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ABSTRACT

A high-resolution composite analysis covering the entire breadth of the northern portion of a mature leading-
line, trailing stratiform squall-line system reveals that mean subsidence observed in the transition zone consisted
of two different types of average downdraft: one at upper levels that was mechanically forced and one at lower
levels that was microphysically forced. Both the upper-level and lower-level mean downdrafts in the transition
zone appeared to be the average effect of convective-scale vertical drafts associated with convective structures
that moved relative to the front edge of the convective line. The structure of individual upper-level convective-
scale downdrafts suggested that they may have been partially composed of gravity waves excited by the interaction
of the penetrative convective updrafts of the mature and dissipating convective cells with the stable ambient
flow. The lower-level mean downdraft extended from midlevels to near the surface but was maximum near the
melting level and was associated with air of low equivalent potential temperature. It was likely microphysically
driven by cooling associated with melting and evaporation.

The upper-level and lower-level subsidence in the transition zone had little effect on the radar reflectivity
minimum observed at middle to low levels in the transition zone. The primary microphysical process affecting
the development of the reflectivity minimum appears to have been the inability of small ice crystals to form,
grow, or persist at midlevels in the transition zone. Consequently, less aggregation could occur in the transition
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zone just above the melting level than in the secondary band at the same altitude.

1. Introduction

In an early study of the precipitation structure of
midlatitude squall-line systems, Ligda (1956) noted
that at low levels a distinct gap of 15-20 km in radar
reflectivity was often found between the rear of the
convective line and the trailing stratiform precipitation
region. Ligda referred to this reflectivity minimum as
the “precipitation-free zone,” which followed imme-
diately behind the “thunderstorm belt” but was found
ahead of the “light-precipitation zone” in the rear of
the storm system. Subsequent studies at midlatitudes
and in the tropics have verified that the radar reflectivity
minimum at middle to low levels is a common feature
of squall-line systems (e.g., Houze 1977; Sommeria
and Testud 1984; Smull and Houze 1985; Srivastava
etal. 1986; Roux 1988; Rutledge et al. 1988). However,
relatively little is known about the circulations or at-
mospheric conditions that contribute to the radar re-
flectivity minimum at middle to low levels in this tran-
sition zone (the region located between the rear of the
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convective line and the enhanced portions of the trail-
ing stratiform precipitation ).

Ligda (1956) speculated that either hydrometeors
from the convective line were quickly evaporated as
they fell through the transition zone or some circulation
was present that kept the hydrometeors from falling
into the middle to low levels of the transition zone.
Since the region between the convective line and the
trailing stratiform region was believed to be cloudy,
Ligda discounted the role of evaporation. However,
recent observational studies have found enhanced sub-
sidence (and hence evaporation ) in the transition zone
of squall-line systems (Houze and Rappaport 1984;
Srivastava et al. 1986; Smull and Houze 1987a; Chalon
et al. 1988; Roux 1988; Rutledge et al. 1988). However,
none of those studies attempted to determine the
structure of the enhanced subsidence or to document
how the subsidence may have developed. In particular,
is the enhanced subsidence at low levels the result of
deeper low-level convective downdrafts or the result of
a deeper mesoscale downdraft (of the type found in
the trailing stratiform region)? Is the enhanced subsi-
dence driven mechanically (as a required feature of the
storm’s air motion) or microphysically (by negative
buoyancy from precipitation loading and/or evapo-
rative cooling)? For the cases where subsidence was
observed throughout the troposphere (e.g., Srivastava
et al. 1986; Roux 1988), was the downward motion
of a common origin or were there vertically aligned
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downdrafts that may have been forced by different
mechanisms?

In addition to the effect of enhanced subsidence,
some evidence suggests that the reflectivity trough may
be, at least in part, a consequence of hydrometeor size
sorting in which large heavy hydrometeors fall to the
surface in the convective line and smaller lighter hy-
drometeors are carried aloft by convective updrafts and
swept rearward by the front-to-rear relative flow (found
throughout and behind the convective region) before
the hydrometeors can grow sufficiently large to fall a
significant distance toward the surface. This process
could account for the low-level minimum in reflectivity
if there were only two types of particles, that is, the
lighter snow carried rearward aloft into the stratiform
region and the heavy particles falling out in the con-
vective region, and no intermediate sized particles.
While not specifically with regard to the problem of a
middle to low level radar reflectivity trough, Smull and
Houze (1985) used Doppler-derived horizontal relative
flow and a range of assumed fall speeds to show that
the location of the melting band could be explained
by the fallout pattern of different sized hydrometeors
ejected from storm top at the rear of the convective
cells. Rutledge and Houze (1987) used a two-dimen-
sional diagnostic cloud model with assumed profiles
of hydrometeor mixing ratios at the lateral inflow
boundary to verify the hypothesis of Smull and Houze
(1985)—that the location of the heaviest stratiform
precipitation could be explained by the combination
of upper-level storm-relative flow and the hydrometeor
fall speeds from the tops of the convective cells. How-
ever, the lateral inflow boundary was set too far rear-
ward to allow for a thorough analysis of the reflectivity
trough in the transition zone.
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While providing some evidence that hydrometeors
ejected near cloud tops at the back of the convective
line should flow rearward some horizontal distance be-
fore falling to the surface, none of the aforementioned
studies has been able to use observed relative flows
with observed hydrometeor fall speeds to determine
the level and region from which the hydrometeors in
the reflectivity trough and the enhanced portions of
the stratiform region have traveled. Thus, none of the
previous studies has conclusively answered the question
posed by Ligda (1956): is there some circulation that
keeps the hydrometeors out of the middle to low levels
in the transition zone?

An attempt to partially answer that question was
made by Biggerstaff and Houze (1991), where a com-
posite of rawinsonde, profiler, surface mesonet, and
dual-Doppler data was used to study the kinematic and
precipitation structure of the trailing stratiform region
of the 10-11 June 1985 storm system observed during
PRE-STORM (the Preliminary Regional Experiment
for Stormscale Operational and Research Meteorol-
ogy—Central Phase). A conceptual model based on
that study (Fig. 1) includes both enhanced subsidence
in the transition zone and precipitation particle trajec-
tories. That analysis was too coarse (horizontal grid
spacing of roughly 15 km), however, to determine the
roles of either subsidence or hydrometeor size sorting
in contributing to the low-level reflectivity minimum
in the transition zone. In particular, the vertical struc-
ture of the transition zone downdraft, which was found
to extend throughout the depth of the transition zone
over the northern part of the squall-line system, was
not well resolved. It was not evident from that study
whether the transition zone downdraft was a single
downdraft or the result of a vertical alignment of mul-
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FiG. 1. Conceptual model of precipitation particle trajectories and mean vertical motions
through the trailing stratiform region of a squall-line system.
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tiple downdrafts with possibly different forcing mech-
anisms. Moreover, since the horizontal and vertical
resolution of the composite framework was coarse
compared to the dual-Doppler data used in the com-
posite analysis, there is some doubt about the precip-
itation particle trajectories through the transition zone.

One objective of this study is to determine the ver-
tical structure of the mean transition zone downdraft
and to determine whether that downdraft was the result
of enhanced stratiform-type subsidence or the mean
effect of transient vertical convective-scale downdrafts
from convective elements moving rearward relative to
the front of the convective line. In this study, 11 dual-
Doppler analyses, each 120 km X 120 km, are used to
construct composite wind and precipitation fields
across the entire northern half of the 10-11 June 1985
squall-line system. The composite Doppler-derived
wind fields and analysis of the instantaneous dual-
Doppler wind fields are used to show that the transition
zone downdraft consisted of a vertically aligned upper-
and lower-level downdraft. The upper-level downdraft
apparently was partially mechanically forced by the
dynamic interaction of rearward moving, dissipating,
convective-scale updrafts with the stable ambient flow,
while the low-level downdraft was evidently driven by
microphysical processes that contributed to the nega-
tive buoyancy of the air. The upper-level downdraft
appears to have been associated with a combination
of gravity waves forced by transient vertical updrafts
from mature and dissipating convective cells that
moved rearward relative to the front of the convective
line and compensating motions associated with rear-
ward moving updrafts in the convective elements.

A second objective of this study is to identify the
primary factor affecting the development of the middle
to low-level radar reflectivity trough. Precipitation tra-
Jjectories computed by combining the particle fall speeds
diagnosed by the extended velocity azimuth display
(EVAD) method (Srivastava et al. 1986) for this storm
and the composite Doppler-derived storm-relative flow
will be used to show that, consistent with Fig. 1, the
hydrometeors found at the melting level in the tran-
sition zone had been ejected from lower altitudes in
the convective region than the hydrometeors found at
the melting level in the enhanced stratiform precipi-
tation region. While indicative of size sorting, whereby
the largest particles were ejected from the convective
region at lower altitudes, this process does not explain
the presence of the middle to low-level reflectivity
minimum in the transition zone. Indeed, if size sorting
were the sole microphysical mechanism active, then
the largest particles behind the convective region would
have been found in the transition zone and the low-
level radar reflectivity would have decreased uniformly
toward the rear of the storm system. Since hydrome-
teors at low levels in the transition zone apparently
traveled from midlevels in the convective region, the
upper-level transition zone subsidence was not an im-
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portant factor in the development of the middle to low-
level radar reflectivity trough. Moreover, evaporation
of rain in the low-level transition zone subsidence also
appeared to play a secondary role. The microphysical
process that led to the development of the middle to
low-level reflectivity minimum in the transition zone
appears to have been a lesser amount of aggregation
in the transition zone just above the melting level than
in the enhanced portion of the trailing stratiform pre-
cipitation region at the same altitude.

2. Data and method of analysis

Two 5-cm Doppler radars (CP-3 and CP-4) operated
by the National Center for Atmospheric Research
(NCAR) were deployed on a 60-km NNW-SSE base-
line near Wichita, Kansas (Fig. 2), during May and
June 1985 as part of PRE-STORM (see Cunning 1986
for overview). Rutledge et al. (1988) lists the charac-
teristics of the NCAR 5-cm Doppler radars. Coordi-
nated sets of plan position indicator (PPI) scans with
a maximum unambiguous range of about 133 km from
0.2° to 58° in elevation were either collected over 360°
sweeps to maximize coverage by providing data over
both dual-Doppler “lobes” (shown in Fig. 2) or col-
lected over a limited region, defined by either one of
the dual-Doppler lobes, to maximize resolution. The
360° sweeps typically took 10 minutes to complete,
while the limited region sweeps typically took 6 min-
utes. In this study, use is made of the data taken during
the mature phase of the storm system from the coor-
dinated scans beginning at 0131 (west lobe), 0139
(both lobes), 0209 (both lobes), 0220 (west lobe ), 0345
(both lobes), 0414 (both lobes), and 0510 (east
lobe) UTC.

Each coordinated set of PPI scans was edited, inter-
polated onto a Cartesian grid, and analyzed according
to the dual-Doppler method outlined in Biggerstaff and
Houze (1991). The horizontal wind and radar reflec-
tivity data from each of the 11 dual-Doppler analyses
were then combined into a single time-space composite
(Fujita 1955) by assuming a storm translation speed
of 14 m s™! from 300°, which is representative of the
northern part of the squall-line system where the
NCAR Doppler radars were deployed. This storm mo-
tion was determined by tracking the strong gradient of
radar reflectivity along the leading edge of the convec-
tive line and agrees well with the movement of the
surface gust front as determined by the wind shift mea-
sured from the surface mesonet array (Biggerstaff and
Houze 1991). The fundamental kinematic structure
of the composite storm was not greatly affected by use
of slightly different storm speeds.

In constructing the time-space composite, we as-
sumed that the basic kinematic structure of the con-
vective system was not rapidly evolving. Examination
of the individual dual-Doppler analyses indicates that
the basic multicellular structure of the convective re-
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FIG. 2. PRE-STORM upper-air and radar network showing the location of the east and west
lobe dual-Doppler regions for the two 5-cm NCAR Doppler radars. Heavy lines are the isochrones
of the leading edge of the 10-11 June 1985 storm based on a combination of composite low-level
radar reflectivity and surface mesonet station analysis.

gion was maintained throughout the composite period,
but individual convective cells underwent rapid evo-
lution. Thus, the composite analysis was able to resolve
the mesoscale flow through the convective region but
not the structure of the individual convective cells.
In placing the data from the 11 individual dual-
Doppler analyses into the composite framework, an
average was taken of all the data falling into 3 km
X 3 km X 0.5 km (vertical ) grid boxes in the composite
framework to arrive at the “composite” value. These
values were edited to remove obvious discrepancies that
could be traced back to sampling problems generally
associated with poor radar beam geometry along the
edges of the dual-Doppler analysis domain. Less than
1% of the data were affected by this procedure. The
horizontal wind components were filtered using a two-
step Leise (1981) filter to remove wavelengths less than
18 km. Divergence was calculated and the anelastic
continuity equation was integrated downward to obtain
the vertical velocity using a standard technique (Mohr
and Miller 1983) in which a boundary condition of
Wo = 0.5 Dyop, Where W, is the echo-top vertical ve-
locity and Dy, is the uppermost divergence measure-
ment, was used to initiate the integration. The diver-

gence was then adjusted to compensate for errors in
the horizontal wind measurements by setting a second
boundary condition (W = 0) at the surface (appendix
A). The adjusted divergence was then integrated to
obtain the adjusted vertical velocity field. The differ-
ences in the adjusted and unadjusted vertical velocity
fields were small and do not affect any of the results
presented in this study. The reflectivity data were con-
verted from a logarithmic to a linear scale, averaged,
and filtered using a 1-2-1 filter to remove wavelengths
less than 6 km before being converted back to a loga-
rithmic scale. No other processing of the reflectivity
data was performed.

3. Composite storm structure
a. Kinematics

Since the kinematic structure of the 10-11 June 1985
squall-line system has been the subject of previous
studies (e.g., Smull and Houze 1987b; Rutledge et al.
1988; Johnson and Hamilton 1988; Biggerstaff and
Houze 1991), the discussion here will be confined to
a verification that the Doppler radar composite struc-
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ture is consistent with the earlier findings. Kinematic
structures that have remained undocumented by the
previous studies will be discussed more thoroughly.

The low-level radar reflectivity structure of the com-
posite storm (Fig. 3a) reveals that the squall-line system
consisted of a leading convective line roughly 30 km
wide that was followed by an equally wide reflectivity
trough associated with the transition zone. Farther
back, an enhanced region of reflectivity (the secondary
band) was found. It was followed by the remainder of
the trailing stratiform precipitation region, which had
decreasing reflectivity toward the rear of the storm sys-
tem where a sharp gradient of reflectivity, marking the
end of the surface precipitation, was found. A 60-km
along-line average vertical cross section oriented nor-
mal to the squall-line system was constructed for the
part of the storm where both the reflectivity and hor-
izontal flow patterns appeared to be the most nearly
two-dimensional (the region between the white lines
in Fig. 3a). To the north of this region, the storm system
was affected by a strongly three-dimensional circulation
associated with an intense midlevel mesolow in the
northern portion of the convective line (Biggerstaff and
Houze 1991). To the south, where the convective line
bowed forward, three-dimensional circulations had
developed in association with a progressive derecho
(Biggerstaff and Houze 1991).

The mean vertical section of across-line storm-rel-
ative flow! is virtually identical to that obtained from
near instantaneous single-Doppler range height indi-
cator (RHI) analyses (compare Fig. 3b here with Figs.
5 and 6 in Rutledge et al. 1988). Thus, the composite
analysis appears to have adequately retained the fun-
damental kinematic structure of the storm system.
However, one feature that may not be well represented
in the composite analysis is the slope of the convective
cells in the convective region. Since the leading part of
the convective system was sampled before the trailing
stratiform region, the vertical orientation of the con-
vective cells may not be entirely consistent with the
mature phase of the storm system associated with the
extensive trailing stratiform precipitation region. As
suggested by recent modeling studies (e.g., Rotunno
et al. 1988; Fovell and Ogura 1988), the slope of the
convective cells may tend toward the upshear direction
(toward the rear of the convective line) as the squall-
line system matures. However, single-Doppler RHI
analyses of the 10-11 June 1985 storm suggest that at
least part of the convective line contained cells with
vertically oriented radar reflectivity structure even
during the mature phase of the system when the trailing
stratiform region was well developed (see Figs. 5 and
6 in Rutledge et al. 1988).

! Across-line flow is the component of motion that is perpendicular
to the orientation of the convective line. Along-line flow is the com-
ponent of motion that is parallel to the orientation of the convective
line.
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The data used in Rutledge et al. (1988) are a subset
of the data used here. Thus, it is not clear whether the
mean vertical orientation of the convective cells de-
picted in Fig. 3 is the result of averaging over a region
containing a few strong vertically oriented convective
cells during the mature phase of the storm system or
whether the mean vertical orientation of the reflectivity
of the convective region was partly the result of a bias
in the composite technique (i.e., an artifact of the
steady-state assumption inherent in the composite
analysis). However, it is clear from the strong agree-
ment between the composite storm-relative flow and
the storm-relative flow obtained from the near-
instantaneous? single-Doppler RHI analyses that the
composite analysis is well suited for analyzing the storm
structure to the rear of the convective region.

Despite significant differences in the areas of the
storm covered, the along-line averaged vertical cross
section of vertical velocity agrees remarkably well with
the vertical cross section of EVAD analyses of vertical
motion in the trailing stratiform region of the squall-
line system (compare Figs. 3c,d here with Fig. 13b in
Rutledge et al. 1988). The EVAD cross section was
constructed from a time series of individual profiles of
mean vertical motion, each representative of an area
1200 km? centered on the CP-3 Doppler radar. In con-
trast, the vertical velocity in Fig. 3 is representative of
an area nearly twice as large centered between the lo-
cation of the two Doppler radars where the individual
dual-Doppler analyses had their best horizontal and
vertical resolution. Given the good agreement between
Figs. 3c-d and the cross section of EVAD analyses of
vertical motion reported in Rutledge et al. (1988), the
discussion of the mean vertical motion revealed by the
composite analysis will be limited to the regions not
well sampled by the EVAD analyses: the convective
and transition zone regions.

In the composite, mean upward motion extended
from near the surface to the top of the storm in the
convective region of the squall-line system (Figs. 3c¢,d).
This along-line averaged mean convective updraft was
found ahead of the highest reflectivity at low levels but
was aligned with the highest reflectivities at middle to
upper levels. This suggests that, on average, the upper-
level reflectivity maximums were associated with hy-
drometeors suspended aloft by convective updrafts. As
indicated by the collocation of the mean low-level con-
vective downdraft with the low-level reflectivity max-
imum, the low-level reflectivity maximums were, on
average, associated with convective downdrafts, which
were probably driven by precipitation loading and
evaporative cooling (Knupp 1988). Mean subsidence
was also found ahead of the convective region at mid-

2 The term “near instantaneous” is used to distinguish between
analysis based on data collected during one set of PPIs, which typically
took 6 to 10 minutes to complete, and the composite Doppler radar
analysis, which uses data collected over roughly a 4-h time period.
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FIG. 3. Doppler radar composite data analysis of (a) radar reflectivity, in dBZ according to the gray scale, at 1.9
km above MSL. The two horizontal lines enclose the region used for the mean vertical cross sections shown in (b)-
(d). (b) Along-line-averaged vertical cross section of reflectivity (dBZ, according to the gray scale) with across-line
storm-relative flow contoured every 5 m s~! with negative values (front-to-rear flow) dashed. (c¢) Along-line-averaged
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starting at 5 dBZ. The convective, transition zone, and secondary band regions are indicated. (d) Along-line-averaged
vertical cross section of reflectivity (dBZ, according to the gray scale) and contours of vertical velocity at —0.9, —0.45,
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levels in the forward anvil. As suggested by Fritsch associated with this region of subsidence. In a ther-
(1975), Hoxit et al. (1976), and Fritsch and Chappell modynamic retrieval for the 10-11 June 1985 storm
(1980), this subsidence may have been a dynamic re- using a composite Doppler radar dataset similar to the
sponse to the convective updrafts. As noted by Big- one presented here, Sun et al. (1993) found a region
gerstaff and Houze (1991) a presquall mesolow was of strong warming in the forward anvil. Thus, the
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warming was apparently produced by strong subsidence
and evidently produced the presquall mesolow.

Consistent with the earlier analysis in Fig. 1, deep
subsidence was found throughout the depth of the tro-
posphere in the transition zone (between X' = 30 and
60 km in Figs. 3c,d). However, the higher resolution
of this study reveals that the transition zone downdraft
was not a vertically continuous feature. Instead, it con-
sisted of two apparently separate downdrafts that were
vertically aligned. In association with a slight depression
in the reflectivity field at upper levels, an averaged up-
per-level downdraft with a peak velocity located near
9 km above mean sea level (MSL) was found imme-
diately behind the convective line and just above the
middle to low-level radar reflectivity trough. Another
downdraft at lower levels was found collocated with a
more intense depression in the reflectivity field (e.g.,
Z =45 km at X' = 54 km in Figs. 3c,d). The maxi-
mum speed of the lower-level downdraft was found
near 0°C (about 4 km MSL ) where cooling from melt-
ing likely contributed strongly to the negative buoyancy
of the air.

b. Comparison with a time-averaged numerical
simulation

Fovell and Ogura (1988) used a two-dimensional
nonhydrostatic cloud model with ice microphysics to
simulate a leading-line trailing stratiform squall-line
system. Many of the results they showed were based
on the time-averaged model output. However, direct
comparisons with observations were incomplete be-
cause a comparable observational dataset did not exist.
Fortunately, the spatial and temporal scales of the
composite Doppler radar data are consistent with their
two-dimensional time-averaged model output so that
comparisons can be made between the composite storm
structure and the time-averaged simulation. The sim-
ulation conducted by Fovell and Ogura (1988) was
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not the 10-11 June 1985 Kansas—Oklahoma storm; it
was for the 22 May 1976 storm studied by Ogura and
Liou (1980) and Smull and Houze (1985, 1987a). That
storm was similar in structure and occurred in an en-
vironment and over terrain rather similar to the 10—
11 June 1985 case. Environmental differences found
to be important will be noted in the following discus-
sion.

Several simulations were performed by Fovell and
Ogura (1988) to test the sensitivity of the results on
the treatment of ice microphysics in the model. The
best agreement between the numerical simulations and
the observations made during the 10-11 June 1985
storm was for the ““no hail” ice-phase simulation (Fig.
4). Although some hail was produced in association
with the 10-11 June 1985 storm (Johnson and Ham-
ilton 1988), the hail and other severe weather occurred
only during the early stages of the storm system and
was limited to only a small portion of the convective
system associated with the bowed-out part of the con-
vective line. Thus, for the region covered in the com-
posite Doppler radar analysis, the “no-hail” simulation
is consistent with the observations.

The radar reflectivity derived from the model hy-
drometeor fields shows a structure similar to the along-
line averaged composite radar reflectivity (compare Fig.
4a with Fig. 3d). However, the horizontal and vertical
scales appear to be smaller for the simulated storm.
This may be the result of a slightly lower equilibrium
level for the sounding used to initiate the model
(roughly 200 mb instead of 150 mb for the 10-11 June
storm) or the result of across-line smearing from taking
an along-line average of the observations. Since the
average was taken over a fairly straight, linearly ori-
ented portion of the convective line (see Fig. 3a), the
difference in equilibrium heights appears to be the
dominant factor.

Only a weak reflectivity trough was found at middle
to low levels in the time-averaged reflectivity field to
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FIG. 4. Time-averaged model output from the “no hail” numerical simulation (adapted from Fovell and Ogura 1988). (a) Equivalent
radar reflectivity contoured every 5 dB. (b) Vertical velocity contoured every 1 m s™' with negative values dashed. Stippling indicates regions
with relative humidities less than 60%. (c¢) Perturbation potential temperature contoured every 1 K with negative values dashed. (d) Cross-
line storm-relative flow contoured every 3 m s™! with negative values dashed.
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the rear of the convective line. However, the upper-
level subsidence in this region (Fig. 4b) was stronger
than the mean subsidence diagnosed for the 10-11 June
storm. This result suggests that the upper-level down-
draft in the transition zone may play a relatively minor
role in the development of the middle- to low-level
reflectivity trough. However, it is also likely that the
bulk microphysical parameterizations employed in the
numerical simulation were incapable of adequately
modeling the physical processes responsible for the de-
velopment of the reflectivity trough. Indeed, in the
stratiform region the simulated radar reflectivity is
much greater than that found in the observed storm.

Another aspect of the observed storm structure that
was in less than good agreement with the numerical
simulation was the vertical extent of the mesoscale
downdraft in the region of the secondary band (between
X =25 and 55 km in Fig. 4 and X' = —55 to 30 km
in Fig. 3) where a deeper downdraft was found in the
numerical simulation than in the observed storm.
Moreover, the top of the simulated mesoscale down-
draft extended well into the region of front-to-rear rel-
ative flow (compare Fig. 4b with Fig. 4d), while the
observed mesoscale downdraft was associated primarily
with convergence along the interface between the front-
to-rear relative flow at upper levels and the rear-to-
front relative flow at midlevels (Rutledge et al. 1988).
Furthermore, the layer of mesoscale subsidence showed
very little slope in the simulated storm but exhibited
a strong slope in the observed storm, especially near
the rear of the trailing stratiform precipitation region.
These differences in the mesoscale downdraft structure
can be related to the differences in the structure of the
rear-to-front relative flow in the simulated and observed
storms.

The along-line averaged composite Doppler radar
analysis shows a strongly sloped rear-to-front relative
flow with a maximum at midlevels to the rear of the
trailing stratiform precipitation and a secondary max-
imum at lower levels near the rear of the convective
line (Fig. 3b). The slope of the layer containing the
mesoscale downdraft in the stratiform region corre-
sponds closely to the slope of the layer containing rear-
to-front flow (compare Fig. 3b with Fig. 3d). In con-
trast, the layer of rear-to-front flow in the simulated
storm exhibits very little slope across the stratiform
region and contains only one maximum located at low
levels near the rear of the convective line (Fig. 4d).
Mechanisms that may have led to the development of
the storm-relative rear-to-front flow in the 10-11 June
1985 storm were discussed in Biggerstaff and Houze
(1991). It was noted that both the mesolow beneath
the trailing stratiform cloud, as suggested by Smull and
Houze (1987b), and the mesolow associated with
sloping convective updrafts (LeMone 1983) were
probably important in the development of the contin-
uous rear-to-front flow observed in the 10-11 June
1985 storm system. In contrast, the structure of the
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simulated rear-to-front relative flow (Fig. 4d), with its
single maximum located at low levels in the convective
region, is consistent only with the two-dimensional re-
sponse to the low pressure perturbation associated with
the convection (Fovell and Ogura 1988, 1989).

The overall structure® of the mean storm-relative
flow and vertical motion was in better agreement
throughout the convective and transition zone regions.
A region of mean subsidence associated with a negative
potential temperature perturbation (Fig. 4c) was pres-
ent underneath the convective updraft in the simula-
tion, but since the low-level convective downdrafts as-
sociated with negative buoyancy in the model were
highly transient, the time-averaged subsidence in that
part of the storm system was less than the contour in-
terval chosen for the figure (1 m s™'). Mean subsidence
at low levels in the convective region was also found
in the along-line averaged composite Doppler radar
analysis (Fig. 3d). Both cross sections also show mean
descent throughout the depth of the transition zone.
Furthermore, a broad upshear tilted updraft extended
from near the surface, where the gust front convergence
forced the air upwards, to near the storm top in both
cross sections. Additionally, the lobe of upward motion
behind the low-level convective region downdraft was
found in both the simulations and the observations.
However, this feature was found at a lower altitude in
the numerical simulation.

The overall agreement between the along-line av-
eraged composite Doppler radar cross section and the
time-averaged two-dimensional numerical simulation
is of particular importance in that the steady-state as-
sumption used in the composite analysis has its greatest
uncertainty in the convective region. The simulation
suggests that the along-line averaged composite storm
structure can be interpreted as a time-averaged vertical
cross section through the squall-line system. As such,
the composite helps to fill the observational gap be-
tween the scales observed by Doppler radar (high res-
olution over length scales between 10 and 100 km) and
special rawinsonde networks (low resolution over
length scales between 100 and 1000 km). More im-
portant, the agreement in the structure of the transition
zone between the radar composite and the time-aver-
aged numerical simulation suggests that the model
output can be used to help determine how transient
convective-scale features affected the mean structure
of that part of the observed storm.

4. Comparison of near-instantaneous observed and
simulated storms

Instantaneous vertical velocity analyses of the “no-
hail” ice simulation of Fovell and Ogura (1988) suggest

3 Differences in magnitude of the mean vertical motion are most
likely the result of the two-dimensional limitations of the model.
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that the upper-level time-averaged subsidence noted in
Fig. 4b was the net result of transient convective-scale
downdrafts, which were associated with dissipating
convective-scale updrafts. These closely associated
convective-scale drafts moved rearward relative to the
front edge of the storm (Fig. 5). Zhang and Fritsch
(1988a) noted that the flux of hydrometeors resulting
from this type of rearward propagation aids in the rapid
moistening of the region to the rear of convective lines.
In this case, the downward air motion associated with
this rearward propagation apparently outweighed the
associated upward motion of the dissipating updrafts
so that, when averaged over time, net subsidence was
found at middle to upper levels.

Figure 5 also indicates that convective-scale down-
drafts were found at lower levels beneath the rearward-
moving dissipating convective updrafts (e.g., at X
= 63 km in Fig. 5S¢ and at X = 57 km in Fig. 5f). These
convective-scale downdrafts were likely produced by
negative buoyancy associated with the fallout, melting,
and evaporation of the hydrometeors from the con-
vective updrafts. It is interesting to note that, in the
numerical simulation, these apparently negatively
buoyant downdrafts were generally weaker than the
upper-level downdrafts found adjacent to intense up-
drafts associated with the mature and dissipating con-
vective cells. Sinclair (1973) found strong upper-level
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downdrafts adjacent to intense updrafts from aircraft
penetrations through severe thunderstorms over Col-
orado. As noted by Fritsch (1975), this compensating
subsidence often extends outside the cloudy air into
the near environment.

Analysis of the near-instantaneous Doppler-derived
wind fields indicates that the structure of the vertical
drafts in the 10~11 June storm was very similar to that
found in the instantaneous numerical simulations
(compare Fig. 6 with Fig. 5). In particular, a series of
convective-scale updraft maxima was found in the
convective region, with the most intense updraft found
near 9 km MSL in association with the “mature” cell
in the convective region (X’ = 20 km in Fig. 6). An-
other strong updraft was found around 3.5 km MSL
near the front of the convective region in association
with a developing convective cell. Behind the mature
cell, in the region where the dissipating cells were ob-
served, the updrafts were much weaker. Farther back,
near the rear of the convective line (near X’ = 0 km
in Fig. 6), the region was dominated by convective
downdrafts at both upper and lower levels. Examina-
tion of many cross sections similar to Fig. 6 shows that
the strongest upper-level downdrafts were typically ad-
jacent to the updrafts associated with mature or dis-
sipating cells. Convective downdrafts were also found
in association with the mature cell in the region of the

o
=]
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40 50
DISTANCE (km)

! with negative values dashed from the “no hail” numerical simulation

reported in Fovell and Ogura (1988). Panels are at 4-min intervals starting at 540 min into the simulation and cover one cycle of the storm’s

quasi-periodic oscillation (courtesy of R. G. Fovell).
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highest radar reflectivity. This pattern of vertical drafts
in the convective region is very similar to that found
in other multicellular squall-line systems (e.g., Heyms-
field and Schotz 1985; Smull and Houze 1987a; Roux
1988).

Since there is good agreement between the structure
of the observed and simulated convective regions, it is
likely that the observed upper-level subsidence in the
transition zone of the composite storm was the result
of the same processes that were found to exist in the
numerical model—that is, the mean subsidence was
the net result of dynamically driven convective-scale
downdrafts moving rearward in association with the
upper portions of weakening convective-scale updrafts.
Similarly, the averaged lower-level subsidence in the
transition zone was likely the net result of microphys-
ically driven rearward-moving negatively buoyant
convective-scale downdrafts.

5. Structure of the downdrafts in the transition zone
a. Composite storm

To understand better the relationship between the
convective drafts observed in the near-instantaneous
dual-Doppler analyses and the mean subsidence ob-
served in the transition zone of the composite storm,
the convergence and vertical velocity fields were av-
eraged over the convective, transition zone, and sec-
ondary band portions of the composite storm (as de-
lineated in Fig. 3c). The results of the area averaging
are shown in Fig. 7.

The divergence profile in the transition zone and
secondary band differ markedly near storm top (Fig.
7b). At upper levels in the secondary band, the area-
averaged divergence was either positive or near zero.
In contrast, strong convergence was found in the tran-
sition zone at upper levels with a peak in convergence
near 12 km MSL.

In a study of tropical oceanic mesoscale convective
systems, Mapes and Houze (1990) also found strong
convergence near 12 km MSL in a mean “transitional”
divergence profile constructed from many cases. The
regions analyzed in the tropical cases were transitional
in time, meaning that areas of previously highly con-
vective echo were undergoing a gradual change to
stratiform structure. The relationship of the temporal
transition in echo structure to the spatial structure
identified as the transition zone of the squall-line system
analyzed here is the subject of an ongoing study. Both
should be associated with dissipating convective up-
drafts. However, the temporal transition usually leads
to an enhanced region of stratiform-looking echo rather
than a reflectivity trough. Thus, the microphysics of a
transition zone of a squall-line system and those of a
temporal transition region of a tropical MCS would
likely be very different.

In addition to the upper-level convergence in the
10-11 June 1985 storm, a layer of significant conver-
gence was also found just above the melting level in
both the secondary band and the transition zone. The
layer of divergence between the upper-level and mid-
level layers of convergence and the associated dual
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speed maxima in the transition zone downdraft (Fig.
7b) suggest that the mean transition zone subsidence
consisted of two distinctly different types of downdrafts.
Moreover, the low equivalent potential temperature
found in the transition zone at the surface (see Fig.
15e in Biggerstaff and Houze 1991) indicates that the
air in the lower-level downdraft was transported from
midlevels rather than from upper levels.

Consistent with the along-line averaged vertical cross
section shown in Fig. 3d, the area-averaged profile of
vertical velocity in the transition zone exhibited deep
subsidence with two well-separated maxima. In con-
trast, the secondary band exhibited subsidence only at
low to middle levels with a region of weak mean ascent
at middle to upper levels. Strong ascent was found
throughout the convective region with a peak near 7

km MSL. The shape of the convective region profile
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was similar to that obtained in the larger-scale com-
posite analysis discussed in Biggerstaff and Houze
(1991). However, the higher resolution of the current
Doppler radar data composite analysis resulted in a
mean vertical motion over the convective region that
was about a factor of two greater than that found using
the coarser-resolution data.

Below 5 km, both the transition zone and the sec-
ondary band exhibited similar mean vertical velocities
with a maximum downward motion near the melting
level. Leary and Houze (1979) found that the cooling
associated with melting could be an important factor
in driving a negatively buoyant mesoscale downdraft.
Furthermore, Brown (1979) showed that evaporation
in the subsaturated region beneath the trailing anvil
cloud could also drive a negatively buoyant mesoscale
downdraft. Since both melting and evaporation affected
the lower portion of the transition zone, it is likely that
the lower portion of the mean transition zone subsi-
dence was negatively buoyant. Precipitation drag also
added to the negative buoyancy in the transition zone,
but the reflectivity minimum at middle to low levels
in the transition zone suggests that precipitation drag
was less important there than in the secondary band
or the convective region.

b. Near-instantaneous dual-Doppler analyses

Although previous studies of squall-line systems have
not found strong upper-level area-averaged conver-
gence in the transition zone per se, some studies have
suggested that individual upper-level convective-scale
downdrafts in the convective region were the result of
strong upper-level convergence created by the inter-
action of ambient flow with the divergence from con-
vective cells (Heymsfield and Schotz 1985; Smull and
Houze 1987a). Since the upper-level subsidence in the
time-averaged simulation of Fovell and Ogura (1988)
was found to be the net result of convective-scale
downdrafts associated with weakening, transient con-
vective-scale structures that moved rearward relative
to the front edge of the storm, it is possible that ex-
amination of the upper-level convective downdrafts
near the rear of the convective region will help elucidate
the relationship between the mean subsidence noted
in the transition zone and the rearward-moving con-
vective drafts associated with dissipating convective
cells. Thus, an examination of the structure of the con-
vective downdrafts at the rear of the convective region
in the near-instantaneous individual dual-Doppler
analyses was conducted to seek similarities in the
structure of the convective downdrafts with the mean
transition zone downdraft.

Each convective draft was traced from upper levels
to the lowest level at which a distinct maximum in
downward motion could be found. The total number
of convective drafts examined was somewhat limited
in that only the drafts that were found in the highest-
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resolution portion of the dual-Doppler analysis were
used. Thus, the drafts had to be within a 60-km range
from both radars. This procedure resulted in a reso-
lution of about 6 km for horizontal wavelengths and
about 2 km for vertical wavelengths. Another factor
that limited this study of the convective downdraft
structure was that only the dual-Doppler syntheses that
were part of the composite Doppler radar analysis were
used. Only four of the 11 individual dual-Doppler
syntheses covered the convective and transition zone
regions sufficiently to be used in this part of the study.
In all, only ten convective drafts were examined in
detail. Inspection of vertical drafts just outside the re-
gion of best resolution in this storm system and in dual-
Doppler analyses of other midlatitude squall-line sys-
tems (Biggerstaff et al. 1988) suggests that the structure
of the drafts presented here are representative of the
convective downdrafts near the rear of the convective
region of midlatitude squall-line systems. Regardless,
the results presented here are based on a rather limited
sample and will need to be verified by a more thorough
documentation of convective draft structure observed
in other storm systems.

The profile of vertical velocities averaged over the
area of each draft reveals two maxima similar to the
mean subsidence in the transition zone (Fig. 8a). In
each of the drafts examined along the rear of the con-
vective region, the strongest averaged downdraft oc-
curred at upper levels where the convective updrafts
were strongest. ( This does not indicate that the upper-
level downdrafts were the strongest downdrafts ob-
served in the convective region.) In addition to the up-
per-level downdrafts, enhanced downward velocity was
also found near the melting level for the drafts exam-
ined along the rear of the convective region. Similar
to the numerically simulated instantaneous vertical
velocity, the observed upper-level downdrafts were
stronger than the observed lower-level downdrafts
along the rear of the convective line. On average, the
upper-level downdrafts along the rear of the convective
region were typically between 2 and 3 m s™! and were
about 1 m s™! stronger than the lower-level downdrafts
near the melting level. Peak values in the upper-level
downdrafts typically ranged from 3 to near 7 m s™!
(Figs. 8b,c) with the strongest upper-level downdraft
found in all the dual-Doppler syntheses having a speed
of about 10 m s™!. As a result of the inherent resolution
of the data and the 6-km filter applied to the horizontal
winds before computing divergence, the exact values
of the maxima are, of course, underestimated.

Profiles of divergence averaged over the area of the
downdrafts indicate that the upper-level downdrafts
were associated with very intense, but shallow, con-
vergence near cloud top (Fig. 8d). An additional layer
of convergence was found near, typically just above,
the melting level. The shallow forcing near cloud top
suggests that the upper-level downdrafts may have been
part of the local dynamic response to the rising buoyant
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updraft as the updraft encountered the stable environ-
ment near the tropopause. Moreover, the forced
downward motion adjacent to the updraft may have
been part of the buoyancy oscillation associated with
a pattern of gravity waves excited by the interaction
between the stable ambient air and the strong convec-
tive updrafts. Heymsfield et al. (1991 ) found evidence
of strong downdrafts associated with convectively gen-
erated, vertically propagating gravity waves in aircraft
flights over severe thunderstorms. Peak magnitudes
were typically 2 to 4 m s~! with the strongest draft
apparently exceeding 10 m s~'. In a numerical simu-
lation of the Johnstown flood, Zhang and Fritsch
(1988b) also observed the development of gravity
waves. In their case the convection was parameterized,
but it is important to note the tendency of the atmo-
sphere to produce such waves. In the present case, each
upper-level downdraft examined was found to the rear
of strong convective updrafts associated with mature
or dissipating convective cells.

In a recent numerical simulation of a squall lme
system, Fovell et al. (1992) found that the interaction
of the convective updraft with the stable environment
near the tropopause generated gravity waves that prop-
agated through the upper troposphere and into the
stratosphere. While the structure of the waves in the
stratosphere was clearly consistent with the structure
of propagating internal gravity waves, the structure of
the waves in the upper troposphere was more difficult
to interpret.

In the troposphere, the structure of the convective-
scale vertical drafts are more likely a combination of
both propagating gravity waves and compensating
subsidence associated with the rearward advection of
dissipating convective cells. However, the areas covered
by the downdrafts were generally greatest near storm
top and decreased rapidly toward midlevels (Fig. 8¢).
Thus, the upper-level forcing produced a relatively
shallow response over a significant region to the rear
of the convective updrafts. This type of response is
consistent with the upper-level downdraft having been
mechanically forced by dynamically induced gravity
waves associated with the rearward-moving convective
updrafts. While speculative, the dynamically induced
gravity wave mechanism also suggests why, on average,
downward motion is favored at upper levels in the
transition zone. The location of the intense updrafts
associated with the mature and dissipating convective
cells are preferentially found toward the rear of the
convective region. Since the gravity wave response to
the rearward-moving updrafts should have dominant
wavelengths similar to the scale of the forcing (i.e., the
width of the updrafts) and since the energy associated
with gravity waves is dispersive, the main downward
portion of the gravity wave response should be located
just downstream of the convective region—that is, in
the transition zone. Of course, the updrafts eventually
move into the transition zone, but by then, the upward



3104

16 T T | T T
| () DRAFT MEAN i
14l VERTICAL e
VELOCITY
12+
10+
8 —
6 -
4 =
2
E 0 | | 1 1 |
= 30 25 2.0 -15 -1.0 0.5 0
E VERTICAL VELOCITY (m s°1)
53]
T 16 ] T T T T
L (b)) MAX DOWNDRAFT -
14 F
12
10 [
8 b
6
4=
2+
0 1 ! ! 1 l ] !
40 35 30 25 20 -15 -10 05 0

VERTICAL VELOCITY (m s-1)

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 50, No. 18

"[c) MAX DOWNDRAET | !

0 | l 1 1 L L
-7 6 5 4 3 2 -1 0

VERTICAL VELOCITY (m s°1)
167 T T T

HEIGHT (km)

[ | I
DRAFT MEAN _|
DIVERGENCE _|

14 --------------------

12 T o - 2

ok LT ,

g,

-0.5 0.0 0.5 1.0 15
DIVERGENCE (x 103 s°1)

-1.5

FIG. 8. Typical vertical profiles of the characteristics of individual downdrafts from the near-instantaneous dual-Doppler syntheses showing
(a) vertical velocity averaged across the downdraft, (b) maximum downdraft speeds, (¢) maximum speed in an intense downdraft, (d)
divergence averaged across the downdraft for the drafts in (a), and (e) the horizontal area covered by the downdrafts in (a). Horizontal
bars in (a) and (d) indicate typical values of the standard deviation for the fields displayed.

motion has weakened considerably so that when av-
eraged over space and time, mean subsidence is found
at upper levels in the transition zone.

In a recent thermodynamic retrieval of the trailing
stratiform region of the 10-11 June 1985 storm, Sun
et al. (1993) found that the average tropospheric ther-
modynamic structure of the mean upper-level transi-
tion zone downdraft was positively buoyant. Thus, it
appears likely that the upper-level transition zone sub-
sidence was the result of a combination of a succession
of mechanically forced convective downdrafts asso-
ciated with dissipating convective-scale structures
moving through the region and compensating subsi-
dence associated with the rearward advection of dis-
sipating convective cells. In contrast, the lower-level
subsidence in the transition zone downdraft was likely
driven by microphysically induced negative buoyancy
associated with melting and evaporational cooling in
convective-scale downdrafts. Thus, while both the up-

per- and lower-level regions of downward motion in
the transition zone were the average result of rearward-
moving convective-scale vertical drafts, the two regions
of mean descent were driven by different mechanisms.

Considering the averaged positive buoyancy of the
upper-level mean transition zone downdraft, it is pos-
sible that the enhanced mesoscale updraft found at
middle to upper levels in the forward portion of the
secondary band (X’ = 10 km in Fig. 3d) was associated
with the return of this buoyant air to its equilibrium
level once the forcing associated with the rearward-
moving, dissipating, convective-scale updrafts had di-
minished.

6. Examination of the reflectivity trough
a. Precipitation particle trajectories

To examine the role of enhanced subsidence on the
radar reflectivity structure of the transition zone, two-
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similar squall-line system was associated with vapor
deposition in the mesoscale updraft. Matejka and
Schuur (1993) also concluded that particle mass was
greatly enhanced by vapor deposition in the mesoscale

updraft for the 10-11 June 1985 squall-line system and -

that the secondary band was the result of the enhanced
vapor deposition. However, they did not consider the
differences in growth environments between the sec-
ondary band and the transition zone, especially at levels
below the location of the maximum mesoscale updraft.

In a thermodynamic and microphysical retrieval us-
ing the composite wind and reflectivity fields presented
here, Braun and Houze (1993) also found strong vapor
deposition above 6 km over the secondary band in the
region of the broad mesoscale updraft. The vapor de-
position over the secondary band likely created ice
particles (such as dendrites) with higher aggregation
efficiencies than the more dense graupel-like ice par-
ticles that would have been found in the transition zone
where growth by vapor deposition was much more
limited. The difference in particle types may have led
to a lesser amount of aggregation, and hence smaller
particles at lower levels, in the transition zone than
over the secondary band.

b. Area-averaged reflectivity profiles

The radar reflectivity factor is proportional to the
sixth power of the precipitation particle diameter. Thus,
radar reflectivity is a strong function of particle size.
The greater area-averaged radar reflectivity over the
transition zone than over the secondary band at 6 km
indicates that the hydrometeor sizes could have been
larger in the transition zone than over the secondary
band at altitude 6 km, which is above the zone where
aggregation is most active (Fig. 11). This difference is
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FIG. 11. Area-averaged vertical profile of radar reflectivity from

the Doppler radar composite analysis. The horizontal bars indicate
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consistent with size sorting, where the larger ice par-
ticles fall out closer to the updrafts in which they were
generated. Since the 6-km level was near the base of
the mesoscale updraft, this level marks the boundary
between vapor deposition and sublimation found in
the microphysical retrieval of Braun and Houze
(1993). Thus, the radar reflectivity profiles, which show
greater reflectivity over the transition zone at 6 km
than over the secondary band, further suggest that
growth by vapor deposition does not entirely account
for the differences in the reflectivities observed between
the secondary band and the transition zone at lower
levels. The bulk of the change in the difference in area-
averaged reflectivity between the transition zone and
the secondary band occurred between 4 and 6 km, that
is, between 0° and —10°C, where increase in particle
size by aggregation would have been most likely (Hobbs
1974, p. 641). In flights through the stratiform regions
of tropical mesoscale convective systems, Houze and
Churchill (1987) found the maximum concentrations
of aggregates between 0° and —10°C. Most of the
change in the difference in reflectivity between the sec-
ondary band and the transition zone occurred in a
shallow layer 1-km deep just above the melting level.
Thus, below the melting level, the difference in reflec-
tivities between the secondary band and the transition
zone likely resulted from enhanced growth in particle
size by aggregation in the secondary band (relative to
that observed in the transition zone) in a relatively
thin layer just above (and possibly including ) the melt-
ing level.

Using a combination of modeling and analysis of in
situ aircraft measurements in the melting layer of the
10-11 June 1985 storm system, Willis and Heymsfield
(1989) also concluded that the dominant growth
mechanism just above the melting level was aggrega-
tion, specifically through collisions between midsized
particles (1 mm) and small ice crystals (200-400 pm).
But, as a result of collisional breakup creating smaller
ice crystals and subsequent depositional growth onto
those crystals, the concentration of the small ice crystals
remained nearly constant throughout the aggregation
layer, which helped enhance the amount of aggregation.
Thus, the mesoscale updraft was important in provid-
ing a favorable environment for the growth of small
ice crystals that were scavenged by the ice particles
ejected from the convective line. Moreover, the me-
soscale updraft aided in the growth in mass of the large
ice particles as they traveled from upper levels at the
rear of the convective line to the aggregation layer.

Unfortunately, direct aircraft measurements in the
transition zone were not obtained so the amount of
growth of ice particles by aggregation in that part of
the storm system remains unknown. However, the
area-average profiles of radar reflectivity strongly sug-
gest that the aggregation was not as active in the tran-
sition zone as in the secondary band. It is possible that
the more dense particle types found in the transition
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zone are less likely to aggregate than the vapor-grown
crystals found over the secondary band. However, it is
also possible that sublimation or evaporation, which
eliminates smaller particles more rapidly than large
particles, resulted in a much lower number concentra-
tion of small ice crystals in the midlevels of the tran-
sition zone subsidence region than in the secondary
band. Thus, the midsized ice particles in the transition
zone would not have been able to collect very many
small ice crystals, and the precipitating ice particles
detected by radar in the transition zone would have
been smaller. Upon melting, these particles would have
resulted in smaller raindrops that fell more slowly and
were more readily evaporated in the lower-level portion
of the subsidence in the transition zone. This series of
processes could have led to the reflectivity minimum
found at middle to low levels in the transition zone.

The numerical calculations of Willis and Heymsfield
(1989) indicated that small crystals would have been
evaporated rapidly in a slightly subsaturated environ-
ment. The sounding taken in the transition zone 0428
UTC 11 June 1985 in Enid, Oklahoma, showed a dew-
point depression of 2°-3°C between 540 and 650 mb.
This suggests that the transition zone was likely sub-
saturated at midlevels. Moreover, in their numerical
simulations, large aggregates were not able to grow very
much in the subsaturated environment while in the
saturated environment the aggregates were able to col-
lect the small ice crystals that were readily available.
The resulting difference in particle sizes just above the
melting layer produced significantly different sized
raindrops, with the larger drops in the saturated en-
vironment.

Below the melting level, both the secondary band
and transition zone area-averaged reflectivity de-
creased, which suggests that raindrops in both regions
were undergoing breakup or evaporation. However, the
reflectivity profiles exhibit similar slope with the dif-
ference in reflectivity only slightly increasing toward
the ground. Thus, the evaporation of rain in the en-
hanced lower-level downdraft in the transition zone
had little effect on the relative difference in reflectivity
between the secondary band and the transition zone.
The primary microphysical process responsible for the
reflectivity minimum appears to have been the lesser
amount of aggregation (leading to smaller particle
sizes) over the transition zone just above the melting
layer than over the secondary band at the same altitude.

7. Conclusions

A high-resolution composite analysis of the mature
phase of the leading-line trailing stratiform squall-line
system that occurred on 10-11 June 1985 over Kansas
and Oklahoma has been constructed by combining 11
individual dual-Doppler syntheses, each covering a 120
km X 120 km area, into a single coordinate system
attached to the moving storm. The composite analysis
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covered the entire breadth of the northern portion of
the squall-line system. The objective of this study was
to document further the kinematic and precipitation
structure of the 10-11 June 1985 storm with emphasis
on the character of the deep subsidence observed in
the transition zone (the region between the rear of the
convective line and the enhanced portions of the trail-
ing stratiform precipitation ) and the mechanisms that
may have been responsible for the development of the
radar reflectivity minimum observed at middle to low
levels in the transition zone.

It was found that the mean subsidence observed from
near the ground to near storm top in the transition
zone consisted of two distinctly different types of av-
eraged downdrafts that were vertically aligned. The
upper-level downdraft, which was likely mechanically
driven by dynamic forcing, was associated with strong
convergence near storm top. The lower-level downdraft
was associated with a separate layer of convergence
just above the melting level and was likely microphys-
ically driven by cooling from melting and evaporation.

The mean upper-level subsidence in the transition
zone was apparently the average effect of convective-
scale vertical drafts associated with dissipating convec-
tive structures that moved rearward relative to the front
edge of the convective line. Along the rear of the con-
vective region at upper levels, individual convective
downdrafts were found adjacent to the strong updrafts
associated with mature or dissipating convective cells.
The structure of the upper-level convective downdrafts
suggested that they may have been dynamically forced
by a combination of gravity waves excited by the in-
teraction of the penetrative convective updrafts of the
mature and dissipating convective cells with stable
ambient flow at upper levels and compensating sub-
sidence associated with the rearward moving convective
updrafts. .

It was found that the upper-level subsidence in the
transition zone had little effect on the middle to low-
level radar reflectivity minimum observed in the tran-
sition zone. Additionally, the evaporation of rain in
the lower-level subsidence in the transition zone ap-
pears to have played a relatively minor role in the de-
velopment of the reflectivity minimum. The primary
microphysical process most likely to have led to the
development of the middle to low-level reflectivity
minimum was the lesser amount of aggregation in the
transition zone just above the melting level than in the
secondary band (the enhanced portion of the trailing
stratiform precipitation region) at the same altitude.
Enhanced vapor deposition in the mesoscale updraft
over the forward half of the secondary band may have
helped provide a favorable environment for the growth
of the small ice crystals needed to increase the size of
the precipitation particles in the aggregation layer over
the secondary band. Area-averaged profiles of radar
reflectivity showed that the average particle size just
above the aggregation layer was apparently larger in
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the transition zone than in the secondary band. Below
the melting layer, the particles were less reflective and,
thus, evidently smaller in the transition zone than in
the secondary band. Moreover, almost all of the change
in the difference in the area-averaged reflectivity be-
tween the secondary band and the transition zone took
place at levels between —10° and 0°C, where aggre-
gation is known to be important.

Since the midlevel subsidence in the transition zone
may have reduced the availability of small ice crystals
needed for aggregation in that part of the storm, the
midlevel subsidence was the most important part of
the mean transition zone subsidence in the develop-
ment of the reflectivity minimum at middle to low
levels.
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APPENDIX

Low-Level Boundary Condition for the Vertical
Velocity Calculation in the Doppler Radar
Composite Study

To compensate for uncertainties in the horizontal
wind measurements in the Doppler radar composite
study, a second boundary condition was applied to the
vertical velocity after it had been calculated from a
downward integration of the anelastic continuity
equation. Since the terrain across the Kansas-Okla-
homa region is approximately a flat surface, a good
choice for the second boundary condition would have
been Wy = 0 at the surface, where Wj is the vertical
velocity at the boundary. Unfortunately, due to beam
spreading and ground clutter contamination, Doppler
radar data does not extend to the surface. Thus, the
Wp = 0 boundary condition cannot be applied without
modification. ‘

The low-level boundary condition was modified by
defining an “influence depth” of 2 km and adjusting
the divergence throughout an atmospheric grid column
to account for the residual mass flux at the lowest level
at each grid column. For example, if a grid column
had data extending to the surface, then the “residual
mass flux” would have been 100% of the vertical mass
flux at the surface and that would have been redistrib-
uted throughout the grid column above by adjusting
the divergence profile at that grid column to account
for that amount of mass flux. The divergence was ad-
justed the same amount at each level. Due to the ex-
ponential decay of density with height, this procedure
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had the desirable effect of adjusting the mass flux more
toward the surface than aloft.

If a grid column had no data extending below 2 km,
then no adjustment took place in that grid column.
Between the ground and 2 km, the residual mass flux
was taken to be a fraction of the vertical mass flux at
the lowest level in the grid column. The fraction de-
pended on the altitude of the lowest level containing
data in each grid column and varied linearly with height
from 1.0 at the surface to 0.0 at 2 km. Due to radar
beam geometry, the height of the lowest data level var-
ied across the Doppler radar domain. Thus, each grid
column was treated independently with the amount of
adjustment determined by the vertical mass flux at the
lowest data level and the height of the lowest data level.

This method was suggested in a personal commu-
nication with Dr. Thomas Matejka and represents a
modification to the scheme developed by O’Brien
(1970). While leaving the final three-dimensional wind
field in a slight disagreement with anelastic mass con-
tinuity, the adjustment has the advantage of not having
to extrapolate divergence profiles to the surface or hav-
ing to assume that the vertical motion must be zero at
levels several hundreds of meters above the ground.
The difference between the adjusted and unadjusted
vertical velocity fields was also quite small, which sug-
gests that the uncertainties in the horizontal winds
tended to be somewhat random so that they canceled
out during the integration process.
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