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ABSTRACT

Rawinsonde data from OK PRE-STORM are used to calculate the momentum budgets of an intense mid-
latitude squall-line system with a trailing stratiform region. Budgets have been computed at three separate times
during the mature through dissipating stages of the squall line using composited data over 3-hour intervals based
on 90-minute releases. Budgets have been done in both ground-relative and system-relative reference frames,
although system-relative terms are emphasized for comparison with other recent studies. Low-level radar data
are used to partition the system into convective line and stratiform regions.

The system contained a strong midlevel mesolow that contributed to rear-to-front pressure gradient acceleration
in the vicinity of a rear-inflow jet. The mesolow, located within a larger region of low pressure sloping rearward
with height, also led to strong front-to-rear acceleration elsewhere through a majority of the system. Convective-
scale effects produced the primary accelerations opposing the pressure gradient. Advections (large during the
mature stage) and local momentum tendencies weakened significantly during dissipation. The line-normal
vertical momentum flux was generally negative, which might be expected from downgradient arguments applied
to presquall vertical wind profiles. However, wind profiles averaged over the convective line region reversed
during the mature and dissipating stages so that the calculated flux was countergradient at the budget times, in
agreement with other momentum budget studies.

Vertical momentum transport in the along-line direction was weakly positive in the convective line and
negative elsewhere. Because the along-line winds generally increased with height at the budget times, the positive
transport in the convective line was countergradient, contrary to the downgradient transport often observed for
the along-line flow in convective systems. This result is attributed to an alongline asymmetry in the pressure
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field, namely, a midievel mesolow in the northern portion of the squali-line system.

1. Introduction

Mesoscale convective systems (MCSs) often signif-
icantly affect the larger-scale flow and height fields
around them (Sanders and Emanuel 1977; Brown
1979; Fritsch and Maddox 1981; Maddox et al. 1981;
Fritsch and Brown 1982; LeMone 1983; Smull and
Houze 1987a,b). Unlike isolated convective elements,
which simply result in mixing, organized convective
systems can lead to an apparent countergradient mo-
mentum t{ransport, and accelerations of the flow
(Moncrieff 1981; LeMone 1983). The heating and
cooling that take place within the systems due primarily
to condensation and evaporation often result in the
formation of mesohighs at lower and upper levels and
a mesolow in midlevels of the troposphere (Fujita 1955;
Brown 1979; Maddox et al. 1981). The height pertur-
bations cause accelerations that may be important in
the generation or maintenance of strong front-to-rear
and rear-inflow jets (Smull and Houze 1987b; Gao et
al. 1990). These jets in turn may be important in al-
lowing a convective system to remain active over long
time periods by establishing a mechanism for the con-
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tinuous regeneration of convective elements (Lafore
and Moncrieff 1989; Fovell 1991). Convective-scale
sources and sinks of momentum appear 1o be large
and a major contributor to accelerations of the larger-
scale winds.

One convective system that exhibited both the
aforementioned height perturbations and jets moved
through the OK PRE-STORM (Oklahoma-Kansas
Preliminary Regional Experiment for STORM-Cen-
tral) domain on 10-11 June 1985 (Augustine and Zip-
ser 1987; Smull and Houze 1987b; Johnson and Ham-
ilton 1988; Rutledge et al. 1988; Zhang and Gao 1989;
Zhang et al, 1989; Gao et al. 1990; Johnson et al. 1990;
Gallus and Johnson 1991). A dense sounding network
was available for this squall-line case, and the com-
positing of this 90-minute data over 3-hourly time in-
tervals allowed a study of the momentum budget of
the system and its evolution from the mature through
dissipating stages. Particularly intense height pertur-
bations within the 10-11 June squall line allowed the
direct computation of pressure gradients from the ra-
winsonde data, a technique rarely used since height
perturbations are usually insufficiently large to be dis-
cerned from inherent errors in the rawinsonde data
(Fankhauser 1974).

The effects of momentum transport due to MCSs
are still not well understood. Because momentum does
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not act as a tracer quantity, momentum transport
within a convective system is complex. Air is acceler-
ated vertically by buoyancy, and horizontally by the
mesoscale pressure forces that may evolve rapidly in
the system (LeMone 1983). Coriolis forces can become
important since an MCS may last for many hours, and
eddy stresses may decelerate the flow. Furthermore,
because there are no integral constraints to verify the
accuracy of momentum budgets (unlike with heat and
moisture budgets ) and more importantly, the pressure
gradient term is difficult to measure accurately due to
a lack of adequate pressure-field data, momentum
budgets have not been frequently diagnosed, especially
for midlatitude convection. This paper will add to the
observational knowledge of momentum transport
within midlatitude squall lines.

2. Data analysis and budget equations

For this study, wind and geopotential height data
from the PRE-STORM supplemental sounding net-
work were used, in addition to WSR-57 radar data.
Composites of the sounding data and low-level radar
reflectivity fields were made over 3-hour periods cen-
tered at 0300, 0600, and 0730 UTC, using procedures
described in Gallus and Johnson (1991, hereafter re-
ferred to as GJ). Although the squall line was weak-
ening during the budget times, it was felt that the 3-
hour composite interval was brief enough to allow a
steady-state assumption. It will later be shown (Figs.
9, 16, and 18) that the local derivative in a reference
frame moving with the system was generally small,
particularly when averaged over the system, supporting
the steady-state assumption. The location of the com-
posited rawinsonde sites and radar echo at the three
times can be found in Fig. 1 (from Gallus and Johnson
1991). Compositing decreased the average station
spacing from around 150 to 80 km, allowing better
resolution of mesoscale features within the broad strat-
iform portion of the system. Features within the ~40-
km-wide leading convective line, however, could not
be fully resolved. (Since inadequate resolution of small-
scale features in the convective line is a problem com-
mon to all rawinsonde-based budget studies, however,
comparisons will still be made between the convective
line region of this case and some earlier cases.) Wind
and height data from one bogus sounding were used
in the momentum budgets. This sounding was placed
in a data-sparse area of the presquall environment at
0600 UTC (shown as the circle well ahead of the system
in Fig. 1b), using data averaged from two other pre-
squall sites in order to reduce aliasing of convective
line features into that area. Data from the composited
rawinsondes were gridded onto a 0.5° by 0.5° grid using
a Barnes objective analysis scheme (Barnes 1964 ). De-
tails of the procedure are also described in GJ. Finite
differences were used for both horizontal and vertical
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derivatives, with an interval of 1.0° in the horizontal
and 50 mb in the vertical.

Vertical p velocities used in the budgets were cal-
culated from the kinematic technique using the mass
continuity equation. Adjustments were made (from
O’Brien 1970) so that w vanished at 125 mb, which
was the height of the highest tropopause in the region.
A sloped lower boundary was assumed for the w cal-
culations, and is described in GJ.

The u and v momentum budget equations used
(from Stevens 1979, modified as in Gao et al. 1990 for
a system-relative coordinate system) are

_  Du _ ou _du _did 9 _
= ~O)—+d—+to—+——

X Dt+(u C)6x+v6y “’ap ax fo
=—v-(W)—5‘i—)(w'—w> (1)
-  Dv _ b _o0 _ov 9 —
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==V (V) ——(u'v) (2)
ap

where the system-relative local tendency is expressed
as D/Dt = §/3t + Cd/dx, and X and Y are residuals
representing the source of momentum due to subgrid-
scale effects in the line-normal (x) and along-line (y)
directions, respectively. The system propagation speed,
C, normal to the line was 16.0 m s~ at 0300 UTC,
13.0m s~ 'at 0600 UTC, and 14.0 m s~ at 0730 UTC
(see GJ for details concerning the determination of
system motion ). The system-relative coordinate system
allows comparison of the local tendencies and hori-
zontal advections with those terms in the numerical
simulation of this case by Gao et al. (1990). The equa-
tions given are essentially similar to those found in
Gao et al. (since C is approximately constant), with
their velocity U equivalent to # — C. Earlier momen-
tum budgets were generally determined relative to the
ground (Sanders and Emanuel 1977; LeMone 1983;
Smull and Houze 1987a), but concentrated on terms
that are not affected by the change of reference frame,
so that comparisons are still possible. Overbars in the
equations represent averages of the rawinsonde wind
and height data over 50 km X 50 km areas centered
at each grid point. Primes denote deviations from those
averages.

Because of strong front-to-rear flow through the
leading convective line on 10-11 June, both the hor-
izontal and vertical convergences of the eddy momen-
tum fluxes may have been important in producing ac-
celerations of the flow. If so, then the determination
of the vertical fluxes w'u’ and w'v’ from vertical inte-
gration of (1) and (2), as is frequently done, may be
subject to errors. Recent studies using Doppler radar
data give conflicting results as to the relative importance
of the horizontal convergence term. Smull and Houze
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(a) ]

0300 UTC 0600 UTC

RG. 1. Locations of composited soundings used in the budget
studies at (a) 0300, (b) 0600, and (c) 0730 UTC (from Gallus
and Johnson 1991). Squares represent rawinsonde sites, the circle
in (b) a bogus sounding. The length of the vertical line at each
station is proportional to the balloon ascent distance. The com-
posited radar echo is marked with a solid line, and dashed lines
divide it into stratiform and convective precipitation regions. The
- area between the dashed lines in (b) and (c) is the transition
zone. Dashed lines outside the squall line mark regions of scattered
weak echoes. Station names are shown at 0300 UTC. Pressure
scale at lower left is in millibars.

0730 UTC

200
600

1000
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(1987a) found the term to be generally small in the
midlatitude squall line they studied, but Matejka and
LeMone (1990) showed that horizontal convergence
was comparable to other budget terms at certain levels
in a different case. A numerical simulation of this case
showed that although the horizontal flux itself was often
large, the horizontal flux divergence was about two or-
ders of magnitude smaller than other terms in the mo-
mentum budget (Zhang 1991, personal communica-
tion). Because the budget contribution due to the hor-
izontal convergence of the eddy momentum flux
cannot be isolated and determined from the sounding
data, and the evidence given suggests that it may be
relatively small, it will be neglected in (1) and (2), so
that the equations can be vertically integrated to de-
termine the vertical eddy fluxes. Thus, this study will
be consistent with previous rawinsonde-based mo-
mentum budget studies.

The rawinsonde height measurements used in this
study are calculated hydrostatically, using a virtual
temperature that does not take liquid water loading
into account. The virtual temperature that should be
used in the hypsometric equation to provide accurate
height measurements in regions of high radar reflec-
tivity is defined as

T,
1+q1’

* =
v

(3)

where g; is the liquid-water mixing ratio, and 7, is the
virtual temperature taking only specific humidity into
account. The presence of liquid water within a column
causes a 1000-500-mb thickness change of roughly 6
m per 1 kg kg™! of liquid-water mixing ratio. Sanders
and Emanuel (1977) have determined that the neglect
of liquid water in a column in calculating height mea-
surements can cause errors in the pressure field as large
as 1 or 2 mb in regions of heavy precipitation. Within
the stratiform rain region of convective systems, liquid
water loading should not be significant since radar re-
flectivities are generally low. For the 10-11 June case,
it appeared that errors at midlevels due to liquid water
loading would be on the order of a few meters, rather
small compared to the observed height perturbations.
Within the convective line region, however, the failure
to include liquid-water mixing ratios when calculating
heights can cause errors as large as 10 or 20 m at mid-
levels. This region, though, is already more susceptible
to error since it is not adequately resolved by rawin-
sonde data. In addition to errors due to liquid water
loading, other errors in the height measurements can
occur in intense convection due to dynamic processes
that make the heights nonhydrostatic. Therefore, mo-
mentum budget results for the convective line region
are less reliable than results for the stratiform region,
but some qualitative comparisons may still be made
with convective line region budgets of other cases since
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the aforementioned problems are common to all ra-
winsonde-based studies.

3. Mesoscale structure

The squall line began before 2100 UTC 10 June as
“broken line” convection (Bluestein and Jain 1985)
over southwestern Kansas and the Oklahoma Panhan-
dle ahead of a cold front, and later grew to include a
transition zone (defined by Smull and Houze 1985)
and broad stratiform rain region as it passed through
the PRE-STORM network. The convective line
reached peak intensity around 0300 UTC, the first
composite time considered in this study. After 0300
UTC, the low-level radar reflectivities in the leading
line decreased, while the stratiform region expanded
in size through 0600 UTC, the second budget study
time. After 0600 UTC, all portions of the system began
to weaken markedly, and the final budget study was
done during this time at 0730 UTC. A detailed de-
scription of the squall-line history and synoptic setting
can be found in Johnson and Hamilton (1988).

a. Mesoscale flow

The horizontal and vertical velocities within the 10—
11 June squall line have been discussed in detail in GJ,;
therefore, only brief mention of the flow will be made
here. The system-relative airflow normal to the squall
line consisted of a series of three well-defined mesoscale
jets. These jets can be seen in Fig. 2 (GJ). [In Fig. 2
and all vertical cross sections to be shown, the data
presented are the along-line averages of a variable using
all the grid points within 50-km-wide strips centered
at given distances (see figures) away from the leading
edge of the radar echo (analogous to Ogura and Liou
1980). Horizontal cross sections of the components of
the line-normal momentum budget show a high degree
of two-dimensionality, so that this averaging gives an
accurate picture of the general structure of the system.]
Briefly, a strong front-to-rear jet ascended from low
levels at the leading edge of the system to around 200
mb at its rear, and this jet weakened as the system
dissipated. A rear-inflow jet intensified between 0300
and 0600 UTC (Figs. 2a,b) and remained relatively
strong through 0730 UTC (Fig. 2c), extending to
within 1 km of the surface at the leading edge of the
system. Another front-to-rear jet, the result of an over-
turning downdraft fed by divergence beneath the strat-
iform region, maintained its intensity over time at the
lowest levels beneath the rear-inflow jet.

The along-line component of the winds is shown in
Fig. 3 (GJ). Southwesterly flow was dominant except
in the vicinity of the rear-inflow jet where northeasterly
flow existed. At high levels, the magnitudes of the
southwesterly component of the flow were slightly
greater than those of the line-normal component, but
the flow did weaken as the system dissipated. Peak
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speeds decreased from 36 m s™! at 0300 UTC (Fig.
3a)to 28 m s™! at 0600 UTC (Fig. 3b) to just over 20
m s~ at 0730 UTC (Fig. 3c). The low-level north-
easterly flow intensified during the dissipation of the
squall line. ’

Vertical p velocities can be seen in Fig. 4. The main
features are 1) a region of upward motion in the leading
convective line and 2) a region of descent to its rear
in the stratiform region. Upward motion near the lead-
ing edge of the system weakened and the axes of stron-
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FIG. 2. Vertical cross sections of the line-normal component of
the relative wind (in m s~!) at (a) 0300 UTC, (b) 0600 UTC, and
(¢) 0730 UTC (from Gallus and Johnson 1991). Positive numbers
indicate rear-to-front flow (left to right). Approximate locations of
convective region (darkest shading), stratiform region (lighter shad-
ing), and transition zone (no shading) are shown in the bar below
each figure.

gest upward and downward motion became increas-
ingly tilted as the system dissipated. At 0300 UTC (Fig.
4a) peak upward motion was occurring near 400 mb.
At 0600 UTC (Fig. 4b) two peaks existed, with one
near 600 mb in the convective line and another near
400 mb over the transition zone. At 0730 UTC (Fig.
4c), the maximum upward motion was at 300 mb over
the transition zone and front part of the stratiform re-
gion. Downward motion occupied an increasing area
over time in the stratiform rain region, although max-
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imum amplitude occurred at 0600 UTC when the
stratiform rain was most intense (inferred from radar
reflectivities). The peak descent (particularly evident
at 0600 UTC) near the melting level (about 625 mb)
agrees with the Doppler results of Rutledge et al. (1988)

for this case.
b. Geopotential heights

The 10-11 June squall line was associated with a
pronounced midlevel trough or mesolow (Sanders and
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FIG. 3. As in Fig. 2, except for the along-line component of the
wind. Positive numbers indicate flow from southwest to northeast.

Emanuel 1977; Brown 1979; Menard and Fritsch
1989). This mesolow remained evident throughout the
dissipating stages of the system, and can be seen in the
height analyses at 700 mb (Fig. 5). The low may have
developed prior to the squall-line initiation, as argued
by Zhang et al. (1989). Sounding data from times prior
to the initial time used in this budget study indicate its
presence at 0130 UTC with a possible closed mesolow
near Pratt, Kansas. Analyses at earlier times are more
ambiguous since the feature had not entered the me-



428

AN " o
PR R N EPE T
\~,.\.\\b\ R
VWA RYe .l'
\‘\”"_ ,’ [

Pressure (mb)

N g .
-

~ /
N\ .
- \

R 1

et ~,

! =]
! o -

J -7
Loty v v g s

- L 1 1 : il i a 1 i
235 175 125 75 25 -25 -7 -125 -175 -2

I
o

Distance from leading edge of radar echo (km)

N

500

Pressure {mb)
g

-2
(=3
o

800

||||»T]“|~4|||:|x.|%/7

909

a L A —
275 225 175 125 75 25

325

sonetwork. At 0300 UTC (Fig. 5a) the center of lowest
pressure was located in southern Kansas within the
stratiform rain area. At 0600 UTC (Fig. 5b) a pressure
trough in the stratiform region extended the length of
the system, and it was still evident at 0730 UTC (Fig.
5¢). The position of the mesolow and trough axis well
inside the back edge of the radar echo agrees with the
results obtained by Matejka (1989), who used the
Doppiler retrieval method to determine the height per-
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FIG. 4. Vertical velocity (w) at (a) 0300, (b) 0600, and (c) 0730
UTC, in units of ubs™ (1 ubs™ ~ 1 cm s~ at 840 mb, 2 cm s~!
at 360 mb, and 3 cm s~ at 210 mb). Shading as in Fig. 2.

turbations within the stratiform region of this system.
This mesolow is hydrostatically induced (GJ), the re-
sult of latent heat release aloft within the stratiform-
region anvil cloud above evaporative cooling and
melting (Brown 1979; Leary and Houze 1979) taking
place within the stratiform rain below cloud base. A
distinct and separate, yet also hydrostatically induced,
low has been found near the rear of the convective
portion of a squall-line system by LeMone (1983) for
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Z{700mb) (a) 0300

o
-
1 ! 1 J& 1 i 1 1

Z(700mb) (c)

a GATE system, occurring immediately under warm
convective updrafts. If such a low exists in this system,
it is too small to resolve with the rawinsonde height
data used in this study.

Because a reliable synoptic-scale analysis of heights
was not available for the budget times studied, height
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Z(700mb)

FIG. 5. Geopotential heights at 700 mb for (a) 0300, (b) 0600,
and (c) 0730 UTC. Heights are expressed in meters above 3000 m.
Composited radar echoes shown by shading, Darkest shading is the
convective region, large area of light shading the stratiform region,
and a region of no shading between them in (b) and (c), the transition
zone. Small areas of light shading ahead of the line at 0300 UTC,
and behind it at 0600 and 0730 UTC are regions of scattered light
showers,

perturbations were computed from differences between
heights at individual grid points at a particular pressure
level and the average height of all grid points at that
latitude across the PRE-STORM domain in order to
determine the vertical structure of the mesoscale pres-
sure field within the squall line. The results at 0300,
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0600, and 0730 UTC are presented in Fig. 6. Caution
must be exercised in comparing vertical variations in
the perturbations in Fig. 6, since the height deviations
are computed at individual levels and are independent
of each other. At 0300 UTC (Fig. 6a) a mesolow is
evident within the stratiform region extending from

800 mb to near 200 mb and sloping toward the rear

of the system. A relative mesohigh existed at midlevels
just ahead of the convective line and also extended
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rearward with its maximum intensity near the tropo-
pause over the system. (Both the relative mesohighs at
midlevels and the negative height perturbations at high
levels over the stratiform region at all three budget times
are most likely a result of requiring the perturbations
to average to zero at constant latitudes over the PRE-
STORM domain. It is likely that the midlevel mesolow
was more pronounced, and a broader perturbation
mesohigh existed at high levels all across the squall-

°
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line system.) At low levels, a wake low, mesohigh, and
presquall mesolow can be seen, as discussed in Johnson
and Hamilton (1988).

At 0600 UTC (Fig. 6b) the low-level features were
not as pronounced, probably a result of the weakening
of the system. A strong midlevel mesolow continued
over the system with peak intensity over the stratiform
region. Relative midlevel mesohighs existed ahead of
and behind the system. A very intense mesohigh could
be seen near the tropopause over the squall line. The
magnitude of the mesohigh may be exaggerated in our
analyses (also at 0730 UTC; Fig. 6¢) due to the ascent
of one sounding through an updraft core, but wide-
spread divergence aloft (figure not shown ) qualitatively
supports the presence of this feature (Maddox et al.
1981; Wetzel et al. 1983). By 0730 UTC (Fig. 6¢c) some
of the same features could still be seen, although the
convective line was leaving the data network. In par-
ticular, a mesohigh trailed the system at midlevels with
the mesolow most intense over the transition zone. An
intense upper-level mesohigh continued over the front
portion of the system. Although a direct comparison
cannot be made with the numerical simulation of this
case by Zhang and Gao (1989) and Gao et al. (1990)
because of different methods of determining height
perturbations, the low-high-low pattern at low levels,
the midlevel mesolow with relative mesohighs ahead
of and behind it, and the upper-level mesohigh deter-
mined from the rawinsonde data (Fig. 6) can also be
inferred from the perturbation heights obtained in that
simulation.

4. Momentum budget of the line-normal flow

a. Temporal and spatial variations

Equation (1) expresses the balance of forces affecting
the component of the horizontal velocity normal to
the squall line. Figures 7-12 detail variations of these
forces (per unit mass), or accelerations, in the vertical
across the squall line. The horizontal pressure gradient
force, or generation term, was calculated from the
gridpoint height data and can be seen in Fig. 7. At
0300 UTC (Fig. 7a), a large region of front-to-rear
acceleration was acting near the front of the system,
extending to the tropopause. Peak accelerations ex-
ceeded 10 m s~! h™!. Near the rear of the system, some
rear-to-front acceleration acted in the vicinity of the
rear-inflow jet. Stronger rear-to-front acceleration was
acting in the convective line near the surface where a
tight pressure gradient existed between the presquall
mesolow and mesohigh. Gao et al. (1990) have linked
both the region of strong rear-to-front acceleration near
the surface at 0300 UTC and the rear-to-front accel-
eration at midlevels farther to the rear at the back of
the system with the expansion of the rear-inflow jet
during the mature stage of this system. Their model
simulation found rear-to-front accelerations due to the

GALLUS AND JOHNSON

431

pressure gradient of over 25 m s™! h™! in the surface
layer at 0300 UTC. The two features are not as intense
in our analyses and the regions of positive acceleration
are not connected. However, the rear-inflow jet did
appear to have two speed maxima at later times (0600
UTC, Fig. 2b; 0730 UTC, Fig. 2c), which may reflect
the two separate maxima in the rear-to-front pressure
gradient.

At 0600 and 0730 UTC (Figs. 7b,c) strong front-to-
rear pressure gradient accelerations continued to act
at low- and midlevels over the convective region and
at high levels over the stratiform area. At 0600 UTC
(Fig. 7b) rear-to-front acceleration was concentrated
near the rear-inflow jet with peak intensities exceeding
3ms~!h™!, as at 0300 UTC, but the area covered by
rear-to-front acceleration broadened and intensities
weakened slightly by 0730 UTC (Fig. 7c), when the
system was dissipating rapidly. The large region influ-
enced by rear-to-front pressure gradient acceleration
at 0730 UTC may account for the persistence of the
rear-inflow jet at this time, in spite of the rapid weak-
ening of the squall line. Gao et al. (1990) have found
in their model simulation of this system that the gen-
eration term was the most important term contributing
to both the rear-to-front acceleration that sustained the
rear-inflow jet, and the ascending front-to-rear jet ahead
of it. The pressure gradient acceleration at high levels
at 0600 and 0730 UTC (Figs. 7b,c) appears to be ad-
versely affected by the anomalous heights from one
sounding, but qualitatively is correct. Although no rear-
to-front outflow was found ahead of the system at high
levels by rawinsondes at these times (Figs. 2b,c), the
front-to-rear flow around 250 mb decreased signifi-
cantly between 0300 and 0600 UTC, which may be
evidence that some rear-to-front pressure gradient ac-
celeration was acting nonetheless, as shown in Fig. 7.

The acceleration caused by the Coriolis force was
generally from rear to front at all times, except at low
levels within the stratiform region and to the rear of
the system (Fig. 8). This pattern reflects a larger-scale
short wave passing through the region, evidenced by a
northerly flow at low levels and the turning of the wind
from a more northwesterly direction to southwesterly
at mid-to-upper levels moving from west to east across
the PRE-STORM domain (Johnson and Hamilton
1988). The magnitudes of this acceleration were rather
small with peak values found at high levels, weakening
gradually from over 10 m s~ h™! at 0300 (Fig. 8a) to
8 m s~! h™!at 0600 (Fig. 8b) and roughly 7m s~ ' h™!
by 0730 UTC (Fig. 8¢). The Coriolis acceleration gen-
erally opposed the acceleration due to the pressure gra-
dient, a result also found by Stevens (1979) for a GATE
case.

The system-relative local tendency term (Fig. 9) and
horizontal and vertical advections (Figs. 10 and 11)
were computed from gridded wind data, with the ten-
dency term (Du/Dt) computed as a finite difference
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over the 3-hour time interval. Noncomposited gridded
wind data were obtained at the start and end times of
the 3-hour composite interval. At 0300 UTC (Fig. 9a)
local tendencies were generally positive at low levels
with one maximum just ahead of the leading edge and
another near the rear of the stratiform region. Strong
rear-to-front tendencies could also be found in the 500-
600-mb layer at the rear of the system. This was the
region of the rear-inflow jet, and the local tendencies
support the observation that this jet remained strong
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FIG. 7. Line-normal pressure gradient acceleration (ms™ h™')
computed directly from rawinsonde data at (a) 0300, (b) 0600, and
(¢) 0730 UTC. (Shading and directions are as in Fig. 2.)

or even intensified at this stage of the system’s life cycle.
Positive values were also occurring at high levels over
the stratiform region, with negative values just to its
rear. Negative tendencies dominated midlevels within
the squall line, probably the result of some weak in-
tensification of the mesolow when averaged over the
length of the squall line (cf. Fig. 5). The observed ten-
dencies at high levels may indicate that, although neg-
ative acceleration was acting at distances greater than
175 km to the rear of the leading edge, possibly accel-
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erating the rearward transport of hydrometeors within
the rear of the stratiform region to broaden the anvil
at this time, rearward transport within the forward part
of the anvil was diminishing. This weakening is con-
sistent with the eventual weakening of rain rates in
that region.

By 0600 UTC (Fig. 9b) local tendencies had weak-
ened markedly. At low levels, positive tendencies could
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still be found ahead of the system, but were generally
weak elsewhere. Negative tendencies were occurring
around 700 mb within the stratiform region, and
around 450 mb to the rear of the system. Both regions
were within or at the leading flank of the rear-inflow
jet, as in Gao et al. (1990). This would indicate a
weakening of the rear-to-front flow. Likewise, positive
tendencies, which were somewhat concentrated in a
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zone ahead of the negative tendencies, show a weak-
ening of the front-to-rear ascending flow. Both of these
results were also found by Gao et al. (1990).

At 0730 UC (Fig. 9¢) three main bands of differing
tendencies dominated the region. Positive tendencies
were occurring at low levels below and within the lower
part of the rear-inflow jet, as were negative tendencies
throughout midlevels and positive tendencies at most
high levels. The positive tendencies in the vicinity of
the forward part of the rear-inflow jet may indicate a
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FiG. 9. As in Fig. 7, except for local tendency.

lowering and restrengthening of the nose of that jet.
Maximum velocities in the jet were nearly as large at
0730 UTC as they had been at 0600 UTC (see Fig. 2),
and the lower maxima had advanced and descended
toward the convective line. In addition, the jet appeared
to expand slightly in area by 0730 UTC. The rear-to-
front tendencies aloft agree with observations that the
radar echo began breaking up rapidly at this time, and
rain rates decreased about 30% in the stratiform region
(GYJ). The position of the lower bands appears to agree
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with the simulation results at 0600 UTC (the last time
shown) by Gao et al. (1990).

Horizontal advections can be seen in Fig. 10. At
0300 (Fig. 10a) these advections were from rear to
front in a band extending from low levels ahead of the
leading edge to high levels in the stratiform region,
where peak positive values were over 14 ms™' h™!,
Front-to-rear horizontal advection was prevalent below
400 mb within both the convective line and stratiform
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F1G. 10. As in Fig. 7, except for horizontal advection.

region. Peak values occurred around 900 mb in the
convective line. These patterns agree well with Gao et
al. (1990). Horizontal advections became much weaker
at 0600 and 0730 UTC (Figs. 10b,c). At 0600 UTC
(Fig. 10b) the most intense positive advections oc-
curred around 350 mb over the front portion of the
stratiform region. Weak negative advections were oc-
curring generally just above and ahead of the rear-in-
flow jet, as in Gao et al., but the magnitudes were far
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375

weaker. At 0730 UTC (Fig. 10c) horizontal advections
continued to be weak, and the greatest rear-to-front
advections were still at high levels over the stratiform
region.

Vertical advections are shown in Fig. 11. Because
small-scale jets may have been present within the in-
tense convection, this field is rather variable. The ver-
tical advections were most intense at 0300 UTC (Fig.
11a) when the convection was still active within the
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FIG. 11. As in Fig. 7, except for vertical advection.

squall line. Two levels in particular within the convec-
tive system were experiencing strong rear-to-front ad-
vection, one near 600 mb and the other in the 300~
450-mb layer. There is a similar double-peaked pattern
in the numerical simulation of this case by Gao et al.
(1990), although the intervening negative tendencies
were not diagnosed in their simulation. At 0600 UTC
(Fig. 11b) the vertical advections had weakened mark-
edly. Again, two small regions exhibited relatively
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strong rear-to-front acceleration, with one around 700
mb and the other around 450 mb. Further weakening
occurred by 0730 UTC (Fig. 11c) at which time the
field of vertical advection was rather disorganized.
The difference between the total observed acceler-
ation (the horizontal and vertical advections subtracted
from the local tendency ) and the pressure gradient and
Coriolis accelerations, assuming errors in the data are
relatively small, is an indication of subgrid-scale effects
on the momentum budget (X). These subgrid-scale
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FIG. 12. As in Fig. 7, except for acceleration due
to subgrid-scale effects.

sources and sinks of momentum can be seen in Fig.
12. At 0300 UTC (Fig. 12a), the pressure gradient and
Coriolis force generally opposed each other everywhere
(Figs. 7a and 8a), so that the field of X was similar to
the sum of the tendency and advection terms, partic-
ularly the vertical advection (Fig. 11a) above 700 mb
(where these advections were intense ). Generally, pos-
itive values of X existed at low levels with negative
values aloft. At later times (0600, Fig. 12b; 0730, Fig.
12¢), when the local tendencies and advections were
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weaker, the subgrid-scale effects appeared to oppose
the pressure gradient accelerations, as in Gao et al.
(1990). The main subgrid-scale sources of momentum
at all times (positive acceleration) were found at low
levels in the convective line region, sloping rearward
with height (Fig. 12). It appears that this strong positive
acceleration at low levels was at least partly responsible
for the observed maxima in the local tendency found
around 900 mb (Fig. 9a,b). It can be inferred from the
line-normal winds (Fig. 2), vertical velocities (Fig. 4),
and subgrid-scale acceleration (Figs. 12a,b) that this
was a region of intensely negative vertical momentum
flux divergence, probably due to the entrainment of
ambient-momentum air by convective clouds. This
entrainment would lead to positive acceleration.

Sinks of momentum (negative acceleration) gener-
ally occurred at mid- and high levels toward the rear
of the system (Fig. 12), especially at 0300 and 0730
UTC (Figs. 12a,c). Negative acceleration acted in some
areas in the vicinity of the rear-inflow jet [just below
and ahead of the jet ~600 mb at 0300 UTC (Fig. 12a),
650~-800 mb, ahead of the jet axis at 0600 UTC (Fig.
12b), and throughout the Jjet at 0730 UTC (Fig. 12¢)].
This front-to-rear acceleration was most pronounced
just ahead of the axis of the rear-inflow jet at 0600
UTC (Fig. 12b), when itexceeded Sm s ' h™'. A sim-
ilar maximum in front-to-rear acceleration from tur-
bulent forces was found in the study by Gao et al.
(1990). This acceleration may be a result of turbulent
mixing within the intense shear layer just above the
axis of the jet. Evidence of such mixing has been re-
ported as Kelvin—-Helmholtz waves in the single-
Doppler radar analyses of Houze et al. (1989). The
magnitudes of the subgrid-scale stresses were often
comparable to those of the Coriolis and pressure gra-
dient acceleration, agreeing with results from other
cases studied by Sanders and Emanuel (1977), LeMone
(1983), and Smull and Houze (1987a). i

At high levels, above about 400 mb, at 0600 and
0730 UTC (Figs. 12b,c), unreasonably large values of
X were due, in part, to the distorted height field resulting
from a rawinsonde ascending in an updraft core. Some
gravity waves may also have caused turbulence in the
outflow layer. In this environment, turbulent forces
should be largest in areas where vigorous convection
is occurring (Sanders and Emanuel 1977), and this
observation is one check on the validity of solving for
the turbulent stresses, or convergence of the eddy mo-
mentum fluxes, as a residual in the momentum budget.
As can be seen in Fig. 12, the subgrid-scale sources and
sinks were generally larger in the convective system
than outside it, and their magnitudes decreased as the
convection weakened.

At 0300 UTC (Fig. 12a), the subgrid-scale effects
tended to increase the negative vertical wind shear in
the 700~400-mb layer in the convective line, with little
influence below 700 mb (cf. Fig. 2a), but at the later

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 49, No. 5

times, the subgrid-scale momentum transport, oper-
ating on a wind profile already changed markedly by
the convective system, tended to decrease the negative
shear from 700 to roughly 550 mb and decrease the
positive shear in the convective line at most levels above
550 mb (Fig. 2b). In the stratiform region at all times,
subgrid-scale effects were a source of momentum at
low levels (generally below 700-800 mb) and a sink
in mid- to high levels (except above ~500 mb at 0600
UTC, but the data in this region may be contaminated
in part by the updraft-core sounding). These effects
therefore decreased the positive shear beneath the rear-
inflow jet (Fig. 2). Above the jet, subgrid-scale effects
increased the negative shear at 0300 UTC (intense
convective activity may have been aliased into the
stratiform region at this time), but decreased the neg-
ative shear at 0600 UTC. The effects were weak and
variable at 0730 UTC (Fig. 2¢).

b. Area-averaged force balances

Earlier momentum budget studies have dealt pri-
marily with the balance of forces within the convective
line regions of mesoscale convective systems (Sanders
and Emanuel 1977; LeMone 1983), and have sought
to explain the effects of the convection on the local
wind shear. The evolution of ground-relative u and v
can be seen in Figs. 13 and 14 (for system-relative
speeds, subtract C from ). Shown are a presquall av-
erage taken from six rawinsondes located at least 100
km ahead of the leading edge of the convective system
around 0130 UTC (Figs. 13a and 14a), and averages
over the convective line regions at 0300 UTC (Figs.
13b and 14b), and again at 0600 UTC (Figs. 13c and
14c). Ahead of the system, the line-normal velocity
generally increased with height (positive shear), except
below 925 mb, and in a layer near 200 mb (Fig. 13a).
However, at 0300 UTC, u varied irregularly within the
convective line (Fig. 13b), and by 0600 UTC, the u
component of the wind shear had reversed below 400
mb from what it was prior to the arrival of the system
(Fig. 13c). The presquall along-line winds were directed
from southwest to northeast with lower- and upper-
level maxima at 775-875 mb and 175 mb, respectively,
and a distinct minimum in midlevels (Fig. 14a). At .
0300 UTC, within the convective line, the lower-level
maximum had disappeared and strong positive shear
was present (Fig. 14b). Winds below 450 mb did not
change appreciably between 0300 and 0600 UTC, but
speeds decreased by roughly 50% aloft (Fig. 14¢).

The balance of forces in the vertical averaged over
the convective line portion of the 10-11 June MCS is
compared with a similar force balance for a midlatitude
squall line from Sanders and Emanuel (1977) in Fig.
15. Although both studies fail to accurately resolve the
features within the convective line, some consistency
in the results may indicate a systematic impact of squall
lines on their environment. The pressure gradient and



1 MARCH 1992

u (a)

R e e o e e e e e e

Pre-squati (0130)

T T T T

L

300 |-
400 |
580 L i

629 -

Pressure (mb)

7008 -

o | |

508 -

1008 VD VA T T ST S T ) IS U RS N BT a1 11 A
=16 -14 -12 -18 -8 -6 -4 -2 ¢ 2 4 6 8 tg 12 14 16

Wind speed (m s™!)

U (c)

100 T T T

Conv. line (0600)

Ttrr 11 1 17T

LIt S S B B A s RN
—_—

200 =

580 T

600 —

Pressure {mb)

700 1

100511||AI|I|I|||I||I|I>I|i|||||l|
-16 -14 =12 -10 -8 -6 -4 -2 @ 2 4 6 8 18 12 14 16

Wind speed (m s~ )

Coriolis accelerations appear as rather smooth curves
at both 0300 and 0600 UTC on 11 June (Figs. 15a,b).
Below roughly 850 mb, the surface mesohigh led to
rear-to-front pressure gradient acceleration at both
times, although this acceleration was stronger and oc-
curred over a slightly deeper layer at 0300 UTC (Fig.
15a). Front-to-rear acceleration dominated the pres-
sure gradient force above this layer, although at 0600
UTC (Fig. 15b), some rear-to-front acceleration was
occurring at high levels, ahead of the upper mesohigh.
At least some of the observed temporal changes in the
u profiles shown in Fig. 13 could be explained by the
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FIG. 13. Line-normal ground-relative wind (m s™') averaged for
(a) six presquall soundings around 0130 UTC, (b) the convective
line region at 0300 UTC, and (c) the convective line region at 0600
UTC.

pressure gradient accelerations. The Coriolis force at
0300 and 0600 UTC was almost entirely from rear to
front, increasing with height. The net effect of the pres-
sure gradient and Coriolis forces acting alone would
have resulted in a deep layer of front-to-rear acceler-
ation, above 800 mb or so (and below 450 mb at 0600
UTC) (Figs. 15a,b). However, the actual total accel-
eration (local tendency minus advections) was rather
variable with low-level rear-to-front acceleration, and
only a few narrow bands of strong front-to-rear accel-
eration located around 425 and 625 mb at 0300 UTC
(Fig. 15a), and 725 mb at 0600 UTC (Fig. 15b).
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Subgrid-scale momentum transport therefore appears
to play an important role in accelerating the flow.
The results for 11 June generally agree well with
those from Sanders and Emanuel (1977) (Fig. 15¢),
although different methods were used to obtain the
pressure gradient and turbulent effects in both studies.
The vertical profiles of the pressure gradient, Coriolis
force, and turbulent stresses agree particularly well. In
this study the pressure gradients were calculated directly
from the rawinsonde height data (neglecting liquid
water loading effects), and the turbulent stresses were
solved for as a residual. Sanders and Emanuel used
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FIG. 14. As in Fig. 13, except for the along-line
component of the wind.

actual balloon measurements in their study to calculate
the internal turbulent stresses, and solved for the pres-
sure gradient as a residual. In general, they found that
these pressure gradients were similar to those calculated
from the reported rawinsonde heights, except at high
levels (above 600 mb). They estimated liquid water
loading from the difference between the height fields
calculated using the two different methods. As in this
case, Sanders and Emanuel found that X produced the
strongest rear-to-front acceleration and was the primary
acceleration opposing the pressure gradient at low to
midlevels (Fig. 15¢c).
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The most significant difference between this squall
line and the Sanders and Emanuel case appears to be
in the profile of observed total acceleration. Sanders
and Emanuel found midlevel front-to-rear acceleration
dominating the vertical profile (Fig. 15¢). On 11 June,
front-to-rear accelerations were concentrated over rel-
atively shallow layers (Figs. 15a,b), with accelerations
from rear to front occurring throughout much of the
low to middle troposphere in the convective line region.
This may be a reflection of the dissipating state of the
11 June system. The Sanders and Emanuel squall line
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FiG. 15. Vertical profiles of line-normal accelerations (m s~ h™!)
averaged over the convective line regions of this case at (a) 0300 and
{b) 0600 UTC, and (c) the Oklahoma squall line studied by Sanders
and Emanuel (1977). Curves represent the pressure gradient accel-
eration (solid line, labeled PGF), Coriolis acceleration (dotted, COR ),
total acceleration (dashed, ACC), and turbulent or subgrid-scale ef-
fects (dash-dot, X).

was at an earlier stage in its life cycle, when accelera-
tions toward the rear at midievels would be likely.
The individual components of the total acceleration
(system-relative ) averaged over the convective line are
shown in Fig. 16. Local tendencies are generally small
(less than 2 m s™! h™!), supporting the assumption of
steady-state conditions for compositing. Some larger
values around 450 mb at 0300 UTC may indicate that
compositing could have introduced some error at that
time. However, the system at 0300 UTC was still in-
tense, and the stratiform and convective line regions
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were not separated by a transition zone, so that aliasing
was probably a more significant source of error than
any compositing problems at that time. In the con-
vective line at 0300 UTC (Fig. 16a) local tendencies
were quite weak below 600 mb and somewhat stronger
and negative aloft. Negative tendencies were also found
at high levels in the convective line in the numerical
simulation of Gao et al. (1990). They also found pos-
itive tendencies at low levels, which do not show up
in our convective-line average, although weak positive
tendencies did occur at low levels in the stratiform re-
gion at 0300 UTC (shown later). Their convective line
profile was taken 40 km behind the leading edge of the
system, and therefore was fairly close to the stratiform
region, which might explain this difference. At 0600
UTC (Fig. 16b) the local tendencies were very weak,
with generally negative values, except in the 400-650-
mb layer.

Horizontal advection was strong from front to rear
at low levels (as large as 9 m s™' h™! at 900 mb) at
0300 UTC (Fig. 16a) and weak and variable aloft
(above ~600 mb). The intense negative acceleration
at low levels was also found for this region at 0300
UTC by Gao et al. (1990). At high levels, they found
large positive values 40 km behind the leading line,
and more variable values at a distance of 80 km. The
early termination of soundings within the convective
system reduced the amount of data available for anal-
yses at high levels at 0300 UTC, which may explain
our variable profile above 550 mb, where Gao et al.
found positive acceleration. At 0600 UTC (Fig. 16b)
horizontal advections were much weaker, but still neg-
ative below ~650 mb. Vertical advections determined
in this study, though relatively similar to those of the
numerical simulation, are far more variable, possibly
due to the presence of small-scale jets in the system,
or inaccurate rawinsonde wind data in certain layers.
Gao et al. (1990) found that vertical advections tended
to offset horizontal advections in the convective system.
This result is not readily apparent from the sounding
data in the convective line. There is more evidence of
such a balance in the stratiform region (to be shown
later).

Vertical profiles for the balance of forces in the strat-
iform region at 0300, 0600, and 0730 UTC are shown
in Fig. 17. At 0300 UTC (Fig. 17a) rearward pressure
gradient acceleration was acting at all levels. The Co-
riolis force imposed rearward acceleration below 800
mb, but rear-to-front acceleration above that level.
Observed total accelerations were weak from rear to
front below 750 mb, with front-to-rear acceleration at
higher levels, with the exception of an ~50-mb-deep
layer centered at ~550 mb. This rearward acceleration
aloft helped to increase the rate at which hydrometeors
were transported rearward within the stratiform anvil
cloud, resulting in a substantial broadening of the
stratiform rain region around this time. The variability
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FiG. 16. Vertical profiles of components of the line-normal total
acceleration averaged over the convective line region at (a) 0300 and
(b) 0600 UTC (in units of m s~ h™"). Local tendency (Dit/Dt) is
shown by solid line (TEND), horizontal advection (—i#diz/dx
— vdu/dy) a dashed line (HOR ), and vertical advection (—®d11/dp)
with a dashed-dotted line (VERT).

of the acceleration profile at 0300 UTC may in part
be a result of aliasing of the wind fields and vertical
motions from the intense convective line into the strat-
iform region. It is also possible that some of the extrema
in the observed acceleration profile were due to subgrid-
scale momentum sources and sinks from weak con-
vective elements within the stratiform region.
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At 0600 UTC (Fig. 17b) the pressure gradient force
continued to generally be directed rearward, except in
the 700-800-mb layer where it was nearly zero. This
layer is a region where some rear-to-front acceleration
was occurring at the back of the stratiform region (Fig.
7b) due to the midlevel mesolow centered within the
stratiform region. The Coriolis force at 0600 UTC re-
sembled that at 0300 UTC, although the layer of neg-
ative acceleration now extended up to 750 mb. Extreme
values of the observed and subgrid-scale accelerations
weakened from 0300 to 0600 UTC, possibly a result
of weakening convection and less aliasing from the
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FI1G. 17. As in Fig. 15, except for the stratiform region of the 11
June system at (a) 0300, (b) 0600, and (¢) 0730 UTC.

convective line region as the system broadened. At 0730
UTC (Fig. 17¢), this weakening continued, and the
Coriolis and pressure gradient forces were nearly in
balance above 600 mb, supporting the observations of
minimal acceleration and subgrid-scale effects. A layer
of near-zero pressure gradient acceleration force con-
tinued to exist in the 650-800-mb layer, but otherwise
the pressure gradient continued to be directed rearward.

The individual components of the total acceleration
(system relative) averaged over the stratiform region
can be seen in Fig. 18. Local tendencies were somewhat
larger than in the convective line (Figs. 16a and 16b),
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but still rather small, except at 0300 UTC. Negative
tendencies were greatest around 500 mb at 0300 UTC
(Fig. 18a), and at 700 mb at 0600 UTC (Fig. 18b).
At 0300 UTC positive tendencies were confined to lay-
ers below 750 mb, with significant negative tendencies
elsewhere. At 0600 and 0730 UTC (Figs. 18b and 18¢)
tendencies remained positive at low levels, but generally
were weak and variable throughout the troposphere.
Horizontal advection was weak at all three times. It
was generally positive at 0300 UTC and variable later.
At 0300 UTC (Fig. 18a) strong vertical advection was
occurring above 650 mb, with the strongest (from rear
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FIG. 18. As in Fig, 16, except for the stratiform region of the 11
June system at (a) 0300, (b) 0600, and (¢) 0730 UTC.

to front) at 450 mb. This may be an indication of some
intense convective cells within the young stratiform
anvil at that time. Some of the intensity of the advection
may also be due to aliasing problems at 0300 UTC. At
0600 UTC (Fig. 18b) vertical advection weakened sig-
nificantly as the intense convection dissipated. At 0730
UTC (Fig. 18c¢) vertical advection continued to weaken
and was now less significant than horizontal advection.
At 0300 UTC (Fig. 18a), the horizontal advection was
generally opposing the vertical advection below 600
mb (as in Gao et al. 1990). At 0600 UTC (Fig. 18b)
this opposition was occurring in several layers, and
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FIG. 19. Vertical profiles of the eddy vertical ¥-momentum flux
(kg m~' s72?) at (a) 0300 and (b) 0600 UTC, averaged over the con-
vective line region (curve C), stretiform region (curve S), and entire
system (curve T).

weak evidence of it appeared at 0730 UTC (Fig. 18c¢).
Although a balance between the horizontal and vertical
advections was evidenced more in the stratiform region
than in the convective line (Fig. 16), in neither region
was it very definitive.

The vertical component of the eddy u-momentum
flux (pw'u’) averaged over the convective line and
stratiform regions and the entire system at 0300 and
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0600 UTC can be seen in Fig. 19. This flux was com-
puted by integrating the last term (the vertical diver-
gence of the vertical eddy momentum flux) in (1) from
the surface to 125 mb, converting w to w, and neglect-
ing horizontal eddy transports. Although the structure
of this squall line may have led to some contribution
from horizontal eddy effects, they cannot be measured
from sounding data, and to be consistent with other
rawinsonde-based studies, it was assumed that the hor-
izontal eddy fluxes would be smaller than the vertical
eddy fluxes. Within the convective line, the flux was
primarily negative at all levels at 0300 UTC (Fig. 19a),
and everywhere below 200 mb at 0600 UTC (Fig. 19b).
These profiles resemble those for the numerical sim-
ulation of this case by Gao et al. (1990), and other
midlatitude and tropical cases by LeMone (1983),
Smull and Houze (1987a), and Lafore et al. (1988).
In spite of the neglect of horizontal eddy transports
and the fluxes being computed from the integration of
a residual term, (X ), the magnitudes and shape of the
curves are close to those found in the Gao et al. sim-
ulation, and X itself agrees with the magnitudes found
in the Doppler radar study of this case by Smull and
Houze (1987a). Peak negative fluxes occurred at 450
mb at 0300 UTC (Fig. 19a) and 500 mb at 0600 UTC
(Fig. 19b). o

Negative values of pw's’ indicate that front-to-rear
flow was ascending within the convective line. It was
shown earlier (Fig. 13a) that there was positive shear
of the presquall winds (as opposed to negative shear
in the LeMone 1983 case) so that negative w'u’ would
be expected from mixing-length theory. However, be-
cause the flux was computed from a residual term that
was determined using wind and height data at the three
specific budget times (0300, 0600, and 0730 UTC), it
was felt that only the wind profiles taken at those spe-
cific times should be used for comparisons with the
flux profiles to determine whether transport was down-
or countergradient. At 0300 UTC, the wind shear in
the convective line had become weak and variable (Fig.
13b), and the computed transport would not be ex-
pected using normal downgradient arguments. By 0600
UTC the wind and flux profiles indicated that the mo-
mentum transport in the convective line was definitely
countergradient below 500 mb (compare Fig. 13c and
19b). Asin LeMone (1983 ), this countergradient mo-
mentum flux can be attributed to the midlevel mesolow
behind the leading convective line producing strong
front-to-rear flow.

This type of evolution of the wind shear and its re-
lation to the momentum transport have been described
by Matejka and LeMone (1990) for another case. For
this case, the eddy transport would accelerate rear-to-
front flow below midlevels, and front-to-rear flow aloft.
These accelerations would act to increase the weak
negative shear at 0300 UTC (see Fig. 13b), but have
mixed effects at the later times. The vertical eddy U-
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momentum flux within the stratiform region was still
generally negative at both 0300 and 0600 UTC, due
to ascending front-to-rear flow in the anvil.and de-
scending rear-to-front flow below. The negative flux
was, however, much weaker than in the convective line,
with a midlevel region of positive flux at 0600 UTC.
This could be associated with the lowest layers of front-
to-rear flow above the rear-inflow jet (Fig. 2b), de-
scending (Fig. 4b) due to cooling from evaporation,
sublimation, and melting.

5. Momentum budget of the along-line flow

Although the components of the u-momentum
budget of the 10-11 June squall line varied little in the
along-line direction, the components of the v-momen-
tum budget varied markedly in a rather chaotic pattern,
so that averaging of individual components along the
50-km-wide strips used in the vertical cross sections
shown earlier seemed unrepresentative of the general
pattern. In addition, any particular vertical cross section
would not be representative of the system as a whole.
Therefore, only brief discussion will be given to the
along-line momentum budget of the 10-11 June squall
line.

Vertical profiles of the forces acting on the along-
line component of the wind averaged over the larger
convective line and stratiform regions of the system
can be seen in Figs. 20 and 21, respectively. In general,
the ambient pressure gradient controlled accelerations
along the convective line, with weak southwesterly
(positive) acceleration dominating at both 0300 and
0600 UTC (Figs. 20a,b). From horizontal cross sec-
tions, the midlevel mesolow (Fig. 5) could be seen in-
fluencing the pressure gradient accelerations, with
northeasterly acceleration at the north end of the sys-
tem (figure not shown). At high levels, an intense me-
sohigh centered in the southern part of the line resulted
in strong southwesterly acceleration, exceeding 20
ms~'h™! at some points at 0600 UTC, over the
northern two-thirds of the squall line (figure not
shown). Gao et al. (1990) have shown that during in-
tensification of the system (0000 UTC) this accelera-
tion exceeded 40 m s~! h™'. They have also shown,
however, that advections tended to cancel this gener-
ation of momentum by the pressure gradient force.
Some northeasterly pressure gradient acceleration oc-
curred at high levels over the southern end of the sys-
tem. Coriolis accelerations were from the northeast but
were quite weak in the convective line. The observed
acceleration and the subgrid-scale effects were highly
variable in the vertical with northeasterly acceleration
dominating the low levels and southwesterly acceler-
ation common at high levels. The southwesterly ac-
celeration was strongest around 400 mb, with peak
values weakening from over 12 m s~ h™! at 0300 UTC
(Fig. 20a) to 7 m s~ h™! at 0600 UTC (Fig. 20b).
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FI1G. 20. As in Fig. 15, except for along-line accelerations averaged
over the convective line of the 11 June system at (a) 0300 and (b)
0600 UTC (with subgrid-scale effects curve Y).

In the stratiform region (Fig. 21), the ambient pres-
sure gradient also dominated the accelerations with
weak positive (southwesterly) values at all levels. Co-
riolis accelerations were stronger in the stratiform re-
gion than in the convective line and were the dominant
northeasterly acceleration in this region. The observed
acceleration (curve ACC) and the residual Y were gen-
erally southwesterly at 0300 UTC (Fig. 21a) but the
observed acceleration switched to northeasterly below
~650 mb at 0600 (Fig. 21b) and both became north-
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easterly at low levels by 0730 UTC (Fig. 21c¢). Strong
northeasterly acceleration occurred just behind the
midlevel mesolow (figure not shown), possibly indi-
cating the intensification of a cyclonic circulation.
Overall, the diagnosed accelerations implied an increase
of the positive v vertical wind shear below 300 mb
throughout the system at 0300 and 0600 UTC (cf. Fig.
14b,c). The vertical shear of the along-line winds did

increase below this level through 0300 UTC, and then -

remained relatively constant through 0600 UTC
(Fig. 14). -

The vertical component of the eddy v-momentum
flux (pw'v’) is averaged over the convective line and

GALLUS AND JOHNSON

447
300 —T—r— T TOSOO
4OOL |
500+ 4
> L i
E
~ 600} .
5 ]
é o
2 700 7
o
soor .
900} 4
n 1 L1 1 /’ 21 [ SN I S |

1
-6 -2 -8 -4 (0] 9 8 12 16
Acceleration (ms™' h™')

FIG. 21. As in Fig. 20, except averaged over the stratiform region
at (a) 0300, (b) 0600, and (c) 0730 UTC.

stratiform regions, and the entire system at 0300 and
0600 UTC can be seen in Fig. 22. As in the compu-
tation of pw'y’, the horizontal eddy term was neglected
in the integrations. As found in most budgets of fast-
moving squall lines (LeMone et al. 1984; Smull and
Houze 1987a; Lafore et al. 1988) the along-line mo-
mentum flux in the convective line was much smaller
than the u-momentum flux (Fig. 19). The two fluxes
were more nearly equal within the stratiform region.
Within the convective line, the flux was strictly positive
at 0300 UTC (Fig. 22a) and positive below 400 mb at
0600 UTC (Fig. 22b), with weak maxima at midlevels
at both times. The eddy momentum flux in the con-
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vective line therefore was generally countergradient (cf.
Figs. 14b,c), and the vertical profile indicatés north-
easterly acceleration at low levels with southwesterly
acceleration aloft. The changes between the presquall
and 0300 UTC convective-line v profiles (Figs. 14a
and 14b) support this increase in shear. The shear did
not increase between 0300 and 0600 UTC (Figs. 14b
and 14c), and in fact decreased above 400 mb, which
may indicate that the data at high levels at 0600 UTC
were adversely affected by an updraft-core sounding,
leading to erroneous values of the momentum flux.
The greatest negative fluxes occurred within the strat-
iform region (with the exception of high levels at 0600
UTC, which also may have been adversely affected by
the updraft core sounding). For the entire system,
though, the v-momentum flux tended to be weakly
negative with magnitudes at all levels less than 1
kg m~! s72, This weak negative flux for the entire sys-
tem would mean a downgradient transport of along-
line momentum, agreeing with results for other con-
vective systems (LeMone 1983; Gao et al. 1990).

The countergradient transport observed in the con-
vective line may be a result of the chosen domain and
asymmetries in the along-line pressure field. Convective
line averages were determined from data points located
within the region of intense radar echo observed from
the Wichita and Oklahoma City radars (GJ, Fig. 1),
and therefore, intense convective cells at the north and
south ends of the line may not have been contained
within the domain. However, it does appear to us that
the v and v-flux profiles shown in the Gao et al. (1990)
numerical simulation of this case, taken over the
northern half of the entire system, also indicate some
countergradient transport of along-line momentum,
and an increase in vertical shear. The countergradient
transport may be due, in part, to the location of the
mesolow within the northern part of the squall line
(see Fig. 5). If it is the midlevel mesolow that contrib-
utes to countergradient momentum fluxes in squall
lines (LeMone 1983), then it is perhaps not surprising
that for squall lines such as this one that exhibit pro-
nounced along-line asymmetries in the pressure field,
localized countergradient fluxes can also be detected
in the along-line direction. If these results are correct,
the 10-11 June squall line not only transported line-
normal momentum countergradient (similar to obser-
vations from many other cases), but also along-line
momentum, a result distinctly different from other
cases.

6. Conclusions and discussion

In this study, rawinsonde data from the 10-11 June
PRE-STORM squall line case have been used to ex-
amine the evolution of line-normal and along-line mo-
mentum budgets during the mature through dissipating
stages of this intense midlatitude MCS. Momentum
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FIG. 22. As in Fig. 19, except for the eddy vertical v-momentum flux.

budgets were done in a system-relative reference frame
so that comparison could easily be made with results
of the numerical simulation of this case by Gao et al.
(1990). Composites were made using soundings taken
over 3-hour time intervals as in Gallus and Johnson
(1991). Low-level reflectivity data were used to par-
tition the system into convective line and stratiform
areas, and comparisons were made between the budgets
of the different regions.
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A rather intense midlevel mesolow has been docu-
mented, and this mesolow causes rear-to-front accel-
eration in the vicinity of the observed rear-inflow jet.
In addition, the mesolow along with a pressure mini-
mum sloping rearward with height leads to strong front-
to-rear pressure gradient acceleration throughout a
large portion of the convective system. Local momen-
tum tendencies, horizontal advections, and particularly
vertical advections throughout the squall line weakened
during the dissipating stages of the system. Convective-
scale effects, solved for as a residual, appear to primarily
cause rear-to-front acceleration at low levels, and front-
to-rear acceleration aloft. Rather strong rearward
subgrid-scale acceleration occurring near the axis of
the rear-inflow jet may be evidence of mixing taking
place within the zone of intense shear between this jet
and the strong front-to-rear jet.

Averages taken over the convective-line portion of
the squall line show some similarity with results ob-
tained for another midlatitude system (Sanders and
Emanuel 1977), with pressure gradient forces being
primarily responsible for rearward acceleration, and
subgrid-scale effects primarily opposing this accelera-
tion. In the stratiform region, observed total acceler-
ations and subgrid-scale effects became negligible dur-
ing dissipation, so that a balance roughly existed be-
tween the pressure gradient and Coriolis forces.

Vertical integration of the subgrid-scale term from
the surface to 125 mb (neglecting horizontal eddy
fluxes) showed that the line-normal momentum flux
was generally negative within the system (similar to
LeMone 1983), and the divergence of this flux resulted
in rear-to-front acceleration at low levels and front-to-
rear acceleration aloft. Negative flux would be expected
from downgradient arguments applied to presquall
soundings, but it is shown that the wind shear reversed
under the influence of the convective line, so that the
momentum flux was actually countergradient in the
squall line, agreeing with previous case studies.

The momentum budget of the along-line flow was
found to be less organized than that of the line-normal
flow. The integrated subgrid-scale term showed weak
positive momentum flux in the convective line region,
with weak negative fluxes in the stratiform region, and
for the system as a whole. The positive flux in the con-
vective line agrees with results found in other cases and
the numerical simulation of this system (Gao et al.
1990). However, positive shear of the along-line com-
ponent of the wind dominated by the time of these
budgets, so that the positive flux within the convective
line would indicate countergradient transport, contrary
to the downgradient transport usually calculated for
the along-line flow in other convective systems
(LeMone 1983). This result may be due to the presence
of the midlevel mesolow within the northern part of
the squall-line system. It may also be influenced by our
domain, which was unable to include the entire con-
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vective line, since the north and south ends of the sys-
tem were outside the region of adequate PRE-STORM
rawinsonde data. Another problem with the data, as
in Gallus and Johnson (1991), was the early termi-
nation of soundings that ascended within the convec-
tive system. The early termination prohibits as accurate
an analysis of data at high levels as there is at lower
levels. These problems should be addressed in the
planning of future mesoscale field programs.
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