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ABSTRACT

Among forecasters and storm chasers, there is a common perception that hodographs with counterclock-

wise curvature or kinking in the midlevels (sometimes called backing aloft or veer–back–veer profiles) are

unfavorable for long-lived supercells and tornadoes. This study reviews and then evaluates several possible

explanations for the purported negative effect of backing aloft. As a controlled hypothesis test, simulated

supercells are initiated within a range of idealized wind profiles, many of which include representative

counterclockwise kinks or bends in their hodographs. In these experiments, the short-term, direct impacts of

backing aloft upon supercell maintenance are generally small. Backing aloft does modify the component of

vertical accelerations linked to updraft–shear interactions, but these changes generally occur well above the

level of free convection (LFC), and they are generally offset by substantial upward accelerations attributable

to other processes (e.g., within-storm rotation and positive buoyancy). In these simulations, the longevity of

isolated supercells seems to be most directly hindered in environments with very low storm-relative helicity

(SRH) or else (for a line of supercells) substantial along-line flow in the upper troposphere. Although these

two disrupting properties can accompany backing aloft, they are neither universally nor exclusively associated

with it. From the perspective of storm dynamics, it seems advisable to focus on SRH and along-line flow in the

environment, rather than the presence (or absence) of backing aloft in the wind profile.

1. Introduction

A majority of long-lived supercells in the United

States occur in wind profiles where the vertical wind

shear vector veers with height (e.g., Markowski et al.

2003). On a hodograph diagram, such profiles are often

referred to as ‘‘clockwise (CW) curving.’’ When fore-

casters and storm chasers refer to ‘‘backing aloft’’ or

‘‘veer–back–veer’’ profiles, they customarily mean a

hodograph with counterclockwise (CCW) curvature or

kinking somewhere in the middle troposphere (see ex-

amples in Fig. 1). Such CCW inflections mean that the

vertical wind shear vector backs with height in that layer;

this specific condition will be casually called backing

aloft in the present paper. In practice, these hodographs

often have what might be dubbed ‘‘backward S’’ shapes

(e.g., Figs. 1a,c,d). Forecast discussions from major op-

erational centers and storm chasers generally imply that

these kinds of vertical wind profiles are unfavorable for

long-lived discrete supercell storms, despite having

deep-layer vertical wind shear values that would other-

wise support supercellular convection.

This seems to be a case in which there is generally

accepted anecdotal wisdom within the field, despite the

fact that there have been essentially no peer-reviewed

studies1 on the topic. The author has anonymously re-

corded numerous claims from storm forecasters and

scientists over the years who argue (for example) that

storms often rapidly transition into more linear con-

vection in such environments. It has also been pointed

out that the nontornadic supercell composite wind

profile from the second Verification of the Origins of

Rotation in Tornadoes Experiment (VORTEX2) shows

some evidence of backing aloft, whereas the tornadic

Supplemental information related to this paper is avail-

able at the Journals Online website: https://doi.org/10.1175/

WAF-D-17-0064.s1.

Corresponding author: MatthewD. Parker, mdparker@ncsu.edu

1Warren et al. (2017) did include a simulation with backing aloft

in their sensitivity study of how upper-level shear impacts supercell

simulations. However, they applied the backing above 6 km AGL,

which would be quite high within the context of the sorts of ho-

dographs that motivate the present study (e.g., Fig. 1). Mulholland

et al. (2015) also gave a recent conference presentation examining a

case study with backing aloft.
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composite does not (Parker 2014, his Fig. 12). Notably,

even the nontornadic storms in the Parker (2014) study

were still intense supercells, and the simulation per-

formed by Coffer and Parker (2017) using the non-

tornadic composite VORTEX2 environment also

produced a long-lived (but not tornadic) supercell.

Given the apparent lack of published work on the

topic, it is difficult to formulate a compelling literature

review tomotivate this study. Therefore, it proves useful

to discuss the possible meteorological reasoning for why

supercells could be weaker or less well organized in

environments with backing aloft. In the author’s expe-

rience, the perceived unfavorability of backing aloft

is typically attributed to one or more of the following.

1) CCW turning of the shear vector with height disrupts

the dynamical vertical perturbation pressure gradient

accelerations in typical right-moving supercells. 2)

Backed winds aloft cause the supercell storm motion to

fall quite close to the hodograph, meaning that there is a

much smaller amount of storm-relative helicity (which

represents the influx of streamwise horizontal vorticity

that is available to produce updraft rotation). 3) Backing

aloft modifies the middle- to upper-level storm-relative

flow, which could modify the precipitation and outflow

structures of storms and favor subsequent interactions

or mergers. Before introducing the experimental design,

we briefly consider the rationale for these three hy-

potheses (and also the null hypothesis), in turn.

Notably, the aforementioned mechanisms would

operate predominantly on the storm scale, making them

amenable to testing with an idealized cloud model. Al-

ternatively, it is also possible that some aspect of the

larger-scale environment that accompanies the backing

of winds/shear vectors with height could indirectly hin-

der the production of discrete supercells. Unfortunately,

this kind of synoptic–convective-scale interaction is not

readily testable in the present modeling framework

(section 2). So, for this initial study, we focus on the

purported storm-scale impacts.

a. Possible impacts upon updraft–shear interactions

Rotunno and Klemp (1982) laid out a framework for

understanding dynamical vertical accelerations in su-

percell thunderstorms. They sought to explain the well-

known fact that the rightward-moving member of a

splitting supercell storm predominates in environments

in which the vertical wind shear vector veers with height

(i.e., CW-turning hodographs). The linear part of the

FIG. 1. Environmental hodographs possessing either a kink or a layer of CCW curvature aloft, for a variety of severe weather cases.

Cases are identified at the top of each panel by their date and three-letter station identifier. At the bottom left of each panel, the most

significant nearby storm report is indicated (either a tornado’s Fujita-scale rating or the maximum hail size measured nearby). Height

levels of layers on the hodographs are indicated with colors, as shown.
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diagnostic equation for dynamic pressure perturbations

(for more information, see section 2c) reveals that in

environments with CW-turning hodographs, the vertical

arrangement of pressure perturbations favors enhanced

upward accelerations on an updraft’s right flank (with

respect to the deep-layer vertical shear); the vertical

accelerations are correspondingly suppressed on the

updraft’s left flank. As a corollary, in a CCW-turning

hodograph (one where the shear vector backs with

height), upward accelerations are enhanced on an up-

draft’s left flank but suppressed on its right flank.

In light of this dynamical influence, it stands to reason

that a layer of backing aloft (i.e., a part of the hodograph

that turns CCW, not CW) would interrupt the usually

favorable upward perturbation pressure gradient accel-

erations for a right-moving supercell. This might lead to

storms that are less steady and weaker (and perhaps

even to dissipation of the storm). The challenge in ap-

plying this conceptual model is that in most of the

hodograph spectrum, the nonlinear dynamical vertical

accelerations (associated with flow perturbations apart

from the basic updraft–shear interactions) are usually at

least as large as the linear contributions (e.g., Weisman

and Rotunno 2000). The present study quantifies and

compares these effects across a range of hodographs

both with and without a layer of backing aloft. The next

subsection further discusses the nonlinear dynamical

contributions just mentioned.

b. Possible impacts upon updraft rotation

It has long been known that the tilting of streamwise

vorticity (vorticity that is parallel to the storm-relative

winds) leads to vertical rotation that is correlated with

upward motion in supercell storms (Davies-Jones 1984).

Storm-relative helicity (SRH) is the vertically integrated

flux of streamwise vorticity toward a storm (by the

storm-relative winds). Modeling studies and operational

climatologies have shown that SRH is in turn well cor-

related to the intensity and longevity of rotation in right-

moving supercells (e.g., Rasmussen and Blanchard 1998;

Thompson et al. 2003, 2007). In part, this sensitivity of

storm strength to SRH can be understood in terms of the

nonlinear dynamic pressure minima that develop in

zones of strong rotation [Rotunno and Klemp (1982);

Weisman and Rotunno (2000), etc.; see also section 2c];

larger SRH favors a stronger mesocyclone, larger pres-

sure falls, and thus a greater upward-directed dynamic

pressure gradient acceleration in the column beneath

the mesocyclone (e.g., Markowski and Richardson 2014;

Coffer and Parker 2015, 2017).

The motion of a supercell thunderstorm is the sum of

advection by the mean wind in the cloud-bearing layer

and propagation that is due to the effects of the linear

and nonlinear dynamic accelerations as well as any

forcing by moving surface outflows. SRH can be depic-

ted graphically as twice the signed area swept out in the

CW direction between the storm-relative wind vectors

at two levels in the hodograph (often between the sur-

face and 3km AGL in operations). All other things

being equal, the farther the storm motion vector falls

from the hodograph, the larger the storm-relative winds

and SRHwill be (i.e., the greater the CW area swept out

along the hodograph). Backing aloft in the vertical wind

profile may shift the mean cloud-layer wind to the left,

causing a right-moving storm’s motion to fall closer to

the hodograph (and thus diminishing the SRH). Thus,

the hypothesized chain of causation is that, despite there

being no change in the lower-tropospheric winds,

backing aloft leads to right-moving supercells whose

motion falls closer to the environmental hodograph,

thereby decreasing SRH and thus weakening the up-

draft’s rotation and its subsequent nonlinear dynamic

vertical accelerations.

c. Possible impacts upon precipitation distribution
and subsequent storm interactions

It is fairly well established that the storm-relative

winds at various altitudes are responsible for the general

arrangement of hydrometeors in a supercell (e.g.,

Browning 1964; Lemon and Doswell 1979; Brooks et al.

1994; Rasmussen and Straka 1998; Kumjian and

Ryzhkov 2009; Dawson et al. 2015). Thus, it seems

reasonable that backing aloft might impact a supercell

by changing either the magnitude or direction of hy-

drometeor advection within the storm. Backing aloft

might be favorable for longer-lived supercells to the

extent that it causes precipitation to be displaced in-

creasingly CCW from the storm’s inflow sector. In con-

trast, it might be unfavorable for longer-lived supercells

if the storm motion falls too close to the environmental

hodograph (as in the previous subsection); this would

imply weak storm-relative winds, which may be associ-

ated with very heavy precipitation adjacent to the up-

draft (e.g., Brooks et al. 1994; Rasmussen and Straka

1998). In turn, precipitation location, intensity, and size

distribution can also impact the strength of the resulting

low-level outflows. Proper evaluation of these concepts

would be very computationally expensive (involving

either a very sophisticated microphysical parameteriza-

tion or an ensemble using several different microphysical

parameterizations). Such approaches were not possible

for the present study, but where appropriate we will

simply describe the simulated precipitation and outflow

structures as they relate to the environmental hodograph.

Beyond the impacts to the precipitation structure of

an isolated storm, the wind profile may also affect
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interactions between the outflows and hydrometeor

fields of adjacent storms. Although a line of discrete

supercells may initially develop given a linear forcing

mechanism within favorable vertical wind shear, sub-

sequent mergers and upscale growth likely depend upon

the orientation of the hodograph relative to the linear

forcing (e.g., Bluestein and Weisman 2000). Parker

(2007a) and French and Parker (2008) found that en-

hanced along-line flow aloft was associated with the

transport of hydrometeors and ‘‘seeding’’ of neighbor-

ing cells farther downwind along the line, which appears

to enhance precipitation rates and the production of

cold surface outflows. Dial et al. (2010) found that dis-

crete cells were most likely to persist in environments

with strong across-boundary flow, which they attributed

both to the propensity of the cells to move off of the

triggering boundary (thus escaping the strong linear

lifting) as well as avoidance of the aforementioned

seeding and outflow merger effects [see also Fig. 9.2 and

related discussion by Markowski and Richardson

(2010)]. In contrast, Dial et al. (2010) found that greater

along-boundary flow was associated with more frequent

transitions to squall line–like structures.

Thus, another possible ramification of backing aloft is

that the resulting middle- and upper-tropospheric flow

may be more directly oriented along a mesoscale or

synoptic boundary responsible for initiating storms

(e.g., a cold front or dryline). If this hypothesis is correct,

then one would expect that on occasions where a single

isolated supercell is initiated, wind profiles with CCW

curvature aloft would have a less deleterious effect than

on those occasions where a number of supercells are

initiated in close proximity to one another in a line. This

between-storm interactions hypothesis is not mutually

exclusive of the within-storm dynamical hypotheses

outlined in sections 1a and 1b; the possibility also exists

that multiple mechanisms hinder supercell maintenance

in tandem. The present study compares simulations

with a single initiated storm versus a line of three storms

in order to separate these effects.

d. Evidence for the null hypothesis

It is also certainly possible that there are only weak

physical linkages between backing aloft in the wind

profile and the relative likelihood of long-lived discrete

supercells. It seems that supercells and tornadoes do at

least occasionally occur in such environments: ‘‘[Look-

ing at] hodograph plots from big tornado outbreaks. . .

the most common eye-catching feature was. . . a layer of

backing aloft’’ (E. Rasmussen 2016, personal commu-

nication). In addition to the examples shown here in

Fig. 1, Nowotarski and Jensen (2013) found that several

nodes of their self-organizing hodograph maps (their

nodes 5 and 8, and to a lesser extent nodes 3, 4, 6, and 9)

included at least weak backing aloft yet were commonly

associated with supercells (many of them tornadic);

their exemplar cases for two significant tornado out-

breaks (see Fig. 6 in Nowotarski and Jensen 2013) had

very pronounced CCW hodograph kinks as well. It is

also worth noting that several of the best-known su-

percell tornadogenesis studies were initialized with ho-

dographs having a layer of CCW turning with height;

examples include the Wicker and Wilhelmson (1995)

profile (which was based on a combination of three

different tornadic cases) as well as the Orf et al. (2017)

profile (which was based on the El Reno, Oklahoma,

EF5 tornado from 2011). In short, the null hypothesis

(that backing aloft is not a hindrance to persistent dis-

crete supercells) cannot easily be dismissed, and must

also be addressed by our experiments. Toward this end,

the sensitivity tests include a range of different hodo-

graph shapes that are each inspired by observed profiles

from real cases (see section 2b).

The experimental design is described in section 2.

Results from simulations initiating a single storm are

detailed in section 3. Building upon the isolated storm

simulations, section 4 describes results from experi-

ments in which a line of storms is initiated. Section 5

briefly considers some longer-term patterns of behavior

in a subset of the simulations. The paper concludes

with a summary in section 6.

2. Methods

To isolate the possible roles of backing aloft upon the

internal processes of supercells that form in such envi-

ronments, we analyze a suite of numerical sensitivity

tests. The model configuration and basic analysis tech-

niques are explained in this section.

a. Numerical model

This study utilized idealized simulations from the

Bryan cloud model (CM1; Bryan and Fritsch 2002;

Bryan and Morrison 2012), release 17. For all runs re-

ported here, the horizontal grid spacing was uniformly

250m. The model top was 16.5 km with vertical grid

spacing stretching from 100m at the model bottom to

250m aloft. The horizontal domain spanned 250 km in

the east–west direction; the north–south extent was

150 km for runs in which a single storm was initiated and

expanded to 210 km for runs in which three storms were

initiated (more details on this below).

All four lateral boundaries of the domain used the

open radiative boundary condition. The upper and

lower boundaries were flat, rigid, free-slip plates, with

Rayleigh damping applied in the top 2.5 km of the
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domain to absorb vertically propagating perturbations

near the model lid. Cloud and precipitation microphys-

ics were parameterized using the National Severe

Storms Laboratory’s bulk two-moment scheme that in-

cludes both graupel and hail with variable densities

(Ziegler 1985; Mansell et al. 2010). Subgrid-scale tur-

bulence was parameterized via the 1.5-order closure

based on predicted turbulent kinetic energy (e.g.,

Deardorff 1980). For simplicity, no surface fluxes, no

Coriolis accelerations, and no radiative processes were

included.

For the first set of simulations, initial convective de-

velopment was triggered by a warm bubble with a

cosine-shaped potential temperature perturbation

having a peak amplitude of 5K, a horizontal radius of

5 km, and a vertical radius of 1.4 km (centered at 1.4 km

AGL); trial and error revealed that this magnitude and

geometry was sufficient to trigger deep convection in all

experiments. To emulate a line of developing storms in

the second set of simulations, a north–south array of

three warm bubbles was applied; the bubble strengths

and shapes were equivalent to the single-bubble runs,

and had a y spacing of 30 km (this is the distance from

bubble center to bubble center). The 30-km spacing is

the same as what Bluestein andWeisman (2000) used to

study supercell interactions; trial and error revealed that

this spacing enabled storm interactions to occur within

the simulated time frame (but not immediately after

starting the model). In either case, the single bubble (or

the middle of the three bubbles) was centered in x and y

within the model domain, and the model domain was

subsequently translated to keep the simulated storms

nearly stationary.

Simulations were carried out for 2 h under the as-

sumption that the purported environmental impacts

upon storm intensity and organization should become

obvious once sufficient time has passed for supercell

structures to develop and mature. For example, many

modern supercell simulations produce tornadoes in less

than 2h of run time (e.g., Coffer and Parker 2017; Orf

et al. 2017). If discrete supercells persist through at least

2 h in an environment with backing aloft, then it would

seem that any direct impacts of the wind profile upon the

storm are quite small.

b. Initial profiles and modifications

The initial thermodynamic sounding is the same as the

one used by Coffer and Parker (2017) (a skew T–logp

depiction is available in the supplemental material

available online; see Fig. S1). This sounding is taken

from the near-inflow location of the composite en-

vironmental analysis of tornadic supercells from

VORTEX2 (Parker 2014). The thermodynamic profiles

are not changed in these experiments; only the wind

profile is.

Based upon a sampling of wind profiles such as those

depicted in Fig. 1, a suite of simple analytical wind

profiles was designed for experimentation. As a base-

line, we include the classical ‘‘half circle’’ and ‘‘quarter

turn’’ hodographs (profiles A and B in Fig. 2), which are

simple representations of common supercell environ-

ments2 and have been used in countless numerical

studies of supercells. Variants from these hodographs

are constructed with differing amounts of CCW curva-

ture or kinking aloft (Fig. 2); the variants are designed so

that they have very similar 0–6-km shear vector magni-

tudes [well above the 20ms21 thought to be necessary

for supercells; e.g., Rasmussen and Blanchard (1998)]

and, with the exception of profile A, they have an

identical CW-curving segment in the lowest 2 km AGL.

Hodographs B, C, and D have identical starting and

ending points within a ground-relative framework,3 as

do the hodographs A, G, and H. Meanwhile, the pro-

gression among hodographs D, E, and F involves an

increasingly shallow layer of CW curvature beneath the

abrupt transition to linear shear aloft. These assorted

combinations notably possess different SRHs despite

comparable deep-layer vertical wind shear (0–3-km SRH

and 0–6-km shear vector magnitude are plotted in each

panel of Fig. 2).

For the single-storm runs, evolution is insensitive to

the orientation of the hodograph (because there is no

surface drag, the environment is horizontally homoge-

neous, and the domain is translated to keep the storm

centered). For the three-storm runs, however, the ori-

entation of the wind profile to the line of developing

storms may be quite relevant, as reviewed in section 1c.

Therefore, for the three-storm runs, we analyze simu-

lations with the hodographs as shown in Fig. 2, and also

using these same hodograph shapes but with the entire

hodograph rotated 458 to the left (i.e., turned CCW

about the origin). These rotated profiles have the same

structure and bulk parameters (SRH and deep layer

shear) as their nonrotated counterparts in Fig. 2, but the

component of (southerly) along-line flow is enhanced

through most of the depth of the wind profile.

2 For example, the quarter-turn structure resembles the mean

hodographs of the Markowski et al. (2003) supercell climatology,

and the half-circle structure resembles the hodograph of the fa-

mous Del City, OK, tornado (Klemp et al. 1981).
3 The velocities represented in Fig. 2 are storm relative. Because

of differing storm motions among the simulations, the starting and

ending points of the storm-relative hodographs do vary slightly

among profiles B/C/D and A/G/H. Even so, the vector wind dif-

ference between the starting and ending points is identical.
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c. Analysis of pressure perturbations

To address the dynamical hypotheses presented in

sections 1a and 1b, we assess the components of the

perturbation pressure field p0. The total p0 field is taken

from the original CM1 output. Following Wilhelmson

and Ogura (1972) and Rotunno and Klemp (1982), the

buoyant and dynamic components of the pressure per-

turbation satisfy p0 5 p0
B 1 p0

D, and can be diagnosed (for

the anelastic Boussinesq system) using

=2p0
B 5

›

›z
(r

o
B) , (1)

where B[2g(r0/ro 1 qh) is the buoyancy (including

fluctuations in density r, as well as loading associated

with the hydrometeor mixing ratio qh), and
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›u

›z

›w

›x
1

›y

›z

›w

›y

�
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shear terms

,

(2)

where [u, y, w] are the Cartesian [x, y, z] velocity com-

ponents. By separating the velocities into mean and

perturbation parts, one can further isolate the linear

component of (2), which represents the effects of in-

teractions between the updraft (note that there is no

base-state wo, so w5w0) and the ambient vertical wind

FIG. 2. Environmental hodographs (labeled from A to I) used for initial conditions in the primary sensitivity test simulations. All wind

vectors on these hodographs are plotted using the model domain’s motion as the origin (effectively making these storm-relative hodo-

graphs). The 0–3-km SRH (03SRH) and 0–6-km bulk shear vector magnitude (06SVM) for these hodographs are reported in the bottom

left of each panel. Height levels of layers in the hodographs are indicated with colors, as shown.
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shear (associated with the base-state horizontal wind

components uo and yo):

=2p0
DL 522r

o

�
du

o

dz

›w

›x
1

dy
o

dz

›w

›y

�
. (3)

All remaining nonlinear terms in (2), corresponding to

local rotation and deformation in the perturbation wind

field, are encapsulated by p0
DNL 5 p0

D 2p0
DL.

We retrieve these p0 components iteratively using the

same Gauss–Seidel relaxation solver as Parker and

Johnson (2004a,b), Parker (2007b, 2010), Davenport

and Parker (2015), and Coffer and Parker (2015, 2017).

Once all pressure perturbation components are re-

trieved on all grid points, we then calculate the com-

ponents of the vertical acceleration using

Dw

Dt|{z}
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5 B2
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r
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›p0
B
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2
1

r
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›p0
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›z|fflfflfflfflffl{zfflfflfflfflffl}
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2
1

r
o

›p0
DNL

›z|fflfflfflfflfflffl{zfflfflfflfflfflffl}
ACCDNL|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

ACCD

. (4)

In the remainder of this article, the components of ac-

celeration in (4) are referred to by the names beneath

the braces. ACCB is the total buoyant acceleration,

which includes both the buoyant vertical perturbation

pressure gradient acceleration as well as the vertical

acceleration due to buoyancy itself. Thus, ACCB can be

equated to the concept of ‘‘effective buoyancy’’ [i.e.,

buoyancy in excess of what is balanced by the static

pressure field, irrespective of an arbitrary base state,

e.g., Davies-Jones (2003); Doswell and Markowski

(2004); Jeevanjee and Romps (2015); Peters (2016)].

ACCD is the total dynamical acceleration, which in-

cludes both the linear (ACCDL) and nonlinear

(ACCDNL) parts of the dynamical perturbation pres-

sure gradient acceleration. As discussed by Weisman

andRotunno (2000), in supercells ACCDL is commonly

associated with updraft–shear interactions (sometimes

also called the updraft-in-shear effect), andACCDNL is

commonly associated with vertical changes in the pres-

sure falls that are linked to vertical vorticity (what might

be called the updraft rotation effect) as well as pressure

rises in localized zones of deformation (generally of lesser

consequence in the midlevels of supercell updrafts).

3. Results from single-storm simulations

First, we consider the experiments in which a single

storm is initiated using one warm bubble. Eight of the

nine simulations produce discrete supercells that persist

through 2h (Fig. 3; an animated version of this is avail-

able in Fig. S2). The lone exception is hodograph I.

Given the low-level CW curvature of the hodographs

and positive SRH, right-moving supercells predominate

in these simulations (A–H in Fig. 3), although a some-

what persistent left mover also occurs in simulation F, as

might be anticipated for a nearly straight hodograph.

The eight long-lived storms have typical reflectivity

structures, with peak values of vertical velocity w$

45ms21 and 3-km vertical vorticity z $ 0.05 s21.

The orientation of the upper-level flow clearly affects

the position and orientation of the forward-flank pre-

cipitation in the simulated storms. Much as surmised by

Rasmussen and Straka (1998), one apparent impact of

backing aloft is that the down-shear zone of supercell

precipitation is shifted to the left (counterclockwise; e.g.,

C, D, E, F, H in Fig. 3), giving these storms a somewhat

more classical appearance than, for example, the struc-

ture simulated in the half-circle hodograph (A in Fig. 3).

Overall, there is no indication that the inclusion of

backing aloft uniformly makes the supercells’ updrafts

or mesocyclones weaker, nor their precipitation struc-

tures less organized. The obvious counterexample is the

storm in hodograph I, which is extremely weak and

disorganized; that simulation will be discussed separately

in section 3b. However, among the eight long-lived su-

percells, the updraft is actually weakest in the half-circle

hodograph A (which contains no backing) and the nearly

straight hodograph F (which has very little).

Despite the modest differences in peak updraft in-

tensity (as plotted for each run in Fig. 3), the simulations

(except for profile I) are remarkably similar in terms of

their lower- and middle-tropospheric vertical velocities

(Fig. 4); for the ‘‘healthy’’ supercells (profilesA–H),w at

4.5 km AGL (i.e., just above the height where the

‘‘kink’’ or onset of backing typically occurs) varies only

narrowly from 29.1 to 32.7m s21. In contrast, the up-

drafts become rather different from one another above

4.5 km AGL (Fig. 4). Profiles A and F (both of which

have little or no backing) peak at less than 40ms21, with

almost no vertical change above 6 kmAGL. In contrast,

profiles C, E, and G (all of which have backing/kinking

aloft) produce w approaching 60ms21 in the upper

troposphere. These simulated differences in upper-

tropospheric ascent might have indirect impacts associ-

ated with different pathways for precipitation formation

and fallout, but the lower-tropospheric processes that

sustain the supercells’ updrafts are clearly not directly

hindered by the inclusion of backing aloft. Although

accelerations can partly be inferred from the vertical

gradients of w in Fig. 4, the next section considers the

components of vertical acceleration more precisely.

a. Updraft accelerations in the healthy supercells

Although the end result is a long-lived discrete

(‘‘healthy’’) supercell in eight of the nine hodographs, it
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is worthwhile to ask in what ways the hodograph varia-

tions influence the vertical accelerations that ultimately

sustain the storms. In this way, we can evaluate some of

the working hypotheses laid out in section 1. In the

thermodynamic sounding used for these experiments

[again, the composite near-inflow profile of VORTEX2

tornado cases from Parker (2014)], the height of the

level of free convection (LFC) is just above 1.5 kmAGL.

Therefore, we first assess the total vertical accelerations

at 1.5 kmAGL (i.e., where lifting is necessary in order to

sustain the influx of parcels into the convective up-

drafts); the accelerations at this altitude are also quite

representative of averages taken over the 0.5–2.0 km

AGL layer (not shown). The comparison is made in the

same 60–90-min time period (Fig. 5), well after the initial

warm bubble trigger, so that the local accelerations

ultimately determine whether a mature supercell can be

sustained. During this time frame, all of the simulations

but I are rather steady (see animations in Fig. S2). Be-

cause simulation I is both unsteady and markedly dif-

ferent from the other eight simulations by this time

period, it is discussed separately, in section 3b.

By the 60–90-min period, the simulations generally

have maximum vertical velocities of roughly 50ms21

(except for I) and maximum 3-km vertical vorticities of

roughly 0.05–0.07 s21 (Fig. 5). In addition, all simula-

tions (again, except for I) have rotation (red contours in

Fig. 5) that is collocated with the main updraft (blue

contours in Fig. 5). Within the eight healthy storms in

Fig. 5, the 1.5 km AGL vertical accelerations are posi-

tive and substantial (generally 0.02–0.03m s22) within

the footprint of the updraft, indicating strong lifting to

FIG. 3. Time-averaged surface radar reflectivity (dBZ; shaded green–red), surface potential temperature perturbation (K; shaded in

blue, where not masked by reflectivity), and 3 km AGL vertical velocity (contoured in black at 10m s21) for t 5 60–90min for the nine

primary sensitivity test simulations. For reference, the associated hodograph shapes are reproduced in the top left of each panel (and

panels are in the same order as in Fig. 2). At the bottom of each panel, the 60–90-min-averaged maximum vertical velocity (at any height)

and vertical vorticity (at 3 kmAGL) are plotted; these two quantities are time averages of the minute-by-minute instantaneous maximum

values. An animated version of this figure can be found in Fig. S2.
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support sustenance of the maturing supercells. Again, as

implied in Figs. 3 and 4, the half-circle hodograph pro-

duces vertical accelerations that are the weakest among

the healthy simulations (profile A in Fig. 5). In other

cases, the maximum in upward ACC is repositioned

somewhat (relative to the updraft center) due to changes

in the hodograph shape. Notwithstanding these subtle

shifts, long-lived supercells result from the large upward

accelerations that exist just beneath the main updraft’s

LFC in all but profile I. In the hodographs used here, the

onset of backing with height is well above the height of

the LFC; given the critical need for the lifting of air

through the LFC, it is of interest to quantify the degree

to which the hodograph farther aloft actually alters the

dynamical components of acceleration at the level of the

LFC (i.e., near 1.5 km). For this more detailed compar-

ison (Fig. 6), we focus on simulation A (which has the

strongest veering profile) as well as simulations G and H

(whose hodographs have the same starting and ending

points as A but include a layer of backing aloft).

FIG. 4. Time-averaged vertical profiles of maximum vertical velocity (m s21) for t 5 60–90min for the nine primary sensitivity test

simulations. For reference, the associated hodograph shapes are reproduced in the bottom right of each panel (and panels are in the same

order as in Fig. 2). For each panel, the y axis is height AGL (km). The plotted values are time averages of the instantaneous maximum

values at each level; they are generally lower than the values reported at the bottom of the panels in Fig. 3, because those are averages of

the instantaneous maximum at any level.
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Notably, ACCB is weakly positive in all three of these

cases (Fig. 6, bottom row). This may seem surprising given

that 1.5km is just below the environment’s LFC. The up-

ward ACCB is attributable to the vertical perturbation

pressure gradient acceleration; ACCB here can be most

clearly understood in terms of ‘‘effective buoyancy,’’ which

is locally positive because latent heat release causes the

core of the updraft to be less cold than its immediate sur-

roundings (see Davies-Jones 2003). This ACCB ends up

being slightly smaller in profiles A and G, which have so

much low-level veering that precipitation falls into the low-

level inflow. With low-level storm-relative inflow from the

east (i.e., A and G in Fig. 2), parcels experience some

evaporative cooling on their way to the updraft. In terms of

ACCB, then, decreased veering (the addition of backing)

aloft may in fact be beneficial.

In terms of the other components of vertical acceler-

ation at 1.5 kmAGL, the three simulations are also quite

similar. ACCDNL is weakly positive (smaller even than

ACCB) within the footprint of the updraft in all three

cases. For the hypothesis in section 1a, one would expect

the largest impacts of backing aloft to be manifest in the

updraft–shear interactions contained within ACCDL.

As in earlier studies of this effect (e.g., Rotunno and

Klemp 1982), the updraft–shear interactions produce

couplets of upward and downward ACCDL that strad-

dle the updrafts (Fig. 6, top row). For hodographs A, G,

and H, the general orientations of the couplets are

similar owing to the rather similar 0–4-km hodograph

shapes. The upward ACCDL is slightly stronger in the

half-circle hodographA (Fig. 6, top row)mainly because

the 0–4-km shear vector is larger than in the other two

FIG. 5. Time-averaged vertical accelerations at 1.5 km AGL (m s22; shaded), surface radar reflectivity (contoured in green at 20 dBZ),

averaged 1–5 km AGL vertical velocity (contoured in blue at 5m s21), and averaged 1–5 km AGL vertical vorticity (contoured in red at

0.005 s21) for t 5 60–90min for the nine primary sensitivity test simulations. For reference, the associated hodograph shapes are re-

produced in the top left of each panel (and panels are in the same order as in Fig. 2). At the bottom of each panel, the 60–90-min-averaged

maximum vertical velocity (at any height) and vertical vorticity (at 3 km AGL) are reproduced from Fig. 3.
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simulations. But because the peak in the upward

ACCDL values tends to occur on the flank of each up-

draft rather than centered within the updraft, the total

ACC within the updraft of profile A does not exceed

that in profiles G or H.

Synthesizing the results shown in Figs. 5 and 6, it ap-

pears that near the height of the LFC (;1.5 km AGL),

the vertical accelerations are not especially different

among the eight healthy simulations. This results in the

nearly identical averaged 3-km vertical velocities shown

in Fig. 4. A first-order explanation is that, because the

LFC is well below the altitude at which backing with

height occurs in the hodographs, the backing is simply

too far aloft to directly impact the accelerations that

maintain storms by lifting parcels upward through their

LFCs. This would seem to invalidate the updraft–shear

interaction hypothesis outlined in section 1a.

Of course, this is not to say that the backing aloft has

no discernible influence on the updrafts at all. Inspecting

the accelerations at 4.5 km AGL, which falls within or

adjacent to the layer of backing with height, reveals a

much greater impact upon ACCDL (Fig. 7, top row).

Within the envelope of the storms’ updrafts, the 4.5-km

ACCDL is on average positive for the half-circle ho-

dograph (profile A) and on average negative for the

hodographs with backing (profiles G and H). This is

generally consistent with the updraft–shear interactions

hypothesis from section 1a, but a few caveats apply.

First, because these differences in ACCDL are well

above the LFC, they may strengthen or weaken the

midlevel updraft somewhat, but they are not de-

terminative of whether or not the parcels continue to

rise through the LFC and sustain the updraft (e.g.,

Fig. 4). Second, it is clear from Fig. 7 that both

FIG. 6. Time-averaged components of the vertical acceleration at 1.5 km AGL (m s22, shaded) for t5 60–90min for the three selected

simulations. (top) ACCDL, as in (4); (middle) ACCDNL, as in (4); and (bottom) ACCB, as in (4). For reference, the associated hodo-

graph shapes fromFig. 2 [(left) A, (center)G, and (right)H] are reproduced in the top left of each panel. Surface radar reflectivity (green),

averaged 1–5 km AGL vertical velocity (blue), and averaged 1–5 km AGL vertical vorticity (red) are contoured as in Fig. 5.

OCTOBER 2017 PARKER 1947

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/19/23 01:42 PM UTC



ACCDNL andACCB are positive and large throughout

all three updrafts at the 4.5-km level, meaning that these

components more than compensate for any deficiencies

inACCDL (just as was shown byWeisman andRotunno

2000). Indeed, despite its seemingly more favorable

ACCDL field aloft in Fig. 7, it is clear from Figs. 3–5

than the half-circle simulation (profile A) ultimately

produces updrafts that are not stronger than those in

simulations G and H. Taken altogether, the results

presented here show that the dynamical updraft–shear

impacts of backing aloft do have some effects on

ACCDL, but these effects are also not determinative of

convective maintenance or intensity.

b. Failure mode in the disorganized supercell

The discussion about impacts of backing aloft in the

healthy supercell simulations cannot be completely

generalized, because the storm in hodograph I remains

weak and disorganized (I in Fig. 3–5). Animated output

for simulation I (see Fig. S2) reveals an updraft that has

vertical vorticity at times, but the storm appears to be

continually interrupted, with new pulsing updrafts

forming on its south-southeastern flank in a process

reminiscent of back-building. These patterns of behav-

ior in hodograph I are problematic enough that any

study of the updraft accelerations must take place even

earlier than in the other simulations (t 5 20–50min; see

Fig. 8), so that there is still a discernible updraft (blue

contours in Fig. 8) with positive vertical vorticity (red

contours in Fig. 8) in its immediate vicinity. Because of

its substantial unsteadiness, the basic structure of this

storm is difficult to infer from either a single altitude or

from vertically averaged quantities; therefore, Fig. 8

instead depicts the updraft, vertical vorticity, and total

vertical accelerations at six different height levels

through the lower and middle troposphere.

In the midlevels (e.g., 3.5 kmAGL at the bottom right

in Fig. 8), the updraft generally surrounds the location

x 5 24, y 5 2 km. Although the components of accel-

eration are not shown here, the upward accelerations

FIG. 7. As in Fig. 6, but at 4.5 km AGL.

1948 WEATHER AND FORECAST ING VOLUME 32

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/19/23 01:42 PM UTC



within this midlevel updraft are predominantly due to

positive buoyancy (ACCB), as might be expected well

above the height of the LFC. However, at lower alti-

tudes, the vertical structures of the updraft, vertical

vorticity, and acceleration fields become problematic. In

the lowest 1–2km (Fig. 8, left column) the vertical ac-

celerations beneath the midlevel updraft (x 5 24, y 5
2 km) are weak or even negative. Instead, at 1.0, 1.5, and

2.0 km AGL, a zone of upward accelerations exists near

the location x5 0, y5 0km. This zone of upward forcing

is predominantly due to ACCDNL (not shown) and

corresponds to the position of the peak in vertical vor-

ticity at 2.0 km (red contour in the bottom-left panel in

Fig. 8). Above this altitude of peak vertical vorticity,

ACCDNL (and thus total ACC) actually becomes

downward near x5 0, y5 0km (e.g., in the 3.0- and 3.5-

km panels in Fig. 8). Taken altogether, the import of

Fig. 8 is that there is no vertical column within which the

FIG. 8. Time-averaged vertical accelerations (m s22, shaded), for heights ranging from 1.0 to 3.5 km AGL (la-

beled in each panel) for the run using hodograph I in Fig. 2, for t5 20–50min (i.e., earlier, since convection becomes

disorganized very quickly). Vertical velocity (contoured in blue at 5m s21) and vertical vorticity (contoured in red

at 0.005 s21) are shown for each specific altitude (this differs from the vertical averages shown in Fig. 5), along with

surface radar reflectivity for reference (contoured in green at 20 dBZ). Note that the horizontal scale of this figure is

smaller than in previous similar figures.
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total accelerations are persistently upward. The most

straightforward explanation for this is that the low-level

maximum in vertical vorticity (e.g., red contours at 1.5

and 2.0 kmAGL in Fig. 8) occurs on the far southeastern

edge of the midlevel updraft’s position (e.g., blue con-

tours at 3.0 and 3.5 km AGL in Fig. 8). In turn, this

structure can be largely traced back to the environ-

mental hodograph.

Environment I has sufficient deep-layer vertical shear

for the production of supercells. The curious shape of

the profile, however, produces a storm motion that falls

very close to the hodograph (the storm motion is the

origin in Fig. 2). As a consequence, the environment has

the lowest SRH in this study (only 69m2 s22, computed

using the actual simulated storm motion). This lack of

SRH leads to very little correlation between the updraft

and vertical vorticity (profile I in Figs. 5 and 8), as was

originally explained by Davies-Jones (1984). Indeed,

with the storm motion nearly overlaying hodograph I,

the ambient horizontal vorticity is almost purely cross-

wise (profile I in Fig. 2). Coffer and Parker (2017)

showed that this scenario tends to lead to very disorga-

nized, transient low-level circulations.

Again, more widespread upward accelerations are

found within the updraft of simulation I at higher alti-

tudes (e.g., at 3.5 km AGL in Fig. 8). However, as noted

for the simulations discussed in section 3a, it is the ac-

celerations near the height of the LFC (;1.5 km AGL)

that are most determinative for storm maintenance; this

appears to explain why simulation I is so unsteady, with

continued development of new weak updrafts toward its

south-southeastern flank. In this regard, the lack of

ambient SRH, and subsequent inability of updraft ro-

tation to contribute positive ACCDNL within the

footprint of the midlevel updraft, appears to be critical.

This finding seems to support the updraft rotation hy-

pothesis outlined in section 1b, as hodograph I has the

least SRH by far in the matrix of simulated environ-

ments (Fig. 2). Notably, among the other eight simula-

tions, profile F has the second lowest SRH (Fig. 2), and it

also produces a rather weak storm (F in Figs. 3–5).

Finally, it might be relevant that in hodograph I the

layer of backing with height begins at a somewhat lower

altitude (i.e., closer to the LFC) than in the other profiles

used (Fig. 2). The possible ramifications of this are de-

scribed with a supplemental set of experiments in the

next subsection.

c. Simulations with transition to backing at a lower
altitude

The hodographs used in this study were designed to

produce very similar values of vertical wind shear in the

0–2-, 2–4-, and 4–6-km layers. As a consequence, the

onset of backingwith height in these profiles commences

at varying heights, but generally close to 4 km AGL

(e.g., profiles C,D,G, andH in Fig. 2). During discussion

of Parker’s (2016) earlier presentation of this work,

Jared Guyer of the Storm Prediction Center (personal

communication) indicated that backing in the layer 2–

3 kmAGLwould bewhat typically catches a forecaster’s

attention. Although the controlled nature of the hodo-

graph curvature and 0–6-km bulk shear vector magni-

tude in Fig. 2 was highly desirable for this study, the

assertion that backing aloft ‘‘matters more’’ when it

occurs at lower altitudes is also a testable hypothesis.

For this reason, four of the simulations with pronounced

kinking or counterclockwise curvature were rerun with

slightly modified hodographs, placing the transition to

backing aloft at 2.5 km AGL (Fig. 9).

As documented in Fig. 10, these simulations produce

steady supercells with impressive peak vertical veloci-

ties, all being within 4ms21 of the values in the original

matrix of simulations (cf. Fig. 3). The reflectivity struc-

tures are comparable to those in the original set of

simulations, and the footprint of strongest updraft (as

indicated by the black contour) is broader in each of

these four simulations than in their original counterparts

(cf. profiles C, D, G, and H in Figs. 3 and 10). Overall,

these four runs with a lower onset of backing (red data

points in Fig. 11) produce higher averaged values of

updraft helicity (UH; Kain et al. 2008) than any of the

original nine simulations (black data points in Fig. 11).

Perhaps this is not surprising given that these ‘‘22.5 km’’

hodographs generally have larger 0–3km SRH.4

Of course, there are a limitless number of other pos-

sible hodographs (in terms of shape, length, vertical

distribution of veering versus backing, etc.). Neverthe-

less, the 22.5-km results help generalize the preceding

findings, that is, that backing aloft (even when it occurs

at a lower altitude) is not conclusively detrimental to

storms on its own.

4. Results from three-storm simulations

As described in section 1c, an alternative working

hypothesis is that backing aloft may diminish chances

for discrete supercells because it facilitates between-

storm interactions (i.e., storm mergers or seeding

of neighboring cells). We therefore build upon the

4 In order to keep the hodograph shape and length fixed, but

lower the height of the transition to backing, the 0–2.5-km part of

the hodograph became lengthened. Except for hodograph C, with

its particular kink falling near 3 km, this increased the 0–3-km

‘‘clockwise area’’ circumscribed by each hodograph (which is

proportional to SRH).
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single-storm experiments by initiating lines of three

storms within the same set of environments. For brevity,

we focus on simulations that included at least some

backing aloft (i.e., mostly ignoring the classical half-

circle, A, and quarter-turn, B, hodographs). Hodograph

I was also omitted, since it already failed to produce a

well-organized single storm (section 3b). To separate

the impacts of backing aloft (i.e., hodograph shape) from

the impacts of along-line flow (i.e., hodograph orienta-

tion with respect to the line of storms), experiments are

presented using both the original hodographs and ho-

dographs that have been rotated 458 to the left (CCW)

relative to the line of three initial warm bubbles. The

early evolution of the individual cells within these runs

was similar to what was shown in Figs. 3–7 (animations

of reflectivity and updraft through t5 2 h are available in

Fig. S3). To allow plenty of time for storm interactions,

we focus our analysis later in the simulations (the t5 90–

120min window; Fig. 12).

a. Original hodographs

One of the most illuminating results from the three

storm experiments is that the hodograph with the least

backing aloft (profile F) produces by far the weakest

convection (Fig. 12). This is a nearly straight hodograph

with minimal SRH (only 112m2 s22, computed using the

simulated storm motion). This finding reinforces the

discussion of hodographs F and I in section 3, and fur-

ther suggests that it is a deficiency in SRH, rather than

the presence of backing aloft, that is of direct conse-

quence in this parameter space. Hodograph F also has

the largest averaged southerly component of wind in its

vertical profile, which implies enhanced along-line flow.

This attribute of hodograph F is also potentially im-

pactful and is discussed further in the next subsection.

Beyond simulation F, the other five simulations in the

top two rows of Fig. 12 generally have at least one dis-

crete supercell that persists into the 90–120-minwindow.

In several of these cases, one or two of the remaining

supercells are noticeably weaker than their neighbors

(profiles D, G, and H in Fig. 12), likely because (by

design) the storms were triggered in quite close prox-

imity to one another. Even so, apart from profile F, the

three-storm simulations (blue data points in Fig. 11)

ultimately retain greater updraft helicity than their

single-storm counterparts (black data points in Fig. 11).

FIG. 9. As in Fig. 2, but for experiments in which the onset of backing in the profile occurs at a lower altitude

(2.5 km AGL). These are directly comparable to profiles C, D, G, and H in Fig. 2.
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Animations of themodel output (Fig. S3) reveal that the

destructive interactions between cells vary from run to

run and are closely linked to small variations in the

motions of the initial cells (leading alternatively to ei-

ther interference or mergers with one another). Never-

theless, despite the presence of backing aloft, after 2 h

strong rotating updrafts persist and discrete supercells

remain the dominant mode in the simulations with the

original hodograph orientations (profilesD, E, C,G, and

H in Fig. 12). None of the simulations produces rapid

upscale growth into a squall line.

Distilling these experiments, the presence of backing

aloft, on its own, does not hinder the development and

preservation of discrete supercells, even when storms

are developing close to one another in a line. Therefore,

we next consider whether it is instead the orientation of

the upper-tropospheric flow (relative to the line of de-

veloping storms) that is determinative.

b. Rotated hodographs

As can be seen in the bottom row in Fig. 12, rotating

the hodographs 458 CCW (relative to the initial line of

storms) is one of the most impactful modifications

among all of the present experiments. In terms of up-

draft helicity, the rotated three-storm simulations (green

data points in Fig. 11) are generally weaker than their

original three-storm counterparts (blue data points

having the same SRH in Fig. 11). The backward-S ho-

dograph (profile G), which produced a long-lived su-

percell in the single-storm simulation (Fig. 3), and at

least one surviving supercell in the original three-storm

experiment (profile G in Fig. 12), now produces much

weaker convection by the end of the 2 h simulation

(profile G* in Fig. 12). The other two rotated profiles

(C* and H* in Fig. 12) still produce strong peak vertical

velocities and vertical vorticity during the 90–120-min

window, but it is clear that precipitation seeding of

neighboring cells, as well as cell mergers and strength-

ening of the surface outflow, are beginning to com-

mence. However, this fate does not require the presence

of backing aloft5; the same general pattern of evolution

FIG. 10. As in Fig. 3, but for simulations using the ‘‘lower backing’’ hodographs shown in Fig. 9. For reference, the

associated hodograph shapes are reproduced in the top left of each panel (and panels are in the same order as in

Fig. 9).

5 As shown in Fig. S4, a line of three storms in the original

quarter-circle hodograph (profile B) is long lived, whereas a three-

storm simulation with a rotated version (profile B*) is similar to,

but actually weaker than, what is shown forH* in Fig. 12. Thanks to

its large ambient SRH, the rotated half-circle hodograph (A*) still

supports three persistent discrete supercells, but forward-flank

precipitation has nevertheless begun to contaminate the updrafts

of neighboring storms by the t 5 90–120min window (Fig. S4).
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is associated with the nearly straight hodograph F in

Fig. 12, which also has substantial along-line flow.

The simulated impacts of along-line flow upon dis-

crete cells largely conform to those reported in studies

by French and Parker (2008) and Dial et al. (2010). But,

the present suite of experiments reveals that backing

aloft is neither necessary nor sufficient to produce these

effects. The results from section 4 suggest that along-line

flow in the upper troposphere is much more trouble-

some (with respect to long-lived discrete supercells)

than is backing aloft, per se. The simulations in sections

3 and 4a make it clear that hodographs with backing

aloft can definitely sustain discrete supercells.

5. Longer-term impacts

The preceding experiments reveal that there are few

immediate impacts of backing aloft that uniformly hin-

der supercells. But, readers may reasonably wonder

about possible longer-term impacts of backing aloft.

Two hours should be sufficient to demonstrate the first-

order effects of backing aloft (as in hodograph I); put

another way, a discrete supercell that survives for at

least 2 h would not commonly be thought of as ‘‘strug-

gling.’’ But, it is possible that there are indirect effects of

the wind profile that take quite some time to become

apparent. Given limited computational resources, a

subset of the simulations from sections 3 and 4 were

restarted and run out through t 5 3h. The particular

choices for these extended runs (Table 1) were simula-

tions that showed some signs of possible decline (in

animations and time series of updraft metrics) at their

original t 5 2 h ending point. An animation of the t 5
2–3 h period is provided in Fig. S5 for 9 of these 10

cases (hodograph F is excluded because its low SRH

has already been discussed earlier).

As reported in Table 1, each of the selected single-

storm simulations (A, F, G, and H) experiences super-

cell dissipation prior to t 5 3h. Hodograph F produced

one of the least-steady storms among the original ex-

periments, apparently due to its nearly straight structure

with comparatively low SRH. As latent heating stabi-

lized its environment, the storm’s dynamical accelera-

tions at some point were not sufficiently persistent to

sustain it (not shown). In contrast, hodographsA,G, and

H possess deep layers with CW curvature (e.g., Fig. 2),

resulting in upper-level winds that are more veered than

in the other experiments. This seems to be responsible

for the primary problem the resulting supercells face:

the continuing propensity for precipitation to fall into

the storms’ inflow sectors (e.g., Fig. 3; see also anima-

tions in the supplemental material). Over time, this

noticeably reduces buoyancy within the storm updrafts

(not shown, but described for earlier times in section 3a).

It is possible that hodographs that become either

straight or CCW curved at lower altitudes are actually

preferable because they avoid this eventual failure mode

(e.g., Fig. 10).

Among the three-storm simulations, at least one

storm survives at t5 3 h in each case (Table 1). Whereas

the G and H environments cannot sustain an isolated

storm through t 5 3 h, surprisingly they do produce

longer-lived discrete supercells when a group of three

storms is initiated. Fluctuations in individual cells’ mo-

tion vectors (likely due to outflow from neighboring

cells; see supplemental animations) may help one or two

supercells avoid the fate of excessive inflow sector pre-

cipitation described above (at least temporarily). The

abrupt kink in hodograph C does not seem to be prob-

lematic on its own (Figs. 3–5 and 12, Table 1, etc.) but

this profile produces upscale growth toward a linear

structure when it is rotated to be more nearly along the

line of cells (i.e., C* in Table 1 and animations in Figs. S3

and S5). This C* simulation is the clearest example of

the development of a mesoscale cold pool over time,

although even at t 5 3 h the outflow is still not excep-

tionally cold. In contrast, for the other rotated profiles,

the overall trend is toward dissipation of the storms: in

FIG. 11. Scatterplot of all simulations from this article, relating

their 90–120-min-averaged 2–5 km AGL UH [m2 s22; Kain et al.

(2008)] to their ambient environmental 0–3-km SRH (m2 s22). The

UH values are time averages of the minute-by-minute in-

stantaneous maximum values. The four general types of simula-

tions are identified by different colors as shown in the legend. The

letter for each data point indicates the corresponding hodograph

shape in Fig. 3 (black points), Fig. 10 (red points), or Fig. 12 (blue

and green points). Data points for the runs shown in Fig. S4 are also

included (but not discussed).
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the G* simulation dissipation had already occurred by

t 5 2h, and in both simulations B* and H* there are

single storms left at t5 3 h with unmistakable downward

trends (e.g., animations in Fig. S5).

Discussion of the varied details of these extended runs

could probably constitute another article on its own; the

stated goal of this study was simply to establish whether

backing aloft causes an obvious direct hindrance to

supercells. In summary, while the shorter-term direct

impacts of backing aloft are generally small, the longer-

term indirect impacts are less clear. Some of the single-

storm simulations with backing aloft eventually weaken

at later times, but so do some of the simulations with

little (hodograph F) or no (hodograph A) backing aloft.

Even in the seemingly more unfavorable environments,

when multiple storms are initiated, it seems that one or

more may be fortunate enough to survive. In keeping with

the discussion in sections 3 and 4, low environmental SRH

and enhanced along-line flow seem to have the most

straightforward, consistently deleterious impacts (with re-

spect to long-lived discrete supercells).

6. Conclusions

This idealized modeling study was designed to isolate

the impacts of backing aloft upon the within-storm

processes associated with discrete supercell storm de-

velopment. Revisiting the original working hypotheses,

from section 1, we find the following.

d There is some evidence of the purported updraft–

shear interactions, which ultimately can lead to

downward ACCDL when there is backing aloft.

However, this tends to impact updraft air that is al-

ready well above the LFC, and it is therefore not de-

terminative for supercell maintenance. Also, because

of offsetting effects linked to ACCB and ACCDNL,

FIG. 12. As in Fig. 3, but for simulations using three initial warm bubbles, with averages performed for t5 90–120min (i.e., later, to allow

storms more time to interact). For reference, the associated hodograph shapes are reproduced in the top left of each panel. The bottom-

row hodographs are identical in shape to those in the middle row, but have been rotated 458CCW relative to the line of warm bubbles. An

animated version of this figure can be found in Fig. S3.
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supercells in profiles with backing aloft are not uni-

formly weaker than those in profiles without backing.
d There is more substantial evidence that profiles with

large crosswise ambient vorticity and small ambient

SRH produce weaker, more disorganized updraft

rotation, and therefore smaller upward ACCDNL

within the footprint of the updraft. These simulations

reveal a weak–moderate relationship between SRH

and updraft helicity (Fig. 11; correlation of r 5 0.49),

as well as a possible lower threshold of SRH below

which supercell organization becomes difficult even in

large deep-layer vertical wind shear. This finding

echoes the supercell climatologies of Rasmussen and

Blanchard (1998) and Thompson et al. (2003). In at

least one example (profile I), the lack of environmen-

tal SRH was attributable to backing aloft, which

caused the storm motion vector to nearly overlay the

environmental hodograph. But, this is not a problem

common to all profiles with backing aloft (e.g., hodo-

graphs C, D, E, G, and H in this study), nor is it a

problem that necessarily requires the existence of

substantial backing aloft (e.g., hodograph F in

this study).
d There is no evidence that, on its own, backing aloft

causes a line of developing supercells to necessarily

dissipate or evolve into a linear convective mode due

to accelerated storm interactions or mergers. Along-

line flow has already been well established in the

literature as promoting between-storm interactions.

The present results uphold this, but such problematic

along-line flow may occur with or without backing

aloft. Hodograph shapes with backing aloft but

without significant upper-tropospheric along-line flow

do not seem to be an immediate hindrance to a line of

developing supercells.
d While few short-term impacts on supercells can be

specifically linked to backing aloft, the indirect im-

pacts over many hours are less clear.

There were some symptoms that backing aloft influ-

enced the distribution of hydrometeors within storms

(e.g., the orientation of the forward-flank precipitation

zones in Fig. 3). It is at least possible that too much CW

curvature of the hodograph causes excessive pre-

cipitation to fall into a supercell’s inflow sector, in which

case at least modest backing aloft could be favorable for

storm maintenance. But, a more robust test using other

microphysical schemes should be attempted before

presuming that this result is general.

The present idealized modeling approach was not

suitable for identifying any impacts of backing aloft that

might result from suboptimal synoptic-scale conditions.

Perhaps backing aloft accompanies temperature fields

or vertical motions that are atypical of supercell out-

breaks. Given that such hodographs can still be associ-

ated with tornadoes and significant severe weather

(Fig. 1 and counterexamples cited in section 1d), this

hypothesis should probably also be met with skepticism.

But, if there is some meteorological truth behind the

anecdotal belief that backing aloft hinders the devel-

opment of discrete supercells, then perhaps future work

focused on such large-scale processes will uncover an

explanation.

The present simulations, which focused on within-

storm and between-storm processes, show that backing

aloft is not an unalloyed problem for the development of

long-lived discrete supercells. The longevity of isolated

supercells seems to be most directly hindered in envi-

ronments with very low SRH or else (for a line of

supercells) substantial along-line flow in the upper tro-

posphere. Although these two properties can certainly

accompany backing aloft, they are neither universally

nor exclusively associated with it. In this respect,

‘‘backing aloft’’ appears to be a red herring. Viewed

through the lens of storm dynamics, forecasters would

likely be better served by directly assessing SRH and the

orientation of the upper-level flow (presumably relative

to the boundary expected to initiate storms) rather than

becoming overly concerned with the presence of a CCW

kink or curve in the environmental hodograph.
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