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ABSTRACT

A three-dimensional numerical cloud model is used to investigate the influence of storm-relative environmental
helicity (SREH ) on convective storm structure and evolution, with a particular emphasis on the identification
of ambient shear profiles that are conducive to the development of long-lived, strongly rotating storms. Eleven
numerical simulations are made in which the depth and turning angle of the ambient vertical shear vector are
varied systematically while maintaining a constant magnitude of the shear in the shear layer. In this manner,
an attempt is made to isolate the effects of different environmental helicities on storm morphology and show
that the SREH and bulk Richardson number, rather than the mean shear in the low levels, determine the
rotational characteristics and morphology of deep convection.

The results demonstrate that storms forming in environments characterized by large SREH are longer-lived
than those in less helical surroundings. Further, it appears that the storm-relative winds in the layer 0-3 km
must, on average, exceed 10 m s~ over most of the lifetime of a convective event to obtain supercell storms.
The correlation coefficient between vertical vorticity ¢ and vertical velocity w, which (according to linear theory
of dry convection ) should be proportional to the product of the normalized helicity density, NHD (i.e., relative
helicity), and a function involving the storm-relative wind speed, has the largest peak values (in time) in those
simulated storms exhibiting large SREH and strong storm-relative winds in the low levels. Even when the
vorticity is predominantly streamwise in the storm-relative framework, giving a normalized helicity density near
unity (as is the case in many of these simulations), significant updraft rotation and large w-{ correlation
coeflicients do not develop and persist unless the storm-relative winds are sufficiently strong.

The correlation coeflicient between w and { based on linear theory is found to be a significantly better
predictor of net updraft rotation than the bulk Richardson number (BRN) or the BRN shear, and slightly better
than the 0-3-km SREH. Both the theoretical correlation coefficient and the SREH are based on the motion of
the initial storm after its initially rapid growth. Linear theory also predicts correctly the relative locations of the
buoyancy, vertical velocity, and vertical vorticity extrema within the storms after allowance is made for the
effects of vertical advection. In predicting the maximum vertical vorticity both above and below 1.14 km, rather
than the actual w-{ correlation, the 0-3-km SREH performs slightly worse than the BRN. The correlation
coefficient, SREH, and BRN all do a credible job of predicting storm type. Thus, it is recommended that
operational forecasters use the BRN to predict storm type because it is independent of storm motion, and the
SREH to characterize the rotational properties of storms once their motions can be established.

Finally, the ability of the NHD to characterize storm type and rotational properties is examined. Computed
using the storm-relative winds, the NHD shows little ability to predict storm rotation (i.e., maximum w-{
correlation and maximum vertical vorticity), because it neglects the magnitudes of the vorticity and storm-
relative wind vectors. Histograms of the disturbance NHD show a distinct bias toward positive values near
unity for supercell storms, indicating an extraction of helicity from the mean flow by the disturbance, and only
a slight bias for multicell storms.
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1. Introduction
a. Determination of storm characteristics

Observations have shown that environments pos-
sessing moderate to high buoyancy and ample shear
tend to produce distinctly severe convective modes
known as supercell storms (e.g., Browning 1964; Mar-
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witz 1972a; Klemp 1987). Associated with these storms
are a number of characteristic features, including a
propensity for steadiness and longevity (storm lifetimes
of two hours or more), a principal intense and cyclon-
ically rotating updraft, large hail, and well-defined re-
gions of rotation known as mesocyclones that, in many
cases, spawn tornadoes. The origin of midlevel updraft
rotation in such storms results from the presence of
environmental streamwise vorticity in the lowest few
kilometers of the atmosphere (Davies-Jones 1984 and
references therein).
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Despite some ambiguity in the classification of con-
vective storms, the possibility of predicting storm type
(e.g., supercell, multicell, squall line, single cell) based
on a few observable quantities has long been a desirable
goal. Using a three-dimensional numerical model,
Weisman and Klemp ( 1982; hereafter WK82) attacked
this problem for a unidirectionally sheared environ-
ment by evaluating the combined influence of vertical
wind shear and buoyancy on convective storm mor-
phology. In their study, available buoyancy was mea-
sured by the convective available potential energy
(CAPE), which is defined as the vertically integrated
positive thermal buoyancy of a parcel rising from the
surface:

8(z) — b(z)

CAPE = g 7

dz, ()

where g is the acceleration due to gravity, 8(z) is the
potential temperature of a surface parcel undergoing
dry and then moist-adiabatic ascent, 8( z) is the poten-
tial temperature of the environment, and the integra-
tion is performed only over that portion of the vertical
column where the parcel is positively buoyant (i.e., the
positive area on a thermodynamic diagram).

To quantify the relative effects of buoyant instability
and vertical shear, WK82 used a nondimensional pa-
rameter, known as the bulk Richardson number
(BRN), to categorize numerically simulated convec-
tion according to storm longevity, intensity, and other
observed features. The BRN is defined as

CAPE

BN G5t oy

(2)

where # and ¥ are the components of the difference
between the density-weighted mean winds over the
lowest 6 km and the lowest 500 m. The BRN represents
only a gross estimate of the effects of vertical wind shear
on convection since it fails to account fully for either
hodograph shape (i.e., the turning of the environmental
shear vector with height) or the magnitude of the storm-
relative winds, particularly in the low levels (0-3 km)
(see section 6 and Lazarus and Droegemeier 1990).
Nevertheless, i1t has proved more than adequate for
distinguishing among storm types, as WKS82 and
Weisman and Klemp (1986, hereafter WK 86 ) showed
that modeled supercells are likely when 5 < BRN < 50,
and that modeled multicells generally occur when BRN
> 35. (Note the overlap in these ranges.)

The turning of the shear vector with height (or ho-
dograph curvature) is known to have a profound in-
fluence on storm structure (e.g., Wilhelmson and
Klemp 1978; Rotunno and Klemp 1982). In an ex-
tension to their earlier work, Weisman and Klemp
(1984, hereafter WK84) included the effects of direc-
tionally varying wind shear on modeled storm evolu-
tion. The results of those experiments, in which the
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hodograph turned clockwise through 180° at a constant
rate in the lowest 5 km, showed a preference for updraft
development on the right flank of the storm system
and a tendency for supercell development on the right
flank and suppression of multicell storms on the left
flank with increasing hodograph radius (i.e., decreasing
BRN). Large correlations between vertical velocity and
vertical vorticity, especially after two hours of integra-
tion, were found for the right-flank storms in the high-
shear experiments, indicating that the presence of large
environmental vorticity leads to increased storm ro-
tation through the tilting and stretching of vortex tubes.
However, because the shear vector in each of the WK 84
hodographs turned through the same angle overall, is-
sues relating to the impact of hodograph shape on storm
morphology could not be addressed.

The coexistence of supercells and multicells within
the same simulation in the WK 84 study, with the up-
drafts of the former developing more slowly at first,
indicates that storm type and motion are not deter-
mined solely by the environmental hodograph (or the
BRN). Indeed, WK284 (p. 2497) recommended mon-
itoring storm motion (relative to that of nearby cells),
in addition to using information about the storm en-
vironment and cell evolution within the overall storm
system, to distinguish supercells from other types of
storms. Our results confirm this as an appropriate
strategy, and suggest that storm motion, which may be
influenced by environmental inhomogeneities such as
boundary-layer convergence lines (e.g., Weaver 1979),
plays an important role in determining storm type.
Further, storm motion and rotation are often inter-
linked (e.g., Davies-Jones 1984).

Rasmussen and Wilhelmson (1983) and Davies
(1989) used the magnitude of the mean shear, com-
puted as the sum (over a layer 2 or 4 km deep) of the
shear magnitudes across each 200-m sublayer divided
by the depth of the layer, in conjunction with the CAPE
to predict the occurrence of mesocyclones and torna-
does. Although both studies found that large mean
shear (in the layer 0-4 km in the former study, and
0-4 km and 0-2 km in the latter) and high instability
were correlated with tornadic activity, neither consid-
ered the effects of hodograph shape because by defi-
nition the mean shear measures only the cumulative
distance between successive points on a hodograph
without regard to how the shear vector turns with height.
Further, the length of a (fractal) hodograph is an ill-
defined quantity because it increases with finer and
finer measurement resolution ( Davies-Jones et al. 1990;
see also Mandelbrot 1983, 25-33). The results pre-
sented herein suggest that at least two distinctive storm
types (multicells and supercells) are in fact possible for
environments having initially identical thermodynamic
profiles and 0-2-km mean shears, and that the vertical
shear profile and storm motion play key roles in con-
vective morphology, particularly storm persistence and
the development of rotation.
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b. Helicity

The study of persistent entities in fluid systems is
not intrinsic to meteorology; the characteristics of long-
lived features in turbulent flow have been thoroughly
documented in fluid mechanics (e.g., Lesieur 1990).
Kraichnan (1973) and André and Lesieur (1977 ) sug-
gested that helicity, defined as the volume integral of
the scalar product of velocity and vorticity, may inhibit
the downscale cascade of energy in homogenous, iso-
tropic turbulence. The helicity % is defined as

%=fHdQ=fv-wdQ, (3)
o Q

where H is the helicity density, Q the volume of inte-
gration, v the velocity vector, and w the vorticity vector
(=V X v). In contrast to vorticity, which is a fun-
damental measure of microscopic rotation within a
fluid, helicity provides for a topological interpretation
of inviscid barotropic flows in terms of linkages of vor-
tex lines (e.g., Moffatt and Tsinober 1992). In the ab-
sence of baroclinicity and viscosity, and in a domain
with rigid boundaries at which the normal component
of the vorticity vanishes, # is a volume-conserved
quantity for incompressible flow. In the case of a Bel-
trami flow, in which the velocity and vorticity vectors
are everywhere aligned, the stretching and tilting terms
in the vector vorticity equation are exactly balanced
by the advection terms. Consequently, the cascade of
energy from large to small scales is blocked, thereby
eliminating the energy loss experienced by energy-con-
taining scales. In supercell storms, where the velocity
and vorticity vectors are not perfectly aligned and
buoyancy forces are, of course, important, the cascade
1s only inhibited.

Inspired by the aforementioned studies, Lilly (1983,
1986a,b) hypothesized that thunderstorms character-
ized by large helicity (i.e., supercells) are less susceptible
to dissipation and thus are longer-lived, and possess a
more monolithic structure, than their nonhelical
counterparts. Although turbulence dynamicists are be-
ginning to doubt the role of helicity in the preservation
of coherent structures in boundary layers (e.g., Pelz et
al. 1986; Kerr 1987; Wallace and Balint 1990), certain
measures involving helicity do have some relevance to
thunderstorm dynamics. Indeed, Davies-Jones et al.
(1990) suggested that the storm-relative environmental
helicity (hereafter SREH ) over an appropriately defined
inflow depth (e.g., 3 km) can be used to forecast the
rotational characteristics of thunderstorms (see also
Woodall 1990). Here, the SREH is defined as

3 km
Z’L=f [(V—-C)-w)dz, (4)
0 km
where C is the storm motion vector, w = k X dV/dz,
and the subscript v distinguishes this measure of helicity
(vertical integral only, because the integrand is hori-
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zontally invariant) from the formal definition given by
Eq. (3). [Note that since helicity is not Galilean in-
variant, it is appropriately defined in the storm’s frame
of reference: Davies-Jones (1984 ); Davies-Jones et al.
(1990); Lilly (1990).] The parameter #, was chosen
by Davies-Jones et al. (1990) because of its dependence
on both the streamwise vorticity (Davies-Jones 1984 )
and strength of the storm-relative winds. [ The impor-
tance of strong storm-relative inflow has also been rec-
ognized in other studies, e.g., Wilhelmson and Klemp
(1978), WK82, and Brooks et al. (1993).] As defined
by Eq. (4), /%, has a simple graphical interpretation as
minus twice the signed area swept out by the storm-
relative wind vector between two levels on a wind ho-
dograph (see the Appendix). Thus, unlike the mean
shear, %, is insensitive to the fine structure (fractal
nature) of the wind distribution. Davies-Jones et al.
estimated that /%, ~ 157 m? s~2, which is equivalent
10 90° of veering of the storm-relative wind vector cou-
pled with a storm-relative inflow magnitude of 10
m s™!, represents an approximate lower threshold for
the occurrence of mesocyclones. Further, they dem-
onstrated a correlation between %, and tornado inten-
sity.

Using proximity soundings, McCaul (1991) inves-
tigated the severity of tornado outbreaks in hurricanes
as a function of the local environment and found strong
shear in the lowest 1 km in the closest soundings. More
specifically, he examined the CAPE, BRN, BRN shear
[the denominator in Eq. (2)], /%, normalized helicity
density (or relative helicity—see sections 4 and 6b),
and storm-relative streamwise vorticity in an effort to
establish ties between the intensity of the outbreaks
and the ambient environment. Because the motion of
individual cells was generally unknown, McCaul esti-
mated it as the mean wind between the surface and 6
km, a rough approximation that generally leads to
underestimates of true helicities for tornadic storms
(McCaul 1987). All of the purely dynamic parameters
were found to exhibit significant correlations with tor-
nado outbreak severity, and to correctly predict the
right front quadrant of the hurricane as the favored
region for tornado formation. For the ten closest prox-
imity soundings, %, was found to average 234 m? s 2.
In contrast, CAPE values were low, uncorrelated with
outbreak severity, and were largest in the left rear
quadrant. Thus, the BRN was found to be a poorer
predictor than the purely dynamic parameters.

Davies-Jones (1984) employed linear theory to show
that the covariance between the vertical velocity and
vertical vorticity, which is a measure of helical con-
vection, should depend upon the strength of the storm-
relative winds in addition to the streamwise vorticity.
The likelihood of mesocyclones is rather low when the
storm-relative winds are too weak, nominally less than
10 m s™'. Our results suggest that supercell develop-
ment is unlikely when the magnitude of the storm-
relative wind falls below a critical value even in the
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presence of strong storm-relative directional shear.
Brooks et al. (1993) reached a similar conclusion, and
in their supercell simulations found that, given mod-
erate to high values of SREH, the strength of the sur-
face storm-relative wind (18 m s~' or higher) deter-
mined whether the storms developed long—hved me-
socyclones at low levels.

As described in more detail in section 4, Davies-
Jones et al. (1984) adapted the linear theory formula
for the correlation coefficient between vertical velocity
and vertical vorticity (Davies-Jones 1984) so that it
could be evaluated from a sounding and observed or
predicted storm motion. They suggested a correlation
coefficient of 0.5 as a threshold for mesocyclone for-
mation.

¢. The present study

Although these and other studies have provided
valuable insight into relationships among storm evo-
lution, type, and the ambient environment, there re-
main important unexplored questions regarding the
role of helicity in storm dynamics, particularly its abil-
ity to characterize storm type and rotation. The present
work addresses these and related issues through a set
of numerical simulations designed to examine the in-
fluence of hodograph shape and environmental helicity
on storm structure and evolution, with a particular
emphasis on the identification of ambient wind profiles
that are conducive to the development of long-lived,
rotating storms. Employing the Klemp and Wilhelm-
son (1978) three-dimensional cloud model, we present
results of 11. model integrations in which we vary sys-
tematically the depth of the shear layer and the hodo-
graph turning angle while maintaining a constant shear
magnitude. In this manner we isolate the effects of dif-
ferent environmental helicities—which are, of course,
partly determined by storm motion—on storm mor-
phology. Although large ambient shear is necessary for
the development of thunderstorm rotation, our results
suggest that the SREH plays an important role in de-
fining the nature and rotational characteristics of con-
vection. Of the 11 simulations, an admittedly small
sample from which sweeping generalizations should be
avoided, 4 produce supercells and 7 produce multicells.

We discuss in section 2 the methodology of the nu-
merical experiments, while in section 3 we classify the
simulations based on the modes of convection pro-
duced, and examine two representative cases. Section
4 presents a comparison of our results with linear theory
of dry convection, and section 5 addresses the effects
of the storm-relative winds on storm characteristics.
We evaluate in section 6 the potential usefulness of
the SREH, normalized helicity density, the theoretical
correlation coefficient between vertical velocity and
vertical vorticity, and BRN shear as tools for forecasting
storm rotation and longevity. Frequency distributions
of disturbance normalized helicity density are evaluated

MONTHLY WEATHER REVIEW

VOLUME 121

in section 7, and a summary of our findings and their
possible implications for storm predictability are pre-
sented in section 8.

2. Methodology

The simulations are conducted using the three-di-
mensional cloud model of Klemp and Wilhelmson
(1978), including modifications implemented by Wil-
helmson and Chen (1982). The thermodynamic profile
used in each experiment is identical to the analytical
sounding employed by WK82, and is slightly subadi-
abatic in the lowest kilometer with a surface mixing
ratio of 15 g kg™'. The CAPE of this sounding is ap-
proximately 2500 J kg ~!. The computational domain
extends 60 km in both the east-west and north-south
directions, with a horizontal grid spacing of 1 km. Using
the grid-stretching formulation described by Wilhelm-
son and Chen (1982), the vertical grid spacing varies
continuously from 127 m near the surface to approx-
imately 1 km at the domain top (15 km). Each sim-
ulation is run for 2 h, with all fields saved at 5-min
intervals for subsequent analysis.

Convection is initiated by positioning a positively
buoyant thermal impulse in the boundary layer (see
Klemp and Wilhelmson 1978). The computational
domain is translated at a constant velocity (determined
for each experiment by trial and error) to ensure that
the principal features of interest remain as far away
from the lateral boundaries as possible. A complete
listing of relevant model physical and computational
parameters is provided in Table 1.

In order to isolate the effects of hodograph curvature
on storm morphology, we systematically vary the base-
state wind speed and rate of turning with height to
produce hodographs that turn through a quarter circle,
half circle, three-quarter circle, and full circle over

TABLE 1. Physical and computational parameters used
in the simulation experiments.

Parameter Symbol Value
Large time step At 6.0s
Small time step AT 1.5s
Coriolis parameter f 1074 s7!
Intrinsic gravity-wave phase Cy 30ms™
speed
Nondimensional surface drag Cy 0.00
. coefficient
Turbulent Prandtl number K,./K; 3
Fourth-order horizontal mixing K, 10° m*s™!
coefficient
Second-order vertical mixing K, 100 < K, < 1000
coefficient m?s™!
Initial thermal disturbance:
Magnitude Af 20K
Horizontal radius Xy, Vr 10 km
Vertical radius z, 1.4 km
Height of center above A 1.4 km
ground
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depths of 2, 4, and 8 km (Fig. 1). The winds above the
shear layer in each experiment are constant and are
equal to the value at the zop of the layer. The magnitude
of the environmental vorticity (=7.85 X 1072s71) is
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constant across the shear layer in each experiment, and
is the same for all hodographs; only the depth of the
shear layer and the rate at which the vorticity vector
changes direction with height varies among the exper-
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M M S 3415 storm following the time
2/t of initial rapid growth.
¢2-15
1,/: 1 / i + Storm motion based on the
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FIG. 1. Base-state wind hodographs (m s™!), each having the same shear magnitude in the shear layer, used in the
model simulations. The numbers along each curve indicate the altitude (km). The dominant storm type for each

simulation is indicated by M and S for multicell and superc
and FULL indicate turning angles of 90°, 180°, 270°, and
The number appended to each abbreviation indicates the

ell, respectively, and the abbreviations QTR, HALF, TQTR,
360°, respectively, for the base-state ground-relative winds.
depth of the shear layer (km). Storm motions are depicted

as indicated, and L denotes the average motion of the split-off left mover associated with the initial storm in experiments
HALF4 and HALFS8. In experiment TQTR?2, the symbol depicting the actual storm motion nearly overlays that

associated with the 0-12-km mean wind.






