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ABSTRACT

We study herein the mechanics of long-lived, line-oriented, precipitating cumulus convection (squall lines)
using two- and three-dimensional numerical models of moist convection. These models, used in juxtaposition,
enable us to address the important theoretical issue of whether a squall line is a system of special, long-lived
cells, or whether it is a long-lived system of ordinary, short-lived cells. Our review of the observational literature
indicates that the latter is the most consistent paradigm for the vast majority of cases, but, on occasion, a squall
line may be composed of essentially steady, supercell thunderstorms. The numerical experiments presented
herein show that either type of squall line may develop from an initial line-like disturbance depending on the
magnitude and orientation of the environmental shear with respect to the line. With shallow shear, oriented
perpendicular to the line, a long-lived line evolves containing individually short-lived cells. Qur analysis of this
type of simulated squall line suggests that the interaction of a storm cell’s cold surface outflow with the low-
level shear produces much-deeper and less-inhibited lifting than is possible without the low-level shear, making
it easier for new cells to form and grow as old cells decay. Through intercomparsion of two- and three-dimensional
squall-line simulations, we conclude that the essential physics of this type of squall line is contained in the two-
dimensional framework. We argue that these results describe the physics of both midlatitude and tropical squall
lines. Under conditions of deep strong shear at an angle to the supposed line, a line of supercells develops in
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which their respective three-dimensional circulations do not interfere with one another.

1. Introduction

A squall line is defined operationally as any line or
narrow band of active thunderstorms (Glossary of Me-
teorology). Moreover, squall lines are generally ob-
served to last several hours. These two basic features
sharply distinquish the squall line from the more com-
monly observed mode of precipitating cumulus con-
vection in which rain showers are widely scattered and
intermittent. In a forthcoming paper, we report on a
series of numerical experiments using the Klemp-Wil-
helmson, three-dimensional cloud model, conducted
under a wide variety of environmental conditions, that
identify certain favorable conditions for long-lived,
line-oriented convection. Herein we distill from these
experiments, and past work in general, the essential
mechanisms responsible for these favorable conditions,
and show how this knowledge advances the general
understanding of observed squall lines.

There are two distinct premises on which investi-
gations into the nature of squall lines have been based.
On the one hand, squall-line cumulonimbi are viewed

" as essentially different from ordinary cumulonimbi in
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that they may be more prone to having a steady struc-
ture. On the other hand, it is supposed that there is
nothing particularly special about squall-line thunder-
storms, only that they occur in concert along a line.
Moncrieff (1978) makes this important distinction by
referring to the study of cell and system dynamics, re-
spectively. )

One of the basic findings of the Thunderstorm Pro-
ject (Byers and Braham, 1949, p. 19) was that a thun-
derstorm cell has a life cycle over which the cell updraft
will yield to a downdraft induced by the accumulation
of rain within the updraft and, for this reason, a thun-
derstorm cell is naturally short-lived (roughly 30-60
min; Fig. 1). Newton (1950) viewed the squall line as
a system of convective updrafts and downdrafts aligned
perpendicularly to the shear. He held that this ensemble
of drafts acts to reduce the shear within the convective
system and this, in turn, sets up a pattern of conver-
gence and divergence which acts to produce new cells
on the downshear and suppress old cells on the upshear
side of the squall line (Fig. 2).

Ludlam (1963) developed the idea that a strong up-
draft tends to cant against the wind shear, allowing the
updraft to unload its rain upshear, and permitting the
updraft and downdraft circulations to continue indef-
initely (Fig. 3). A collection of such long-lived cells,
arranged along a straight line, would thus account for
the squall line. Newton’s (1966) later view was closer
to Ludlam’s single-cell concept as he focused on the
nature of convective updrafts in shear. The schematic
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(a)

F1G. 1. Schematic illustration of the life cycle of an ordinary thun-
derstorm cell in which the (a) initial updraft, yields to a (b) downdraft
produced by the accumulation of rain within the updraft. (Adapted
from Figs. 17-18 of Byers and Braham, 1949.)

diagrams of Newton (1966) and Ludlam (1963) (see
Fig. 3, hereinafter referred to as the Ludlam-Newton
model) strongly suggested that such a steady two-di-
mensional cell is the basic building block of the squall
line.

Two-dimensional numerical models of moist con-
vection were developed in the early seventies (see the
review by Lilly, 1979). Acting on the idea that wind
shear directed normal to the line could permit a steady

FI1G. 2. Newton’s proposal that a system of updrafits and downdrafts
acts to reduce the shear within the squall line and thus produce a
convergence/divergence pattern (indicated by the open plus and minus
signs, respectively) which favors new growth downshear of the existing
line. (Adapted from Fig. 16 of Newton, 1950.)
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cell, the modelers tried to replicate the Ludlam-New-
ton observational model in their numerical simula-
tions. Contrary to expectation, the two-dimensional
simulations did not replicate that model, and further,
did not reach any steady state in deep shear. The failure
of the two-dimensional models to produce an intense,
long-lived cell was generally thought to be due to the
inherent three-dimensionality of cumulonimbus clouds
(Lilly, 1979, p. 131). Three-dimensional models of
moist convection showed later that essentially steady
(often lasting for more than 2 h), three-dimensional,
isolated supercells (Browning, 1964) could be simulated
(e.g., see Klemp and Wilhelmson, 1978a).

By the end of the seventies, the modeling and ob-
servational studies had reached a dilemma; two-di-
mensional models failed to produce long-lived systems
in deep shear, in apparent contradiction with the Lud-
lam-Newton observational model. One possible rec-
onciliation is that Ludlam (1963) based his steady, two-
dimensional model on the Browning and Ludlam
(1962) analysis of a single thunderstorm, which in ret-
rospect appears to have been a three-dimensional su-
percell. Thus a revised version of the Ludlam-Newton
model might describe the squall line as a collection of
supercells. Lilly (1979, p. 156) conjectured that a line
of supercells could constitute a steady squall line if
they aligned at an angle to the shear in such a way that
their respective circulations did not interfere (see Fig.
4). Lilly (p. 155) and Moncrieff (1978, p. 565) suggested
that the three-dimensional squali-line simulation of
Moncrieff and Miller (1976) contained supercell-like
circulations which allowed their system to be long lived.
Thus, these observations and model results were ap-
parently reconciled.

However, most squall lines are not composed of su-
percell thunderstorms (Bluestein and Jain, 1985) and
the question remained whether, in these nonsupercel-
lular squall lines, there might be some other type of
special, basically two-dimensional, long-lived cell, or
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FIG. 3. Ludlam’s proposal that a strong updraft leans against the
shear and drops its rain out on the upshear side, thus allowing a long-
lived cell. (Adapted from Fig. 7d of Ludlam, 1963.)
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FIG. 4. Lilly’s proposal for a line of supercell thunderstorms existing
at an angle to the shear so that each supercell could propagate without
colliding with a neighbor. The shear profile is indicated on the left;
the relative winds at low, middle and high levels are indicated by the
L, M and H symbols, respectively. The stippled region indicates the
‘hook-shaped’ rain area at the surface and the barbed line represents
the micro-cold front. (Adapted from Fig. 14 of Lilly, 1979.)

whether one must look instead for conditions which

allow for a long-lived, line-oriented system of ordinary

short-lived cells as suggested in Newton (1950).
Recently, Thorpe et al. (1982; hereafter TMM) re-
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visited the strictly two-dimensional problem noting
that, although the early two-dimensional studies con-
centrated on environments with deep shear, certain of
the studies did report long-lived solutions when the
ambient wind profile was either jetlike or one with low-
level shear and reduced shear aloft (Takeda, 1971;
Hane, 1973). TMM proposed that the long life of the
strictly two-dimensional solution is a consequence of
the low-level shear in the ambient wind profile. They
reasoned that a two-dimensional (no along-line vari-
ation) precipitating cell in an environment with no
wind shear (Fig. 5a) will have, as in the Byers-Braham
picture (Fig. 1b), a rain-produced, surface outflow that
moves rapidly away from the cell. However, if the low-
level wind relative to the cell (whence the low-level
shear) is of sufficient strength, then the outflow may
be prevented from moving away from the cell (Fig.
5b). TMM argue (p. 743) that this is a favorable con-
dition for intense, long-lived convection.

TMM’s simulated convection has the appearance of
a single long-lived cell (see their Fig. 4); we inquire
herein whether this sustained two-dimensional solution
represents a long-lived cell or a long-lived system of
cells. In section 3a, we discuss a two-dimensional sim-,
ulation conducted under conditions closely resembling
those in the TMM study (shear restricted to the lowest
2.5 km directed normal to the squall line) and find, as
they did, a long-lived state of intense convection when

HG. 5. Thorpe, et al. (1982, pp. 741-743) argue that (a) without low-level shear, the rain-produced cold
pool propagates away from the cloud above and that the shear at the top of the pool dissipates new cells
triggered by the cold pool, whereas (b) with low-level shear, the cold pool remains beneath the cloud and
produces a long-lived cell. In the present study, we argue that (c) without low-level shear, the circulation of
a spreading cold pool inhibits deep lifting and so cannot trigger a cell. (d) The presence of low-level shear
counteracts the circulation of the cold pool and promotes deep lifting that triggers new cells.
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an optimal value is chosen for the low-level shear. In
the present case, however, for reasons we will develop
below, the long-lived state is characterized by intense
convection which is intermittent: a cell will grow and
decay, and then its rain-produced cold pool triggers a
new cell which repeats the cycle. We present in section
3b the three-dimensional counterpart to these two-di-
mensional simulations. The three-dimensional simu-
lation shows that the basic balance maintained in the
two-dimensional model is also maintained in the three-
dimensional -counterpart; the individual cells again
undergo a repeating cycle of growth and decay, but in
this case, they can and do shift their positions along
the line. These results establish firmly the nature of the
simulated, nonsupercellular squall line as a collection
of ordinary time-dependent cells. In section 3c, we re-
port on a three-dimensional simulation with deep,
strong (30 m s~! over the lowest 5 km) shear at an
angle to the supposed line which produces a line of
essentially steady three-dimensional supercells as con-
jectured by Lilly (1979).

Our interpretation of the nature of the nonsuper-
cellular squall line is the central focus of the present
work and is presented in section 4. Past theories of
squall-line longevity have emphasized to one degree
or another the role of the ambient wind shear, the cold
outflow, or some combination of both. We discuss these
effects and conclude that the longevity of the intense
convection in the nonsupercellular squall line may be
explained by the modification of the circulation of the
cold outflow due to the presence of low-level ambient
shear. We develop herein the idea that without wind
shear, a spreading cold outflow induces a circulation
in its environment which inhibits deep vertical pene-
tration of the air which it displaces (Fig. 5c). With en-
vironmental shear, the cold outflow which tries to
spread downshear has its circulation opposed by that
of the shear, and consequently, deep penetration may
occur (Fig. 5d). With sufficient low-level shear, a new
cell is produced at the downshear edge of the cold pool,
which was generated by the rainy downdraft of a prior
cell. For this reason, we may view the nonsupercellular
squall line as a long-lived line of ordinary short-lived
cells.

These solutions occur when the shear is sufficient to
“balance” the cold pool. In our simulations there is a
secular trend in which the cold pool becomes colder
over time and so a weaker state eventually develops.
This weaker state is characterized by the dominance
of the cold-pool circulation which, as described above,
inhibits convection. Notwithstanding the weaker cell
updrafts, this system continues on for many more hours
and assumes a flow structure similar to those observed
in highly slanted squall-line circulations with trailing
anvils (see the review by Smull and Houze, 1987a).

In the following section, we review the observations
of squall-line énvironments and squall-line circulations.
Our approach to the numerical modeling of the squall
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line is guided by these observations and by the specific
theoretical issues discussed. We propose a physical in-
terpretation of the model results in section 4 and discuss
the relation of these ideas to observations and other
current simulations in section 5. We summarize our
findings in section 6.

2. Observations
a. Squall-line environment

Bluestein and Jain (1985), reviewing approximately
10 years of WSR-57 data from the Oklahoma City ra-
dar, categorized severe squall lines and computed sta-
tistically significant environmental soundings for each
of these categories. In addition to the usual finding of
large latent instability in the squall-line environment,
the grand average hodograph for all cases (Fig. 6a)
shows that the largest wind shear is found at low levels
with the overall shear vector lying approximately 45°
clockwise with respect to the squall line. It should be
noted that since Bluestein and Jain restricted their at-
tention to severe cases, their sample contains a number
of supercellular squall lines which bias the average ho-
dograph toward the deeper, stronger shear expected for
supercells. »

Barnes and Sieckman (1984) examined the environ-
mental soundings of tropical mesoscale cloud lines oc-
curing in GATE. They identified two different types
of line—fast movers (squall lines) and slow movers.
Although much less unstable than its midlatitude
counterpart, the environment of the fast mover (Fig.
6b) is also characterized by strong low-level shear (with
reversed, weaker shear above 650 mb) and the principal
component of the shear is perpendicular to the line.
Frank (1978) also concluded that tropical squall lines
occur under conditions of relatively strong low-level
shear. The environment of the slow mover has virtually
zero shear and is more moist above the boundary layer
than that of the fast mover.

These studies lend further support to the conclusion
from TMM that the low-level shear directed perpen-
dicular to the squall line is the feature of the wind profile
that promotes a long-lived system.

b. Squall-line circulatibn

From the large body of squall-line observations, a
consensus emerges on the distribution of equivalent
potential temperature, 0., in a vertical cross section
perpendicular to the squall line. This distribution is
reflected by the stippling in the schematic diagrams of
Fig. 7. All case studies show that the cumulonimbi, of
which the line is composed, are fed by the low-level,
high-8, air ahead of the line. (By “ahead” and “behind,”
or “front” and “rear,” we will refer to the “downshear”
and “upshear” side, with respect to the low-level shear
vector, of the active convection depicted in the sche-
matic.) The air behind the line at low levels is cooler
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FIG. 6. Characteristic wind profiles for squall lines. (a) An average
hodograph for severe squall lines in Oklahoma displaying the cross-
line U and along-line V' component of the environmental wind
(heights labels ini km). U is the computed line-relative velocity and
the arrow represents the cell motion in this framework (After Bluestein
and Jain, 1985) and (b) average line-motion relative across-line wind
profile (U, solid) and ground-relative along-line wind profile (V,
dashed) for GATE squall lines. (Adapted from Fig. 7 of Barnes and
Sieckman, 1984.)

and almost always has lower 8, than the air ahead; it
is far less certain where this air originates. It would
exceed the bounds of this study to discuss all published
case studies; instead, we offer herein a synthesis of the
most prominent studies.

The study by Newton (1963; see Fig. 7b) of the 29
May 1947 squall line, which passed over the Ohio Net-
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work of the Thunderstorm Project (Byers and Braham,
1949), is sometimes adduced in support of the Ludlam—
Newton model (Fig. 2) in that Newton’s two-dimen-
sional streamline plot gives the impression that all the
air approaching the line ascends. However, Lilly (1979,
p. 157) notes that Newton “. . . did not consider the
possibility of substantial three-dimensional motion

. .”; close examination of Newton’s Fig. 14 shows
there is substantial flow of midlevel low-6, air from
front to rear which may have been moving between
and through the active cumulonimbi and feeding the
cold pool behind the line.

The plausibility of this type of three-dimensional
flow was established by Zipser (1969) in his study of
the structure of a tropical squall line using direct aircraft
observations. He found that, in the squall line’s mature
phase, there is flow from ahead of to behind the line
at all levels (see Fig. 7a which is based upon Zipser,

(a)

FI1G. 7. Schematic diagrams of major conceptual models of squall
lines derived from case studies. Lightly and darkly stippled areas
indicate areas of high- and low- 8, air, respectively. (a) Zipser’s analysis
of a tropical squall line from GATE. (Adapted from Fig. 13 of Zipser,
1977.) (b) Newton’s analysis of a squall line from the Thunderstorm
Project. (Adapted from Fig. 4 and 14 of Newton, 1963.) (c) Carbone’s
analysis of a California squall line. (Adapted from Fig. 6 of Carbone,
1982.)






