizontal streamwise
vorticity and 0–500 m SRH in Coffer et al. (2019) (included in
their supplemental analysis). Future research efforts should
investigate whether there are particular situations where hor-
izontal streamwise vorticity offers an advantage over SRH,
or vice versa.

a. Relating our results to past observational studies of
storm-relative flow and tornadoes

The lack of influence of low-level storm-relative flow on
mesocyclone and tornado attributes in our study is an appar-
ent contradiction to the observational results of Coniglio and
Parker (2020) and Coniglio and Jewell (2022), who showed
larger storm-relative flow in tornadic versus nontornadic
supercell environments. A possible reconciling explanation is
that their results reflected local storm-generated enhance-
ments to the storm-relative flow field. As a simple evaluation
of this possibility in our simulations, we examined a point to
the southeast of the updraft center in each simulation that ex-
perienced the largest instantaneous 0–2 km AGL mean vector
bulk wind difference from the initial model wind profile (this

point was typically 10–20 km from the updraft edge). The av-
erage magnitude of this difference was 29.4% as large as the
initial wind speed in simulations that were tornadic for more
than an hour, and 22.1% as large as the initial wind speed in
simulations that were tornadic for less than an hour or
nontornadic, and the difference in these percentages was sta-
tistically significant. This statistic hints that tornadic storms
may accelerate their near-storm inflow to a greater degree
than nontornadic storms.

However, Coniglio and Parker (2020) show that tornadic
supercells have larger storm-relative flow as far as 80 km
away from their updrafts than nontornadic supercells, which
is beyond the typical range of local storm-induced accelera-
tions from a single supercell updraft (e.g., Peters et al. 2022b).
Potential alternative explanations are that environmental
storm-relative winds above the height ranges considered here,
or within differently shaped hodographs than those considered
here, have important influences on tornadogenesis. While our
results provide some important initial foundational under-
standing, the aforementioned discrepancy between our results
and these observational studies suggest that future research ef-
forts are needed to fully understand the influences of storm-
relative flow on tornadogenesis.

b. Relating our results to those of Trapp et al. (2017)

Our results also apparently contradict those of Trapp et al.
(2017, 2018), wherein those authors argued that updraft
width, midlevel mesocyclone width, low-level mesocyclone
width, and tornado width are all dynamically linked. We did
find a strong statistically significant correlation between up-
draft width and mesocyclone width at 6 km AGL (not shown).
However, our theoretical and modeling analysis shows no dy-
namical link between updraft width or mesocyclone width at
6 km AGL with mesocyclone width at 1 km AGL, which is a
more relevant height to tornado formation than 6 km AGL.
This lack of correlation between 1 and 6 km AGL mesocy-
clone radii in our simulations is likely a consequence of the
prevalent participation of entrained midlevel air in midlevel
mesocyclones (shown in Peters et al. 2020d), which had mark-
edly different horizontal vorticity than the air below 1 km
AGL in our simulations. We note that in the numerical model-
ing experiments of Trapp et al. (2017, 2018) that both the low-
level shear, deep-layer shear, and consequently storm-relative
flow, were varied together via their method of varying the low-
level hodograph radius among their simulations to impart dif-
ferences in shear magnitude. Thus, storm-relative flow and
horizontal streamwise vorticity were correlated in their simula-
tions, which regulated overall updraft width and low-level me-
socyclone width, respectively, via separate mechanisms. This
gave the false impression of a dynamical connection between
updraft width and low-level mesocyclone width. We can repli-
cate this spurious result by noting that the “hodograph radius”
increases along the diagonal from the lower-left to upper-right
simulations in our hodograph matrices (see Figs. 2 and 3) in a
similar way to how hodograph radius was varied in the Trapp
et al. (2017) simulations. Repeating our analysis with only
these simulations on the diagonal yields a CC of 0.98 between
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updraft and 1 km AGL mesocyclone radius, giving the false
impression that these features regulate one another.

Since mesocyclone radius showed strong connections to tor-
nado wind speeds and longevity in our simulations, whereas up-
draft radius showed no connections to tornado characteristics,
the dynamical connection between updraft width and tornado
width proposed by Trapp et al. (2017) is also not supported
by our simulations. In fact, tornado width in our simulations
showed little connection to any mesocyclone or updraft attrib-
utes, which echoes the results of Coffer and Markowski (2018),
Fischer and Dahl (2020), and Goldacker and Parker (2021).
This apparent lack of connection between tornado radius and
updraft attributes may be explainable if one considers the first-
order dependence of tornado vortex radius on the swirl ratio
S≡ yr/w (e.g., Davies-Jones 1973), where yr is a rotational veloc-
ity. In principle, w and yr should relate to the flow from which
the tornado emerges, which is typically thought to be air with
downdraft origins near the updraft base. While w is directly
controlled by the supercell’s low-level updraft, yr likely relates
to the ambient vertical vorticity within the outflow, which may
be a difficult-to-predict parameter that depends on a multitude
of kinematic and thermodynamic characteristics of a storm and
its environment. This may render the prediction of tornado ra-
dius from updraft and environmental characteristics challeng-
ing. We should note that mesocyclone radius did show strong
connections with tornado wind speed, supporting the observa-
tional connection between these two variables found in Sessa
and Trapp (2020).

c. Caveats to our experiment design

A potential caveat raised by a reviewer of this paper is that
because tornadoes undoubtedly contribute to the 1 km AGL
vertical vorticity within the updraft, it is difficult to determine
whether variations in mesocyclone attributes are the cause of,
or are the result of, variations in tornado behavior. However,
we believe that our theoretical analysis, which clearly corrob-
orates the connections between a storm’s environment and its
mesocyclone, suggest that the storm’s environment is the pri-
mary control on the trends in simulated mesocyclones evident
in our simulations, rather than the presence or absence of a
tornado.

We must also caution that the range of environments in our
simulations was far smaller than the range of possible com-
bined thermodynamic and wind environments experienced by
real storms. While the theoretical analysis in section 4 allows
us to tentatively generalize our conclusions beyond the lim-
ited scope of simulated environments, there are numerous
possible extraneous complicating factors in real environments
that were not considered in the theoretical framework. These
extraneous factors include (but are not limited to) variations
in cold-pool characteristics and intensity, baroclinic genera-
tion of horizontal streamwise vorticity, complex vertical vari-
ability in wind and shear, and storm mergers and environmental
heterogeneity. For instance, Guarriello et al. (2018) showed that
differences in outflow positioning can have noticeable influences
on near-ground rotation, which they attributed to the position-
ing of near-ground circulation with favorable dynamic pressure

accelerations from the low-level mesocyclone. Moreover, the in-
fluence of the wind profile on outflow positioning is also likely
to be strongly influenced by thermodynamic environmental fac-
tors affecting cold-pool intensity (Brown and Nowotarski 2019),
which were not explored here. An additional mechanistic
explanation of their findings may relate to how cold pools
affected the tilting of parcels as they entered the updraft.

The contributions of baroclinic horizontal streamwise vor-
ticity (Rotunno and Klemp 1985) and streamwise vorticity
currents (Orf et al. 2017; Schueth et al. 2021) to vertical vor-
ticity within the low-level mesocyclone were not considered.
Despite the well-known contribution to low-level mesocy-
clones by baroclinically generated vorticity, environmental
horizontal streamwise vorticity and SRH have substantial skill
at forecasting low-level mesocyclone characteristics and thus
tornadoes (and is known to forecasters a priori), further evi-
denced by the correlations presented in this work. The degree
to which the storm-generated component of horizontal stream-
wise vorticity contributes to low-level mesocyclone attributes
will be explored in a future study. Regardless of these caveats,
the results of this study have important implications for under-
standing the environmental attributes that predominately con-
trol low-level mesocyclones in supercells.
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