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ABSTRACT

A nonhydrostatic numerical mesoscale model has been applied to the study of an Oklahoma squall line with
initial conditions taken from the Oklahoma-Kansas Preliminary Regional Experiment for STORM-Central
(PRE-STORM) data for 7 May 1985. The model reproduced features typical of organized propagating convection
occurring during spring and summer in this region, namely a squall line/mesoscale convective system containing
strong right-flank convection resembling many documented cases. The alignment and motion of the system
change during its development and are determined by the ambient wind at three levels; the steering level of the
mature cells, the level of free convection, and the surface layer. Three persistent right-flank cells had a characteristic
rightward propagation relative to the mean wind shear vector. Their propagation occurred through successive
mergers of cells that had formed at a downdraft outflow convergence front and were similar to the flanking line
often seen to the south of strong updraft cores.

The three-dimensional flow structure of the right-flank cells was found to center on a distinct dynamical
pressure pattern that itself resulted from the interaction of the midlevel relative flow with the cyclonic vorticity
in the updrafts. This low pressure on the updraft’s flank extended down to low levels where it was partly
responsible for directing the southward surge of downdraft air causing the convergence and flanking line. Other
types of supercell propagation are speculated upon in relation to this characteristic dynamical pressure effect
evident in the simulation in the neighborhood of cyclonic updrafts.

The updraft cyclonic vorticity was found to strongly influence the domain-scale circulation, particularly in
the upper troposphere where it counteracted the anticyclonic production due to divergence and the Coriolis

3363

acceleration, leaving net cyclonic vorticity throughout most of the troposphere on'a scale of 200 km.

1. Introduction

This study is aimed at understanding the structure
and development of an Oklahoma squall line, using
data from 7 May 1985 obtained during the Oklahoma-
Kansas Preliminary Regional Experiment for STORM-
Central (PRE-STORM) to initialize a numerical
model. The work is generally relevant to the physics
of fully three-dimensional mesoscale convective sys-
tems that develop in the central United States. Simu-
lations were carried out in three dimensions using a
nonhydrostatic mesoscale model and a major objective
was to study marked three-dimensional supercell be-
havior that sometimes develops in the convective re-
gion of squall lines.

Several squall-line studies, employing two-dimen-
sional numerical models that can represent a transverse
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section of the line, have elucidated dynamical prop-
erties and have successfully reproduced several ob-
served features. Thorpe et al. (1982) have demon-
strated, with idealized shear profiles, the importance
of the environmental wind profile to the dynamical
structure and longevity of the overall system, in par-
ticular the relative magnitude of the low-level and up-
per-level shears in producing a quasi-steady circulation.
Dudhia et al. (1987) showed a similar sensitivity in
multicellular West African squall lines by comparing
the effect of the observed jet-like profile with an ideal-
ized low-level shear. Rotunno et al. (1988 ) suggest that
a balance between low-level ambient shear and baro-
clinically generated horizontal vorticity at the leading
edge of the cold pool promotes strong convective cell
development.

Two-dimensional models are reasonably valid ap-
proximations to certain observed squall lines that con-
tain a series of cells having comparable intensity along
the line, and particularly to the class of lines in which
transient cells move backwards from (and along) the
line. Three-dimensional simulations by Redelsperger
and Lafore (1988) and Weisman et al. (1988) dem-
onstrate that the three-dimensional physics of these
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lines does not greatly differ from the two-dimensional
form, at least where the along-line structure is approx-
imately periodic and the shear is largely unidirectional.

Recent studies have elucidated the importance of
mesoscale processes for the maintenance of convective
systems. These processes are physically distinct from
the local effects of the cold pool forcing of new con-
vective cells (Moncrieff and Miller 1976; Rotunno et
al. 1988). In a study of West African squall lines, Lafore
and Moncrieff (1989) investigated the interaction be-
tween the convective and stratiform (mesoscale) re-
gioris. They emphasize the importance of the system-
scale vorticity production to the longevity of a squall
system and also the role of the wind profile in deter-
mining the strength of the mesoscale rear inflow. Crook
and Moncrieff (1988 ) demonstrate the importance of
large scale convergence, to the generation and mainte-
nance of squall lines. These latter two studies have
quantified the organizing effect of mesoscale properties
on mesoscale convective systems as distinct from the
local effects of convective-scale downdrafts that force
new cells.

The results of the above two-dimensional simula-
tions, and those of Nicholls (1987), Hane et al. (1987),
and Fovell and Ogura (1988), demonstrate how a
squall line can attain a quasi-steady structure with suc-
cessive generation at the gust front of cells that prop-
agate rearwards relative to the front, precipitate and
evaporatively cool a downdraft of low- and midlevel
air. The downdraft may be supplied from ahead of the
squall line, from behind, or from both regions. In two
dimensions an inflow from ahead of the system implies
the existence of transient updrafts interspersed with
downdrafts. .

However, certain squall lines exhibit a marked degree
of three-dimensionality and constitute a discrete pop-
ulation of long-lived cells (“‘supercells’) that can dom-
inate the squall-line dynamics. These supercells tend
to grow on the right flank of the line facing in the di-
rection of line motion and are presumably associated
with the “bow echo” that is observed in such cases.

The applicability of three-dimensional models to
more realistic situations has gradually improved with
the recent enhancement of computer processing speed
and memory. Earlier three-dimensional models were
limited to small areas and included only two or three
interacting cells. The inclusion of directional wind
shear results in an additional increase in the sophisti-
cation of storm models. Studies, including those of
Klemp and Wilhelmson (1978), Thorpe and Miller
(1978), Schlesinger (1978), Clark (1979), and Tripoli
and Cotton (1980) among others, have demonstrated
many essentially three-dimensional features; e.g., the
generation of a positive /negative vortex couplet in the
updraft through tilting, updraft splitting, and successive
generation of cells in the neighborhood of a persistent
surface cold air boundary that is located upwind of the
convective-scale downdrafts. Further studies, such as
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those of Weisman and Klemp (1984) and Rotunno
and Klemp (1985) demonstrated how storm propa-
gation can deviate from the mean wind at all levels
and how a clockwise curving wind hodograph favors
the right-moving storm relative to the mean shear di-
rection. This is a characteristic feature of observed su-
percell behavior.

Owing to their length scale of several hundred ki-
lometers, it is impractical to simulate entire mature
squall line systems that have marked stratiform and
convective regions (mesoscale convective systems) in
three dimensions with a nonhydrostatic cloud-resolving
model having a (say) 1 km grid length. One simplifi-
cation is to use a moving frame of reference and pe-
riodic boundary conditions in the along-line direction
(Rotunno et al. 1988; Weisman et al. 1988; Redel-
sperger and Lafore 1988). In this approach, it is nec-
essary to predetermine the domain orientation to align
the squall line perpendicular to the periodic boundaries.
Another approach would be to use a nested model with
up to three domains, namely a large coarsely resolved
outer domain, an intermediate resolution domain for
the stratiform region, and a highly resolved convective
region; this constitutes a three dimensional extension
of the Lafore and Moncrieff (1989) study.

Herein, the simpler approach of using a sufficiently
large single domain will be used to simulate the de-
velopment of a squall line starting from an initial sym-
metric impulse and all four lateral boundaries are open.
However, the domain size used is close to the essential
minimum and larger domains are necessary for more
extended integrations. Nevertheless, accepting the ob-
vious limitations, it will be shown that the simulated
squall line can establish a dynamically preferred align-
ment and propagation velocity while growing laterally
towards the length scale of the computational domain.

2. Model description

The mesoscale model used herein evolved from the
cloud model originally developed by Miller and Pearce
(1974) that employs pressure as the vertical coordinate
and is nonhydrostatic with Boussinesq and anelastic
approximations. Miller and White (1984) have dis-
cussed the scaling and energetics associated with this
model’s equation set. Contrasting with the Miller and
Pearce model in which the vertical component of ve-
locity was obtained using the mass continuity equation,
this variable is now obtained from a time integration
of the vertical momentum equation. In its full three-
dimensional, moist form there are seven prognostic
equations and one diagnostic equation to predict the
eight dependent variables. The equations are for the
three velocity components (u, v, w) in the (x, », p)
coordinate system, potential temperature (6), water
vapor (¢,), cloud (g.), rain (g,), and the geopotential
height deviation (/). The basic equations of the model
are
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where, using mass continuity (8), the substantial (La-
grangian ) derivative is defined in flux form,
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where T and p are air temperature and density, and
the subscript “0” denotes the initial horizontally uni-
form state. Here R, and ¢, are the gas constant and
speciﬁc heat capacity at constant pressure of dry air,
L, is the latent heat for vaporization of water, and g is
the acceleration due to gravity. The terms fi, and fo,
represent the initial geostrophic horizontal pressure
gradient term that balances the initial velocity field (,,
ve, 0). This component of the pressure is kept constant
during the simulation, and the weak large-scale hori-
zontal temperature gradients implied by the thermal-
wind relation are neglected.

The geopotential height deviation from the initial
state, /', is calculated from the momentum equations
and the continuity relation,

g i} d
&(1)+5(2)+a—p[pog><(3)]EG (13)
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Here G is a time-independent differential equation
having made use of Eq. (8) to eliminate the time de-
rivatives.

The Harlow and Welch ( 1965) numerical technique
is used to maintain mass continuity that could other-
wise be violated by a build-up of rounding errors and
the effect of the spatial filter. Equation (13) has the
form of a three-dimensional Poisson equation in A4’
The lateral boundary values of /4’ are precalculated, as
are the top and bottom boundary normal derivatives
of h’ (described later). The right-hand side of the dis-
cretized Poisson equation is known so it can be solved
using fast Fourier transforms in the x and y directions.
A direct recursive method (a tridiagonal matrix inver-
sion) is used to solve the second-order partial differ-
ential equation in the p-direction. Finally, inverse fast
Fourier transforms are applied to obtain the 4’ field.

The cloud-rain processes are parameterized by a
simple version of the Kessler (1969 ) scheme. Ice-phase
processes have been neglected but this may not signif-
icantly affect the convective-scale dynamics. However,
the current opinion is that these processes can influence
the anvil region and their potential importance herein
depends upon the extent to which the convective-scale
interacts with the mesoscale (stratiform) region. This
aspect has recently been considered in a two-dimen-
sional context by Lafore and Moncrieff (1989) where
it was demonstrated that the effect of a very simple
representation of ice physics (on fall speed) can mod-
ulate the intensity of the mesoscale rear inflow. The
basic dynamical structure of the convective region was
not radically altered although the intensity of the flow
in the stratiform region was made more realistic. Im-
proved cloud microphysical parameterizations, in-
cluding ice physics, are necessary to more precisely un-
derstand the interaction of cloud microphysics and dy-
namics and to satisfactorily investigate sensitivity.

In the above equations, ACR denotes accretion of
cloud by rain, CCR the conversion of cloud to rain by
growth, and ERV the evaporation of rain. These are
given by

ACR = v4.(q,/3:1)**°(ps/ p0)®? (14)
CCR = a(qc - qcrit)s if de > Yerit (15)
ERV = 8(gq; — q»), if g,<gs, (16)

and CVC in Egs. (5) and (6) is the condensation of
vapor into cloud (and evaporation ) that maintains co-
existing cloud water and water vapor in thermody-
namic phase equilibrium. The constant g is the crit-
ical cloud water content above which cloud converts
to rain, and ¢, is the saturated water vapor mixing ratio
at the ambient temperature and pressure. Here ¢,; is
1 g kg™ ! and p, is the surface air density. The fall speed
of rain is given by

Ve= Vr(ps/p0)*(4r/ @r1)**. (17)
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The constants take the values & = 10-3s™!, 8 = 1073
sTLy=103s"" guir = 5 X 107* kg kg, and Vi
=5ms™,

The numerical model employs second-order cen-
tered differencing for spatial derivatives except for the
rainfall term in Eq. (7) where a first order upstream
difference is used to suppress the production of negative
values of rain water. The time integration consists of
the Euler-forward scheme and the two-stage Euler-

backward scheme at alternate time steps and so is quasi-

centered. There is a marginal instability in this nu-
merical scheme that is controlled by the use of a 17-
point filter (Francis 1975) every 16 time steps. This
eliminates two grid-length waves leaving longer wave-
lengths almost unaffected.

Subgrid-scale turbulence and short-wave numerical
noise are treated simply with the D terms in Egs. (1)-
(7) that smooth the perturbations from the basic state
and have the form

2

J
D, = KiV;2¢' + K, pee ¢, (18)

where V,, is the horizontal operator. The vertical and
horizontal diffusion coefficients, K, and K},, are con-
stant for the momentum fields (100 and 4000 m?s™",
respectively). For 8 and moisture fields, K, and K, have
typical values around 100 m? s~ but are proportional
to the magnitude of the second derivative of the per-
turbation in the direction of smoothing in order to en-
hance their selectivity of shorter wavelengths (Miller
and Pearce 1974).

At the lateral boundaries, the normal component of
velocity, potential temperature, water vapor, and height
deviation are predicted using radiative boundary con-
ditions whereby a local effective phase speed is calcu-
lated and used to predict the new boundary values
(Miller and Thorpe 1981). The remaining velocity
components have a zero normal gradient at the lateral
boundaries while the cloud and rain are zero at inflow
boundaries and have zero gradient at outflow. In ad-
dition, the normal and vertical velocities at the bound-
ary are adjusted to preserve mass continuity subject to
w being zero at the top and bottom. The upper and
lower model boundaries are pressure surfaces, across
which there is assumed to be no flow. This eliminates

external gravity waves that would significantly restrict

the time step due to their rapid propagation speed.
Equation (3), with the left-hand side set to zero, there-
fore gives the height gradient boundary conditions re-
quired to solve the diagnostic height field equation pre-
viously described.

Scalar dependent variables are defined at the centers
of grid boxes while the velocities are defined on the
grid-box faces normal to their direction. This is a con-
ventional Arakawa C-grid type of staggering of variables
that minimizes averaging (smoothing) in the calcula-
tion of fluxes.
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The surface fluxes of heat, moisture, and momentum
(friction) are zero because the simulation represents
nighttime conditions, and the lowest model layer is
deeper than the surface mixing layer (~400-500 m).
Although friction may affect density current propa-
gation, its influence is generally small and probably
confined to a shallow layer at night.

3. Observations: 7 May 1985 PRE-STORM squall
line

a. Choice of sounding

The squall line originated in southeast Colorado,
possibly at a convectively produced cold outflow
boundary from storms that existed in Colorado prior
to the development of the squall line (Meitin and Cun-
ning 1985). By 0100 UTC on 7 May this line was-
associated with a 100 km diameter high cloud area
detectable on satellite pictures over the Oklahoma
panhandle. Radar pictures (Fig. 1) show that it con-
tinued to develop while moving east-southeast across
central Oklahoma, and the maximum high cloud area

.occurred around 0800-0900 UTC, centered about 100

km west of Oklahoma City. The squall line continued
to propagate as it decayed, reaching the southeast cor-
ner of Oklahoma at 1500 UTC. The average propa-
gation speed was about 15 m s~} reaching 20 m s™!
during the most active phase. Rainfall in the network
was 10-20 mm, but low-level radar echoes of up to 55
dbZ, corresponding to rates around 90 mm h ™!, were
observed at Norman, Oklahoma reached by the center
of the 250 km-wide line at 0940 UTC. It should be
noted that there was no evidence of supercell behavior
in the observed squall line, for reasons enunciated later.
However, the modeled supercells have intrinsic value
for understanding the physics of explicitly modeled,
fully three-dimensional convective systems.

The model is initialized with a single observed
sounding, chosen from the PRE-STORM dataset,
which appears representative of environmental con-
ditions prior to a squall line passage through the ob-
servational network. The choice of appropriate initial
soundings is restricted to the PRE-STORM sites in
Oklahoma by the path of the squall line and further
restricted to western Oklahoma by the fact that the line
started to decay before reaching central Oklahoma
where soundings show the surface layer to be signifi-
cantly drier. This limits the choice to three rawinsonde
ascents once the time of passage at various sites is con-
sidered: 0000 UTC at Woodward, Oklahoma; 0300

‘UTC and 0600 UTC at Burns Flat, Oklahoma. Of

these, the 0300 UTC Burns Flat sounding (Fig. 2) was

chosen because it is the most favorable for initiating
convection in having a greater low-level moisture and
smaller convective inhibition (as defined from the neg-
ative area on a thermodynamic diagram for lifting sur-
face-layer air, e.g., Bluestein and Jain 1985). The
Woodward sounding was cooler at midlevels by about
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3°C but had a dewpoint in the lowest kilometer that
was around 2°C less with lower surface temperatures,
suggesting that convective modification had already
occurred. The 0600 UTC Burns Flat sounding was
closer to the squall line, but the surface wind and ther-
modynamic profiles may have been modified by local
convective downdrafts and by the approaching line that
was probably only a few tens. of kilometers away. In
this latter sounding, the low-level wind had a southerly
component of 20 m s™! at 1.2 kin above MSL (600 m
above ground level, AGL) and the surface wind was
10 m s~!. The wind at ~10 km had an additional 10-
15 m s™! component to the southeast compared to the
sounding 3 h earlier, suggesting the influence of an
upper-level outflow from the squall line.

The skew T-logp diagram for 0300 UTC (2200
CST) at Burns Flat (Fig. 2) shows strong conditional
instability. The convective available potential energy
(CAPE) of 2300 J kg ! is typical of severe squall-line
events in the Oklahoma region (Bluestein and Jain
1985). . .

The wind hodograph (Fig. 3) also shows a general
similarity to the averages derived by Bluestein and Jain
for squall-line events. In particular, the strong curvature
up to 3 km with a slight reverse curvature above is
typical. The average rain-area motion vector, (14, —6)
m s~ is parallel to the shear vector at around 2 km
above MSL. Moreover, the weak shear at midlevels is
not unusual for this region. For example, a severe-storm
case study by Vasiloff et al. (1986) has a very similar
wind hodograph.

-20

-10 0 10 20 30

FIG. 2. Skew T-logp presquall thermodynamic sounding
for Burns Flat 0300 UTC 7 May 1985.
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FIG. 3. Hodograph for Burns Flat 0300 UTC 7 May 1985. Heights

above mean sea level in km. Wind speed in m s~

b. Bulk Richardson number and storm type

The bulk convective Richardson number has been
shown to be a useful parameter by numerical modeling
and observational studies. Weisman and Klemp (1984)
and Bluestein and Jain (1985) define this quantity as

_ CAPE
SRTONG Ty

where AU is taken as the magnitude of the vector dif-
ference between the mean wind in the lowest 6 km and
that in the lowest 0.5 km. This follows Moncrieff and
Green (1972) where the former represents a typical
steering-level velocity and the latter the updraft inflow
velocity. The 0300 UTC Burns Flat sounding gives R
= 25 which, according to Bluestein and Jain, together
with high CAPE is favorable for supercell and back-
builder types of storms. The latter classification rep-
resents a squall line with a quasi-steady updraft that
propagates by the process of successive cell mergers at
the right flank of the system (facing downshear), while
supercells are maintained more continuously by a right-
flank relative inflow. Both of these often have an iden-
tifiable structure over a period of one or more hours.

Weisman and Klemp (1984) performed numerical
studies using various idealized clockwise curved wind
profiles and values of CAPE, and concluded that right-
flank storms are stronger for R around 15-45. For R
greater than 45 multicell type development becomes
more favored whereby a succession of cells grow along
the gust front, move relatively rearwards and decay in
a few tens of minutes. They find a regime around R
= 25 where it-is possible to have both well-developed
multicell and right-flank storms, suggestive of some of
the back-builders described by Bluestein and Jain. This
is interesting in the light of results to be presented
herein.
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