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SUMMARY 
Squall lines stand out from ordinary cumulonimbus convection because of a special structure that 

dramatically extends their duration, precipitation output and area of influence. Time-dependent models have 
identified surface outflow boundaries and low-level environmental wind shear as the crucial elements in squall- 
line formation and/or maintenance. Steady-state models have shown how properties of the downdraught 
reservoir, or ‘cold pool’, must be matched to the far-field wind and thermodynamic profiles to sustain the 
convection. However, the dynamical role of the environmental shear and the nature of the interaction between 
the positively and negatively buoyant air have remained uncertain. For help with these issues, a time-dependent 
numerical model is developed with all moist processes either parametrized or based on ad hoc assumptions. 
The simplifications make it possible to distinguish more clearly than in the past between the formation and 
maintenance of squall lines and between the initial and disturbed far-field environments. 

The convective updraught forms within an expanding region of disturbed flow separated from the 
undisturbed environment by ‘storm fronts’. Forced (or neutral) ascent occurs at a surface ‘gust front’ on the 
upwind side of the cold pool. We distinguish squall lines from ordinary convection by looking at the coherence 
between the forced and convective updraughts. It is found that subsidence over the cold pool disorganizes the 
updraughts, whereas a deep overturning circulation downshear from the gust front has an organizing effect. 
Hence, factors which allow the initial subsidence to occur ahead of the gust front, namely contrasting lower- 
and upper-level winds and large potential buoyancy, favour squall-line development. It is argued that, in cases 
with large convective potential energy, the deep mesoscale circulation is more important in the formation and 
maintenance of the line than either the vertical shear of the air reaching the cold pool or the strength of the 
forced updraught. 

1. INTRODUCTION 

Moist convection can become organized into a squall line if a component of the 
environmental wihd (the component normal to the line) has its vertical shear concentrated 
in low levels and if conditions favour the formation and maintenance of a strong surface 
cold pool. Indeed, observations and simulations show that line convection under these 
conditions can be sustained without forcing from orography , synoptic-scale fronts or 
internal waves. Physical improvements in models of moist convection have not necessarily 
made it easier to understand how the shear and cold pool help to develop a sustainable 
mesoscale structure. Our aim here is to use a physically simple, two-dimensional numeri- 
cal model to  highlight this development. 

The proposed model resolves finite-amplitude, non-hydrostatic convective up- 
draughts and downdraughts, but a significant simplification is achieved by parametrizing 
fully the effects of condensation and evaporation (so that moisture does not appear as 
an explicit variable). This eliminates microphysical and precipitation time-scales and 
makes it easier to distinguish the development of squall lines from their quasi-steady 
state. Certain theories about the significance of the shear can then be tested more readily. 
It will be seen that the simple treatment of moisture does not prevent the development 
of quasi-steady temperature and flow structures similar to those in more sophisticated 
two-dimensional models. The early phase of the simulations also shows many realistic 
features. 

According to a conceptual model derived from full-cloud-model simulations (Thorpe 
et al. 1982), the role of the shear in squall lines is to provide a low-level storm-relative 
wind to restrain the cold pool. It is equivalent to say that the upper-level wind ‘carries’ 
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the convective updraught at the speed of the gust front (the edge of the spreading cold 
pool). However, no plausible way in which the updraught can actually acquire the upper- 
level flow speed has ever been spelled out. Nonlinear analytical models (e.g., Moncrieff 
and Miller 1976; Moncrieff and So 1989) also fall short of identifying the role of the 
shear, not only because they consider the squall line in isolation from the undisturbed 
environment (except for inflow thermodynamic conditions), but also because they impose 
a coherence between the updraught and density current through an assumption of 
steadiness. The resulting necessary conditions on the far-field wind and temperature 
profiles do not ensure the possibility of a steady internal structure. 

The spatial relationship between the gust front and buoyant updraught determines 
the total updraught tilt. Browning and Ludlam (1962) and Emanuel(l986) have emphas- 
ized that some upshear tilt is required in order to decouple condensation from evapor- 
ation. However, it is clear that an extreme tilt can effectively stanch the supply of 
potentially buoyant surface air to the convection. This can be avoided if new cells develop 
soon after the old ones begin to weaken; indeed, a number of recent numerical studies 
(Dudhia et al. 1987; Redelsperger and Lafore 1988; Rotunno et al. 1988; Fovell and 
Ogura 1988) have emphasized that the buoyancy decoupling can be accomplished partly 
in the time dimension, through quasi-periodic cell decay and redevelopment. Redevel- 
opment can also be seen in the simulations by Thorpe et al. (1982). Thus, in models with 
sophisticated microphysical parametrizations, there may not be any strict coherence 
between the gust front and the core of free convection. 

In its early phase, the simulation by Rotunno et al. (1988, hereafter RKW) shows 
an essentially vertical updraught (on average over time), so that the aforementioned 
decoupling depends almost entirely on temporal alternation between updraught and 
downdraught. Based on these results, RKW have challenged the view that the cold pool 
must be ‘restrained’ to match the motion of the convection. They suggest that the 
convection is so strongly modulated by the gust front that the speed of the cold pool with 
respect to the upper-leuel flow is not directly important. The squall line is identified as 
the succession of cumulonimbus lifecycles, which are seen as disturbing the larger 
environment only to the extent of generating and regenerating quasi-two-dimensional 
outflow boundaries at the ground. Hence, RKW argue that the strength and longevity 
of the convective ensemble depend mainly on details of the forced updraughts at the 
surface. In particular, environmental shear must be present to ‘counteract’ the vorticity 
of the gust front and yield an ‘optimal’ (i.e. vertical) forced updraught (for convenience, 
‘forced updraught’ is used to include both negatively and neutrally buoyant ascent). 

The view of RKW minimizes the distinction between the development and main- 
tenance of a squall line. At  odds with this view is the recent study of tropical squall lines 
by Lafore and Moncrieff (1989), who play down the role of the cold pool in directly 
modifying the surface inflow to the updraught. Instead, they emphasize the disturbed 
nature of the inflow and outflow circulations. We are especially interested in modelling 
these larger circulations, whose ‘spin-up’ represents most of the transience at scales 
somewhat bigger (and longer) than an individual cell. After their development and that 
of the cold pool, the kind of variability on which RKW’s theory is based cannot be seen 
as occurring in an undisturbed environment. Thus, Moncrieff (1978) refers to the 
embedded cells as ‘superposed transience’. The proposed model naturally highlights the 
development of the inflow/outflow circulations and cold pool. 

The possibility, in nature, of a steady upshear-tilted updraught is not entirely ruled 
out. New Doppler radar observations presented by Meischner et al. (1991) show that the 
permanent part of the main updraught strongly dominates the transient smaller 
updraughts embedded within it. Highly steady structures, or superlines, would be the 
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two-dimensional counterparts of supercells. Although they may be exceptional among 
long-lived convective systems, it would be surprising if a theory of superlines had no 
application to squall lines whose vertical mass flux is dominated by transient cumulo- 
nimbus cells. In such cases, the upshear tilt is generally quite apparent in the time- 
aoeraged circulation, from which the relative movement of the dying cells and surging 
cold pool has been filtered. 

In eliminating the main cause of cell decay, i.e. explicit downdraughts of rain-cooled 
and rain-loaded air, the proposed model assumes that the effect of buoyancy fluxes 
produced by the cell-related variability can be parametrized realistically from the resolved 
motion. The effect of the dense downdraughts is thus reduced to the effect of the cold 
pool, and the net latent heating is made strictly coincident with model updraughts. To 
interpret the results, we will assume that continual redevelopment is implicit if, and only 
if, the convective updraught in the model becomes quasi-steady in the frame of the gust 
front (the condition of spatial coherence) and is consistent with the necessary temporal 
and spatial decoupling between condensation and evaporation (the condition of upshear 
tilt). Thus, we are also investigating the conditions needed to maintain a superline. 

Rotunno et al. (1990) have emphasized that the counteraction mechanism proposed 
by RKW is given as a necessary, rather than sufficient, condition for strong, long-lived 
squall lines. However, Lafore and Moncrieff (1990) have concluded that the condition 
is not closely related to the strength of the convection in tropical squall lines possessing 
extensive stratiform regions. They attribute the discrepancy to the importance of larger- 
scale features such as the tilt of the total updraught, including its mid- and upper- 
tropospheric parts. These are the features that we intend to investigate. With cell 
transience suppressed, our model cannot reveal whether RKW’s condition of optimal 
updraughts is necessary for redevelopment. However, we will be in a position to examine 
the relevance of the condition to the strength of the convection. 

We have not tried to parametrize the effect of momentum fluxes due to cell 
redevelopment or three-dimensionality, except insofar as they cause down-gradient 
mixing. Otherwise, their effect on the resolved updraught tilt, for example, is missing. 
This neglect is justified by some results of Fovell and Ogura (1988), who found that the 
eddy contribution to the horizontal momentum budget in a two-dimensional simulation 
is much smaller-by a factor of about 5 (their Fig. 12)-than the contribution from the 
time-mean circulation. The appropriateness of simplifying to two dimensions has been 
discussed by Moncrieff (1978) and others. With the theoretical exception of non-inter- 
active groupings of supercells (Lilly 1979), the organization of long-lived convection 
does not seem possible without continuous, quasi-two-dimensional inflow and outflow 
perturbations at the top and bottom of the troposphere. Stronger justification for 
assuming slab symmetry has been provided by RKW, who carried out comparable two- 
and three-dimensional numerical simulations. They concluded that ‘the essential physics 
of this type of squall line is contained in the two-dimensional framework.’ 

The present approach does not consider whether the cold pool is necessary for 
organizing and maintaining squall lines. Thus, alterative propagation mechanisms such 
as internal gravity waves and ‘wave-CISK’ (Raymmd 1983) are not examined. Wave- 
CISK (Conditional Instability of the Second Kind) describes amplifying, linearized 
convection and has not been demonstrated (to our knowledge) in a convection-resolving 
numerical simulation. Nevertheless, certain qualitative similarities will be pointed out 
between the propagation of parametrized convection as deduced from linear theory and 
the development of explicit convection as deduced from the present finite-amplitude 
simulations. 
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2. A SIMPLIFIED NUMERICAL MODEL OF SQUALL LINES 

The explicit representation of moisture in cloud models can make it difficult to 
judge the importance of different competing and co-operating effects, and steady-state 
analytical models avoid the question of development altogether. The model to be 
described here is capable of representing long-lived structures in considerable detail and 
showing how they arise from initial conditions. However, as stated in the introduction, 
transience is suppressed by fully parametrizing the effects of latent heat and precipitation 
drag on the buoyancy. Whenever moist processes are parametrized, it is ot course 
necessary to pay close attention to the physical consistency of the solutions. 

As in most previous work, we neglect the earth’s rotation and any explicit three- 
dimensional effects. Compressible and non-Boussinesq effects are also neglected, and 
rigid upper and lower boundaries are assumed. The only sophistication of the numerical 
model is the use of a flux-corrected transport scheme (Zalesak 1979) to advect potential 
temperature. This cuts down on implicit mixing and thus gives greater control over the 
introduction of negative buoyancy into the updraught. With moisture fully parametrized, 
the only other prognostic variable is the horizontal vorticity, which uniquely determines 
the flow under the foregoing assumptions. Vorticity is used as a model variable instead 
of pressure because it is conserved except for readily understood sources and sinks. 

The vorticity and stream function are defined at grid points staggered in both 
directions from potential-temperature points. The prognostic vorticity equation is evalu- 
ated in flux form using a second-order accurate (anti-diffusive) upstream advection 
scheme. Open laterai boundaries are approximated with a wave-advection lateral bound- 
ary condition (Orlanski 1976) on both the vorticity and the temperature. Despite its 
name, this condition works well on nonlinear disturbances if structures remain coherent 
as they approach the boundary. By varying the domain size, it was ascertained that this 
way of handling the computational boundaries eliminates any significant influence from 
them. 

( a )  Thermodynamics of the model 
Moist processes generate buoyancy of either sign, depending on the direction of the 

phase change. Letting b denote the potential buoyancy for the Boussinesq model (see 
appendix for definitions of variables), we write db/dt = Q, + Q-, where Q, and Q- 
represent separate non-adiabatic heating and cooling processes, respectively. The con- 
densational heating is made conditionally proportional to the vertical velocity, w, accord- 
ing to: 

w > o  
0, w 5 0  

Q, = [ yw’ 
where y is a specified, non-negative function of height, z. The diagram in Fig. 1 illustrates 
the choice for y(z) by showing the variation with height of the potential temperature of 
a parcel of air lifted from the ground to the upper boundary. Note that y is a positive 
constant from z = hb (cloud base) to a higher level z = h,, and zero above and below. 
The layer below hb is intended to approximate a well-mixed unsaturated boundary layer, 
while the uppermost layer corresponds to the ‘dry’ part of a moist adiabat. The uniform 
height of the cloud base implies that the specific humidity is also well mixed in the surface 
layer. 

As shown in Fig. 1, the initial potential-temperature profile b(z)  is linear in three 
sections, with changes in stratification occurring at z = hb and z = h,. The layer below 
z = hb is taken to be neutrally stratified. The change to stronger stratification at the 
higher level allows ascending air to reach neutral buoyancy (relative to the undisturbed 
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Figure 1. Thermodynamic profiles showing initial potential temperature, 8, (heavy solid line) and potential 
temperature of lifted parcels (thin solid and dot-dashed). Thin lines to the right of the initial profile indicate 
buoyant parcels. Those to the left indicate overshooting past the level of neutral buoyancy. See text for 

explanation of symbols. 

environment) somewhere between the level of maximum buoyancy at z = h, and the 
upper boundary at z = H .  The highest possible level of neutral buoyancy is denoted h, 
and applies to  parcels originating at or below z = h,; parcels originating from above cloud 
base reach neutral buoyancy somewhat lower, as illustrated - by the dot-dashed line. The 
initial potential temperature at z = h, is expressed as b = ab,, where b, is the maximum 
relative buoyancy of lifted parcels. 

It is known from field measurements of equivalent potential temperature (e.g. Ogura 
and Liou 1980; Smull and Houze 1985) and from simulations of squall lines (Fovell and 
Ogura 1988; Lafore and Moncrieff 1989) that the cold pool is fed primarily by mid- 
tropospheric air in which ice has melted or  rainwater has evaporated. The main dynamical 
effect of these phase changes and the resulting cold downdraughts will be simulated by 
continuously cooling a region of the domain near the ground towards a fixed minimum 
buoyancy, b,, representative of the mid-tropospheric wet-bulb potential temperature. 
Thus, the non-adiabatic cooling is prescribed as: 

- ( b  - b,)/tc, 
0, elsewhere 

-1, < x < 0 and z < h, 
Q -  = {  

where t, is a relaxation time of the order of a few minutes. This scheme differs from that 
of Thorpe et al. (1982, hereafter TMM) and other models employing cold-pool initiation 
because we use a target temperature and because the cooling remains active against 
dissipation throughout the simulation. 

Because explicit downdraughts are assumed to be subsaturated in using Eq. (l), it 
is physically inconsistent to  apply the heating as soon as w > 0 if the air has recirculated. 
To compensate for unphysical reheating in closed circulations at the edge of the de- 
veloping ‘anvil’, a small value a = 1 is used for forced stable descent. This value is still 
large enough for significant warming to occur around the updraught due to broad-scale 
adiabatic descent. Moist convection is quite sensitive to subsidence warming, which is 
inherently difficult to simulate correctly in a limited-area model, especially in two 
dimensions. 
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( 6 )  Dynamics of the model 
The horizontal vorticity, q ,  is changed by buoyancy gradients and diffusion according 

to: 
dq/dt = -ab/dx + D ,  (3) 

where D, represents explicit diffusion. The velocity is recovered from the vorticity in the 
usual way by solving V 2 q  = q and evaluating u = aq/dz  and w = - d q / d x  for the hori- 
zontal and vertical components, respectively. There is no assumption of hydrostatic 
balance. 

Explicit mixing is included for computational purposes by setting 

where K is a uniform eddy diffusivity coefficient for momentum and 6 is a mixing-aspect 
ratio (r is the vorticity of the initial state). Neumann conditions (aq/az  = 0) are imposed 
at the rigid boundaries. This allows a cross-boundary eddy flux of momentum but not of 
vorticity. In all of the simulations we use 6’ = 1/10 and K = (l/5)y’/2(H/10)2. For typical 
parameter values, this choice tends to remove features with a horizontal scale of 1 km in 
about 25 min. There is no explicit thermal diffusion, but a significant amount of implicit 
diffusion may arise from the finite-differencing of db/dx. 

The value of the stream function I# is held constant in time at both boundaries. This 
means that the cooling region is fixed in the frame that maintains the initial vertically 
integrated horizontal mass flux, or: 

M = q ( H )  - q(0)  = I udz. 

Since the flow is incompressible, this frame translates at a uniform speed with respect to 
the undisturbed environment. If steady states are possible for a given initial profile shape, 
they are expected to fall into a narrow range of values of M ,  corresponding to the possible 
speeds of the mature line through the undisturbed environment. 

Acceptable steady states must pass a test of physical consistency based on the 
behaviour of the cold pool. Solutions are inconsistent if the gust front is pushed far into 
the cooling region or allowed to spread so far the other way as to be distinctly warmer 
than the imposed downdraught temperature. In these two cases, the model cooling 
behind the gust front is too strong or too weak, respectively, to be consistent with the 
updraught structure and location of the cold downdraughts implied by Eq. (2). Vertical 
or downshear-tilting updraughts are also unphysical, as discussed in the Introduction. 
The restrictions on the behaviour of the gust front do not preclude a certain amount of 
penetration of the cold pool by the surface inflow, which is a realistic consequence of 
mixing. 

Although the initial wind profile is important in determining the susceptibility of the 
environment to squall-line organization, it is profoundly altered by the development of 
the deep convection. To emphasize the transformation, we show schematically in Fig. 2 
the development process based on a number of simulations. The frame of reference is 
that of the steady state, with the initial low-level wind coming from the right. Note 
especially the possibility of complete flow reversal over time at the upper right and middle 
left. Of the initial profile characteristics, all that remain after the squall line has developed 
are the original net horizontal mass flux and the vorticity of any permanent (unreversed) 
inflow layers. For example, since there is no mechanism for changing the shear near the 
ground far upstream, the vorticity in most of the jump updraught feeder is permanent. 

H 

0 
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Figure 2. Schematic time sequence illustrating squall-line development. Top panel: initial ‘thermal’ splits to 
form jump and overturning updraughts; mid-level air subsides into cooling region (hatched). Middle panel: 
updraught produces subsidence ‘waves’ upshear and downshear from gust front (dot-dashed lines indicate 
storm fronts). Bottom panel: overturning circulations establish new surface wind at right and elevated inflow 

jet at left; cold rotor circulation develops behind gust front. 

Subject to this constraint, the velocities in that layer are free to vary. During start-up, 
the cold pool undergoes frontogenesis at its downshear edge, which may drift or oscillate 
slightly toward its steady position. 

Above the permanent surface-inflow layer, the flow is converted to an overturning 
updraught through nonlinear advection of perturbation vorticity . The vorticity is gen- 
erated in the developing plume and at the leading edge of the buoyant air as it spreads 
out near the level of neutral buoyancy. Since the overturning updraught has no net mass 
flux, its presence increases the low-level horizontal mass flux by the amount of any initial 
mass flux it displaces. This gives rise to the aforementioned surface velocity changes and 
a vertical transfer of mass into the inflow layer between the squall line and undisturbed 
environment. An associated Bernoulli-effect pressure drop (typically of 1 or 2 mb) 
marks the passage of the storm front, shown as a dot-dashed line in the diagram. 
The incompressibility assumption (made in the spirit of maximum simplification) over- 
estimates the displaced upper-level mass flux over a given depth. However, it seems to 
have little influence on the evolution of the surface flow, as we will explain in section 3. 
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Much of the adiabatic subsidence warming in the model is concentrated in the upper 
part of the storm fronts. Observations from the tropics seem to show that the temperature 
at upper levels adjusts to the environmental stratification behind the squall line (Betts 
1976). On the contrary, two-dimensional simulations show a permanent alteration of the 
upper-level temperature stratification. In nature, the squall-line disturbance is bounded 
in both the line-parallel and line-normal directions. Hence, the restoration of pre-squall 
conditions is probably due to the passage of the disturbance through the observing 
network in either direction. 

The storm fronts mark the limits of the far-field influence. Because of a traditional 
emphasis on steady structures, past research has overlooked this feature of cumulonimbus 
dynamics, including its involvement in storm development and its contribution to heat 
and momentum fluxes. The storm front is neglected in the analyses of Moncrieff and So 
(1989) and RKW, for example, which seek predictions of the gust-front speed relative 
to the low-level wind that develops within the disturbed region. The ‘propagating’ and 
‘cellular’ models of Moncrieff (1981) both contain aspects of the storm front, but are 
limited by the assumption of a fixed separation between the subsiding or propagating 
part of the storm and the main updraught (no steady model can adequately incorporate 
a storm front). 

Neglecting the storm front is equivalent to assuming an infinite signal speed for the 
far-field influence. We will argue that the very possibility of downshear influence may be 
crucial in squall-line formation, and that a more subtle parameter than the local gravity- 
current speed is the system speed relative to the undisturbed environment, i.e. the speed 
associated with M .  The neglect of downshear influence was one of the weaknesses of the 
RKW theory cited by Lafore and Moncrieff (1990). We mention in the next section how 
M is chosen experimentally in finding quasi-steady model solutions, and suggest in section 
5 how the critical value might be determined from dynamical theory. 

3. MODEL SIMULATIONS 

The simplicity of the numerical model allows a thorough investigation of the sen- 
sitivity to wind profiles and other external parameters. To avoid performing essentially 
identical experiments, we relate all distances to H ,  buoyancies to b,, time constants to 
z, = d(H/b,)  and velocities to V,  = d(b,H). Since b, is proportional to the maximum 
lifted potential-temperature anomaly in the sounding, velocities normalized by V ,  are 
Froude numbers based on the convective available potential energy (CAPE) per unit 
mass, which equals $Vk(h, - h,)/H. These differ from Froude numbers based on proper- 
ties of the cold pool, from which the independent velocity scale V, = q(-bchc) can be 
formed. 

Observational studies of mid-latitude squall lines typically show a maximum lifted 
temperature of about 6K (e.g. Bluestein and Jain 1985), which yields b,=0.2ms-2. 
However, simulated storms never produce this large an anomaly within a significant 
volume of air. A more realistic choice, taking into account a certain convective inefficiency 
not otherwise present in our ad hoc model, is b, = 0.1 m In that case, V ,  = 30 m s-’ 
if the upper boundary height is H = 10 km. The corresponding time-scale z, (a measure 
of the residence time of parcels in the convective updraught) is about 5min. A realistic 
buoyancy for the cold pool is b, = -0.15 m S 2 .  The cold pool tends to be less dilute in 
cloud-model simulations than the warm thermals. Because h, << H ,  the gravity-current 
velocity scale V, is typically only about half of the convective scale V,. 
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The top of the latent-heating layer (the level of maximum buoyancy) will be fixed 
at h, = 0.7H for all simulations, and the level of neutral buoyancy at h, = 0.9H. The 
cloud base is put at hb = 0.10H. The cooling region is given a width 1, = 1.OH and a depth 
h, = 0.15H. It is not unreasonable to have the cooling deeper than cloud base, as the 
cool air originates at middle levels rather than in the surface layer. The grid intervals 
are A z  = HI33 and Ax = H/12, with the lateral boundaries at x = k4.5H. Hence, the 
horizontal resolution falls between that of RKW (2 km) and TMM (0.5 km). The vertical 
resolution is more than twice as fine as in those studies, so that the shallowest part of 
the cold pool is resolved by 3 or 4 grid points in the vertical, compared with 1 or 2 in the 
earlier work. A leap-frog time-stepping scheme is used, with At = t,/50. 

The initial flow at the ground is always from right to left; hence, the gust front forms 
on the right side of the cold pool and the jump updraught exits to the left, as in Fig. 2. 
The creation of the cold pool triggers the convection by producing low-level convergence 
and lifting. In the following, the organizational process will be studied first, with quan- 
titative details of the steady states being deferred to the end of the section. The frame 
of reference in the solutions is determined by the choice of average wind speed in the 
environmental profile. This choice affects M without changing the shape of the profile. 
In investigating development criteria, M is chosen to keep the gust front near the centre 
of the domain (therefore near the right-hand edge of the cooling region) throughout the 
simulation. This means taking M = M*, where M* is the mass flux in the frame of the 
steady system (if one exists). 

(a )  Sensitiuity to low-leuel shear 
We concentrate first on the sensitivity to initial low-level shear and depth of the 

shear layer. The flow is initiated with uniform positive shear, ?= qo,  where iji= 
dZ/dz, extending from the lower boundary to a height ha, and 7j = 0 from that level to 
the upper boundary. Such profiles have been identified by ‘TMM as optimal for squall- 
line organization. For a range of choices of qo and ha, the model achieves realistic quasi- 
steady states within roughly the first hour ( A t =  122,), while for other choices the flow 
fails to converge to a realistic structure over the duration of the simulation (At = 48t,). 
We will show one example of each case. 

In ‘failed’ simulations, the convection (free updraught) drifts unrealistically far 
upshear from the gust front (forced updraught). This dislocation produces a double 
ascending jump in the flow. In extreme cases, the convective core passes out of the 
domain before any steady updraught structure is achieved. In marginal cases, a single 
updraught can sometimes be recovered after an initial episode with two ascent maxima. 
Inversely, it is also possible for a large meander to develop temporarily on a single 
updraught. 

An example of a ‘successful’ development can be seen in Fig. 3. At the time shown 
( t  = 8t,), organization is essentially complete within a radius of Ax = H from the gust 
front. The initial parameters for this case are qo = 1%;’ and ho=0.3H, with 
b, = -1.5bm. The frame of reference is that of the steady state, M* = -O.lOV,H, which 
corresponds to uo = -O.48Vm for the initial surface velocity. Three separate buoyancy 
maxima can be seen near the level z = h, (Fig. 3(b)). The central maximum is due to 
condensational heating, while the outer maxima are due to forced subsidence on the 
flanks of the updraught. The negative anomaly near the upper boundary indicates 
overshooting past the level of neutral buoyancy. 

With its height of 0.3H, the gravity-current ‘head’ is twice as high as the cooling 
region. The gravity current is just strong enough to create a weak rotor circulation at 
the ground, seen as a deflection of the zero stream-function contour in Fig. 3(a) 
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Figure 3 .  Plots of (a) total stream function, q, and (b) perturbation potential temperature, b - 5, at t =  
in first simulation. Contour intervals are 0.02V,H (zero bold) and 0.16, (zero suppressed). 

Otherwise, there is very little circulation in the cold pool. The downshear storm front, 
much broader than the gust front, is mostly confined to the interval 1 < x / H <  2 at the 
time shown. The breadth of the storm front suggests that the signal is carried at least 
partly by linear waves (not necesarily gravity waves, since updraughts are assumed to be 
saturated in the layer zb < z < 2,). 

A case which fails to achieve a continuous, deep updraught is shown at the time 
t = 8 t ,  in Fig. 4. The choices for qo and b, are the same as in the first simulation, but 
the depth of the shear layer is reduced to ho = 0.2H in the initial profile. The initial 
surface wind speed, uo= -O.48Vm, is the same as in the first case, which gives M =  
-0.21VmH (there is no critical value since the updraught does not become steady in a 
reasonable time). However, the wind at upper levels is -O.15Vm, compared with -O.03Vm 
previously. 



SIMPLIFIED SQUALL-LINE MODEL 111 

1 .o 

0.8 
c\ 

I 
h 0.6 
v 

+ 8 0.4 
X 

0.2 

0.0 _. 

-3.0 -2.0 -1 .o 0.0 1 .o 2.0 3.0 
HOWZ DSTANCE (x/H) 

Figure 4. Plots of (a) total stream function, v ,  and (b) perturbation buoyancy, b - b, at t = 8t, in second 
simulation. Compared with Fig. 3, there is a large horizontal displacement of the updraught from the gust 

front. Contour intervals as in Fig. 3. 

At the time shown, the free updraught is still drifting away from the gust front, and 
will eventually reach x = -2.5H. The warm temperature anomaly (Fig. 4(b)) has the 
same qualitative features as in the first simulation, but is centred farther upshear and 
contracted horizontally. The narrowing is mostly a result of the diminished vertical mass 
flux in the meandering updraught. The upstream shift of the free convection places the 
compensating subsidence directly over the cold pool. This stands in contrast to the 
successful case, where the convective signal reaches the ground at a point downshear 
from the gust front. We shall return to this important contrast in section 4. 

A summary of the full dependence on qo and ho is shown in Fig. 5.  For a given pair 
of these parameters, the solution has been characterized as successful or unsuccessful 
according to whether the two updraughts reach their maximum separation during the 
first two hours (A t  = 2 4 ~ ~ ) .  Reference to the cut-off time was necessary in only a few 
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open circles indicate steady stttes with vertical or downshear-tilting updraughts. The relationship 

Au = qoho = O.35Vm. is shown by the curve. 

marginal cases since the majority of the successful simulations developed a single 
updraught within less than an hour. Using a cut-off time of At = 36t, produces only a 
small shift in the boundary between the two regimes. In this sense, the successful and 
unsuccessful cases are well differentiated. 

In a less idealized context, a double jump is not necessarily a sign of short-lived 
convection. Even TMM’s most vigorous squall line exhibits such a structure, and there 
is an obvious double jump in the California frontal line convection studied by Carbone 
(1982). Thus, the sustained single updraught in Fig. 3 should be viewed as a time-averaged 
structure, rather than as an instantaneous observation of realistic moist convection. 
We propose that the difference between squall lines and ordinary cumulonimbus lies 
essentially in the degree of coherence between the time-averaged positions of the forced 
and free updraughts. The failed simulation described above may be viewed as the model’s 
representation of an ordinary cumulonimbus event. It also bears a resemblance to the 
decaying stage of the squall line simulated by RKW. 

It is clear from the shape of the boundary between the regimes in Fig. 5 that neither 
the low-level vorticity nor the depth of the shear layer is by itself a good predictor of 
squall-line development. The most informative single parameter seems to be the total 
shear, Ail = qoho. In the present circumstances, the boundary is well approximated by 
the curve AZ = 0.35V, drawn in the figure. The figure also indicates that many of the 
cases on the successful side of the boundary are characterized by vertical or downshear- 
tilting updraughts. These would surely fail to produce sustained convection in a full- 
cloud model. Hence the truly successful cases fall within a narrow range of initial velocity 
difference AZ. We consider next how the critical value, (Ail)*, depends on characteristics 
of the cold pool and ambient stratification. 
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(b )  Sensitivity to cold-pool parameters and dry stratification 
For a relatively warm cold-pool with b, = -0.75b,, the development criterion is 

still found to depend essentially on the total shear, but with the boundary lowered to 
(hi)* = O.17Vm, or roughly half the previous value. For the case of b, = -3.Ob,, the 
boundary moves up to (A;)* = 0.70Vm, or double the original value. These variations 
of (A;)* are in the same sense as the density-current velocity scale V,, but are not 
proportional, since a doubling (halving) of b, changes V, by a factor of 1.4 (0.7). 
Nevertheless, the relationship between the critical shear and V, is nearly linear. The 
best-fit relation 

(AU)* = 1.6VC - 0.33Vm (4) 
yields the three experimental values of critical A i  to within O.O2V,. The implication of 
Eq. (4) is that strong positive buoyancy makes it easier for the vertical shear to align the 
convective updraught with the gust front. 

Extrapolation of Eq. (4) to the intercept (AZ)* = 0 indicates that the shear will 
become altogether unnecessary when the convection is sufficiently strong (V, = 4. 8V,). 
Indeed, it is possible to obtain steady states in the model when the convection is 
unrealistically strong (for example, b, = 5.01bCl). As these solutions feature downshear 
tilts, they conflict with the assumptions behind the parametrized precipitation dynamics. 
Nevertheless, the decreasing importance of the shear seen in the experimental large- 
buoyancy limit points to a basic mechanism determining the phasing of the forced and 
free updraughts. In section 4, we look for a development scenario consistent with the 
results summarized by Eq. (4). 

To emphasize the conclusion that the development depends on qoho rather than 
on qo alone, we show a solution in Fig. 6 in which = 0 over the depth of the cooling 
region (0 I z I 0.15H), but A i  = 0.53V, because of an elevated shear layer in 
0.15H 5 z 5 0.30H. The cold-pool temperature is unchanged. It is evident from the figure 
that these conditions allow the development of a classic long-lived structure. Yet the 
elevation of the environmental shear layer eliminates any direct interaction between the 
ambient vorticity and that generated at the gust front. Superposition of ambient and 
perturbation circulations suggests no direct counteraction by the cold pool. Note that the 
total shear ( A i  = 0.53V,) in this case would produce a downshear-tilting updraught if 
the shear layer were ground based, according to Fig. 5.  Changing the profile shape alters 
the relationship of the total shear and surface stagnation pressure to the total mass 
and momentum fluxes. This apparently shifts the boundary between favourable and 
unfavourable environmental conditions in parameter ‘space’. 

Before examining the steady states in greater detail, we consider briefly how the 
development depends on cold-pool depth and ambient stratification. The scale V, is 
directly proportional to the square root of h, as well as -b,. However, the cold-pool 
depth h, further influences the flow by restricting the outflow depth to H - h,. This 
additional constraint is well known from the classical analysis of Benjamin (1968) and 
the recent analytical model of Moncrieff and So (1989), although results of such models 
need not apply to the time-dependent problem. For values of h, ranging from 0.10H to 
0.30H, we find that Eq. (4) continues to hold quite well. For the smaller values in this 
range, single updraughts tend to develop meanders (double jumps) more readily than 
for deeper cold pools with the same V,. However, these developments do not affect the 
results summarized by Eq. (4). 

Until now, a value of unity has been used for a, the ratio of the total dry stratification 
A 6  below z =  h, to the maximum lifted anomaly 6,. For much larger values of a, 
recirculation of air in the anvil raises the temperature there well above the theoretical 
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Figure 6. Plots of (a) total stream function, q ,  and (b) perturbation buoyancy, b - b, at t = 12t, in simulation 
with elevated shear layer. Contour intervals as in Fig. 3. 

bound b,, as mentioned in section 2. However, since initial development may not be 
significantly affected by this model shortcoming, we have considered the case a = 3, 
chiefly in order to test the sensitivity to the ambient wave-propagation speed. Despite 
the faster linear wave speed, no important differences are seen in the development 
process. In the long term, if the anvil temperature is capped at b,, differences appear 
in: (1) a weaker overturning updraught on the forward side and (2) a broader jump 
updraught. * 

( c )  Characteristics of the steady states 
The results on the initial conditions have no direct bearing on questions about 

steady-state maintenance such as Moncrieff and So (1989) and other analytical modellers 
have considered. Once the subsidence wave overtakes the gust front, and the overturning 

* If the maximum-temperature anomaly is not controlled, the cold pool eventually surges away from the initial 
steady frame and the squall line collapses. 
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updraught is established on the downshear side, the environmental flow becomes irrel- 
evant except for the shear and potential buoyancy of the surface layer. RKW have 
minimized the distinction between development and steady state because of the cell 
regeneration process. However, as noted in the introduction, there are components of a 
mature convective system that are clearly not dominated by the transience associated 
with individual cells. These include the disturbed far-field inflow and outflow profiles 
(and related vertical fluxes of momentum and heat) as well as the cold pool. 

We look first at the far-field velocities on the upshear and downshear side of the 
gust front. The temperature and flow structure at t =  482, in the first simulation are 
shown in Fig. 7. The flow at that time is essentially steady throughout the domain (only 
two-thirds of which is shown). The storm front, with its warm anvil and overlying cold 
anomaly, reaches the lateral boundaries at about t =  32t ,  in this case. Some of the 
thermal anomaly associated with the upper-level storm front remains in the picture at 
the time shown. Subsidence has stabilized the environment everywhere above cloud 
base. The edge of the cold air has settled slightly upwind of the edge of the cooling 
(always at x = O ) .  Since q = O  along the lower boundary, the contour q = M  is the 
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Figure 7. Plots of (a) total stream function, v ,  and (b) perturbation buoyancy, b - b, in first simulation at 
t = 48r,, showing quasi-steady state. Contour intervals as in Fig. 3. 
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interface between the jump and overturning updraughts in the steady state. The level of 
this streamline at the far right has dropped from the upper boundary to z = 0.16H during 
the simulation. 

The wind profiles in Fig. 8 are taken from the first simulation at time intervals of 
12t, along x = +2.OH. The strong alteration of the profile over time confirms that the 
original environmental wind will not be relevant in a dynamical understanding of the 
two-dimensional quasi-steady system, as argued also by Lafore and Moncrieff (1990) 
from field observations. The surface wind speed at the right increases from u = -O.48Vm 
to u = -O.84Vm. The forward overturning updraught, with its zero net mass flux, replaces 
the environmental flow above the level of = M. A rear overturning updraught is evident 
in the other sequence of profiles in Fig. 8. The diverging outflows at the top of the model 
settle to speeds of about *O.7Vm. 

There is less shear in the front-to-rear outflow (Fig. 8(a)) than in the forward 
overturning outflow (Fig. 8(b)), probably because of an homogenization of the jump- 
updraught temperatures by mixing at the gust front. Some preliminary experimentation 
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Figure 8. Profiles of far-field horizontal velocity at intervals of 12r, measured at the (a) rear and (b) front of 
the squall line produced in the first simulation. 
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with thermal diffusivity has suggested to us that this mixing of heat is instrumental in 
allowing a jump updraught to remain laminar without ever overturning its (initially) 
unstable air supply. Strong negative vorticity is confined to the base of the jump outflow 
near z = 0.85H and to the entire rear overturning updraught. The rear circulation is 
‘strong’ according to the empirical classification by Smull and Houze (1987). A strong 
rear inflow jet occurs throughout the simulation by Fovell and Ogura (1988) but does 
not develop until the ‘decaying’ phase of that by RKW. 

The increase in surface inflow wind speed implies a surface pressure drop between 
the model and the undisturbed environment of about 2 mb for typical parameter values. 
A similar drop was obtained recently in a three-dimensional cloud-model simulation by 
Lipps and Hemler (1991). These numerical results are quite consistent with the strength 
of the ‘meso-low7 observed by Hoxit et al .  (1976) in advance of a line of cumulonimbus 
clouds in the mid-western USA. Their analysis shows that the amplitude of the surface 
low-pressure anomaly can be estimated from hydrostatic balance and an assumption of 
a relatively weak pressure disturbance above the subsidence warming. It is clear from 
the present simulations, as well, that vertical accelerations are negligible in the storm 
front. * 

The incompressibility assumption tends to under-estimate the depth of the forward 
overturning outflow. However, the total mass flux displaced by the overturning updraught 
and the depth of its inflow layer are apparently not very sensitive to the vertical density 
gradient. An anelastic version of the present model produced a solution with only small 
differences in surface flow and overall development. Most three-dimensional cloud- 
model simulations (e.g. Lafore and Moncrieff 1989, Fovell and Ogura 1988) show a much 
smaller increase in the downshear surface inflow speed. Instead, the compensating front- 
to-rear flux tends to be concentrated at middle levels (the total front-to-rear mass-flux 
increase seems comparable with ours). The implicit decrease in low-level shear in the 
cloud-model simulations (see Lafore and Moncrieff 1990) may or may not be more 
realistic, but is precluded by our lateral and lower boundary conditions on vorticity and 
temperature. 

One of the foundations of analytical models is the so-called flow-force principle (e.g. 
Benjamin 1968), which states that in a frame where the column-integrated horizontal 
momentum, M, is steady, the flow force, F =  J(u2 +p)dz,  is the same on both sides of 
the storm (here we use p for the dynamic pressure). In Fig. 9 are shown profiles of A(u2) 
and Ap, where A indicates the difference from the left to the right across the updraught. 
For convenience, the pressure is determined from an assumption of hydrostatic balance, 
with the lower-boundary value established from Bernoulli’s principle. t The pressure 
difference integrates to about 0.9V$H, whereas the momentum flux integrates to 
l.lV,?,,H. The 20% discrepancy is due to momentum fluxes through the rigid boundaries 
and to inaccuracies in the (discretized) vorticity-stream-function treatment of momentum 
and pressure. 

The flow-force evaluation suggests that analytical models can be useful for charac- 
terizing steady states in terms of the disturbed far-field profiles. The pressure profiles 
show that about two-thirds of the perturbation is associated with the surface stagnation 

* Bernoulli’s principle can be used to show that the pressure perturbations are about equal and opposite on 
the two boundaries in these solutions. However, an experiment using a raised upper boundary yielded 
substantially reduced upper-level velocity and pressure anomalies because of a deeper layer of cold anomaly 
above the level of neutral buoyancy. 
t The model’s explicit diffusion has been formulated with a condition of zero perturbation vorticity flux across 
boundaries and no heat flux. It can be shown that even in a diffusive steady flow, these conditions preserve 
the validity of Bernoulli’s principle along a boundary. Application of the principle along the upper boundary 
in the model solution yields essentially the same values of Ap as shown in the figure. 
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Figure 9. Profiles of horizontally integrated horizontal momentum flux divergence, A(u2) ,  and horizontal 
pressure gradient, Ap.  In an inviscid model, the sum A(u2 + p )  is the vertical convergence of momentum flux, 

-a(uw) /az ,  integrated across the storm. 

point, and the remainder with the difference in outflow velocities in the overturning and 
jump updraughts. There is little contribution to Ap from the positive buoyancy anomalies, 
since they are distributed more or less symmetrically around the updraught. The momen- 
tum budget contains information about the updraught tilt in the form of the correlation 
between u and w. The solutions with vertical or downshear tilts, marked by open circles 
in Fig. 5 ,  are characterized by relatively small values of horizontal momentum flux. As 
noted in the introduction, the neglect of superposed transience in these conclusions finds 
justification in the numerical study by Fovell and Ogura (1988). 

4. DISCUSSION 

The results of section 3 suggest a criterion for squall-line development that is different 
from previously emphasized factors such as updraught tilt. It appears that the environment 
must allow the initial ‘thermal’ to reach its level of neutral buoyancy while it is still close 
enough to the gust front to avoid placing subsidence over the cold pool. Figure 10 
shows that there are already crucial differences between the successful and unsuccessful 
simulations by t = 42,. The results are from the first two simulations of section 3 ,  both 
of which have q o  = 1.5~;’ for the initial low-level shear. The latent heating has increased 
the vorticity by a factor of 2 or 3 .  Subsidence occurs to the right of the positive-vorticity 
anomalies. Significantly, it is concentrated over the gust front in the unsuccessful case, 
but downshear from the cold air in the successful simulation (the edge of the cold air is 
not marked, but coincides approximately with the zero vorticity contour). 

When subsidence takes place to the rear of the gust front, the storm-front pressure 
drop mentioned in section 2 occurs over the cold air and draws the air forced up at the 
gust front laterally into the convective updraught. This not only allows the separation 
between the two updraughts to continue widening but also permits mid-level air to enter 
the convection and reduce the buoyancy. By contrast, if conditions are such that the 
storm front can move rapidly ahead of the gust front, the head of the density current can 
adjust to the stronger surface flow by becoming deeper or drifting upshear in the direction 
of the free convection. In this subcritical case, air entering the convective updraught has 
more potential buoyancy and less lateral momentum relative to the gust front. 
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Figure 10. Total horizontal vorticity, 11, and components u and w of total velocity at t = 4t, in (a) first and 
(b) second simulations. Of interest is the location of the subsidence ( w  < 0) relative to the gust front in the 
respective cases (for practical purposes the gust front coincides with the 9 = 0 contour near the ground). 

Contour intervals: Aq = l.Ot;', Aw = 0.05Vm and Au = O.lVm. 

The positive feedback on the updraught separation in unsuccessful cases and the 
negative feedback in successful cases appear to account for the sharpness of the parameter 
regime boundary found in section 3. A closely related feedback between convective 
heating and low-level convergence was invoked by Raymond (1983) to account for the 
growth and propagation of wave-CISK modes. As we have seen, the present subsidence 
signal contains an additional nonlinear component in the form of a relatively slow-moving 
inverted gravity current at the neutral buoyancy level. The feedback on the gust-front 
convergence may also depend on details of the rear overturning updraught. With or 
without these complications, the organization of a surface updraught by an elevated heat 
source represents a separate mechanism from the kind of local organization hypothesized 
by RKW. 

Tests mentioned in section 3 showed a lack of sensitivity of the early development 
to the ambient dry stratification. In this sense, the downward signal propagation from 
the initial heating must be fast even for the weakly stratified atmosphere used in the 
long-term experiments. A more important factor determining the location of the initial 
subsidence is probably the lateral speed of the free updraught relative to the gust front. 
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In a two-layer atmosphere with no boundaries, growing modes of dry convection travel 
at the average speed of the layers, as in the (gravitationally stable) Kelvin-Helmholtz 
problem. Studies with continuous shear by Kuo (1963) and Bolton (1984) also show 
normal modes tending to move with the average velocity of the basic wind. If an upper 
boundary is introduced, a separate ‘gravitational’ mode becomes possible, and moves at 
essentially the speed of the upper layer (Orlanski and Ross 1986). 

If the principles behind these results are applicable to the initial-value problem 
(despite the updown asymmetry of moist convection), they explain the tendency for 
the free updraught in the squall-line simulations to move away from the gust front more 
rapidly at first if there is a stronger upper-level relative wind. A dimensional approach 
can now be followed to obtain a formula for the critical shear. We may first assume that 
the free updraught moves at the speed u1 + PAu, where u1 is the wind speed at the top 
of the cold pool (in the frame of the gust front) and p depends on how heavily the upper- 
level flow should be weighted in the average. For example, if the ascent maximum moves 
with the simple average of the lower and upper speeds, and if vorticity is conserved, then 

The time required for the thermal to reach neutral buoyancy and for the subsidence 
to develop can be expressed as At= rt,, where r is non-dimensional and O(1). If we 
assume that u1 = -kV,, with k = 0(1), the separation of the updraughts after an elapsed 
time of At is: 

Ax = (kV, - pAu)rH/V,. 

The value of Ax that makes organization marginally possible should depend on how far 
the subsidence wave can move downshear, and on how wide the updraught becomes 
during the time At. If the width is determined by non-hydrostatic effects, it is com- 
mensurate with H (though some dependence on the depth of the shear layer is also 
possible). The linear signal displacement would also scale with H (and a’’’), but it is not 
expected to be as important, in view of the sensitivity tests mentioned earlier. 

Thus, the critical value of the displacement is (Ax)* = E H ,  with E = O(1). With this 
substitution, we have that 

p=’ 2 .  

(Au)* = uV, - bV, 

where a = k/P and b = E/r. If the cold-air depth is much less than H ,  then u1 is essentially 
the same as the disturbed surface flow at the far right (and k is approximately the gravity- 
current Froude number). With p = f, the empirical choice k = 1 (Benjamin 1968) gives 
a = 2. Since t, is an e-folding time for the changes in altitude of a buoyant parcel (say 
from 0.2H to 0.9H), r = 2 is reasonable, and we get b -- 0.5 when E = 1. These estimates 
for a and b are in good agreement with the experimental values 1.6 and 0.33 appearing 
in Eq. (4). 

In RKW’s analysis, the scale V, is introduced by assuming surface flow stagnation 
and zero pressure anomaly above the cold pool. These are necessary conditions for a 
steady vertical updraught. In the above development, the scale V, enters in a more 
conventional way through an assumption of flow stagnation and overall mass conser- 
vation. In conjunction with flow stagnation, mass conservation in flow over a shallow 
obstacle has nearly the same quantitative implications as zero pressure perturbation over 
the obstacle (i.e. k = 1). Hence, the more consequential difference between the two 
theories is the appearance in Eq. ( 5 )  of the CAPE scale V,. This is the term that brings 
in the aforementioned distant feedback mechanism. Free convection is considered passive 
in RKW’s theory, which therefore cannot account for any dependence of the criticality 
on the convective potential energy. 
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A special set of time-dependent simulations by RKW show that the vertical pen- 
etration of a forced updraught can be maximized by adjusting the ambient shear.* How 
important this result is probably depends mostly on the convective stability (negative 
area) in the thermodynamic sounding. Since we have suppressed cell decay and redevel- 
opment to concentrate on the larger circulation, it is beyond our scope to investigate the 
effect of different amounts of negative area. In the experiments with zero negative area, 
it was found that the tilt of the forced updraught has little to do with the tilt or movement 
of the convective plume (once triggered) and is therefore not strongly related to the total 
updraught tilt. This result was established independently by Lafore and Moncrieff (1990) 
from their tropical squall-line data. It is also clear, from the full set of experiments, that 
changing the low-level vorticity does not make the free updraught any more or less erect. 

To appreciate the independence of the total updraught tilt, consider the close-up 
view of the disturbance at t = 4t (Fig. 10). There are no important differences in the tilt 
of the forced updraught between the first and second simulations (which had identical 
low-level shear), even though dramatic differences appear in the subsequent storm 
development. The updraughts are weaker in the unsuccessful case, but we attribute this 
to their unfavourable phase relationship and to the entrainment of mid-level air into the 
convective updraught. Hence, we conclude, with Lafore and Moncrieff (1990), that low- 
level vorticity dynamics are, at most, secondary in importance to the larger circulations 
in modulating squall-line intensity. 

One of the weaknesses of the present theory is the modelling assumption that all 
levels of the atmosphere up to z = h, are equally unstable to small vertical displacements. 
This makes the kinetic energy of the initial thermal greater than it might be in soundings 
with more stable middle tropospheres. We have already commented on the relative ease 
with which the model achieves single updraughts in cases where more sophisticated 
models might generate double jumps instead. We believe that the strong conditional 
instability at middle levels contributes to this bias without invalidating the distinction 
between successful and unsuccessful cases based on the degree of coherence between the 
forced and free updraughts. 

The time of Fig. 10 is close to that when more realistic convection begins to collapse 
or divide under the burden of negative buoyancy in the updraught. Thus, the suppression 
of new convection near the gust front by the old convection may be artifically strong in 
the second simulation (cf. Fig. 4). The model compensates for this in two ways: by 
omitting any negative area in the thermodynamic sounding, and by maintaining the cold 
pool even as the updraught moves away. Since negative area and cold-pool dissipation 
would also suppress new cells, we hold to our belief that the unsuccessful simulation is 
an accurate depiction of a terminal process in the life of the convection. If new cells 
cannot develop until the circulation from the old cells has died away, the cold pool and 
surface convergence may be too weak to sustain the mesoscale organization. Certainly, 
our ‘failed’ simulation resembles the decaying phase of RKW’s storm, although we 
cannot be sure that the suppression in their solution is due principally to the convective 
downdraught (instead of the negative area). 

5 .  SUMMARY AND CONCLUSION 

By producing extraordinarily steady long-term solutions, the simplified model brings 
the squall-line organizational process into high relief. Examination of the long-term 

* By contrast, their analyfical condition involving V, applies to the total shear Au and does not actually 
determine the updraught orientation. 
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solutions suggests that classical models like those of Benjamin (1968) and Moncrieff 
(1978) can be relied upon for understanding aspects of the quasi-steady dynamics. 
Unfortunately, results from the steady-state models cannot shed much light on the 
dynamical constraints that distinguish squall lines from the more common variety of 
moist convection. 

The more relevant initial-value problem of linearized convection in shear is relatively 
intractable (judging from the lack of classical analytical results). However, some useful 
insight may be available from the no-shear problem. Raymond (1983) solved that problem 
as part of an effort to understand normal-mode wave-CISK. His discussion about the 
propagation of the surface convergence maxima is reminiscent of our theory in section 
4 for how convective heating initially organizes or disorganizes the updraught. We have 
tried to include the shear in this mechanism by referring to normal-mode solutions of 
convection in sheared environments. That line of thinking together with a dimensional 
analysis has led to a reasonably successful prediction of the minimum vertical contrast 
in line-normal environmental wind necessary for organization. 

Rotunno et al. (1988) have made a fundamental contribution in directing attention 
to the squall-line development process. However, the theory of vorticity matching 
neglects changes in ambient conditions due to the establishment of a forward overturning 
updraught and other permanent features, as pointed out by Lafore and Moncrieff (1990). 
A similar criticism applies to the traditional conceptual view (TMM) of the role of the 
ambient shear because of the assumed continuous transfer of momentum from the 
undisturbed environment to the free updraught. The necessity of optimal forced 
updraughts in the cell regeneration process probably depends on the convective inhibition 
in the environmental sounding. Although we have not investigated this dependence, we 
doubt that low-level vorticity dynamics based on ambient conditions can have much to 
do with convective intensity after the squall line is organized. 

We have argued that the development phase of organized convection may have a 
nearly linear explanation. By contrast, the long-lived states that arise from favourable 
initial conditions are quite nonlinear. The mature updraught consists mainly of air 
originating from the surface, rather than middle and upper levels, and most of the low- 
level air never enters the surface cold region as in a linear model. Nonlinear analytical 
models like those of Green and Pearce (1962), Moncrieff (1978) and Moncrieff and So 
(1989) are more relevant for the long-term circulation. These have already served to 
demonstrate that a range of steady states become possible with the inclusion of energy 
dissipation or overturning updraughts and downdraughts. An important target for future 
research is the principle by which a particular one of these states is selected. 

Our speculation on the last question is that the selection may have to do with the 
variation during start-up of internal parameters such as cold-pool height, rear-inflow jet 
speed and, especially, net lateral mass flux measured in the frame moving with the gust 
front. A successful nonlinear development may be seen as a crossing, in parameter space, 
into a region where steady structures are possible. Thus, an important question for future 
work is whether the boundary between existence and non-existence of steady states in 
the most comprehensive analytical model has strong dependence on one or more of the 
internal parameters. 
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APPENDIX 

List of symbols 
potential buoyancy, g O / O o ,  where 8 is the potential temperature and Oo a reference 
value 
maximum lifted buoyancy relative to initial profile 
potential buoyancy of cold pool (mid-level wet-bulb potential temperature) 
acceleration of gravity 
depth of well-mixed surface layer 
depth of cooling region 
level of maximum lifted potential temperature 
level of neutral buoyancy for lifted surface parcels 
width of cooling region 
pressure divided by density 
horizontal velocity component 
vertical velocity component 
horizontal coordinate 
vertical coordinate 
height of domain 
total horizontal mass flux, Judz 
gravity-current velocity scale, d( - bcH) 
convective velocity scale, d(b ,H)  
rate of change of potential temperature with height of lifted parcel 
horizontal vorticity, du/az - dw/dx 
time scale of non-adiabatic cooling 
convective time scale, d ( H / & )  
stream function for flow in vertical section 
denotes initial value 
denotes critical value 
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