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ABSTRACT

The effects of vertical wind shear and buoyancy on convective storm structure and evolution are inves-
tigated with the use of a three-dimensional numerical cloud model. By varying the magnitude of buoyant
energy and one-directional vertical shear over a wide range of environmental conditions associated with
severe storms, the model is able to produce a spectrum of storm types qualitatively similar to those observed
in nature. These include short-lived single cells, certain types of multicells and rotating supercells. The
relationship between wind shear and buoyancy is expressed in terms of a nondimensional convective par-
ameter which delineates various regimes of storm structure and, in particular, suggests optimal conditions
for the development of supercell type storms. Applications of this parameter to well-documented severe
storm cases agree favorably with the model results, suggesting both the value of the model in studying these
modes of convection as well as the value of this representation in identifying the proper environment for

the development of various storm types.

1. Introduction

Over the past 30 years, severe storm research has
identified and described a wide range of convective
storm types. These have been classified according to
degree of severity (ability to produce hail, high
winds, tornadoes), longevity, mode of propagation,
intensity of rainfall and other related features. For
certain types of storms, conceptual models have been
proposed to describe the characteristic storm struc-
tures. Those most completely documented include
the short-lived single cell (e.g., Byers and Braham,
1949), the discretely propagating multicell (Mar-
witz, 1972; Newton and Fankhauser, 1975), and the
long-lived continuously propagating supercell (e.g.
Browning, 1964; Lemon and Doswell, 1979). While
these models provide an excellent basis for under-
standing the nature of certain storms, observations
indicate enough variation and overlap of these types
to suggest a more continuous spectrum of possible
storm structures (e.g., Foote, 1977).

A hypothesis which is gaining both observational
and theoretical support is that the spectrum of con-
vective storm types may be dependent upon a rela-
tively small number of observable parameters defin-
ing the environment in which the storms grow. Two
of these parameters, namely parcel buoyancy (sta-
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bility) and vertical wind shear, are believed to be
particularly important in influencing storm evolution
and structure. In the present study we shall inves-
tigate the dependence of storm characteristics on
various magnitudes of buoyancy and wind shear
through comparative simulations with a three-di-
mensional numerical cloud model. Other factors,
such as synoptic or mesoscale forcing (Tripoli and
Cotton, 1980; Schlesinger, 1982), may be equally
important in influencing convective storm structure,
but dealing with the many modes of forcing found
in nature (thermal boundaries, terrain features, jet
stream features, etc.) would greatly complicate this
initial study. As such, this study is most applicable
to convective storms which evolve in the absence of
strong forcing features and does not address the ques-
tion of storm initiation. For example, the current
results may not be applicable for cases involving
squall lines or warm and cold frontal boundaries, or
cases in which nearby convective cells influence the
development of a given cell. However, a large number
of well-documented severe storm cases are charac-
terized by relatively isolated convective cells which
apparently are not strongly dependent on mesoscale
or synoptic-scale features.

Several recent studies highlight the observational
evidence linking storm structure to vertical wind
shear and buoyancy. In a study of Alberta hail-
storms, Chisholm and Renick (1972) identified char-
acteristic wind hodographs associated with single-
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cell, multicell and supercell storms. These hodo-
graphs display a general increase in vertical wind
shear as the storm type varies from single cell
through supercell. The level of instability (buoyancy)
indicated by the associated temperature and mois-
ture soundings is comparable for the multicell and
supercell regimes, and generally much larger than
those for the single-cell regime. In cases where larger
instabilities occur with small vertical wind shears, an
additional disorganized muliticell regime is identified.

Marwitz (1972a,b,c) similarly described multicell
and supercell regimes and added an additional se-
verely sheared regime. Again, vertical wind shear is
found to increase in progressing from multicell,
through supercell, to the severely sheared storm
types. Multicell and supercell storms generally oc-
curred in atmospheres with similar instabilities al-
though multicells occasionally arose in more stable
environments. Fankhauser and Mohr (1977) further
documented these relationships in a study of north-
eastern Colorado hailstorms. v

Although these results and others suggest the same
general hierarchy of storm structures based on wind
shear and buoyancy, uncertainties abound in at-
tempts to quantify the relationships. These difficul-
ties are caused, at least in part, by the large vari-
ability of conditions associated with observational
data sets. For example, other factors important to
storm growth, such as forcing, horizontal inhomo-
geneities, etc., may differ significantly from case to
case. There is also a degree of subjectivity required
in classifying the nature of particular storms. As
noted by Foote (1977), many storms have charac-
teristics appropriate to more than one class at any
given time. Additional ambiguities arise owing to all
the possible variations which are observed in vertical
profiles of wind, temperature and moisture associated
with severe convective events (e.g., Maddox, 1976).

In theoretical studies of convection, the impor-
tance of wind shear and buoyancy in determining
certain storm features such as steadiness and prop-
agation has been consistently noted (e.g. Moncrieff
and Green, 1972; Moncrieff and Miller, 1976; Mon-
crieff, 1978). However, to avoid the intractability of
the full equations of motion, these studies deal with
simplified forms of convection and results apply to
specialized storm structures such as two-dimensional
squall lines (Lilly, 1979).

Three-dimensional numerical models which solve
the equations of motion with parameterized physics
provide more detailed descriptions of storm evolu-
tion, though questions remain in interpreting the re-
alism of the simulated storms. In earlier numerical
work, Pastushkov (1975) noted that strong vertical
wind shear was detrimental to weakly buoyant con-
vective elements while intensifying more buoyant
elements. Storm intensification was maximized at an
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intermediate value of shear. Schlesinger (1978),
Wilhelmson and Klemp (1978) and Klemp and Wil-
helmson (1978a) have demonstrated a relationship
between vertical wind shear and long-lived split
storms, but did not systematically consider variations
to the buoyant energy.

In this paper, we extend the earlier modeling work
of Wilhelmson and Klemp (1978) and Schlesinger
(1978) to study the effects of wind shear and buoy-
ancy on storm structure over a wide range of envi-
ronmental conditions. As part of this investigation,
we seek to test the hypothesis that the evolution of
supercell storms requires an overall balance between
the magnitude of the wind shear and the amount of
buoyant energy in the prestorm environment. This
can be accomplished in a controlled setting within
the three-dimensional cloud model by fixing the in-
itial and environmental conditions and then selec-
tively varying certain of these conditions. Of course
uncertainties still arise in trying to relate the model
simulations to real storms, but the recent success of
models in reproducing many of the observed features
of severe storms provides some confidence in the vi-
ability of this approach (e.g. Klemp and Wilhelmson,
1978b; Klemp, et al., 1981; Wilhelmson and Klemp,
1981).

As discussed in Section 2, model storms are ini-
tiated in a horizontally homogeneous environment
characterized by vertical profiles of temperature,
moisture and wind which are consistent with ob-
served conditions in the neighborhood of severe
storms. Total parcel buoyancy and vertical wind
shear are varied over a prescribed range, forming a
two-dimensional convective parameter space in which
storm structure and evolution can be studied. The
results suggest a hierarchy of model storm types
which is qualitatively similar to those observed in
nature. The influence of vertical wind shear on storm
evolution is discussed in Section 3, and extended to
include the effects of variations in buoyancy in Sec-
tion 4. Finally, in Section 5 we will characterize the
above relationships in terms of a nondimensional con-
vective parameter defined as a ratio of buoyancy to
wind shear. This convective parameter is then cal-
culated for several well-documented severe storm
cases to investigate the applicability of these results
to observed storms.

2. Experimental procedures

The basic tool for these sensitivity experiments will
be the three-dimensional cloud model formulated by
Klemp and Wilhelmson (1978a), with modifications
described by Chen (1980). Some of the key features
include use of the fully compressible equations of
motion, a Kessler-type parameterization for the mi-
crophysics, and a turbulence parameterization in
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which mixing coefficients are derived from a turbu-
lence energy equation. Also, open lateral boundaries
allow time-varying transports through the bound-
aries of the domain. At the present time, the model
does not include ice processes.

The numerical simulations are initiated in a hor-
izontally homogeneous atmosphere which contains
an axially symmetric thermal perturbation of hori-
zontal radius 10 km and vertical radius 1400 m. A
temperature excess of 2°C is specified at the center
of the thermal (located 1400 m AGL) and decreases
gradually to 0°C at its edge. The magnitude of this
perturbation represents the minimum value neces-
sary to produce consistent development of an initial
convective cell within the experimental range of en-
vironmental conditions. In order to test the sensitivity
of this initialization procedure, several experiments

were run in which the size of the bubble and the

magnitude of the temperature excess were varied
over a wide range of conditions. It was found that
such changes can have a pronounced quantitative
effect on the initial storm growth, but have less of
an effect on subsequent storm redevelopments. For
any initial perturbation used, however, the qualita-
tive relationships of storm structure versus wind
shear and buoyancy remain intact.

The horizontal domain size is 40 km X 60 km with
a constant mesh interval of 2 km. Finer resolution
would be preferable, but impractical for the large
number of experiments necessary to-complete the
parameter study (>80 experiments including sensi-
tivity studies). A representative set of experiments,
however, were conducted using a 1 km horizontal
mesh and confirmed to a large degree the results for
the 2 km simulations. In particular, the storm evo-
lutions were qualitatively the same, but the scale of
the storm features were reduced by up to 30% in the
1 km experiments (see also Klemp et al., 1981). The
vertical domain extends to 17.5 km with a vertical
mesh interval which stretches smoothly from 350 m
at the lowest grid point to ~1 km at the top of the
domain {Chen, 1980). This stretching scheme im-
proves the numerical tesolution near the surface,
where it is most needed, without the expense of in-
creasing the total number of grid points.

The vertical profiles of temperature, moisture and
wind speed used in the simulations are defined by
analytic expressions designed to provide smooth data
profiles which can be altered by varying appropriate
coefficients. The environmental potential tempera-
ture 6 and relative humidity H are given by

z 5/4
00 + (0" - 00)(2_) ’ zs Zyr
tr (1)
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where z, = 12 km, 6, = 343 K and T,, = 213 K
represent the height, potential temperature and
actual temperature, respectively, at the tropopause
and 6, = 300 K is the surface potential temperature.
The mixing ratio is kept constant at a maximum
value g, near the surface to approximate a well-
mixed boundary layer. These profiles are depicted
in Fig. 1.

For the purposes of this paper, buoyancy is defined
as the positive energy available to a parcel rising
from the surface through the extent of the cloud, i.e.,

6(z) — 8(z)
W) (3)

where 6(z) defines the moist adiabatic ascent of a
representative surface parcel and the integral is taken
over the vertical interval where the lifted parcel is
warmer than its environment (positive area on a skew
T). Buoyancy is varied by altering the magnitude of
g, Which changes the parcel ascent profile given by
6(z). The values of g,, chosen range from 11 through
16 g kg™ and their associated parcel ascent curves
are illustrated in Fig. 1. The positive energy as cal-
culated in (3) for the values of ¢,, range from ~1000
m?s™?to ~3500 m?s~2, Variations in buoyancy could
also have been achieved by changing the temperature
profile. Future experiments will consider such mod-
ifications more completely, but initial tests suggest
the qualitative results to be insensitive to at least
small changes in the above profile.

Some of the more significant features of the ther-
modynamic profile are the fairly well mixed bound-
ary layer (constant mixing ratio, almost constant
6), a low LCL (lifted condensation level), and a moist
adiabatic parcel ascent characterized by from 0.5 to
3°C negative buoyancy at cloud base and from be-
tween 4 and 10°C of buoyancy at 500 mb (depending
on the value of g,,). Above the mixed layer, the rel-
ative humidity decreases steadily with height, but no
attempt is made to reproduce the midlevel dry in-
trusion which is often observed in severe weather
situations. It is felt that this feature would complicate
these characterizations and should be considered sep-
arately in a future experiment. Otherwise, this basic
sounding is within the range of observed soundings
associated with severe weather occurrences (e.g.,
Fawbush and Miller, 1954; Fankhauser and Mohr,
1977).

The wind profile chosen for the simulations is for-
mulated t6 approximately preserve the depth of the
shear layer while varying the magnitude of the shear
proportional to the parameter Us, ie.,

H(z) =

zZ> 2z,

B = dz,
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F1G. 1. Skew T diagram depicting temperature and moisture profiles used in
model experiments (heavy solid lines). Heavy dashed line represents a parcel ascent
from the surface based on a surface mixing ratio g0 = 14 g kg™'. Heavy dotted
lines represent similar parcel ascents for g0 = 11 g kg™’ and 16 g kg™'. Tilted solid
lines are isotherms, short dashed lines are dry adiabats, and long dashed lines are

moist adiabats.

U = Ustanhz/z, , 4)

where z, = 3 km is kept constant through all the
simulations. Uy is varied from O through 45 m s™'
and when viewed as an average wind shear over the
first 6 km, covers the entire range of shears consid-
ered by Marwitz (1972); i.e. an average shear of 0-
0.008 s~'. These wind profiles are depicted in Fig.
2. Shear is confined to the lower portion of the tro-
posphere based on the results of Wilhelmson and
Klemp (1978) which suggested that low-level shear
is more important to the development of modeled
supercell structures than upper level shear. A one-
directional shear profile (i.e., a straight line hodo-
graph) is used because it simplifies some interpre-
tations of the storm dynamics for these experiments,
and it allows one to make use of the symmetry prop-
erties of the model equations to reduce the compu-

tation domain by one-half. With the Coriolis force
omitted, the model simulation is symmetric about a
vertical east-west plane through the center of the

Ug=5(ms™") 15 25 35 45

[o) 1 | 1 1 | 1 |
(o] S 10 15 20 25 30 35 40 45

Ulms™)
F1G. 2. Wind profiles as defined by Eq. (4).
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FiG. 3. Time series of maximum vertical velocities for the Us
=0, 15, 25, 35 and 45 m s™' wind shear experiments. g,, = 14
g kg™

initial buoyant region, parallel to the wind shear vec-
tor. For' the current simulations, only the southern
half of the domain is simulated and presented.

3. Wind shear experiments

For the following set of experiments, the surface
mixing ratio, gy, is held constant at 14 g kg™'.'Storms
are initialized for the range of wind profiles plotted
in Fig. 2 and allowed to evolve through 2 h. The
resulting variations in storm evolution and structure
display a hierarchy qualitatively similar to the one
observed in real storms.

The nature of the wind shear, storm structure re-
lationship is reflected in the time series plots of max-
imum vertical velocity w presented in Fig. 3. During
the initial 50 min of model simulation, each storm
. evolves through a cycle of growth (due to the initial
buoyant plume) followed by decline (due to water

loading, rainout, etc.), with the maximum strength

of the initial updraft decreasing steadily with in-
creasing shear. This adverse effect of wind shear is
consistent with the findings reported by Byers and
Braham (1949), and is predominantly due to the in-
creased entrainment experienced by storms growing
in more strongly sheared environments. These en-
trainment effects are also evidenced by an increasing
downshear tilt of the initial updraft (axis of maxi-
mum W) with increasing shear and a drop in the
temperature excess experienced in the core of the
initial updraft from 9 to 6.5°C as Ug varies from 0
through 45 m s™' (a 9°C temperature excess corre-
sponds closely to that based on undiluted moist adi-
abatic ascent).

In the case of no vertical wind shear, a rain-evap-
oration induced cold surface outflow develops by 40
min into the simulation and spreads axisymmetri-
cally away from the storm. This effectively cuts off
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the warm inflow to the updraft and the storm con-
tinues to decline. By 70 min into the simulation, the
storm has dissipated. This is the model equivalent
to observed short-lived isolated cells as discussed by
Byers and Braham (1949).

With increasing environmental shear, however,
storm redevelopment occurs over much of the wind
shear range tested, as indicated by the updraft
strengths after 50 min in Fig. 3. Two modes of re-
development seem to dominate the results. In the
first mode distinct new cell development occurs along
the boundary of the storm-induced cold outflow near
the surface (Chen, 1980). In the second, storms split
into a rightward and leftward self-sustaining pair as
described by Wilhelmson and Klemp (1978) and
Schlesinger (1980). Both of these modes of redevel-
opment are characterized by a more erect or slightly
upshear tilting updraft as opposed to the downshear
tilt which characterized the initial buoyant plume.

Horizontal cross sections presented in Figs. 4-6
for the Us = 15, 25 and 35 m s™! experiments, re-
spectively, illustrate the key features of the different
storm evolutions. In order to keep the storms nearly
stationary in the center of the domain, a mean storm
speed in the direction of the shear (determined by
trial and error), U, has been subtracted from the
wind field at the beginning of each simulation. Thus,
the depicted wind vectors are approximately storm
relative except for propagation in the cross-shear
direction. Note also that only the southern half of
the symmetric domain is presented, the northern half
being a mirror image.

Distinct new cell development along an outflow
boundary is found to occur within the low to mod-
erate range of our wind shear experiments. This is
exemplified by the Us = 15 m s™' simulation (Fig.
4). By 40 min of model simulation the initial updraft
(storm 1) has already weakened from a maximum
of from 38 to 25 m s™! due to water loading. Rain
has just begun to reach the ground and the gust front,
which divides the warm relative inflow and the colder
outflow, is already positioned 10 km east of the par-
ent storm. The supply of potentially warm air nec-
essary for sustaining the updraft is thus effectively
cut off and the updraft continues to weaken. Surface
convergence is strongest on the right and left flanks
of the storm but as the surface outflow increases in
strength, convergence along the gust front becomes
strongest directly downshear (east) of storm 1, where
the outflow is in direct opposition to the shear-in-
duced inflow. By 80 min, this convergence has de-
veloped a new cell (storm 2) 10 km east of storm 1,
just ahead of the existing surface rain field. This
second storm is again fed by the warm air ahead of
the gust front and achieves a maximum updraft in-
tensity of 23 m s~ just after 80 min. It then begins
a similar decline due to water loading and rainout
and the gust front continues to progress eastward






