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ABSTRACT

Using a three-dimensional numerical model, supercell simulations initialized in environments characterized
by hodographs with large curvature in the lowest 3 km and a range of linear midlevel shears are investigated.
For low values of the midlevel shear (0.005 s™'), the storm develops a mesocyclone at the lowest model level
within the first hour of the simulation, The gust front starts to move ahead of the main updraft and cuts off the
inflow to the storm by approximately 2 h, resulting in decay of the initial storm and growth of a new rotating
storm on the outflow. As the midlevel shear increases to approximately 0.010 s, the initial development of
the low-level mesocyclone is delayed, but the mesocyclone that develops is more persistent, lasting for. over 2 h.
Further increases of the shear to 0.015 s~ result in the suppression of any low-level mesocyclone, despite the
presence of intense rotation at midlevels of the storm.

We hypothesize that differences in the distribution of precipitation within the storms, resulting from the
changes in storm-relative winds, are responsible for the changes in low-level mesocyclone development. In the
weak-shear regime, storm-relative midlevel winds are weak and much of the rain is carried by the midlevel
mesocyclonic flow to fall west of the updraft. As this rain evaporates, baroclinic generation of vorticity in the
downdraft leads to mesocyclogenesis at low levels of the storm. The outflow from the cold air associated with
the rain eventually undercuts the inflow to the storm. As the midlevel shear increases, the storm-relative winds
increase and more of the rain generated by the storm falls well away from the updraft. As a result, baroclinic
generation of vorticity in the downdraft immediately west of the updraft is slower. Once a low-level mesocyclone
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is generated, however, the weaker outflow allows the mesocyclone to persist.

1. Introduction

Supercell thunderstorms represent an important
problem in the severe weather warning process for op-
erational meteorologists. Supercells are characterized
by a region of persistent rotation known as a meso-
cyclone that extends through most of the depth of the
thunderstorm. They also have intense updrafts, typi-
cally move to the right of the vertically integrated mean
environmental wind, and may persist for hours rather
than a few tens of minutes as ordinary thunderstorms
do. As a result, they often produce long swaths of severe
weather. This last point makes them a particularly im-
portant forecast problem for the public. The WSR-88D
radars being installed in a network around the United
States as part of the modernization of the National
Weather Service (NWS) take advantage of the existence
of rotation at midlevels (~3-7 km) of these storms to
observe and identify them.
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In experiments at the National Severe Storms
Laboratory (NSSL), it has been found that almost
all mesocyclonic storms produce some kind of severe
weather (large hail, strong straight-line winds, or
tornadoes), half produce tornadoes, and almost all
strong or violent tornadoes are associated with me-
socyclones ( Burgess and Lemon 1990). The associ-
ation of tornadoes with observed mesocyclones
makes it possible to use the observation of mesocy-
clones as part of the tornado warning process with a
high probability of detection. However, since only
half of all mesocyclones produce tornadoes, over-
reliance on midlevel mesocyclone identification as a
tornado warning criterion could result in an unac-
ceptably high false-alarm rate. Brooks et al. (1993)
show examples of what are referred to as “failure
modes,” in which storms with midlevel mesocyclones
fail to produce long-lived low-level mesocyclones
and, hence, would be unlikely to produce significant
tornadoes. In this paper, we explore the connection
between the midlevel mesocyclone and low-level
mesocyclone and provide a simple conceptual model
of processes linking the two.
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Theoretical work has been carried out over the last
decade to look at the separate issues of the development
and maintenance of midlevel and low-level rotation.
Davies-Jones (1984 ) and Rotunno and Klemp (1985)
discussed the origin of rotation in midlevels of supercell
thunderstorms as the result of tilting the initially hor-
izontal vorticity resulting from vertical wind shear in
the thunderstorm environment. Rotunno and Klemp
(1985) demonstrated that the origin of the low-level
mesocyclone (near the ground) depends on baroclinic
processes resulting from the evaporation of rain. Dav-
ies-Jones and Brooks (1993) extended this argument
to show that tilting of baroclinically generated hori-
zontal vorticity within the rear-flank downdraft could
produce positive vertical vorticity within the downdraft.
As a result, air reaching the ground within the down-
draft could have positive vertical vorticity before it en-
counters the updraft.

A measure of the likelihood that an environment
will support thunderstorm rotation at midlevels is the
environmental storm-relative helicity # defined by

h v
%(c)z—fo k+(V—¢) X~ dz, (1)

where # is an assumed inflow depth, ¢ is the storm-
motion vector, V(z) is the environmental wind profile,
and k is the unit vector in the vertical (Davies-Jones
et al. 1990). Assuming that long-lived convection oc-
curs, storms are more likely to rotate in high-helicity
environments. Helicity has been shown to be a good
predictor of the correlation between vertical velocity
and vorticity in numerically simulated thunderstorms
(Droegemeier et al. 1993).

The development of parameters that directly forecast
the likelihood of low-level rotation in an environment
has proven more problematic. While the importance
of low-level hodograph curvature in discriminating be-
tween tornadic and nontornadic environments has
been noted in observational studies (e.g., Patrick and
Keck 1987; Davies-Jones et al. 1990), it seems that
the primary relevance is in the development of midlevel
rotation and, hence, supercells. In this paper, we will
look at the variety of behaviors seen in low levels of
numerically modeled supercells, all originating in high-
helicity environments. Earlier numerical studies by
Weisman and Klemp (1984) have shown a delay in
the development and an increase in the magnitude of
low-level vorticity as the shear increases with hodo-
graphs that made a semicircle over the lowest 5 km.
Weisman and Klemp offer no physical mechanism to
explain this behavior.

Our work builds upon the theoretical explanation
of low-level mesocyclogenesis of Davies-Jones and
Brooks (1993). As a result, we are interested in the
location and magnitude of cold air generated in down-
drafts. The source of the cold air is evaporation of pre-
cipitation. Therefore, we will focus on the distribution
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of precipitation around supercells and the subsequent
generation of cold air by evaporation.'

In particular, we are interested in the effects of mid-
tropospheric, environmental winds on precipitation
and low-level mesocyclogenesis in simulated storms.
Two important effects of the midlevel winds are pos-
sible: changes in the precipitation distribution and
changes in the storm motion. The latter affects the hel-
icity of the inflow air entering the storm, which, in
turn, affects the midlevel structure of the storm. The
change in precipitation distribution leads to changes
at low levels in the location of cold air resulting from
evaporation of precipitation. Thus, we hypothesize that
midlevel winds, and hence, midlevel shear, play an im-
portant role in the low-/evel vorticity structure of a su-
percell thunderstorm, even though the vorticity asso-
ciated with environmental shear in midlevels may not
be tilted into the low-level flow. To look at the effects
of midlevel shear on low-level supercell structure, we
have carried out a series of numerical supercell thun-
derstorm simulations in which the magnitude of the
3-7-km shear has been varied, with all other parameters
of the background initial state held constant between
the simulations.

2. Experiment description

The numerical model used to generate the simula-
tions is that of Klemp and Wilhelmson (1978), as
modified by Wilhelmson and Chen (1982), to which
the reader is referred for details of the computational
scheme. It is three-dimensional, fully compressible, and
uses a Kessler microphysical parameterization. The
domain is 70 km X 70 km X 16 km, with 1-km hori-
zontal grid spacing and a vertical grid increment that
varies as a hyperbolic tangent function of height from
200 m near the ground to 600 m near the top. The
horizontal grid spacing is too large to resolve the tor-
nadic circulation itself but is sufficient for resolving
large mesocyclonic circulations. The Coriolis effect and
surface drag are excluded for simplicity, while a Ray-
leigh damping layer was included in the stratosphere
(above 12 km) to limit gravity waves at the top of the
model. Each simulation was carried out until at least
9000 s, with a large time step of 5 s. Storms are ini-
tialized with a warm thermodynamic “bubble” with a
horizontal semiaxis of 10 km and a vertical semiaxis
of 1.4 km. The bubble is centered at the 1.4-km altitude
and has a maximum temperature perturbation of 2 K.

All of the simulations have the same thermodynamic
profile (Fig. 1). The sounding is similar to, but drier

! While the observational studies have focused on the questions
about tornadoes, we will be looking at the questions about low-level
mesocyclones. Not all low-level mesocyclones produce tornadoes but
computational restrictions make it impossible for us to resolve tor-
nadoes within the numerical model in a way that allows us to carry
out a large number of simulations economically.
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above the boundary layer than, that used by Weisman
and Klemp (1982, 1984). The surface moisture is 15
g kg ! decreasing to 14 g kg ™' at 1 km, resulting in a
convective available potential energy (CAPE) of about
2100 J kg~'. The hodograph for the lowest 3 km of
the atmosphere is characterized by a rapid veering of
the shear vector (Fig. 2). Above 3 km, the » component
of the environmental wind at the initial time is held
constant at 15 m s~'. Shear above 3 km is confined to
the u component, with # = 0 m s " at 3 km, increasing
linearly to 7 km. The 3-7-km shear is varied in the
experiments from 0.005 to 0.015 s~ in increments of
0.001 s™', resulting in a range of u between 20 and 60
m s~! at 7 km. The range of shears chosen spans the
values of midlevel shear typically associated with su-
percells (e.g., Marwitz 1972; Fujita et al. 1970), al-
though the 0.015 s™' case may be stronger than that
usually observed. The environmental wind above 7 km
at the initial time is held constant at the 7-km value.
Although we can vary the shear directly, the helicity is
a function of the storm motion, so its value cannot be
known a priori. After the completion of the simulation,
the helicity as a function of time can be computed.
For the mature stage of the supércells in this study, the
range of helicity is 517-772 J kg ', well into the range
associated with strongly rotating storms ( Davies-Jones
et al. 1990). The magnitude of the storm-relative 7-
km winds vary from 13.4 to 40.2 m s™' during the
mature phase of the storms (Fig. 2).

3. Results

For all but the weakest midlevel shear case, a single
long-lived updraft dominates each simulation. In the
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FIG. 1. Thermodynamic profile used in soundings. Solid line is
' temperature, and dashed line is dewpoint. Heavy line indicates moist
adiabat associated with parcel ascent.
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F1G. 2. Hodographs and storm motion, indicated by asterisk for
each case, from 3600 to 7200 s. The location of the 7-km winds on
the hodograph and the storm-relative wind vector at 7 km are shown
for each case. Axes are in meters per second. Numbers on storm
motion and 7-km winds indicate 1000 X shear.

weakest midlevel shear case, a secondary updraft rap-
idly develops on the initial storm gust front, at ap-
proximately 2 h from initiation, after cold outflow air
has undercut the initial updraft. As the first updraft
dies, the second updraft intensifies and persists.

All of the storms develop midlevel mesocyclones
(defined by having vorticity greater than 0.01 s™') by
approximately 1800 s into the simulations (Fig. 3).
The midlevel rotation persists through the end of the
simulations. The simulated. production of midievel
mesocyclones is consistent with the notion that the high
helicity values of the environmental hodographs should
support supercell thunderstorm development. Of most
interest to us, however, is the development and persis-
tence of the low-level mesocyclone.

a. Initiation of low-level mesocyclones

To focus the discussion of low-level mesocyclogen-
esis, we will look at only three of the simulated
storms—those initiated with 3—7-km shears .S of 0.005,
0.010, and 0.015 s™!. As the midlevel shear increases,
the time to develop significant vorticity at low levels
increases (Fig. 3). Low-level vorticity ¢ in the S
=0.015 s™' case barely reaches { = 0.005 s~! during
the simulation. Until 9000 s, there is no vorticity of
mesocyclonic values in the lowest 2 km and that which
appears by 9000 s occurs outside the region of interest
on the edge of the model domain. In the S = 0.005 s~!
case, on the other hand, the peak low-level vorticity
rapidly increases to well over { = 0.01 s~! approxi-
mately half an hour after the initial vorticity maximum
at midlevels. Generation of vorticity at low levels is
slower in the S = 0.010 s~ case, taking approximately
an hour for a low-level mesocyclone to develop after
the midlevel mesocyclone is seen.
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FIG. 3. Time-height cross sections of the maximum vertical vorticity in the first 9000 s of the simulations.

The contour interval is 0.005 s™!

, and every other contour line is dashed. Labels on selected contour lines

are multiplied by 100, so that a label of 1 indicates { = 0.010s7': (a) § = 0.005s7', (b) S = 0.010s7!,

and (¢) S=0.015s7".

The distribution of precipitation and the associated
evaporation is the critical factor in understanding the
development of the low-level vorticity in these storms.
As discussed by Davies-Jones and Brooks (1993), de-
velopment of vertical vorticity due to baroclinic gen-
eration of horizontal vorticity in the evaporatively
cooled air in the rear-flank downdraft and subsequent
tilting within the downdraft is a significant factor in
the development of low-level mesocyclones. A com-
parison of the midlevel and low-level rainwater fields
with the updraft location in the low and high midlevel
shear cases reveals that one of the effects of the strong
storm-relative winds in the high-shear case is to blow
rain away from the updraft (Fig. 4). Even though a
significant amount of rain is found near the updraft
at 5.1 km in both cases, at the lowest model level,
rain in the high-shear case is separated from the up-
draft. This point is further emphasized by considering
the distribution of rain at the lowest model level as a
function of distance from the midlevel updraft (Fig.
5). Though the onset of precipitation occurs at ap-
proximately the same time in both cases, heavy pre-
cipitation in the vicinity of the updraft begins earlier
and falls closer to the updraft in the low-shear case.
In that simulation, rain at midlevels remains close to
the updraft as it falls and the mesocyclonic circulation
tends to pull the rain around the updraft to the west

and southwest of the updraft. With substantial pre-
cipitation falling near the updraft, baroclinic gener-
ation of vorticity at low levels is much greater in the
low-shear case than in the high-shear case. The mid-
dle-shear case falls in between these two extremes,
with less precipitation in the vicinity of the updraft
than in the low-shear case but more than in the high-
shear case. It is important to note that the relevant
physical parameter in the flow is the magnitude of the
storm-relative winds, not the magnitude of the shear.

The character of the low-level flow in the high-shear
case is best illustrated by looking at the relationship of
the velocity, rainwater, and perturbation temperature
fields. The gust front trails off to the southwest of the
updraft, and the velocity field is weak. The strongest
temperature gradients associated with the rainwater are
well to the southwest of the updraft, and vorticity is
small at 3600 s, with a peak value of { = 0.0017 s™!
(Fig. 6a). The velocity field is also perpendicular to
the temperature gradient for the most part. As time
goes on (Fig. 6b), the temperature gradient remains
small in the vicinity of the updraft and any flow parallel
to the temperature gradient is away from the updraft.
As a result, vorticity is still small and there is no hint
of an organized circulation at low levels, even though
there is a suggestion of a hook echo in the rainwater
field.
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FIG. 4. At 3600 s, updraft at 5.1 km and (a) rainwater at 5.1 km in S = 0.005 s™' case, (b)
rainwater at 5.1 km in § = 0.015 s™! case, (¢) rainwater at 0.1 km in S = 0.005 s™! case, and (d)
rainwater at 0.1 km in S = 0.015 s~ case. Rainwater is indicated by heavy contours with interval
2 g kg ™! with a minimum contour of 0.5 g kg ~'. The vertical velocity contour is 10 m s™!. The
axes are labeled in kilometers, with (0, 0) the southwest corner of the domain.

b. Persistence of low-level mesocyclones

Although the low-shear case is the first to develop a
large value of vertical vorticity at low levels, the du-
ration of this high vorticity is brief (Fig. 3), as the out-

flow from the precipitation that has fallen to the west

and southwest of the main updraft is carried toward
the east around the mesocyclone. The high vorticity
forms, as expected, along the strong temperature gra-
dient associated with the outflow from the precipitation
where the flow is parallel to the temperature gradient
(Fig. 7a). The region of the vorticity maximum slides
to the south of the outflow and decays rapidly, leaving
a region of small vorticity to the southeast of the hook
in the precipitation field. A new center of low-level
vorticity then forms on the rorth side of the surging
outflow in the same region relative to the precipitation
as the first vorticity center (Fig. 7b). This vorticity
maximum is relatively shallow and short-lived (Fig.
3). As the storm continues to develop, only a little
precipitation falls to the north and east of the updraft

and the updraft is embedded in precipitation similar
to the observed character of a high-precipitation (HP)
supercell (Moller et al. 1990). The second vorticity
maximum moves anticyclonically around the main
body of the precipitation region, while a third vorticity
region develops on the northeast side of the precipi-
tation. Again, this vorticity maximum is shallow, with
mesocyclonic vorticity values confined to the lowest
model level.

The low-level mesocyclone in the middle-shear case,
although slower to develop than in the low-shear case,
is remarkably persistent.? Once the low-level mesocy-

2 By approximately 13 800 s, an unphysical updraft generated along
the domain boundary becomes significant. As a result, the simulation
was repeated with a larger domain (96 km X 96 km) out to 18 000 s,
with the time step reduced to 3 s after 12 000 s of simulation time.
Although the simulations are not identical, apparently due to different
translation speeds of the computational domain, they are very similar.
A second low-level vorticity region forms at approximately 14 400 s,
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FIG. 5. Rainwater (g kg ') at 0.1 km as a function of horizontal
distance from the location of the updraft at 5.1 km in first 4500 s for
(a) § = 0.005s7" and (b) S = 0.015s™". Values are obtained by
summing point values of rainwater around equal radius circles cen-
tered on the updraft.

clone is established, the maximum vorticity is greater
than 0.01 s™! throughout the entire depth of the tro-
posphere with the exception of a brief period near
7200 s at 2-2.5 km in altitude. In contrast to the
S =0.005 s™! case, the persistent nature of the high
vorticity at low levels is apparent (Fig. 8). Vorticity
greater than 0.015 s™! extends from the surface to 10
km for a significant period of time. Animations reveal
that while the shape of the region changes through time,
it is clear that the region of high vorticity is continuous
in time, in direct contrast to the low-shear case. Again,
the distribution of precipitation is critical in the evo-
lution of the mesocyclone. The lesser amount of rain
in the vicinity of the main updraft (Fig. 9), in com-
parison to the low-shear case, causes the low-level me-
socyclone to develop more slowly and also produces
weaker outflow than in the low-shear case. The weaker
outflow allows the mesocyclone to persist for a much
longer period of time.

Within the low-level mesocyclone, however, there
are features of interest in the temporal evolution. By

and the updraft is still approximately 20 m s~ at 18 000 s. Some
issues raised in the large-domain simulation, particularly the repeated
development and intensification of submesocyclone-scale vortices,
are beyond the scope of this paper and require further investigation.
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following the evolution of the flow, this becomes ap-
parent. In the early stages of development, vorticity is
not very high, flow behind the gust front is entirely
northerly, and the gust front extends south from the
main updraft (Fig. 9a). As the low-level mesocyclone
intensifies, the gust front moves eastward relative to
the updraft, with the associated flow behind the gust
front becoming westerly. As a result, the flow centered
on the gradient between the updraft and downdraft has
become nearly circular (Fig. 9b). The occlusion process
continues with the updraft and downdraft wrapping
around each other and the mesocyclone increases in
size (Fig. 9¢). As the gust front continues to move
eastward, the mesocyclone becomes more elongated,
stretching out along the gust front (Fig. 9d), until it is
aligned nearly due east from the weakening low-level
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