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ABSTRACT

Based on the analysis of idealized two- and three-dimensional cloud model simulations, Rotunno et al.
(hereafter RKW) and Weisman et al. (hereafter WKR) put forth a theory that squall-line strength and longevity
was most sensitive to the strength of the component of low-level (0–3 km AGL) ambient vertical wind shear
perpendicular to squall-line orientation. An ‘‘optimal’’ state was proposed by RKW, based on the relative strength
of the circulation associated with the storm-generated cold pool and the circulation associated with the ambient
shear, whereby the deepest leading edge lifting and most effective convective retriggering occurred when these
circulations were in near balance. Since this work, subsequent studies have brought into question the basic
validity of the proposed optimal state, based on concerns as to the appropriate distribution of shear relative to
the cold pool for optimal lifting, as well as the relevance of such concepts to fully complex squall lines, especially
considering the potential role of deeper-layer shears in promoting system strength and longevity. In the following,
the basic interpretations of the RKW theory are reconfirmed and clarified through both the analysis of a simplified
two-dimensional vorticity–streamfunction model that allows for a more direct interpretation of the role of the
shear in controlling the circulation around the cold pool, and through an analysis of an extensive set of 3D
squall-line simulations, run at higher resolution and covering a larger range of environmental shear conditions
than presented by WKR.

1. Introduction
The association of squall lines with environmental

vertical wind shear has been recognized since routine
upper-air soundings first became available (e.g., Byers
and Braham 1949; Newton 1950; Bluestein and Jain
1985). Indeed, numerical modeling studies (e.g., Hane
1973; Thorpe et al. 1982; Rotunno et al. 1988, hereafter
RKW; Weisman et al. 1988, hereafter WKR; Fovell and
Ogura 1989; Robe and Emanuel 2001) show that sim-
ulated squall lines depend critically on the ambient ver-
tical wind shear. Using a two-dimensional numerical
model, Thorpe et al. (1982) noted more specifically that
simulated squall lines were strongest for environments
in which the vertical shear was confined to low levels.
RKW and WKR noted a similar dependence of squall-
line strength and longevity on the wind shear, using both
two- and three-dimensional simulations, and observed
that the simulated squall line was maintained through
the regeneration of new cells along a line of cold outflow
produced during the decay of old cells. RKW found that
the ability of the cold surface outflow of an old cell to
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lift environmental boundary layer air to its level of free
convection (and so produce a new cell) is enhanced with
low-level shear, and concluded that the cold-pool–shear
interaction is a central element in understanding the
maintenance of strong squall lines in the absence of
significant external forcing features (e.g., cold fronts,
etc.). Critics of the RKW theory of squall lines have
charged that the focus on the cold-pool–shear interaction
is an oversimplification as it neglects the larger-scale
squall-line circulations (e.g., Lafore and Moncrieff
1989; Garner and Thorpe 1992). Others (e.g., Coniglio
and Stensrud 2001; Evans and Doswell 2001) contend
that, upon closer inspection, observations and models
do not support such a strong connection between low-
level shear and squall-line characteristics. Still others
have put forth alternative theories to explain the deep
lifting induced by the cold-pool–shear interaction (e.g.,
Xu 1992; Xu and Moncrieff 1994; Xu et al. 1996, 1997;
Xue 2000). The present paper addresses these issues.
The RKW theory of squall lines is fundamentally

concerned with how typical thunderstorms, which un-
dergo a 30–50-min life cycle (e.g., Byers and Braham
1949), can be regenerated along a line. RKW proposed
a simple way of thinking about how low-level shear
enhances the regeneration process: For a cold pool
spreading in an environment without shear (Fig. 1a), the
circulation at the leading edge is as described for a
classic density current (e.g., Simpson 1997), with the



• The fundamental issue addressed by RKW, 
WKR, and the present study is why 
environmental vertical wind shear promotes 
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• System-generated features, such as rear-
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FIG. 1. (left) Cold pool spreads away from a decaying convective
cell in an environment with no vertical wind shear. (right) Low-level
vertical wind shear balances cold-pool circulation on the downshear
side, enhancing the ability to regenerate convective cells through
deeper lifting.

FIG. 2. Three stages in the evolution of a convective system. (a)
An initial updraft leans downshear in response to the ambient vertical
wind shear, which is shown on the right. (b) The circulation generated
by the storm-induced cold pool balances the ambient shear, and the
system becomes upright. (c) The cold-pool circulation overwhelms
the ambient shear and the system tilts upshear, producing a rear-inflow
jet. The updraft current is denoted by the thick, double-lined flow
vector, and the rear-inflow current in (c) is denoted by the thick solid
vector. The shading denotes the surface cold pool. The thin, circular
arrows depict the most significant sources of horizontal vorticity,
which are either associated with the ambient shear or which are gen-
erated within the convective system, as described in the text. Regions
of lighter or heavier rainfall are indicated by the more sparsely or
densely packed vertical lines, respectively. The scalloped line denotes
the outline of the cloud. Here, C represents the strength of the cold
pool while Du represents the strength of the ambient low-level vertical
wind shear, as described in the text (adapted from Weisman 1992).

environmental air being forced up and over a deeper
head region, and then subsiding over the main body of
cold air. When ambient shear is present (Fig. 1b), the
circulation associated with the shear will, on the down-
shear side, counteract some of the circulation associated
with the cold pool, producing deeper lifting there. The
deepest lifting and largest potential for cell retriggering
occurs when the cold pool and shear circulations are in
balance. Naturally, the shear layer occupying the same
vertical levels as the cold pool was proposed to be the
most important for this effect. This basic impact of shear
on a density current has been reproduced in many other
recent studies (e.g., Xu et al. 1996, 1997; Xue 2000),
although differing interpretations of the effect have been
offered, as is discussed below.
The RKW cold-pool–shear interaction theory ad-

dresses the threshold question of how the shear affects
the transformation of ordinary finite-lifetime thunder-
storms into a long-lasting system of cells continually
regenerating along a line. Our view is that only after
this threshold question has been answered, does it make
sense to consider questions concerning the collective
effects of many generations of cells. For example, ma-
ture squall lines often have a rear-inflow jet (e.g., Smull
and Houze 1987) which, according to numerical sim-
ulations, can originate through the collective heating/
cooling pattern of the convective cells (Lafore andMon-
crieff 1989; Weisman 1992). Consider the evolution of
a squall-line circulation as presented schematically in
Fig. 2, where C is a velocity representing the strength
of the cold pool and Du represents the magnitude of the
low-level ambient vertical wind shear. Before a signif-
icant cold pool develops (CK Du), the convective cells
within the squall line tilt predominantly in a downshear
direction in response to the ambient shear (Fig. 2a); after
a cold pool has developed, its circulation may counter
that associated with the low-level shear to produce deep-
er lifting at low levels and an overall more upright con-
vective structure (C ; Du, Fig. 2b); finally, if the cold
pool evolves to a state where C . Du, then the circu-
lation associated with the cold pool dominates that of
the shear, thereby sweeping the convective cells and
associated zone of heating/cooling rearward (toward the
left in the figure), where it can induce the generation of
a rear-inflow jet (Fig. 2c). The RKW ‘‘optimal’’ state

is envisioned when C/Du is close to 1, whereby the
system maintains an upright configuration and the deep-
est lifting is produced at the leading edge of the cold
pool. However, for all except the most strongly sheared
environments, squall lines tend to evolve through all
three depicted phases during their lifetimes, as cold
pools usually strengthen over time and eventually be-
come strong enough to overwhelm the ambient shear.
The induced rear-inflow circulation during the mature

phase of a squall line might fundamentally alter the
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FIG. 5. The maximum displacement (dm) of low-level (s , 0.5) air
parcels at t 5 4 for all experiments. Letters indicate solutions dis-
played in Figs. 4 and 6–9. The three curves correspond to the shear
profiles shown in Fig. 3b.

FIG. 6. As in Fig. 4 except DU 5 0.85, Dz 5 0.5, and zm 5 0.25.

FIG. 7. As in Fig. 4 except DU 5 1.5, Dz 5 0.5, and zm 5 0.25.

z 5 1.0, Dz 5 2.0, DU 5 1.0, 2.0, 3.0.m

The choice of DU in shear profile (iii) is made so that
DU/Dz is the same as it is in cases (i) and (ii) for DU
5 0.25, 0.5, and 0.75.
The maximum low-level displacement dm at t 5 4 for

all of these cases is shown in Fig. 5. For shear profile
(i), there is clearly a shear that produces the maximum
lift. Figure 6 shows the case with DU 5 0.85 (case B);
the effect of the shear is evident at t 5 2 as it tends to
tilt the initial cold block downshear. However, by t 5
4 this tendency is opposed by the cold-pool circulation
on the downshear edge and deep lifting occurs. Figure
7 shows the solution for shear profile (i) with DU 5
1.50 (case C); in this case the downshear tilting of the
cold pool is too strong for the cold-pool-generated cir-
culation to overcome and the lifting is not as deep.
There has been some discussion in the literature on

whether the low-level shear is the most important feature
of the shear distribution in determining the ability of
the cold pool to lift air parcels (Xue 2000). Figure 5
shows that with the shear layer displaced to the top of
the original cold pool (ii), the effect on the low-level
lifting is negligible. We have done experiments with the
shear-layer place at intermediate levels (0.0 , zm , 0.5,
Dz 5 0.5) and find a monotonic transition from no effect
on lifting with shear profile (ii) to the strong effect as-
sociated with shear profile (i). In a description of an
elevated shear-layer numerical experiment, RKW (p.
477) said that it is only the shear layer that ‘‘makes
contact with’’ the cold pool that matters for enhanced
lifting. The latter phrase is technically incorrect since,
as just stated, the vorticity of even a marginally elevated
shear layer still has an associated circulation which acts
at a distance [cf. Eq. (3)] to produce enhanced lifting.
The phrase should have been ‘‘in close proximity to’’
which would have made it consistent with the action-
at-distance argument made in the same paragraph
(RKW, p. 477; see the italicized phrase). Figure 8 shows
the simulation from shear profile (ii) with DU 5 0.85,
indicating that there is no significant extra lifting of low-

level air beyond that obtained with zero ambient shear
(Fig. 4) with the shear layer elevated completely above
the cold pool.
Finally there have been a number of analytical and

numerical studies (e.g., Xu et al. 1996) which have ex-
amined the case of uniform shear over the domain depth.
Figure 5 shows that the lifting associated with a deep
shear profile (iii) is similar to that of a surface-based
limited-shear profile (ii) for DU/Dz , 1; however, be-
yond that value the lifting is reduced, indicating that
deep-layer shear is detrimental. Figure 9 shows the sim-
ulation from (iii) with DU 5 2.0 (case E). It was also
noted by Xu et al. (1996, p. 771) that the upper lid plays
an important role in their solutions. The simulations
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FIG. 11. (a) Thermodynamic sounding and (b) wind profiles used
for simulations.

temperature perturbations added to the line thermal to
allow for the development of three-dimensional features
along the line. This potential temperature perturbation
was the minimum necessary to trigger convection in a
reasonable amount of time (1 h) for the vast majority
of cases, and is small compared to the maximum po-
tential temperature excess of 8 K for an undilute surface
air parcel based on the environmental sounding (e.g.,
Fig. 11a). It was necessary to increase the initial thermal
perturbation to 2.0 K for many of the Us 5 30 m s 2 1

cases, and 2.5 K for some of the Us 5 40 m s 2 1 cases,
in order to allow the initial convection to develop in a
similar amount of time compared to the weak- and mod-
erate-shear simulations. However, this small difference
in initiation procedure does not impact the basic con-
clusions drawn herein.

b. Squall-line structure–shear dependencies

The simulated squall lines all evolve through the
phases of evolution shown schematically in Fig. 2, as
the convectively generated cold pools strengthen over

time. However, the time period over which this evolu-
tion takes place is inversely proportional to the overall
magnitude of the ambient shear, with the weakest-shear
simulations developing an overall upshear-tilted struc-
ture within the first couple of hours and the strongest-
shear simulations maintaining a predominantly down-
shear-tilted structure throughout the 6-h integration pe-
riod.
First, we investigate the role of surface-based envi-

ronmental shear (e.g., Fig. 11b) on squall-line structure.
The basic shear dependence is represented in Figs. 12
and 13, which depict along-line averaged vertical cross
sections and horizontal cross sections at 3 km AGL of
key storm properties at 4 h for the Us 5 0, 10, 20, and
30 m s 2 1, 5-km-deep surface-based shear profiles, re-
spectively. For the case with zero ambient shear (Figs.
12a, 13a), the system structure at 4 h is highly disor-
ganized, with scattered, short-lived, convective cells far
behind the leading edge of the spreading cold pool. With
Us 5 10 m s 2 1 over 5 km AGL (Figs. 12b, 13b), the
simulated squall line is more organized, with a larger
number of weak convective cells scattered behind the
leading edge of the surface cold pool, but it still exhibits
a predominantly upshear-tilted configuration, with an
ascending flow branch spreading predominantly rear-
ward over a strong cold pool and divergent outflow at
the surface. As the ambient shear increases to Us 5 20
m s 2 1 over 5 km (Figs. 12c, 13c), the system-scale up-
draft remains stronger and more upright, with the up-
drafts and rain cells forming a more continuous line
along and just behind the leading edge of the surface
cold pool. Additionally, a more symmetric anvil outflow
is evident aloft. Finally, for Us 5 30 m s 2 1 over 5 km
(Figs. 12d, 13d), the system-scale updraft remains up-
right-to-downshear tilted through most of the simula-
tion, with strong, highly three-dimensional cells, some
with supercellular characteristics, extending along the
leading edge of the cold pool. A predominantly down-
shear-tilted anvil is now evident aloft.
Figure 14 presents close-up vertical cross sections of

the cold pools for these cases at representative locations
along the line at 4 h. Consistent with the results for the
more simple streamfunction model presented in section
2 (e.g., Figs. 4, 6, 7), cold-pool depth (and strength)
increases with increasing shear up to some optimal state
(e.g.,Us 5 20 m s 2 1 for these simulations), but decreases
if the shear is increased even further. Of course, for
these more complete simulations, cold-pool depth,
strength, and shear magnitude are not independent pa-
rameters; for example, the subsequent strength of the
convection, which depends on the shear, influences the
subsequent strength/depth of the cold pool, etc. Still,
we believe that the simple model offers important in-
sights into the cold-pool behavior observed in the more
complicated model.
The time series of maximum vertical velocity for

these cases (Fig. 15a) shows that significant updrafts
are being produced out to 6 h for all shears considered,

3D 
simulations
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FIG. 12. Line-averaged vertical cross section of system-relative flow vectors, negative buoyancy
field, and outline of the cloud field (thick line) for the (a) Us 5 0 m s 2 1 (b) Us 5 10 m s 2 1, (c)
Us 5 20 m s 2 1, and (d) Us 5 30 m s 2 1 5-km-deep surface-based shear simulations at 4 h.
Magnitudes of the buoyancy field between 2 0.01 and 2 0.1 m s 2 2 are darkly stippled, with
magnitudes less than 2 0.1 m s 2 2 lightly stippled. Vectors are included every 10 km in the
horizontal, and 500 m in the vertical, with a horizontal vector length of 10 km equal to vector
magnitude of 15 m s 2 1. Tick marks are included every 10 km in the horizontal and 1 km in the
vertical. Only a 240 km 3 14 km portion of the full domain is shown.

but also shows that the average maximum strength of
the updrafts clearly increases for increasing magnitudes
of shear, as reported in previous studies (e.g., Thorpe
et al. 1982; WKR). This positive role of shear is even
more pronounced in the 20-min averaged rain rates (Fig.
16a), where the Us 5 20 and 30 m s 2 1 rain rates far
exceed those for the weaker shears. The regeneration of
significant updrafts through 6 h for the Us 5 0 and 10
m s 2 1 cases is a departure from the results of RKW and
WKR, wherein the development of an upshear-tilted
structure resulted in far more weakening of the subse-
quent convection. As noted above, we believe that this
previous result was an articraft of the numerical design,
as simulations were run too long on domains that were
too small. However, consistent with RKW and WKR,
the new results shown in Figs. 12 and 13 indicate that
the convection for the weaker shear cases is still widely
scattered behind the spreading cold pool, and is far less
organized as compared to the behavior of the convective
cells in the stronger-shear cases. Consequently, the rain
rates (Fig. 16a) are also far less for these weaker shears.
The relative importance of the depth of the ambient

shear layer is demonstrated in Fig. 17 for the Us 5 20
m s 2 1 surface-based shear cases. When the shear layer
is confined to the lowest 2.5 km AGL, the system struc-
ture is similar to the 5-km-deep shear case. (cf. Fig. 12c

with Fig. 17a). Additionally, very strong bow-shaped
updraft segments at 3 km AGL are now evident along
the line (Fig. 17b), with accompanying line-end vortices
and locally intense rear-inflow jets, as previously de-
scribed by Weisman (1993). It is interesting that the
maximum vertical velocities for the 2.5-km shear case
(Fig. 15b, thick line) are actually weaker than for the
5-km shear case (Fig. 15a, medium line), although the
rain rates are quite comparable (e.g., Fig. 16). As also
discussed by Weisman (1993), maximum vertical ve-
locities are often weaker for such organized bow echoes,
due to the interactions with the elevated rear-inflow jet,
which forces the updraft current rearward above the jet
level (usually 3–6 km AGL). However, updrafts are still
very strong below this level, resulting in very large rain
rates. When the shear layer is spread over the lowest
7.5 km AGL (Fig. 17c), the system now maintains a
downshear spreading anvil aloft, but a more upshear-
tilted structure at lower levels, with a shallower surface
cold pool and a shallower front-to-rear ascending up-
draft current. Individual updrafts and rain cells at 3 km
AGL are now scattered behind the leading edge of the
surface cold pool (Fig. 17d), and are much weaker and
disorganized than for the 2.5-km-depth shear case (Fig.
13c). The rain rates are also significantly reduced from
the shallower-shear cases (e.g., Fig. 16), although, again
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FIG. 13. Horizontal cross section at 3 km AGL of system-relative flow vectors, rainwater mixing
ratio, and positive vertical velocity, for the (a) Us 5 0 m s 2 1, (b) Us 5 10 m s 2 1, (c) Us 5 20
m s 2 1, and (d) Us 5 30 m s 2 1 5-km-deep surface-based shear simulations at 4 h. Vertical velocity
is contoured at a 3 m s 2 1 interval, with the rainwater lightly shaded for 0.001 to 0.004 g kg 2 1

and darkly shaded for greater than 0.004 g kg 2 1. The surface cold-pool boundary, defined as the
2 1-K perturbation temperature contour, is depicted by the thick, dashed line. Vectors are included
every 4 km in the horizontal, with a horizontal vector length of 4 km equal to a vector magnitude
of 20 m s 2 1. Tick marks are included every 10 km. Only an 80 km 3 80 km portion of the full
domain is shown.

maximum updrafts are comparable (e.g., Fig. 15). Thus,
restricting a given net magnitude of shear (e.g., Us) to
shallow layers produces a stronger squall line than ex-
tending that shear over deeper layers.
A basic implication of the RKW theory is that am-

bient shear confined to the depth of the cold pool is
most effective in countering the cold-pool circulation
and thus promoting deeper cold-pool lifting. As shown
in section 2 for a simple density current, if the shear
layer is only above the top of the cold pool, the amount
of lifting produced is significantly reduced (e.g., Fig.
5). Based on this, one would expect squall lines to be
stronger and more long-lived if the shear layer were
surface-based rather than elevated. Indeed, if the shear
layer is located high enough, there would be virtually
no interaction with the cold pool, and thus the overall
system structure would revert more closely to the case

with weak vertical wind shear. The effects of elevating
the shear layer for the Us 5 20 m s 2 1 5-km-deep shear
case is presented in Fig. 18, where the shear layer is
first located from 2.5 to 7.5 km, and then from 5.0 to
10.0 km AGL. As the shear layer is lifted, the system
maintains more of a downshear-tilted anvil aloft, in re-
sponse to the upper-level shear, but the low-level cir-
culation becomes more upshear-tilted, with the convec-
tive cells becoming more scattered and located farther
behind a shallower spreading surface cold pool. Rain
rates are also far reduced from the comparable surface-
based shear cases (e.g., Fig. 16). Thus, the overall sys-
tem structure approximately reverts back to that asso-
ciated with much weaker surface-based wind shears (cf.
Figs. 18c,d with Figs. 12a, 13a).
As mentioned in the introduction, it has been pro-

posed that the effect of shear (deep or shallow) is to
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FIG. 14. Representative vertical cross section of system-relative
flow vectors and negative buoyancy field through the cold pool for
the (a) Us 5 0 m s 2 1, (b) Us 5 10 m s 2 1, (c) Us 5 20 m s 2 1, and
(d) Us 5 30 m s 2 1 5-km-deep surface-based shear simulations
at 4 h. Magnitudes of the buoyancy field between 2 0.015 and

!

2 0.15 m s 2 2 are lightly stippled, with magnitudes less than 2 0.15
m s 2 2 darkly stippled. Vectors are included every 2 km in the hori-
zontal, and 500 m in the vertical, with a horizontal vector length of
2 km equal to vector magnitude of 15 m s 2 1. Tick marks are included
every 1 km in the horizontal and 500 m in the vertical. Only a 40
km 3 4 km portion of the full domain is shown.

allow individual cells to move with the surface cold
pool, thus enhancing cell strength and lifetime (e.g.,
Lafore and Moncrieff 1989; Thorpe et al. 1982; Mon-
crieff and Liu 1999). From this perspective, the low-
level-shear–cold-pool interactions of RKW are not crit-
ical for system strength and longevity. Indeed, elevating
the shear to 2.5 km AGL for the Us 5 20 m s 2 1 5-km-
deep shear simulation does produce an enhancement in
system strength and organization compared to the zero
shear simulation, although not to the extent observed
when the shear is surface based. Some of this enhance-
ment may be due to the influence that the circulation
associated with the elevated shear may still be having
on the circulation of the cold pool, as discussed in sec-
tion 2a. Still, it is worth considering more carefully the
role of the elevated-layer shear in maintaining or re-
generating convective cells within such a system.
For the zero-shear case, new, weak cells are primarily

initiated about 20 km behind the leading edge of the
cold pool (e.g., Fig. 13a) by the collision of outflows
from preexisting cells, which locally deepen the cold
pool, thereby enhancing the lifting of the ambient air
flowing rearward above the cold pool. The same process
also contributes to cell regeneration somewhat for the
Us 5 20 m s 2 1 elevated shear case. However, we find
that lifting above the cold pool is additionally enhanced
by the interactions of the elevated shear with the neg-
ative buoyancy regions of the preexisting raincells, as
also described for low-level-shear–cold-pool interac-
tions. This process is demonstrated in Fig. 19, which
presents the early life cycle of a new convective element
within the elevated shear-layer case shown in Figs.
18a,b. Initially, a preexisting raincell and associated
downdraft are located about 20 km behind the cold pool
(Fig. 19a). Air rises abruptly at the leading edge of the
cold pool and then proceeds rearward for 10 to 20 km
without any further significant ascent, consistent with
the cold-pool circulation overwhelming the ambient
low-level shear. Alternately, the lack of ascent at this
stage can be attributed to downward-directed nonhy-
drostatic pressure gradient forcing associated with the
cold-pool circulation, which counters the weak positive
buoyancy forcing achieved through the lifting (e.g.,
Fovell and Tan 2000; Trier et al. 1997; Weisman et al.
1988). As the air parcels travel rearward, they encounter
a negative buoyancy region that extends at least 3 km
above the height of the cold pool, associated with the
decaying raincell. Buoyancy in the cloud model is de-
fined as
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ative buoyancy regions of the preexisting raincells, as
also described for low-level-shear–cold-pool interac-
tions. This process is demonstrated in Fig. 19, which
presents the early life cycle of a new convective element
within the elevated shear-layer case shown in Figs.
18a,b. Initially, a preexisting raincell and associated
downdraft are located about 20 km behind the cold pool
(Fig. 19a). Air rises abruptly at the leading edge of the
cold pool and then proceeds rearward for 10 to 20 km
without any further significant ascent, consistent with
the cold-pool circulation overwhelming the ambient
low-level shear. Alternately, the lack of ascent at this
stage can be attributed to downward-directed nonhy-
drostatic pressure gradient forcing associated with the
cold-pool circulation, which counters the weak positive
buoyancy forcing achieved through the lifting (e.g.,
Fovell and Tan 2000; Trier et al. 1997; Weisman et al.
1988). As the air parcels travel rearward, they encounter
a negative buoyancy region that extends at least 3 km
above the height of the cold pool, associated with the
decaying raincell. Buoyancy in the cloud model is de-
fined as
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FIG. 14. Representative vertical cross section of system-relative
flow vectors and negative buoyancy field through the cold pool for
the (a) U

s
! 0 m s"1, (b) U

s
! 10 m s"1, (c) U

s
! 20 m s"1, and

(d) U
s

! 30 m s"1 5-km-deep surface-based shear simulations
at 4 h. Magnitudes of the buoyancy field between "0.015 and

!

"0.15 m s"2 are lightly stippled, with magnitudes less than "0.15
m s"2 darkly stippled. Vectors are included every 2 km in the hori-
zontal, and 500 m in the vertical, with a horizontal vector length of
2 km equal to vector magnitude of 15 m s"1. Tick marks are included
every 1 km in the horizontal and 500 m in the vertical. Only a 40
km # 4 km portion of the full domain is shown.
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s
! 20 m s"1 5-km-
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For the zero-shear case, new, weak cells are primarily

initiated about 20 km behind the leading edge of the
cold pool (e.g., Fig. 13a) by the collision of outflows
from preexisting cells, which locally deepen the cold
pool, thereby enhancing the lifting of the ambient air
flowing rearward above the cold pool. The same process
also contributes to cell regeneration somewhat for the
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! 20 m s"1 elevated shear case. However, we find

that lifting above the cold pool is additionally enhanced
by the interactions of the elevated shear with the neg-
ative buoyancy regions of the preexisting raincells, as
also described for low-level-shear–cold-pool interac-
tions. This process is demonstrated in Fig. 19, which
presents the early life cycle of a new convective element
within the elevated shear-layer case shown in Figs.
18a,b. Initially, a preexisting raincell and associated
downdraft are located about 20 km behind the cold pool
(Fig. 19a). Air rises abruptly at the leading edge of the
cold pool and then proceeds rearward for 10 to 20 km
without any further significant ascent, consistent with
the cold-pool circulation overwhelming the ambient
low-level shear. Alternately, the lack of ascent at this
stage can be attributed to downward-directed nonhy-
drostatic pressure gradient forcing associated with the
cold-pool circulation, which counters the weak positive
buoyancy forcing achieved through the lifting (e.g.,
Fovell and Tan 2000; Trier et al. 1997; Weisman et al.
1988). As the air parcels travel rearward, they encounter
a negative buoyancy region that extends at least 3 km
above the height of the cold pool, associated with the
decaying raincell. Buoyancy in the cloud model is de-
fined as


