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ABSTRACT

This study focuses on the progressive derecho, a widespread, convectively induced windstorm produced by
amesoscal e convective system that often occurs within arelatively benign synoptic-scal e environment. Sounding
data from 12 progressive derechos, which occurred in weakly forced large-scale environments, are composited
in order to examine important large-scale features in the preconvective environment. This analysis captures
many features that are common in warm season derecho environments, such as an upper-level wind maximum,
a relatively dry midtroposphere, and low-level warm advection. Initial and boundary conditions for the Penn-
sylvania State University—National Center for Atmospheric Research fifth-generation Mesoscale Model (MM5)
are created using thisanalysis. A three-dimensional, horizontally nonhomogeneous, explicitly resolved simulation
of aprogressive derecho is produced and compared to previous, more idealized simulations of similar convective
systems that have been used to explain the strength and structure of observed long-lived squall lines and bow

echoes.

A subset of previous squall line simulations produced within horizontally homogeneous environments without
wind shear above 5 km suggests that a balance between the positive vorticity associated with the environmental
low-level shear (Au) and the negative vorticity created baroclinically at the leading edge of the cold pool (C)
is the essential ingredient that determines the strength and time-dependent structure of long-lived squall lines
(local balance theory). In the simulation presented here, which occurs in an environment with deep-tropospheric
shear but relatively weak low-level shear, the model developsarealistic, rapidly moving squall line with embedded
bow echoes that maintains its strength for much longer than the squall lines within previous idealized simulations
that develop and evolve within similar less than optimal balance conditions (C/Au > 2). Previous simulations
of squall lines under similar less than optimal conditions contain updrafts that progressively weaken and become
more upshear tilted with time as the cold pool surges ahead of the updrafts within 1-3 h after the system develops.
However, the simulated squall line used here contains convective updrafts that remain ailmost directly above the
gust front, maintains a nearly constant upshear tilt for several hours, and produces severe, near-surface winds
for over 8 h. Examination of the maximum grid-resolved vertical velocity indicates that the cells are not weakening
with time relative to their thermodynamic potential, which contrasts the behavior of the cells within the less
than optimal squall lines of the previous, idealized simulations.

These results support the idea that local balance theory, which attempts to explain both the strength and
longevity of squall lines, may be incomplete within environments that often favor warm season progressive
derechos. In particular, tests with a simple two-dimensional cloud-scale model indicate that both significant
upper-tropospheric shear above 5 km (which is found in the composite analysis and in the MM5 solution) and
low-level shear play significant roles in maintaining the strength of squall lines over long periods and need to
be considered in order to fully understand and forecast these events.

1. Introduction

Strong, horizontal surface winds associated with con-
vection are almost always the result of intense thun-
derstorm downdrafts. The main source of downward
motion within thunderstorms is the negative buoyancy
of air parcelsresulting from evaporation and/or the melt-
ing and sublimation of frozen precipitation as it falls
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through subsaturated air (Johns and Doswell 1992). As
the convection organizes and grows in size, the down-
drafts accumulate to form a pool of cold air and an
associated region of hydrostatically induced high pres-
sure (a mesohigh) (Fujita 1955). The most concentrated
leading edge of this cold pool is referred to as the gust
front, which contains a wind surge behind the leading
edge that can often exceed severe limits (>26 m s 1)
(Wakimoto 1982). Fujita (1976) identifiesintense down-
drafts of air, called downbursts, that induce an outburst
of highly divergent, damaging winds on or near the
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ground. These damaging winds associated with down-
bursts and the gust front are often termed straight-line
winds to distinguish them from the twisting nature of
the damage produced by tornadoes (Fujita 1981).
Straight-line winds can be as destructive as tornadoes
while often covering larger geographical areas (Fujita
1981; Fujita and Wakimoto 1981; Johns and Hirt 1985;
Przybylinski 1995).

Hinrichs (1888) describes a type of widespread, con-
vectively induced windstorm, which he terms a derecho
(a Spanish word for “‘straight ahead” or ‘“‘direct”).
Overshadowed by the tornado’s more visually dynamic
and devastating nature, derechosreceived little attention
in the scientific literature for many decades. Almost a
century later, Johns and Hirt (1987, hereafter JH87) de-
fine the derecho to include any family of downburst
clusters[aconcentrated area of severewind reportsand/
or wind damage with a major axis length of at least 400
km; Fujita and Wakimoto (1981)] associated with an
extratropical mesoscale convective weather system
(MCS) (Maddox 1980a; Houze et al. 1989). A serial
derecho is produced by several separate convective el-
ements and is favored under strong large-scale forcing,
and a progressive derecho is produced by a single,
curved squall line or MCS oriented perpendicular to,
and with a bulge in the general direction of, the mean
midtropospheric flow. Fujita (1978), following the work
of Nolan (1959) and Hamilton (1970), refers to a bulg-
ing convective line as a *‘bow echo” and shows that
strong, diverging outflow and associated swaths of dam-
aging surface winds are often found near the apex of
the bow. Przybylinski and DeCaire (1985) show that
channels of weak radar reflectivity behind the leading
edge of the convective line often precede the devel-
opment of a bow echo and are proposed to be associated
with strong rear-inflow and intense downdrafts of evap-
oratively cooled air. These features often exist on many
different scales within a derecho-producing MCS and
may be present simultaneously during a single event
(Johns and Doswell 1992; Przybylinski 1995).

In the United States, derechos are generally restricted
to the states east of the Rocky Mountains and occur
most frequently in the southern and central plains and
the Ohio valley during the summer months (JH87; Bent-
ley and Mote 1998). Warm season derechos tend to
occur in environments with large convective instability,
strong midtropospheric winds, and a dry mean midtro-
posphere, with many occurring with a weak to nonex-
istent 500-hPa short-wave trough (JH87). In addition,
low-level warm advection, pooling of very high dew-
points along alow-level quasi-stationary frontal bound-
ary, and a poleward jet maximum aong the northern
periphery of an upper-level ridge are often found in the
large-scale environment (Johns 1984; JH87; Johns et al.
1990, hereafter J90; Johns 1993).

The important local -scal e mechanisms that determine
the strength and structure of long-lived squall lines, of
which derecho-producing MCSs are a subset, have been
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examined through highly idealized numerical simula-
tions (Thorpe et al. 1982; Fovell and Ogura 1988; Ro-
tunno et al. 1988, hereafter RKW88; Weisman et al.
1988, hereafter WKR88; Weisman 1992, hereafter W92;
Skamarock et al. 1994). In particular, RKW88, WK R88,
and W92 use results from 2D and 3D cloud-resolving
numerical simulations to develop alocal balance theory
for strong, long-lived squall lines. The model simula-
tions are initialized with horizontally homogeneous en-
vironments consisting of arelatively moist and unstable
environment with the total shear restricted to the lower
troposphere. RKW88 find that within their idealized
framework, the essential ingredient that sustains along-
lived squall line is an amount of low-level shear that
counters the circulation induced by the convectively
generated cold pool. This conclusion isfurther strength-
ened in Rotunno et al. (1990) where an appropriate bal-
ance between the environmental low-level shear and the
cold pool isdeemed anecessary condition for sustaining
most strong, long-lived squall lines. An optimal state
exists when the negative vorticity produced by the cold
pool isbalanced by the positive vorticity associated with
the ambient low-level shear. Under these conditions,
strong, vertically oriented convective cells are period-
ically generated directly above the gust front. For a
given cold pool strength, values of low-level shear that
are too large cause the convection to tilt downshear and
cut off the supply of warm, moist air to the updraft (the
‘“greater than optimal’’ condition). Values of low-level
shear too small cause the updrafts to become weaker
and tilted in the upshear direction (the ‘‘less than op-
timal”’ condition). Most of the simulations presented in
RKW88 and WK R88 eventually reach the less than op-
timal state as the cold pool becomes colder with time,
regardless of theinitial conditions (the simulations with
stronger low-level shear take longer to reach less than
optimal conditions). In this manner, thelessthan optimal
phase of the squall line life cycle is also viewed as a
decaying phase as the system tilts more upshear with
time and the gust front surges ahead of the updrafts.

W92 and Weisman (1993, hereafter W93) show that
this theory can be modified to include the presence of
rear inflow within the cold pool and to describe the
genesis of idealized, long-lived bow echoes. W92, W93,
and Weisman and Davis (1998) present idealized sim-
ulations where many of the observed, storm-scale struc-
tures of severe, long-lived squall lines and bow echoes
are reproduced, including elevated rear-inflow jets and
midlevel vorticity centers along the ends of the con-
vectivelines. These features develop during thelessthan
optimal state as a response to the warm updraft air
spreading rearward above the strengthening cold pool.
W92 shows that squall lines that develop within suffi-
ciently strong ambient low-level shear tend to develop
elevated rear-inflow jetsthat help bring the systemsback
to asteady, nearly optimal state asthey provide asource
of positive vorticity within the cold pool.

In terms of the minimum ambient shear required to
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simulate long-lived damaging wind events, W93 states
that *““if we consider maximum 350-m winds of 35 m
s~1 or greater as indicating significant potential for pro-
ducing damaging surface winds, then we note that such
systems occur for all cases of convective available po-
tential energy (CAPE) greater than 2000 m? s=2 and
shears greater than 15 m s—* (over the lowest 2.5 or 5
km), including but not restricted to the cases that have
evolved into structures similar to the idealized bow
echo.” (p. 666 of W93). Well-defined, long-lived bow
echoes in the simulations of W93 require similar CAPE
but at least 20 m s~* of shear in the lower troposphere.
Structures that produce these stronger near-surface
winds are particularly favored if the total shear is con-
fined to the lowest 2.5 km.

Despite much attention given to the environmental
low-level shear associated with squall lines, there have
been few detailed examinations of observed wind pro-
files in the vicinity of derechos. Bluestein and Jain
(1985) develop a composite hodograph of four types of
severe springtime squall lines in Oklahoma and gen-
erally find a kinematic environment with moderate-to-
strong low-level directional shear with weaker shear
aloft. However, since the springtime months often favor
strong large-scale forcing for severe weather in the
southern plains (Johns and Doswell 1992), these results
are likely unrepresentative of the warm-season, weakly
forced, progressive derecho. This is the type likely to
be most relevant to the isolation of local-scale forcing
within the numerical simulations of W93. Bentley et al.
(1998) produce a composite hodograph taken near the
initiation of 10 north-central Great Plains derecho
events. They find moderate low-level directional shear
with unidirectional shear above 3000 m above mean sea
level (MSL). In a more comprehensive analysis, Evans
and Doswell (1998, 2001) examine derecho environ-
ments using 113 proximity soundings. They find that,
while derechos occur in environments with stronger
lower-tropospheric shear than nonderecho events, the
middle 50% of the distribution of 0—2- (0—6-) km shear
vector magnitudes falls between 8 and 16 (11.75 and
20) m s~* for al derecho events. For the weakly forced
events, this same distribution for the 0-2- (0—6-) km
shear vector magnitudes falls between 7 and 12 (10.5
and 20) m s~*. This study shows that a significant num-
ber of derecho events appear to occur in environments
below the minimum shear threshold suggested by the
idealized simulations of W93 for producing a long-
lived, damaging wind event.

The climatological study by Evans and Doswell
(1998, 2000, manuscript submitted to \Wea. Forecasting)
emphasizes our lack of a complete dynamical under-
standing of the mechanisms that play a major role in
determining the convective type, organization, and lon-
gevity of derechos. While RKW88, WKR88, W92,
W93, Skamarock et al. (1994), and Weisman and Davis
(1998) add valuable insight into the organization of
squall lines and bow echoes, these simulations use an
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idealized horizontally homogeneous initial conditionin
which the wind shear is restricted to the lower tropo-
sphere. Although RKW88 and W93 compare a few ob-
served cases with the results from local balance theory,
the extent to which thelocal vorticity balance arguments
can be used to explain the strength and longevity of a
realistic, 3D progressive derecho event remains largely
unresolved. Therefore, this study attempts to create a
realistic simulation of a derecho-producing MCS from
a numerical model that uses more realistic initial con-
ditions and physical parameterization schemesthan pre-
vious studies. This idealized, yet realistic, simulation
acts as a surrogate for detailed observations of atypical
progressive derecho event.

It is stressed that the objective of this modeling study
is not to generalize the important mechanisms of de-
recho strength, structure, and longevity through com-
prehensive sensitivity studies. Instead, we examine how
well the behavior of the simulated derecho-producing
MCS, which develops in a mean environment typical
of weakly forced derechos, compares to the aforemen-
tioned idealized simulations of strong, long-lived squall
lines and bow echoes. These results may be useful in
future observational field programs that attempt to pro-
vide the observations necessary to determine the mech-
anismsresponsible for squall line and bow echo strength
and structure. Section 2 summarizes the composite tech-
nigque used to define the model initial and boundary
conditions, and identifies the important large-scale fea-
tures associated with derecho development. Section 3
summarizes the model configuration used, highlightsthe
ability of the model to reproduce the preconvective en-
vironment found in the composite analysis, and shows
that the simulated derecho reproduces many of the fea-
tures seen in observational studies. Section 4 examines
the extent to which the simulation agrees with the past
simulations and presents some relevant 2D simulations.
A final discussion is found in section 5.

2. Composite analysis

We begin by creating a realistic, horizontally non-
homogeneous initial condition using sounding data
(0000 and 1200 UTC) from 12 warm season progressive
derecho events that occurred in similar weakly forced,
large-scale environments. In general, al derecho events
that exhibit the dynamic pattern discussed by Johns
(1993) are discarded; that is, if the convection occurs
in direct association with a strong midlevel traveling
wave disturbance and a significant surface cold front,
the caseisignored. Although the selection of only weak-
ly forced, warm season events eliminates some of the
stronger sheared environments, these events are chosen
to allow for a suitable comparison with previous ide-
alized studies, which do not explicitly include strong,
large-scale forcing.

A composite analysis of the conditions approximately
12 hprior to (t, — 12 analysis), around (t, — O analysis),
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FiG. 1. Response curves for the analyses used in the scal e separation
technique. RES1 and RES2 represent the standard low-pass analyses,
BR represents the bandpass analysis, TR is the response for the total
meteorological field, and A X is the approximate average station spac-
ing.

and 12 h after (t, + 12 analysis) the time of MCS
initiation is performed. Thet, — 12 andt, + 12 analyses
are valid at 1200 UTC, and thet, — 0 analysisisvalid
at 0000 UTC. The location of each MCS initiation is
positioned at the center of a 3000 km X 3000 km grid
for all three analyses. The abscissa (x axis) of the grid
is aligned with the direction of propagation of the MCS.
The sounding locations with respect to the position of
the MCSinitiation and movement are then mapped onto
the common grid for each of the 12 cases and for each
analysis. The result gives a horizontal resolution of ra-
diosonde measurements far greater than that available
for an individual derecho case (each analysis contains
about 600 observations with an average station spacing
of about 150 km).

An objective analysis routine developed by Barnes
(1973) is used to analyze the data at 20-km horizontal
intervalst within the grid, and every 25 mb from the
surface to 100 mb, creating a total of 151 grid points
in each horizontal direction, and 37 pressure levelsin
the vertical. Following Maddox (1980b), two separate,
low-pass analyses are used to create a bandpass analysis
that maximizes details at a desired mesoscale wave-
length range (Fig. 1). The appropriate analysis constants
are chosen such that the low-pass field (RES2) repre-
sents the macroscal e environment and the bandpassfield
(BR) represents the mesoscale perturbation. The band-
pass response is maximized at a wavelength of 1600
km, whichissimilar to the value used by Maddox (1983)
in a composite study of mesoscale convective com-
plexes. The total meteorological field (TR) is then rep-
resented by the sum of the bandpass and low-pass ob-
jective analyses. The total response function associated

+ Although this small grid length is not justified by the data spacing,
it is chosen to allow the development of mesoscale features in the
model.
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with this field is greater than one due to a slight am-
plification imposed on the bandpass field (Maddox
1980b). Notice that the total response curve is steeper
than the response curve from that of a standard low-
pass analysis (RES1). As a result, the analysis sup-
presses most of the small-scale noise, yet retains a sig-
nificant portion of waves greater than 1000 km, which
is within the meso-a-scale range (Orlanski 1975).

Thet, — 0 composite analysis (Fig. 2) compares fa-
vorably to the composite results of JH87 and J90. Sig-
nificant low-level warm advection and pooling of mois-
ture along the derecho track is evident in the 850-hPa
composite analysis (Fig. 2a). In addition, progressively
weaker warm advection along the derecho track and
large dewpoint depressions near and upstream from the
composite MCS initiation region are seen in the 700-
hPa composite analysis (Fig. 2b). The MCS initiation
is positioned near a midlevel ridge axis (Fig. 2c) and
in the vicinity of a200-hPajet with progressively weak-
er winds along the track (Fig. 2d), in agreement with
the results of J90 and the analysis presented in Johns
(1993).

3. Derecho simulation

The previous section shows that the composite meth-
od produces a realistic, nonhomogeneous, large-scale
environment typical of a weakly forced derecho event.
The next step is to use these analyses as initial and
boundary conditions for the numerical model. The mod-
el chosen for use is the Pennsylvania State University—
National Center for Atmospheric Research fifth-gener-
ation Mesoscale Model (MM5) (Dudhia 1993).

a. MM5 configuration

The domain configuration and the choice of model
physics are summarized in Fig. 3. As mentioned pre-
viously, the composite analysis is performed on a grid
with 20-km horizontal grid spacing. The coarse grid
(grid 1) hasidentical horizontal dimensions as the anal-
ysis grid, giving 151 grid points in each direction with
20-km horizontal resolution. Thirty-five vertical sigma
(o) levels are used throughout the simulation. Grid 1 is
initialized with the t, — 12 analysis, providing a com-
posite of the large-scale conditions at 1200 UTC (12 h
prior to MCS initiation) and a 12-h model simulation
is produced. Boundary conditions are provided by the
successive composite analyses.

Once the model integration reaches 12 h (0000 UTC),
two additional computational grids are introduced that
use atwo-way interactive nesting procedure. Grid 2 uses
a 6.67-km horizontal resolution and is initialized with
data from grid 1. There are 151 grid points in the x
direction (1007 km) and 85 grid pointsin they direction
(567 km). The innermost grid (grid 3) uses a 2.22-km
horizontal resolution and is initialized with data from
grid 2. There are 136 grid points in each direction, giv-
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Fic. 2. Results from the t,-O composite analysis for (a) 850-hPa temperature (solid, every 2°C), dewpoint (dashed, every 2°C), and winds
(full barb = 5 ms~1), (b) asin (a) except at 700 hPa and dashed lines of dewpoint depression (every 2°C), (c) asin (b) except at 500 hPa,
and (d) as in (b) except for winds only (flag = 25 m s*) at 200 hPa. The X denotes the location of the composite MCS initiation and the
arrow points in the direction of the composite MCS movement. Only the central 2000 km X 2000 km portion of the analysis domain is

shown.

ing dimensions of 300 km X 300 km. Asthe convection
increases in size, atotal of two inner grids are used and
moved discretely so that the convection remains near
the center of the grid. The model physics used on grids
2 and 3 are the same as those on the coarse grid except
that the convective forcing is provided by the micro-
physical scheme alone, such that cumulonimbus clouds,
and the direct convective feedbacks, are fully repre-
sented (Weisman et al. 1997).

b. Preconvective environment

The model solution at 12 h (0000 UTC) largely re-
sembles the composite analysis valid at the same time.
Several of the important features in the composite anal-
ysis and in J90 are in the model solution, including a
quasi-stationary E-W frontal boundary at the surface
(Fig. 4), deep pooling of moisture in low levels, rela-
tively dry air in midlevels, a midlevel ridge axis near
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Fic. 3. Summary of the MM5 configuration. Grids 1, 2, and 3 use a 20-, 6.67-, and 2.22-km
horizontal resolution, respectively. Each grid uses 35 vertical sigma levels. The dashed grids
indicate the introduction of two separate inner grids so that the convective system is completely
resolved at 2.22-km resolution. These grids are then moved with the system in the direction
shown by the arrows. The map background is included on the grids to provide a scale reference.
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Fic. 4. MM5 solution displayed on grid 2 at the time grid 2 is initialized (12 h) of surface
temperature (solid, every 1°C), sealevel pressure (dashed, every 1 mb), and surface winds (plotted
every eight grid points with full barb = 5 m s=). Tick marks are every 6.67 km. The X denotes
the location of the composite MCS initiation. The feature on the far right is produced by param-
eterized convection on grid 1 prior to the initialization of grid 2.
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Fic. 5. The 12-h MM5 sounding near the composite MCS initiation of temperature (solid),
dewpoint (dashed), and winds (flag = 25 m s, full barb = 5 m s71).

the initiation, and the existence of an upper-level jet (to
avoid repetition with Fig. 2, most of this solution is not
shown).

The MM5 sounding near the time and location of the
MCS initiation (Fig. 5) reveals an environment that is
somewhat different from the horizontally homogenous
profiles used to simulate sgquall lines in RKW8S8,

v(ms™

u(ms™)

Fic. 6. Hodograph of t,-O composite analysis near the composite
MCSiinitiation (solid, with bold numbers indicating the height AGL)
and of the MM5 solution valid at the same time and location (dashed,
with numbers in italics indicating the height AGL).

WKR88, and W92. Most of the initial wind profilesin
these studies have varying amounts of low-level shear,
but keep the wind constant above either 2.5 or 5 km.
However, in our simulation, wind speeds generally in-
crease to amaximum near 200 hPa producing significant
upper-level shear (Fig. 6 and Fig. 7c). This deep-tro-
pospheric shear in the composite analysis reflects the
tendency for warm season derecho-producing MCSs to
be located near upper-level jet streamsand/or jet streaks.
While much of the total shear is found within the 1-3-
km layer, the low-level shear vector magnitudes? [ap-
proximately 10.5 (15.5) m s—* over the lowest 2.5 (5.0)
km shown in Fig. 6] are in agreement with the results
of Evans and Doswell (1998, 2001) and show little hor-
izontal variation (Fig. 7). These magnitudes are lower
than the values suggested for optimizing the strength of
long-lived squall lines by RKW88, WKR88, and W92.
These values are aso less than the minimum low-level
shear suggested by W93 for the occurrence of well-
defined, long-lived bow echoes, and are at the very bot-
tom of the range of low-level shear values that produce

2 |t should be noted that, aside from the rotation of the wind com-
ponents relative to the MCS motion, no attempt was made to preserve
the vertical wind shear attributes from the individual soundingswithin
the composite analysis. The shear values are calculated from the
vector difference in the winds at each layer.



1600

A N

bt ISP PYCTTVITE (VPRI VIPORY (R \Limm‘mu\\ !
NN 'r.,.‘ .. T \f
WWWWW )i?gk > :
e e »
N C g 'Jll

E me WowW

XL @@JIJ ]

Lm_w%m\ [ %
N k“\k“\u\“\“ﬁ“\
LN

W W o E
5 W’@ mkkkkkkiiﬁé E
Buludedil m\m.\wm et B el

OO T (R A L N

-3 U T N N |t
.Lﬁb\\k CEy N
Bt AW M\M\M:k\@’x\ T Z\I’\ !

Fic. 7. Horizontal distribution of the shear at 12 h on grid 2 cal-
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(b) 0-5-, and (c) 5-10-km levels. Vectors are plotted every eight grid
points with magnitudes contoured every 1 m s—*. The X denotes the
location of the composite MCS initiation.
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long-lived damaging wind events within the simulations
presented in W93.

c. Convective initiation

The meso-a-scale warm advection and convergence
in the composite analysis is enough to trigger param-
eterized convection on grid 1. However, the parameter-
ization scheme does not produce saturation on the grid-
scale, in the manner described by Kain and Fritsch
(1998). Therefore, the usua practice of introducing
warm bubbles as a convective triggering mechanism is
used for this simulation (Klemp and Wilhelmson, 1978).
A series of six warm bubbles with a maximum tem-
perature perturbation, AT, of +4 K are introduced on
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grid 3 at approximately 735 min (5 min after initiali-
zation of grid 3). The centers of the thermals are ap-
proximately 35 km apart and are centered at about 1.8
km above ground level (AGL), which are similar to
those used by Skamarock et al. (1994). Horizontaly,
AT decreases exponentially to zero about 15 km from
the center of the perturbation. Vertically, AT decreases
exponentially to zero about 1.8 km above and below
the center of the perturbation. As stated in Skamarock
et a. (1994), although thisinitialization is not physical,
consequences of the model’s response to the instanta-
neous heating do not appear to significantly affect the
results.

Although the introduction of forcing from warm bub-
bles provides sufficient convergence and lift to develop
individual convective cells, this convection is not able
to become a self-propagating system. This is because
of asmall amount of convective inhibition (CIN) in the
model’s low-level environment (Fig. 8a). Munoz and
Wilhelmson (1993) demonstrate the difficulty in sus-
taining grid-resolved convection that is initiated in a
capped environment. However, they also demonstrate
that modeled convection can move into a capped en-
vironment and sustain itself if it first develops in an
environment free of CIN. Therefore, a modification to
the grid-resolved specific humidity, Aq, is introduced
on grid 2 prior to the introduction of the warm bubbles
on grid 3 to remove a mgjority of the CIN and to lower
the level of free convection. This modification uses a
maximum Aq (AQ,..) Of +3.5gkg~* that is positioned
at the lowest sigmalevel about 50 km east of thelocation
where the warm thermals are introduced. The value of
A decreases exponentially to zero about 150 km to the
north and south, about 250 km to the east, and about
120 km west of Aq,,,. This same modification isintro-
duced on each successive sigma level up to approxi-
mately 1.8 km AGL (the same sigma level at which the
warm bubbles are centered). At the first sigma level
above 1.8 km AGL, AQ,. iS increased to +5 g kg—*
and decreases to zero horizontally along thissigmalevel
in the same manner as before. However, instead of keep-
ing this modification constant with height, this pattern
decreases exponentially to zero up to approximately 3.0
km AGL. This increase in moisture above the lifting
condensation level has a large influence on the ability
of simulated conversion to sustain itself by reducing the
entrainment of dry air and helping to preserve the pos-
itive buoyancy of the parcel (H. Brooks 2000, personal
communication). Although this modification clearly al-
ters the thermodynamic environment of the composite
analysis (with amaximum CAPE increase of ~1000 m?
s~2 as shown in Fig. 8b), its purpose is solely to allow
the convection to become a self-propagating system. As
is shown later, the convection moves out of the modified
region and persists for several hours.

d. MCS simulation

Once convection persists on the inner grids, the sim-
ulation is integrated out to 24.5 h. The convection ini-
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Fic. 10. Time evolution of the maximum wind speed (m s*) on
the lowest grid 3 model layer (approximately 40 m AGL) and on the
sigma layer at approximately 350 m AGL. A time of 4 h presented
in the figure corresponds to an absolute time of 18 hin the simulation.

tiated by the warm bubbles at 12 h collapses after about
90 min. However, the explicitly resolved rainfall from
each of the six cells produces several cold pools that
move eastward into the modified region with little CIN
(Fig. 8b). By 14 h, new cells are initiated in this region
through low-level convergence and lifting along the de-
caying gust fronts (hereafter, the start of the MCS sim-
ulation isdefined to occur at 14 h). By 16.5 h, individual,
intense cells are working together to create one large
cold pool. After this time, the convection organizesinto
a squall line-type MCS and a well-defined gust front
surges to the east producing several, nearly continuous
swaths of strong near-surface winds in the lowest model
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layer (which is approximately 40 m AGL). During this
time, the main portion of the gust front isoriented almost
due north—south and moves eastward at a nearly steady
speed of 18-20 m s~* along the quasi-stationary frontal
boundary at the surface (Fig. 4). The evolution of strong
near-surface winds, shown in Figs. 9 and 10, agrees
spatially and temporally with many observed progres-
sive derecho events (see Johns and Hirt 1985; Johns and
Leftwich 1988; Barlow 1996; Przybylinski 1995; Bent-
ley and Cooper 1997).

Overall, the mature system resembl es a strong, asym-
metric (bowing), midlatitude squall line that develops
a midlevel mesoscale convective vortex (Fig. 12a)
(Houze et al. 1989; Jorgensen and Smull 1993; Ska-
marock et a. 1994; Weisman and Davis 1998). A few
embedded bow echoes develop, approximately 40—60
km in length, with enhanced system-relative rear-inflow
and vorticity in mid-levels (an exampleis shownin Fig.
11). Isolated, intense cells develop ahead of and even-
tually merge with the northern periphery of the main
convective line (Fig. 13); a structure found in type Il
progressive derechos (Przybylinski and DeCaire 1985).
Other features of the mature MCS include a midlevel
notch in the precipitation field at the back edge of the
system (Fig. 12a), a well-defined anticyclonic outflow
at upper levels above the convective core (Fig. 12b),
and aregion of adiabatically warmed surface air beneath
the main mesoscale downdraft (not shown). These fea-
tures have been frequently documented in previous ob-
servational studiesof squall linesand M CSs (Goff 1976;
Wakimoto 1982; Maddox 1980a, 1983; Johnson and
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Fic. 11. The 2.5 km AGL rainwater field (contours of 0.2, 0.4, 0.8, 1.6, 3.2 g kg*) and the approximate system-relative winds (plotted
every six grid points with flag = 25 m s, full barb = 5 m s7*) at 22.0 h on grid 3. Within the zoomed-in region, which has dimensions
of 50 km X 50 km, winds are plotted every two grid points. Tick marks are every 2.22 km. System-relative winds are cal culated by subtracting
the average half-hourly velocity of the gust front from the ground-relative winds.
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Fic. 12. Asin Fig. 11 except for the total precipitation (rain and
ice) mixing ratio on a 400 km X 600 km portion of grid 2 at (a) 6
and (b) 12 km.

Hamilton 1988; Houze et al. 1989; Burgess and Smull,
1990; Jorgensen and Smull 1993).

Individual convective cells are regenerated above the
gust front for most of the simulation (especially along
an 80-120-km portion of the leading convective line,
which is shown in detail in Fig. 13), with the most
intense convection occurring early in the system’s life-
time in the region of maximum CAPE (Fig. 8b). The
convective updrafts associated with the quasiperiodi-
cally regenerated cells along the gust front obtain an
upshear tilt (Figs. 14a—c). However, these cells are qua-
si-steady in terms of their position relative to the leading
edge of the cold pool and the tilt of the updrafts; that
is, the cold pool does not surge downshear. The time-
mean flow structure of these updrafts generally repre-
sentsajump and overturning updraft branch in the upper
troposphere that is found within steady-state analytical
models of squall lines (Moncrieff 1992). These two air-
flows contribute to a trailing stratiform region and a
leading anvil composed of ice particles. After 21.5 h,
the convective updrafts slowly become more tilted in
the upshear direction (Figs. 14d,e). During this phase,
rear inflow becomes well established within the cold
pool resembling the structure of the idealized squall
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linesin W92 and the observed squall linesin Smull and
Houze (1987).

In summary, this 3D numerical simulation of a pro-
gressive derecho has features that qualitatively agree
with past simulations and observations. It lasts for 8 h
and is still producing severe near-surface winds when
the simulation is terminated, agreeing well with the av-
erage derecho lifetime of 9.2 h (JH87). The central por-
tion of the leading convective line, where the surface
outflow winds and wind shear in the inflow environment
have a large component in the line-normal direction, is
quasi-2D in terms of the time-mean, system-scale air-
flow similar to the stationary, triple-branch airflow dis-
cussed in Moncrieff (1992) and conceptualized in
Thorpe et al. (1982). The time-dependent structure of
the convective cells resembles the simulations of
RKW88, WKR88, W92, W93, and Skamarock et al.
(1994), in which the long-lived squall line is composed
of individual cells that periodically generate along the
gust front.

4. Comparison with past simulations
a. Local balance theory

Since the derecho simulation documented in the pre-
vious sectionisquasi-2D, long lived, and produceslarge
regions of severe near-surface winds, we compare our
simulation to the simulations based on local balance
theory that attempt to explain squall line and bow echo
strength, structure, and longevity. The conceptual model
of local balance theory is explained by RKW88 and is
summarized below as a convenience to the reader. The
theory is quantified with the use of the 2D, Boussinesq,
horizontal vorticity equation in flux form (neglecting
friction):

om__oun) _ awm) 9B W
at ox 0z ox’
where n = (du/oz — owlax) is the line-normal compo-

nent of horizontal vorticity and

0/
BE%3+omm—%—q> @

is the buoyancy with potential temperature, 6; water
vapor mixing ratio, q,; cloud water mixing ratio, q.;
and rainwater mixing ratio, g, (primes denote deviations
from the mean state, which is given by the overbar
symbol). By fixing the frame of reference to follow the
gust front, (1) can be integrated within an area that
encompasses the leading edge of the cold pool to obtain
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Fic. 13. Conditions at 3 km and at the surface for an 80 km X 80 km region along the leading
edge of the simulated convective system at (a) 17, (b) 19, (¢) 21, and (d) 23 h. The 3-km plots
display the rainwater mixing ratio (solid contours of 0.2, 0.4, 0.8, 1.6, 3.2, g kg~?), vertical
velocity =3 m s~* (darkly shaded regions enclosed with thin contours), vertical velocity =—1.5
m s* (lightly shaded regions enclosed with thin dashed contours), and system-relative winds
as in Fig. 11. The surface plots display temperature (solid contours every 1°C) and ground-
relative winds (flag = 25 m s72, full barb = 5 m s™1).

R d
%JL fo n dz dx
|
d d R
_f (um), dZ—f (UU)RdZ—f (Wn)4 dx
ST Il Y

d
+ f (B, — Bg) dz,
Y

where L and R represent the left (upshear) and right
(downshear) edges of the area, respectively, and 0 and

©)

d represent the ground and the top of the area, respec-
tively. In this framework, the gust front propagates in
the downshear direction. Terms|1 and I11 in (3) represent
the horizontal vorticity flux through the area, term IV
represents the vertical flux of vorticity out the top of
the area (it is assumed that w = 0 at the surface), and
term V represents the net generation of vorticity from
horizontal buoyancy gradients. The total tendency term
(term 1) is set to zero to solve for the possible steady-
state solutions. RKW88 assume that the ambient buoy-
ancy (Bg) is negligible and that n = (0u/02) near the
left and right edges of the area. Furthermore, u, , is set
to zero to describe stagnant flow inside the cold pool.
They also assume no relative flow above the height of
the cold pool top, H (where H = d), so that ugy = u_g4
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Fic. 13. (Continued)

= 0. In conjunction with this assumption, the authors
impose a solution whereby the updraft is symmetric and
vertically erect at the leading edge of the cold pool. This
situation should then produce the deepest lifting at the
leading edge of the cold pool if local vorticity balance
is a primary factor. Therefore, they set

R
f (Wn)g dx = 0 (4)
L
in (3). Under these assumptions, (3) reduces to
Au? =

(URo — URd) = 2 IH (=B dz=C? (5

which can be conveniently expressed by the ratio

C
A_U = l! (6)

which is the optimal solution of local balance theory.

The physical interpretation of (6) is that the import of
the positive vorticity associated with the low-level shear
just balances the net buoyant generation of negative
vorticity by the cold pool in the volume. Under this
optimal state (C = Au), the simulated squall lines ap-
proximate a steady state through the nearly continuous
development of nearly erect updrafts directly along the
gust front. Under the less than optimal state (C > Au),
the simulated squall lines become progressively weaker
with time in response to the strengthening cold pool
circulation.

Within the squall line simulations of W92, upshear-
tilted updrafts that develop during the less than optimal
state create horizontal buoyancy gradients along the
back edge of the system, which generates circulations
leading to the development of rear inflow. The local
balance theory described above is modified by W92 in
an attempt to explain how this relative flow within the
cold pool may act to reestablish an optimal state along
the gust front. By retaining the term Au? = (U2, —
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Uz in the integration of (3), which represents shear
within the cold pool itself, W92 shows that the balance
condition of (5) becomes

Auz = C2 — Auz = C2. (7

Calculations of (7) for a particular simulation in W92
illustrate that a value of C;/Au = 1 can represent a
steady, optimal state for the maintenance of squall lines
that contain strong, elevated rear-inflow jets. Physically,
the positive vorticity associated with an elevated rear-
inflow jet counteracts the negative vorticity generation
by the cold pool, which reverses the weakening process
and helps to bring the squall line back to an optimal
state. W92 also shows that values of C;/Au > 1 can
support a system that becomes progressively weaker and
more upshear tilted with time, with rear inflow that de-
scends to the surface well behind the main convective
line. In this case, the rear inflow enhances the effects
of the cold pool circulation and hastens the weakening
process. In general, squall lines with significant, ele-
vated, system-relative rear inflow jets require at least
15 m st of shear in the lowest to 2.5 km within the
simulations of W92. Within the simulations of W92, in
which the shear is distributed over the lowest 5 km,
squall lines with strong, elevated rear inflow become
restricted to environments with larger shear and larger
CAPE than for the shallow-shear simulations.

b. Comparison to previous idealized simulations

Since local balance theory is developed in a 2D
framework, calculations® of (6) and (7) are performed
along several portions of the simulated system that qual -
itatively resemble a 2D steady convective system, in
which the flow has alarge component in the line-normal
direction. For each calculation, the ambient shear is cal-
culated using average variables within a 10 km X 20
km area approximately 100 km downshear of the gust
front to ensure that the solutions are not contaminated
by convection. The parameters relevant to the cold pool
(Cand Au) are calculated using average variableswith-
in a 10 km X 20 km area centered approximately 15
km behind the gust front, which is similarly done in
W92. The base-state potential temperature, contained in
the definition of B in (2), is defined to be a 2D north—
south cross section approximately 100 km east of the
convective system. The height of the cold pool top, H,
is defined using a value of buoyancy (B,,). From an
examination of the gust front speed and the buoyancy
distribution, it is found that the motion of the cold pool
is largely described by density current dynamics (Ben-

3 The development of the theory alows an arbitrary height, d =
H, to be used in the shear calculations. However, as done in W92, it
is convenient to let d = H for the present simulation.
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one standard deviation calculated within the 10 km X 20 km area
used to make the calculations.

jamin 1968; Simpson and Britter 1980). Using the re-
lationship for the speed of atmospheric density currents
given by Seitter (1986) as an estimate, it is found that
avalue of B,, = — 0.06 m s~2, which corresponds to
a potential temperature perturbation of about —2 K,
gives a good approximation to the true gust front speed.
Using this value of B,,, H generally remains steady
between 2 and 3 km AGL throughout the simulation.
For this simulation, calculations using (6) and (7)
indicate that the environment in which the derecho-pro-
ducing MCS develops is significantly less than optimal
and remains so through the end of the simulation, even
when accounting for the relative flow within the cold
pool (an example of one such calculation is shown in
Fig. 15). It should be noted that the values of C/Au and
C;/Au show little sensitivity to the chosen value of B,
and the chosen location for the calculations along the
squall line leading edge (not shown). Therefore, Fig. 15
approximates the local balance conditions of the system
as awhole. RKW88 find that once these conditions are
met within their simulated squall lines, ‘‘ even when the
low-level air islifted above itslevel of free convection,
and above the shear zone at the top of the cold outflow,
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no new vigorous cells are triggered” (p. 477 of
RKW88). Within this particular simulation of RK\W88,
90 min after the squall line enters the less than optimal
state, the greatest concentration of rainwater is found
approximately 40 km behind the gust front as the cold
pool surges downshear. They conclude that under these
conditions, the circulation progressively leans farther
upshear as the cold pool dominates the circulation and
that only a matching positive vortex associated with the
low-level shear can maintain the updrafts above the gust
front. Similarly, WKR88 present asimulationinitialized
with 10 m s=* of shear over the lowest 2.5 km, which
fails to produce significant rainfall beyond 3 h. Within
this simulation of WK R88, the regenerated cellsbecome
much weaker with time and are centered 50 km behind
the gust front by 4 h. In addition, the 3-km system-
relative flow remains front to rear at all times, and the
front-to-rear flow above the cold pool rapidly develops
(see Fig. 10a of WKR88). The decaying phases of these
squall lines are seen to be directly related to an imbal-
ance between the cold pool and the low-level shear.
Again, these particular simulations presented in RK\W88
and WKR88 have constant winds above 2.5 km.

In the present simulation, which has shear throughout
the depth of the troposphere, but a similar 0-2.5-km
shear vector magnitude (10-11 m s—*) and asimilar less
than optimal balance condition from the start of the
simulation, the system contains persistent, convective
updrafts that retain a nearly constant tilt with the con-
vective cores remaining above the cold pool leading
edge (Fig. 14a-c). Thus, while the updrafts have an up-
shear tilt, the gust front does not surge out ahead of the
updrafts as it does in the simulations presented in
RKW88 and WKR88 with similar 0-2.5-km shear and
balance conditions (see Fig. 12 of RKW88 and Fig. 4
of WKR88). The same conclusion can be made when
comparing our simulation within the simulation of W92
with similar low-level shear and balance conditions (see
his ““moderate shear’” simulation). The fact that intense
cells are generated by the gust front under much less
than optimal conditions does not necessarily, in itself,
present adisparity with the expectations of local balance
theory since we do not know how the intensity and tilt
of the updrafts would change with varying low-level
shears. However, within the idealized simulations re-
ported in RKW88 and WKR88, updrafts that maintain
their relative tilt and remain aligned with the gust front
for more than 3 h only occur for the stronger shear
simulations, in which the environment provides close
to or greater than optimal balance conditions. Rotunno
et al. (1990) argues that an appropriate balance between
the low-level shear and the cold pool is *‘a necessary
(clearly not a sufficient) requirement for sustaining most
strong squall lines” (p. 1033); a statement that is not
supported by this realistic model simulation.

Examination of Figs. 13 and 14 reveals that our sim-
ulation has more resemblance to the simulations with
stronger low-level shear presented in WKR88 and W93.
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In particular, notice the intense cell at 17 h (Fig. 13a)
with a well-defined cyclonic vortex at 3 km AGL. As
can be seen in Fig. 9 and Fig. 13, this cell evolvesinto
a bow echo and produces a long swath of severe near-
surface winds. Even 8 h after the system develops (22
h), the system contains a bow echo (Fig. 11) with a
significant cyclonic vortex along its northern end and
moderate rear inflow at 2.5 km. Even at this later time,
the majority of the main, convective elements continue
to be located close to the leading edge of the cold pool
(Fig. 13d). This shows that the system clearly does not
resemble the “weak’” sguall line system described in
W93, in which cells are found tens of kilometersbehind
the gust front within a few hours after the system de-
velops (see his Fig. 23). Within the simulations of W93,
these weak squall lines develop for all cases with 15 m
st of shear or less over the lowest 2.5 or 5 km, in-
dependent of the amount of CAPE in the environment
(see his section 6a).

The evolution of the maximum near-surface winds
suggests that the system is not weakening over time
with values that remain at or above severe limits for the
entire simulation period (Fig. 10). When compared with
the simulations of W93 with similar CAPE and low-
level shears (see his Fig. 25), one could argue that our
simulation produces stronger 350-m wind speeds. How-
ever, we recognize that one of the difficultiesin defining
squall line strength is choosing an appropriate metric
(WKR88 usetotal condensate, W92 uses maximum rear-
inflow strength, and W93 uses the near-surface winds).
If we use 350-m winds as a measure of squall line
strength, then our simulation appears to be as strong as
any of the simulations reported in W93, even for low-
level shears twice as large as those found in our sim-
ulation. Therefore, because of theinaccuraciesinvolved,
it is likely that no single metric, including the near-
surfacewind, isfully ableto quantify squall linestrength
and that perhaps it is more reasonable to examine up-
draft evolution as a means to compare the behavior be-
tween the simulations.

As stated in RKW88, the optimal state contains up-
drafts that maximize their full CAPE potential (cor-
recting for dilution and water loading). In atime series
of maximum vertical velocity (W), these optimal up-
drafts display oscillatory behavior with large-amplitude
variations about a steady value (see Fig. 10 and Fig. 13
of RKW88).

Conversely, the less than optimal state contains up-
drafts that are only minor perturbations on the general
circulation and are fundamentally different from the
large-amplitude cells of the optimal state. These up-
drafts have their energy progressively depleted by the
increasingly dominant circulation of the cold pool. This
implies that even within an environment in which the
background CAPE does not vary, acold pool that causes
convection to lean upshear leadsto less-vigorousfurther
convection with smaller values of upward motion rel-
ative to their CAPE potential.
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FiG. 16. (8) The maximum vertical velocity (Wyax) from the sim-
ulation and the estimated maximum vertical velocity from Eq. (8)
(Weape)- The ratio of these quantities is shown in (b).

To more clearly examine the behavior of the cells
from our simulation in this regard, we compare W,y
to the expected maximum vertical velocity (Weape) from
the relationship

W = V2 X CAPE, ®)

where the CAPE is calculated using the cloudy virtual
temperature correction given in Carpenter et al. (1998).
Using this relationship, we can examine whether or not
the cells are weakening relative to their potential by
filtering out the decreases in w,,,5x due to the decrease
in CAPE along the path of the derecho. As the system
progresses eastward, the convective system moves into
an environment with increasingly less CAPE (approx-
imately 1000 m? s—2) and a higher level of free con-
vection by 24.5 h (Fig. 8b). Without correcting for di-
lution and any model inaccuracies, We,p Overestimates
the updraft strength at al times, as expected (Fig. 16a).
By examining the updrafts, in relation to the CAPE in
the environment (Wyax/Weape), the magnitudes of the
updrafts are not becoming significantly weaker with
timerelative to their maximum potential (Fig. 16b). The
evolution of the near-surface winds (Fig. 10), which
clearly are not weakening with time, is consistent with
this result. While the inability to precisely determine
the effects of dilution limits the quantitative assessment
of these results, this suggests that the cold pool is not
depleting the newly triggered cells of their energy as it
does in the weakening (less than optimal) phase of the
RKW88 simulations. This indicates that the lessening
of the absolute strength of the updrafts may be con-
trolled more by the decrease in CAPE along the system’s
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Fic. 17. The 3 km AGL and surface conditions at 24 h, asin Fig. 13, for the sensitivity run
with increased CAPE aong the system’s track.

track rather than a local vorticity imbalance along the
system’s leading edge.

This hypothesis is tested by modifying the low-level
moisture in the MM5 initial condition in order to pro-
duce larger CAPE values to the east of the region of
convective development. Thus, instead of the CAPE de-
creasing from 3500 to 1000 m? s-2 (see Fig. 8b), the
CAPE decreases from 3500 to only about 2200 m? s—2
over the lifetime of the convective system. Resultsfrom
a simulation using this modified initial condition show
that the convective line at 24 h continues to produce
much stronger and more vertically oriented updrafts
(Fig. 17), some of which continue to evolve into bow
echoes (Fig. 18), even though a less than optimal bal-
ance condition is maintained throughout the simulation.
These results further suggest that the decreasing trend
in the mean w,,,, Seen after 16.5 h is more strongly
related to the decreasein CAPE along the system’strack,
rather than alocal vorticity imbalance. This conclusion
is also supported by the results of Garner and Thorpe
(1992, hereafter GT92), who suggest that the strength
and structure of their simulated squall lines are more
related to the potential buoyant energy within the inflow
layer than the direct interaction of the cold pool with
the low-level environmental shear.

To summarize, the evolution of quasiperiodically gen-
erated updrafts directly above the gust front to highly
slanted and much weaker updrafts (in an absol ute frame-
work) is similar to the evolution of the simulated squall
lines presented in RKW88 and WKR88. However, the
fundamental difference between the present simulation
and these previous, idealized simulations is the time-
scale at which this evolution occurs. For a simulation
initiated with 10 m s—* of shear over the lowest 2.5 km
and no shear above this level, RKW88 find that there
is only one full oscillation of the large-amplitude up-
drafts covering a time span of about 90 min before the

line enters its weaker mode. The primary mechanism
by which the squall line weakens is the increasing dom-
inance of the cold pool circulation, which leads to less
vigorous further convection and more of a mean, up-
shear tilt with time. In our simulation, which has shear
throughout the depth of the troposphere but a similar
0—2.5-km shear vector magnitude of 10-11 m s, the
updrafts do not lean more upshear with time until at
least 6 h after the system devel ops, even though the cold
pool dominates the low-level shear from the start of the
simulation. In addition, during this upshear tilting phase,
the updrafts do not appear to be weakening relative to
their CAPE potential, which contradicts the updraft be-
havior in the less than optimal state of the RKW88 and
WKR88 simulations. These same inconsistenciesin up-
draft evolution are also found when comparing our sim-
ulation with the simulations presented in WKR88, W92,
and W93 for relatively weak shears over the lowest 5
km. Since the simulated squall line produces severe,
near-surface winds for over 8 h; contains convective
updrafts that remain directly above the gust front; and
has both storm-scale and MCS-scale features of many
observed progressive derechos, the local balance theory
appears incomplete as it applies to the present simula-
tion. The reason why the strong cold pool does not surge
downshear and continues to produce and sustain intense
convection for a several hour period needs to be un-
derstood.

c. Another environmental factor to consider

The previous section indicates that our simulation
evolves in a manner somewhat inconsistent with pre-
vious, idealized simulations of squall lineswithin asim-
ilar low-level kinematic environment. The main differ-
ence is the persistent, quasiperiodic development of
cells directly above the gust front with a quasi-steady
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upshear tilt despite a much less than optimal condition
of local balance theory. A possible explanation for this
may arise from the existence of strong, upper-tropo-
spheric winds and the associated shear throughout the
depth of the troposphere in the preconvective environ-
ment (Figs. 5-7), which has not been considered in the
development of the local balance theory. Many partic-
ularly severe progressive derecho events documented in
the literature also display a wind profile in the precon-
vective environment with significant unidirectional mid-
to upper-level shear (see Johns and Hirt 1985; Schmidt
and Cotton 1989; Przybylinski 1995; Barlow 1996;
Bentley and Cooper 1997). It appears that a more com-
plete dynamical explanation for severe, long-lived
squall lines, in regards to the convective response to the
shear, should include the possibility of variationsin rel-
ative flow in the upper troposphere in relation to the
movement of the gust front.

One theory that includes the influences of deep-tro-
pospheric wind shear is the global dynamics theory as
discussed in Lafore and Moncrieff (1989, 1990) and
GT92. These studies suggest that local vorticity balance
along the outflow leading edge is secondary in impor-
tance to the larger circulations around the squall linein
modulating the intensity of the convection and that the
shear throughout the depth of the troposphere must be
considered. Similar to the results of RKW88, GT92

shows that a minimum threshold total shear (the product
of the shear magnitude and the depth of the shear layer)
is needed to support strong, quasi-steady squall linesin
their idealized simulations. Within local balance theory,
RKW88 states that ** since cold pools are located at low
levels, the shear can promote convection only when
restricted to low levels’ and that “‘it is the actual shear
within the air that makes contact with the cold pool that
isinfluential, not simply the velocity difference between
the subcloud and cloud-bearing layer” (p. 477). How-
ever, for one particular simulation presented in GT92
(see p. 113 of GT92) initiated with an elevated shear
layer, and no ambient shear throughout the depth of the
cold pool, a quasi-steady squall line still develops with
aflow structure similar to the 2D analytical framework.
In this case, the height of the shear layer eliminates any
direct, physical interaction between the ambient vortic-
ity and that generated by the cold pool. In terms of the
relevant physics, initial environments with deep-tro-
pospheric shear, which contain asteering level, and large
CAPE can facilitate a deep, overturning circulation up-
stream from the gust front, regardless of the low-level
shear. Under these circumstances, deep-tropospheric
shear allows the initial subsidence to occur ahead of the
gust front and aids in the development of an upper-level
overturning branch, which subsequently helps to main-
tain the convection close to the gust front leading edge.
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Thisimplies that increases in potential buoyancy within
the inflow layer make it easier for the shear to align the
convective updrafts with the gust front.

Although unable to explicitly determine the effects
of low-level shear, Shapiro (1992) shows that, despite
relatively weak mean ascent along adensity current bar-
rier, an environment with deep-tropospheric shear in-
creases the residence time of air parcels within the re-
gion of upward motion creating a much greater likeli-
hood of initiating and/or maintaining deep convection.
Similarly, Moncrieff and Liu (1999) show that down-
shear propagating cold pools within deep-tropospheric
shear provide the deepest lifting if they move at the
speed of the ambient flow at a critical (steering) level.

In a series of analytical and numerical experiments
of density currents that includes variable upper-level
shear, Xue (2000) finds that deep-tropospheric shear can
be as important as the low-level shear in determining
the uprightness of the upward branch of inflow. Xue
further suggests that the difference in the flow speeds
between the subcloud and cloud-bearing layers may be
more important than the presence of positive shear in
the lowest levels for sustaining deep convection along
the density current.

While the ideas emphasizing the importance of deep-
tropospheric shear present an intriguing alternative,
most of these simulations are constrained by the initial
specifications of the flow field and characteristics of the
convection, unlike the numerical simulations upon
which the local balance ideas are based. Therefore, to
examine the importance of upper-level shear to squall
line strength and longevity in this modeling capacity,
we use a 2D version of the Collaborative Model for
Mesoscale Atmospheric Simulation (COMMAS; Wick-
er and Wilhelmson 1995), which is very similar to the
model (Klemp and Wilhelmson 1978) used by RKW88,
WKR88, and W93. The model initial conditions are
horizontally homogeneous over a 380 km X 17.5 km
grid domain with 1.0-km horizontal and 0.5-km vertical
grid spacing. The model initial conditions are horizon-
tally homogeneous and use the same thermodynamic
sounding as RKW88 and WKR88.

These additional simulations highlight behaviorssim-
ilar to those found when comparing our MM5 simul ation
to the RKW88 and WKR88 simulations. The experi-
ments with shear only over 0-2.5 km agrees with
RKW88 and WKR88 in that the stronger low-level shear
cases produce stronger updrafts and the maximum up-
draft strength becomes smaller in magnitude with time
and contains much smaller variations in amplitude once
the cold pool dominates the circulation after afew hours
(Fig. 19, dark lines). These results are altered, however,
when shear is added above 5 km. For the weak shear
case (10 m st shear over 0—-2.5 km), when additional
wind shear is added above 5 km (10 m s shear per 5
km above 5 km, very similar to the upper-level shear
in the MM5 simulation), the strength of the simulated
squall lineis maintained over amuch longer period (Fig.
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Fic. 19. Maximum vertical velocity (m s—*) vstime (h) in the two-
dimensional model domain for the (a) 10 m s—* weak low-level shear
case and (b) 17.5 m s~* stronger low-level shear case. Dark lines are
from the runs in which the shear is restricted to the lowest 2.5 km
using the shear values mentioned. Light lines are from the runs with
the same shear below 2.5 km, but with an additional 10 m s* of
shear per 5 km above 5 km. (c) A comparison of the 17.5m s~ low-
level shear case (dark line) with a simulation with no shear in the
lowest 2.5 km and 10 m s~* of shear per 5 km between 2.5 and 10
km (light line).

19a). For the stronger shear case (17.5 m s~* of shear
over 0—2.5 km), when the same additional wind shear
is added above 5 km the simulated squall line has more
intense updrafts after 3 h (Fig. 19b). While the maxi-
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mum updraft strength is somewhat weaker during the
first 3 h when mid- to upper-level shear is added (Figs.
19a,b), it is much more difficult to define when the
squall lines enter a weaker state both in terms of the
absolute magnitude of the updrafts and the amplitude
of the updraft oscillations. For the second case in par-
ticular (Fig. 19b), the simulation with mid- to upper-
level shear appears to enter a quasi-steady state at the
same time the simulations with only low-level shear
appear to enter their weaker phase (at about 2.5 h). This
shows that the addition of upper-level shear can main-
tain the strength of simulated convective lines over
much longer periods than an environment with only
low-level shear.

To further examine the potential importance of amid-
to upper-level shear layer, a simulation with no shear
in the lowest 2.5 km and a shear layer with 10 m s¢
of shear per 5 km between 2.5 and 10 km is compared
to the simulation with a shear of 17.5 m s~ over 0-2.5
km and no shear aoft (Fig. 19c). The environment with
no low-level shear fails to develop sustainable convec-
tion for the first few hours, unlike the environment with
moderate low-level shear, in which the updrafts are in-
tense over this period. This shows that low-level shear
certainly is important to the initial strength of the con-
vection. At 2.5 h, convection in the no low-level shear
case redevelops along the outflow from the initial cells
and grows stronger with time out to about 5 h. This
behavior is very similar to the behavior of the devel-
oping convective line from the MM5 simulation. After
this time, the maximum updrafts of the two simulations
in Fig. 19c are very similar in magnitude. However, an
important difference is seen when comparing the struc-
ture of the two solutions (not shown). After about 5 h,
the simulation with no mid- to upper-level shear is no
longer a squall line, but merely a propagating density
current. The simulation with no low-level shear and
mid- to upper-level shear continues to show upshear-
tilted, deep convection along the cold pool out to 8 h,
despite nearly identical values of maximum ascent along
the cold pool. This again highlights that shear above the
cold pool depth appears to play a role in maintaining
squall line structures over longer periods than produced
by low-level shear only.

These results indicate that both low-level and upper-
level shear in the initial environment are important fac-
tors in both squall line strength and longevity. Admit-
tedly, these sensitivity results need to be further ex-
amined in a 3D setting since simulated convection with-
in strong, deep shear shows a tendency to split into
isolated cells (Weisman and Klemp 1984; WKR88).
Nonetheless, the present 2D simulations strengthen our
presumption that upper-tropospheric shear is an impor-
tant factor and should be examined further within a
variety of physical frameworks in order to better un-
derstand and forecast progressive derecho events.
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5. Summary and discussion

The progressive derecho is a long-lived, bowing
squall line that produces large areas of damaging
straight-line winds at the surface. To further our un-
derstanding of derechos and squall line longevity, a cu-
mulonimbus-resolving model simulation of a strong,
asymmetric (bowing) squall line that produces long
swaths of strong winds at the lowest model layer is
examined. One unique aspect of this study is that the
initial and boundary conditionsfor the model simulation
are constructed from a composite analysis of 12 warm
season derecho events that occurred in association with
weak large-scale forcing for upward motion. These ini-
tial conditions successfully capture the mean, large-
scale environmental features that are often associated
with progressive derecho events, including strong up-
per-level winds, relatively dry midlevels, and significant
low-level warm advection. The simulated derecho is
compared to previous, idealized simulations produced
within horizontally homogeneous environments that
have been used to explain the strength and structure of
observed long-lived squall lines and bow echoes.

Rotunno et al. (1990) state that the local balance the-
ory of RKW88 isan attempt to determine what is needed
for a group of cells to develop into a strong, long-lived
system and conclude that an appropriate balance be-
tween the low-level shear and the cold pool is *‘a nec-
essary (clearly not a sufficient) requirement for sustain-
ing most strong squall lines” (p. 1033). Analysis of the
local vorticity balance terms from our simulation in-
dicates that the squall line environment is significantly
less than optimal and remains so throughout the sim-
ulation, even when considering the effects of relative
flow within the cold pool. Under these conditions of
local balance theory, the convective system is expected
to rapidly tilt in the upshear direction and become pro-
gressively weaker with time as the strong negative vor-
tex created baroclinically by the cold pool overwhelms
the ambient shear and the cold pool surges downshear
ahead of the updrafts. These expectations are based on
idealized simulations in which the wind shear is re-
stricted to the lower troposphere.

The model simulation examined in this study, which
has shear throughout the depth of the troposphere and
a 0-2.5- (0-5-) km shear vector magnitude of only 10—
11 (15-16) m s*, produces a rapidly moving curved
squall line with embedded bow echoes and severe near-
surface winds for over 8 h, in which the strength of the
line is maintained over a much longer period than the
simulations presented in RKW88, WKR88, and W93
with similar low-level shear. More specificaly, intense
convective updrafts persist in the mid- and upper levels
directly above the gust front for many hours, despite a
significantly less than optimal condition. While these
updrafts have an upshear tilt in accordance with sub-
optimal conditions, the updrafts maintain a nearly con-
stant tilt for 6 h as the gust front remains nearly aligned
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with the updrafts. Examination of the maximum vertical
velocity and the distribution of CAPE suggests that the
updrafts are not being depleted of their energy by the
cold pool and that the weakening of the system is con-
trolled more by the decrease in CAPE. A simple sen-
sitivity test in which the CAPE along the path of the
convective system is artificially increased results in a
much stronger convective linewith intense updraftsover
the entire simulation period, even though the balance
conditions remain less than optimal, which helps sup-
port this claim. Admittedly, we are not able to fully
evaluate local balance theory with the MM5 simulation
in terms of its strength alone because the intensity of
the convective line may change with varying low-level
shears. However, these results show that local balance
theory, which only considers the importance of low-
level shear, cannot explain how the strength of the sim-
ulated squall line is maintained over such along period.

One factor that isnot included in local balance theory
is upper-level wind shear. The results of Lafore and
Moncrieff (1989, 1990), GT92, Shapiro (1992), and Xue
(2000) illustrate the importance of deep-tropospheric
wind shear to squall line strength and longevity. It is
interesting that the most significant difference in envi-
ronments between our simulation and the previous, ide-
alized studies is the existence of shear throughout the
depth of the troposphere that results from an initial,
three-dimensional environment typical of progressive
derecho events. In our study, tests with a simple two-
dimensional cloud-scale model indicate that low-level
shear is important to the strength of the system in the
first few hours of the simulation. However, these same
two-dimensional simulations also show that upper-tro-
pospheric shear (above 5 km) can significantly alter the
results. While we cannot disregard the importance of a
low-level vorticity balance on the basis of squall line
strength alone, these results suggest that upper-level
shear can play a significant role in maintaining the
strength of simulated squall lines over long periods.
Since a progressive derecho event is defined by its pro-
pensity to produce severe weather over many hours, the
processes by which the initial strength of the convective
line is maintained over long periods are of primary im-
portance. These processes rendered within deep-shear
environments may not be related to those proposed to
determined the strength and structure of squall linesover
the first few hours of their lifetime. This highlights the
need to explore a wider range of environmental con-
ditions in numerical studies of long-lived convective
lines, with the hope that this more complete analysis
will lead to improved conceptual models that will better
assist in the forecasting of these events.
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