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ABSTRACT

Thermodynamic and microphysical retrieval techniques are applied to dual-Doppler synthesized air motion
fields for a midlatitude squall line, which passed through the Oklahoma—Kansas Preliminary Regional Experi-
ment for the Stormscale Operational and Research Meteorology Program (PRE-STORM) observational array
in Kansas and Oklahoma on 10—11 June 1985. The retrieved pressure and potential temperature fields are
consistent with surface network and sounding data, while the retrieved microphysical fields show the character-
istic secondary maximum of radar reflectivity in the stratiform region and the band of low reflectivity, or
transition zone, lying between the leading convective line and the secondary maximum.

The retrieved fields indicate the processes producing the secondary maximum and transition zone minimum
of radar reflectivity more quantitatively than has been possible in previous studies. The primary processes
accounting for these features of the radar reflectivity pattern were 1) the substantial increase in precipitation
mass concentrations by vapor deposition within the region of mesoscale ascent in the stratiform region and the
increase in particle size resulting from the strong aggregation of ice particles above the bright band in the region
of the secondary band, 2) the suppression of growth in the middle to upper level descent just behind the
convective region, which enhanced the minimum of radar reflectivity in that zone, and 3) the trajectories of ice
particles detrained from the convective line, which qualitatively accounted for the general location of the sec-
ondary band. Additional insights into these processes are discussed.
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1. Introduction

Convective systems characterized by a leading line
of strong convective precipitation followed by a region
of stratiform precipitation are a rather common mode
of organization of squall lines (Houze et al. 1990). A
typical feature of these systems is a secondary maxi-
mum of radar reflectivity within the trailing stratiform
precipitation region. Often this secondary maximum
takes the form of a band (the secondary band) of in-
tensified radar reflectivity parallel to the convective
line. Ligda (1956) was apparently the first to document
this maximum, as well as the accompanying minimum
of reflectivity located between it and the leading line
of convection (Fig. 1). The zone of minimum radar
reflectivity is sometimes called the reflectivity trough
or transition zone. It has been examined by Smull and
Houze (1985, 1987a), Rutledge and Houze (1987),
Biggerstaff and Houze (1991, 1993 —hereafter BHO1
and BH93), and Matejka and Schuur (1991).

A puzzling question has been, How does the tran-
sition zone minimum of radar reflectivity between the
convective line and the secondary maximum develop?
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In this study, we take advantage of the data collected
in the 10—-11 June 1985 squall line observed over
Kansas and Oklahoma during the Oklahoma—Kansas
Preliminary Regional Experiment for the Stormscale
Operational and Research Meteorology Program-Cen-
tral Phase (PRE-STORM) (Cunning 1986) to try to
answer this question. As can be seen in the summary
of this case presented by Rutledge et al. (1988a), this
storm exhibited a structure much like that illustrated
in Fig. 1. A large portion of the storm was covered by
dual-Doppler radar observations, which have been
combined into a composite analysis by BH91 and
BH93. We will analyze these composite data fields
further as we try to answer the question at hand.

Several hypotheses, or contributing factors, have
been suggested and examined regarding the develop-
ment of the transition zone minimum and secondary
maximum of the radar reflectivity in squall lines with
trailing stratiform precipitation. These hypotheses fall
into three general categories.

Some suppose that the reflectivity trough is the result
of downward air motion in the transition zone.

e Ligda (1956) suggested that the minimum of re-
flectivity located between the leading convective line
and the secondary maximum in the stratiform region
was the result of evaporation of precipitation within a
transition zone downdraft.
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FiG. 1. Schematic structure of surface precipitation features asso-
ciated with a midlatitude squail line documented by Ligda (1956):
A is a sharp line of weak echo marking the gust front immediately
ahead of the convective line B; C marks the transition zone, or re-
flectivity trough; and D is the secondary band.

e Smull and Houze (1987a) found evidence for
deeper and stronger mean descent within the transition
zone than in the stratiform region and suggested that
this enhanced descent may have contributed to the re-
flectivity minimum.

¢ BH93 hypothesized that downward motion at mid-
dle levels in the transition zone would provide an un-
favorable environment for the growth of ice particles
falling out of the convective cells. According to this
idea, vapor deposition would be inhibited and small ice
particles would be absent and thus unavailable to be
accreted by the larger ice particles falling out of the
convective cells in the leading line. This hypothesis
differs from Ligda’s in that it suggests a lack of growth
of precipitation particles rather than their loss by sub-
limation in the downdraft.

A second hypothesis is based on the trajectories of
ice particles detrained from the upper levels of the con-
vective cells in the leading line, which are advected
rearward while they slowly fall out. According to this
hypothesis, the horizontal distribution of precipitation
and radar reflectivity behind the convective line is not
the result of vertical air motions, but rather is a purely
kinematic consequence of the locations at which pre-
cipitation particles originating in the cells of the leading
convective li2ne eventually fall out as a result of their
terminal fall speeds and the horizontal wind.

¢ As pointed out by Smull and Houze (1985) and
demonstrated in kinematic model calculations by Rut-
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ledge and Houze (1987), differential fall speeds of the
particles emanating from the upper portions of the con-
vective cells could account for the pattern of precipi-
tation behind the convective line. The differential fall
speeds could be due to particles having different com-
position (snow falling out slowly and graupel more
rapidly) or to the particles having different masses
(large particles falling out quickly and smaller particles
falling out more slowly). BH91 and BH93 found that
such velocity sorting could at least partially account for
the precipitation pattern in the 10—11 June squall line
system, if large and/or heavy particles fell nearly ver-
tically within the convective region, while smaller and/
or lighter particles, ejected from uppermost levels
within the convective region, were transported rear-
ward a large distance before reaching the melting level.

e Smull and Houze (1987a) and BH93 pointed out
that the horizontal distribution of precipitation behind
the convective line could be determined by the vertical
distribution of the amount of ice detrained from the
convective cells. If a larger amount of ice particle mass
were detrained from the tops of the convective cells
than from their middle levels, then more ice would
eventually fall out farther downstream (rearward of the
line ) than immediately behind the line, since the upper-
level particles would be advected farther downwind be-
fore falling out.

A third hypothesis suggests that the horizontal dis-
tribution of precipitation to the rear of the convective
line is not so much a result of trajectories of particles,
or suppression of growth by downdrafts in the transi-
tion zone, but rather the result of upward air motion in
the vicinity of the secondary maximum. As summa-
rized by Houze (1989), it is typical for the stratiform
region of a mesoscale convective system to be char-
acterized by upward air motion in the upper tropo-
sphere (the mesoscale updraft) and downward motion
in the lower troposphere (the mesoscale downdraft).
The third hypothesis is based on the mesoscale updraft
having a peak of intensity some distance rearward from
the convective line, in which case the stratiform pre-
cipitation growth processes would be favored there. It
would then follow that a transition zone minimum of
radar reflectivity would have to exist between the con-
vective line and the secondary maximum. Several stud-
ies have indicated the importance of the enhanced pre-
cipitation production associated with the mesoscale up-
draft.

¢ Matejka and Schuur (1991) and BH93 showed
that the precipitation particles in the secondary maxi-
mum in the 10~11 June PRE-STORM squall line were
those that had spent the largest amount of time in the
upper-level updraft, above the melting layer, while pre-
cipitation particles falling in the transition zone had
shorter residence times above the melting layer.

¢ Matejka and Schuur (1991) also found that par-
ticles falling into the secondary band generally passed
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through a region of enhanced ascent at the leading edge
of the secondary band, while particles associated with
the decreasing reflectivity at the rear of the stratiform
region and in the reflectivity minimum of the transition
zone tended to pass above and below the region of en-
hanced ascent, respectively.

* BH93 showed evidence that aggregation of ice
particles was enhanced in the mesoscale updraft zone
of the secondary maximum region.

¢ Rutledge and Houze (1987) used a kinematic
model to show that even if the trajectories of ice par-
ticles falling from the tops of the convective cells pro-
duce a qualitatively correct horizontal distribution of
precipitation behind the convective line (i.e., a transi-
tion zone minimum and secondary maximum), the
growth of the particles as they pass through the meso-
scale updraft is necessary to account quantitatively for
the amount of precipitation falling in the secondary
maximum.

These past studies indicate that all of the suggested
mechanisms are feasible and probably active to some
extent. The purpose of this study is to determine quan-
titatively which of the mechanisms were dominant in a
squall line that passed over Oklahoma and Kansas on
10—11 June 1985. Since this squall line is of a rather
common type, the results obtained here may apply
more generally than to this case alone.

In this study, a combined thermodynamic—micro-
physical retrieval is applied to a composite of dual-
Doppler synthesized wind fields, which was presented
in BH93. The retrieval provides an opportunity to ex-
amine, in a two-dimensional framework, the kinematic
and microphysical processes responsible for the devel-
opment of the secondary band and the transition zone
reflectivity minimum more quantitatively than was pos-
sible in BH91 and BH93. To our knowledge, this study
represents the first attempt to apply a combined ther-
modynamic—microphysical retrieval technique simul-
taneously to the convective and stratiform precipitation
regions of a squall line. Rutledge and Houze (1987)
and Churchill and Houze (1991) examined only the
stratiform precipitation region, and Hauser and Ama-
yenc (1986) and Hauser et al. (1988) studied the con-
vective region only. Chong and Hauser (1989) inves-
tigated both the convective and stratiform regions, but
examined them separately.

Using this method, we will show that the stratiform
region secondary maximum and transition zone mini-
mum of radar reflectivity of the 10—11 June squall line
were primarily the result of the enhancement of radar
reflectivity in the secondary band produced by the
growth of detrained ice particles in the mesoscale up-
draft. This growth included both an increase of precip-
itation amount (by vapor deposition) and particle size
(by aggregation). The results indicate further that this
enhanced growth occurred in association with the de-
trained ice particles that possessed the longest resi-
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dence times within regions of enhanced mesoscale as-
cent. While subsidence within the transition zone also
contributed to the reflectivity minimum observed there,
it was of less importance than the enhanced growth in
the mesoscale updraft in establishing the difference in
reflectivity between the transition zone and secondary
maximum. While the particle trajectories determine the
general location of the2 secondary band, it is the par-
ticle growth by deposition and aggregation that deter-
mines the intensity of the precipitation rate and the lo-
cation of the enhanced reflectivity portions of the sec-
ondary band.

2. Data

The 10~11 June 1985 squall line is probably the
most extensively analyzed case of the convective sys-
tems observed during PRE-STORM. Figure 2 shows
the low-level reflectivity structure determined from the
digitized National Weather Service WSR-57 radar at
Wichita, Kansas, at 0345 UTC 11 June. The squall line
consisted of a convective line approximately 30—40 km
wide and a stratiform precipitation region nearly 130
km wide to the rear. The northern and central portions
of the squall line were well sampled by two 5-cm
Doppler radars (CP-3 and CP-4) operated near Wichita
by the National Center for Atmospheric Research. The
characteristics of these radars may be found in Rut-
ledge et al. (1988a). Measurements by these radars
were synthesized to obtain three-dimensional wind and
reflectivity fields over the two regions of dual-Doppler
coverage (designated the west and east lobes as shown
in Fig. 2). BH9! describe the processing of the dual-
Doppler data.

Since none of the dual-Doppler scans covered the
entire convective system, composite three-dimen-
sional wind and reflectivity fields were constructed by
placing each of 11 dual-Doppler syntheses, beginning
at 0130 UTC and ending at 0510 UTC, into a reference
frame moving with the leading convective line at 14
m s~ ! and 300° (see BH93 for details). The horizontal
and vertical resolutions of the composite wind and re-
flectivity fields are 3.0 and 0.5 km, respectively. Al-
though the 3-km horizontal resolution is somewhat
coarse, Weisman et al. (1991) have shown with nu-
merical cloud model simulations of a squall line that
resolutions as great as 4 km can be sufficient to re-
produce the characteristics of finer-scale simulations.
The individual syntheses encompassed roughly the
mature stage of the squall line system. BH93 showed
that the fundamental kinematic and precipitation
structures of the squall line were well reproduced in
the composite analysis.

A vertical cross section oriented normal to the squall
line was obtained by averaging over a strip 60 km wide
oriented perpendicular to the line. This mean cross sec-
tion is identical to that discussed in BH93. Figure 3a
shows the mean reflectivity and vectors of the two-
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F1G. 3. (a) Alongline-averaged radar reflectivity (contoured every 7.5 dBZ) and storm-relative
wind vectors in the plane of the cross section. The arrows in the upper-right corner represent the
arrow scales corresponding to 1 m s™' for the vertical velocity and 20 m s™' for the horizontal
velocity. The approximate positions of the secondary band (SB), transition zone (TZ), and con-
vective region (CR) are indicated along the bottom of the figure. (b) Alongline-averaged vertical
velocity (m s ™'). Solid (dashed) lines indicate positive (negative) values.

ite analysis. The apparent weakness of the mesoscale
ascent in the composite may be the result of the as-
sumption of steady conditions over the period of the
composite analysis and/or the averaging and filtering
of the horizontal velocity data during the construction
of the composite, which would tend to reduce the mag-
nitude of the horizontal divergence. Errors in the meso-
scale vertical motions may also be produced as a result
of using a framework moving with the convective line
rather than the stratiform region, which moved more
slowly than the convective line (Matejka and Schuur
1991). It also appears that the northern part of the 10—
11 June squall line contained in the composite analysis
domain was characterized by weaker stratiform region
ascent than elsewhere in the stratiform region (see Figs.
10c and 11c in BH91). The composite mesoscale up-
draft structure is different from that presented in Ma-
tejka and Schuur (1991). The composite data show the
strongest mesoscale ascent directly above the center of
the secondary band, while Matejka and Schuur find the

ascent to be strongest near the leading edge of this
band. However, alongline variations in the horizontal
position of the maximum mesoscale ascent relative to
the position of the secondary band, as seen in individual
dual-Doppler analyses, may account for this difference
in structure. These considerations suggest that the strat-
iform region mesoscale updraft may not be perfectly
represented in the composite wind fields and, conse-
quently, in the retrieval results. However, the general
pattern is correct. Therefore, we assume that the com-
posite wind fields are representative of the mature stage
of the squall line. Note, however, that the composite
wind fields were necessarily constructed under the as-
sumption that the evolution of the squall line in a ref-
erence frame moving with the line was small during
this mature period, and similar assumptions have been
made for the retrieval analysis, as discussed in sec-
tion 3.

The 0130 UTC 11 June 1985 sounding taken at Enid,
Oklahoma, was used to describe the vertical profiles of
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potential temperature, pressure, and water vapor mix-
ing ratio characteristic of the presquall environment
(Fig. 4). The sounding was taken just ahead of the
bowed-out part of the convective line [see Fig. 1 of
Sun et al. (1993)], where the instability appeared to
be greatest (BH91). The values of convective available
potential energy (CAPE: Moncrieff and Miller 1976),
convective inhibition (CIN: Colby 1984; Bluestein and
Jain 1985), and lifted index ( Galway 1956) associated
with the Enid sounding were 2035J kg™', —=52 Y kg~',
and —9.4 K, respectively.

3. Retrieval methodology

The retrieval methodology presented here closely
follows that of Hauser et al. (1988), but contains some
differences in the thermodynamic retrieval and im-
provements in the microphysical retrieval. A discussion
of the modifications to the microphysical retrieval is
provided below. Additional details of the retrieval
methodology and boundary conditions are given in the
appendixes. Four types of hydrometeors are included
in the retrieval model: rain, precipitating ice, cloud ice,
and cloud water. It is assumed that the cloud particles
are monodisperse and sufficiently small that their fall
speeds are negligible compared to the vertical veloci-
ties. Both rain and precipitating ice are prescribed to
follow Marshall—-Palmer-type distributions:

N(D) = Ny exp(—AD), (1)

where N, is the intercept parameter, A is the slope (or
inverse mean diameter), and D is the diameter of rain-
drops or the melted diameter of precipitating ice par-
ticles. The value of N, is taken as 8 X 10® m™ for rain,
following Marshall and Palmer (1948), and as 4
X 10 m™* for precipitation ice, as in Rutledge and
Hobbs (1984) and Hauser et al. (1988). The slope pa-
rameter is allowed to vary with the mixing ratio of the
precipitating particles as in Kessler (1969), Lin et al.
(1983), Rutledge and Hobbs (1983, 1984), and Hau-
ser et al. (1988), but with the density of water being
used for precipitating ice following Potter (1991):

\ o (prN())lM
rq
where p,, is the density of water, p is the density of air,
and ¢ is the mixing ratio for either rain or precipitat-
ing ice.
The terminal fall speeds for raindrops and precipi-
tating ice particles of diameter (or melted diameter) D

are assumed to follow the general velocity—diameter
relationship

(2)

V(D) = aD"*f(z), (3)

where V(D) is the terminal fall speed, a and b are
constants, z is height, and f(z) is a height-dependent
correction factor. From this relationship, the mass-
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FiG. 4. Skew T-logp profiles of temperature, dewpoint tempera-
ture, and winds for Enid, Oklahoma, at 0134 UTC 11 June 1985. For
wind speed, one full barb = 5 m s~' and one half barb = 2.5 ms™".

weighted fall speed can be determined. For rain, the
values of a, b, and f(z) are taken, as in Lin et al.
(1983), as 842 m'"?s~', 0.8, and (po/p)°°, respec-
tively, where p, is the air density at the surface. The
values of a and b represent a least squares approxi-
mation to the data of Gunn and Kinzer (1949).

For precipitating ice, a variety of relationships exists,
depending on the type and density of the particle (Lo-
catelli and Hobbs 1974; Kajikawa 1975; Heymsfield
and Kajikawa 1987). A single fall speed—diameter re-
lationship cannot be expected to be fully representative
over widely varying temperatures or different growth
regimes (Heymsfield and Kajikawa 1987). For the
present study, we use the fall speed relationship of
Heymsfield and Kajikawa (1987 for lump graupel, de-
fined here as nearly spherical ice particles with a den-
sity of approximately 230 kg m ™2, to represent the fall
speeds of precipitating ice particles in the convective
region. The fall speed range for these particles is
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roughly 0.5-4.7 ms~' (Heymsfield and Kajikawa
1987). The values of a and b after applying the cor-
rection of Potter (1991) are 453 m'~?s~! and 0.83,
respectively. For the stratiform precipitation region,
however, graupel were generally not observed (Rut-
ledge et al. 1988b). Therefore, for this region, we use
the Heymsfield and Kajikawa (1987) fall speed rela-
tionship for plates with dendritic extensions, whose
corresponding values of a and b are 297 m'"% s ™! and
0.82. Since the exponents (b) in both relationships are
similar, we linearly interpolate the values of a over the
transition zone to allow for a smooth transition from
graupel to plate fall speeds. When either the graupel or
plate fall speed relationship is used exclusively for both
regions, a precipitation minimum in the transition zone
is produced. Therefore, the transition zone precipitation
minimum is not the result of using two different rela-
tionships in the convective and stratiform regions. The
density correction factor applied to the rainfall speed
relationship is not applied to precipitating ice since it
produces significant overestimates of the ice fall speeds
at upper levels.

When the Potter (1991) correction is applied to the
Heymsfield and Kajikawa (1987) relationships de-
scribed above, the effect is to increase the particle fall
speeds. Potter (1991) found that using the density of
water in Eq. (2) for ice particles falling according to
the Locatelli and Hobbs (1974) relationship for grau-
pel-like snow of hexagonal type decreased the mass-
weighted fall speeds of such snow particles. Therefore,
his conclusion that the correction decreases the particle
fall speeds is not general, but depends on the fall
speed—~diameter and mass—diameter relationships.

The retrieval methodology is applied to the two-di-
mensional wind field shown in Fig. 3a. The two-di-
mensional framework is adopted to minimize the com-
putation time, which would be considerable for three-
dimensional calculations for this case as a result of the
iterative techniques used in the retrieval method. In ad-
dition, a two-dimensional analysis removes the neces-
sity to specify difficult boundary conditions for the mi-
crophysics on the two y-facing planes. The governing
equations for the thermodynamic retrieval are therefore
adapted to the two-dimensional framework by taking
their alongline averages (appendix B). As a result, the
retrieved fields represent alongline average values and
not values at an instantaneous time or in a single cross
section. For the microphysical retrieval, we assume that
alongline gradients of the microphysical variables are
negligible based on the fact that the reflectivity field
associated with the segment of the line examined here
exhibited a roughly two-dimensional structure.

The two-dimensional assumption is a limitation of
the present analysis. Three-dimensional effects, such as
the role of high ice mass concentrations associated with
plumes of increased rearward flow at the tops of con-
vective updrafts (Smull and Houze 1987a) and the ef-
fects of alongline advection, are not addressed in this
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study. However, the results appear more than adequate
for the present task, which is to evaluate, in a gross
sense, the relative importance of the various processes
responsible for the transition zone minimum and sec-
ondary maximum of radar reflectivity in the stratiform
region.

An additional limitation of the present study is the
neglect of the evolution of the squall line. In our re-
tricvals, we have assumed that all time derivatives of
the alongline-averaged fields in the system frame of
reference are zero. As a result of neglecting the evo-
lution, errors in the retrieved thermodynamic fields are
expected, particularly in the convective region. In a val-
idation of the thermodynamic retrieval technique, Sun
and Houze (1992) showed that extremely high radar
scanning rates would be necessary to resolve the evo-
lution terms when the retrieval is applied to instanta-
neous wind fields. However, they demonstrated that
reasonable thermodynamic fields in the stratiform re-
gion and somewhat meaningful fields in the convective
region can still be obtained when retrievals are applied
to time-averaged wind fields. We will show below that
the same conclusion applies to the microphysical fields.
Thus, we expect that the retrieval should perform better
when applied to the alongline-averaged composite
wind fields than if it were applied to instantaneous wind
fields in the absence of evolution terms. Another po-
tential error caused by the neglect of evolution is that
the retrieval may tend to overestimate the precipitation
in the transition zone. For example, if the convective
line is moving faster than the stratiform region, as sug-
gested by Matejka and Schuur (1991), then the water
content of the transition zone and stratiform region may
be overestimated in a steady retrieval because, in the
real system, some of the water detrained from the con-
vective line had to be used to fill in the widening gap
between the convective line and the stratiform region.
Given that the retrieval will thus be conservative in
reproducing the transition zone rainfall minimum, the
fact that a clear transition zone rainfall minimum is
produced by the retrieval suggests that the microphys-
ical processes discussed in section 5 are important to
its formation, as well as to the formation of the sec-
ondary maximum of precipitation in the stratiform re-
gion.

The reviewers of this paper expressed concern about
whether the correct hydrometeor mass amounts and
distributions could be obtained in the convective region
using alongline-averaged wind fields. We therefore
tested the microphysical retrieval on the time-averaged
fields of Fovell and Ogura’s (1988) no-hail simulation
of a midlatitude squall line (see Fig. 25 of their paper).
Their time-averaged velocity and temperature fields
were used as input for the microphysical retrieval. Sim-
ilar to Fovell and Ogura’s simulation, the fall speed
relationship for graupel-like snow of hexagonal type
from Locatelli and Hobbs (1974) was used in the mi-
crophysical parameterization, and the Potter (1991)
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correction scheme was not applied. For this test case,
Eqgs. (A1) - (A4) were solved with the assumption that
the overbar represents a time mean. Terms involving
deviations from the time mean were not included.

The time-averaged rain and snow fields from Fovell
and Ogura’s simulation are shown in Fig. 5a, while the
retrieved precipitation fields are shown in Fig. 5b. Note
that these retrieved precipitation fields represent time-
averaged values. The amounts and distributions of the
retrieved precipitation fields compare very well with
the cloud model time-averaged fields. Some of the dif-
ferences in the retrieved and cloud model time-aver-
aged precipitation fields may be caused by neglect of
terms involving the deviations from the time mean and
differences in the microphysical parameterizations,
particularly for cloud ice.

We have shown that the microphysical retrieval can
produce very reasonable microphysical fields when ap-
plied to time-averaged velocity fields. To the extent that
the evolution in the system-relative reference frame is
small, the retrieval should also be applicable to along-
line-averaged wind fields and the results should there-
fore be interpreted as alongline-averaged fields.

The two-dimensional retrieval works well probably
because we use a purely diagnostic approach—that is,
there is no time integration in the model. In contrast to
kinematic methods such as those of Rutledge and
Houze (1987) and Ziegler (1985), in which the ther-
modynamic and microphysical equations are integrated
with time, we simply seek the thermodynamic and mi-
crophysical fields that are instantaneously consistent
with the radar-observed velocities. The use of along-
line-averaged velocity fields has the advantage that the
averaging may reduce some of the errors associated
with the neglect of evolution.

4. Results of the retrieval

The results of the thermodynamic and microphysical
retrieval are shown in Fig. 6. Figure 6a shows the de-
viation of the potential temperature from the Enid
sounding. At low levels, a cold pool associated with
the melting of precipitating ice and evaporation of rain
extends up to approximately 4 km. The largest negative
temperature perturbations (< —6 K) are located in the
vicinity of the convective downdrafts (x =~ 90 km).
Warm air extends from about 4 km up to 12 km with
maximum perturbations in the convective region. Note
that the downdrafts at middle to upper levels ahead of
and behind the convective updraft show positive per-
turbations with respect to the préstorm environment;
hence, they contribute negatively to the system heat
fluxes (Sun et al. 1993). The negative perturbations
above 12 km may reflect the ascent of low-level air
above its equilibrium level. There is a minimum in the
retrieved temperatures near x = 10 km at storm top,
located approximately 70 km behind the top of the con-
vective line. This location is in good agreement with
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FIG. 5. (a) Time-averaged mixing ratio fields of rain (solid) and
snow (dotted ) from Fovell and Ogura’s (1988) no-hail simulation of
a midlatitude squall line. (b) Retrieved rain and snow fields from the
microphysical retrieval. Contours for snow are drawn at 1 g kg™
intervals, with an additional contour at 0.5 g kg ~'. Contours for rain
are at 0.5 g kg ™! intervals, with an additional contour at 0.1 gkg™'.

the finding of Zipser (1988) that the satellite infrared
temperature minimum was 50—100 km behind the
leading convective line during the mature phase of the
squall line. Gamache and Houze (1983) found the
coldest satellite-derived cloud-top temperatures up to
50 km rearward of the convective region of a tropical
squall line.

The retrieved pressure field (Fig. 6b) at middle to
upper levels appears to reflect the presence of a larger-
scale pressure gradient across the system. This larger-
scale pressure gradient is associated with a trough—
ridge system in which the squall line was embedded
(Zhang and Gao 1989). As indicated by Zhang and .
Gao, such a systematic across-system pressure gradient
probably favored the development of the strong FTR
flow found at upper levels within the squall line system.

Three distinct pressure minima in the retrieval are
evident at midlevels across the system. A strong low is
vertically positioned between the warm convective up-
draft and the head of the cold pool. Such a low was
found by LeMone (1983) and LeMone et al. (1984)
and has been replicated in cloud models (Fovell and
Ogura 1988; Lafore and Moncrieff 1989). The pres-
sure gradient associated with this minimum would have
accelerated the inflow air as it ascended within the con-
vective updraft and produced a marked maximum in
the front-to-rear velocities within the convective re-
gion. This low was also partially responsible for ac-
celerating the rear inflow in the stratiform region to-
ward the leading convective line (Smull and Houze
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F1G. 6. Deviations from the 0134 UTC Enid sounding of
(a) potential temperature, (b) pressure, and (c) water vapor
mixing ratio. Contours are drawn at intervals of 1 K, 0.3 mb,
and 1 g kg™, respectively. Solid (dashed) lines indicate pos-
itive (negative) values. (d) Mixing ratios of cloud water
(solid) and cloud ice (dotted). (e) Mixing ratios of rain
(solid) and precipitating ice (dotted). Contours are drawn
every 0.2 g kg ™' for cloud water and rain and every 0.4 g kg ™!
for precipitating ice, starting at 0.1 g kg ~'. For rain, additional
contours (dot—dashed) are drawn in the stratiform region at
0.2and 0.4 gkg™'.

1987b; Weisman 1993). Two additional pressure min-
ima are apparent. At the rear edge of the stratiform
precipitation region (x = —100 km), a low is seen be-
tween the warmer air in the descending rear inflow and
the cooler surface outflow (Figs. 6a and 6b). Another
low is present at the rear edge of the mesoscale updraft
near x = —40 km. The existence of separate lows in
the convective region and at midlevels in the stratiform
region was foreseen by Smull and Houze (1987b).
They suggested that the low in the convective region
produces RTF flow within the leading portion of the
stratiform region, while the low in the rear portion of
the stratiform region leads to RTF flow across the back
edge of the squall line. In some cases (28 May and 10—
11 June 1985 PRE-STORM convective systems), the
low in the stratiform region acts in conjunction with
that in the convective region to produce uninterrupted
RTF flow across the squall line. Each low occurs in
association with a strong y component of horizontal
vorticity (see Fig. 3a). Although the retrieved pressure
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perturbations are largely hydrostatic, this structure sug-
gests a possible dynamical influence on the pressure
field (Fovell and Ogura 1988).

The retrieved pressure field at low to middle levels
in Fig. 6b is consistent with the larger-scale composite
analysis of BH91. In their analysis of geopotential
height data obtained from rawinsonde data, they found
two low centers within the northern portion of the 10—
11 June squall line, one within the convective region
and a second near the back edge of the surface strati-
form precipitation. This second low extended vertically
from a location at 675 mb just behind the secondary
band to a position at 800 mb that overlaid the rear edge
of the surface precipitation (Figs. 13¢ and 14b in
BHO91). This structure agrees well with the positioning
of the lows in the retrieval, which shows the low near
the secondary band to be located higher than the low
at the rear edge of the stratiform precipitation. In other
words, the single vertically connected low found by
BHO1 near the rear of the stratiform region was appar-
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ently composed of the two distinct lows seen in
Fig. 6b.

Retrieved water vapor perturbations (Fig. 6¢) and
cloud water (Fig. 6d) are maximum within the con-
vective updraft near x =~ 60—100 km and z = 6.5 km.
The cold pool air below 3 km is significantly drier than
the prestorm environment, thereby leading to a much
greater virtual temperature difference between the cold
pool and inflow air (x > 100 km). Cloud water is also
present in very small amounts above the melting level
within the mesoscale updraft near x = —40 to 10 km
and x = —70 km and z = 4 to 8 km. The presence of
cloud water above the melting level in the stratiform
region has been inferred previously by Leary and
Houze (1979) and Zmic¢ et al. (1993). However, cloud
liquid water was found in only small amounts in the
10—11 June squall line between —5° and —2°C by Wil-
lis and Heymsfield (1989). Zmié et al. (1993) ob-
served significant liquid water amounts above the melt-
ing level in the stratiform region of the 3 June 1985
squall line, which were crucial to the growth of graupel
in the stratiform region of that storm. They suggested
that the stratiform region of the 3 June storm was ‘‘un-
derseeded’’ since the convective line was located more
than 200 km southwest of their analysis domain. From
one-dimensional microphysical model calculations,
they found that as the amount of ice increased, the
cloud liquid water decreased as a result of the deposi-
tional growth of the ice (the Bergeron process). How-
ever, in the 10—-11 June squall line, the stratiform re-
gion was well seeded by ice particles advected from
the convective line. Therefore, significant amounts of
supercooled liquid water were not generally present.
Consequently, in view of the Willis and Heymsfield
(1989) results, the amount of cloud water in the re-
trieval is likely overestimated. Such an error could be
caused by the computation of cloud water as a residual
in the microphysical retrieval (see appendix A). Part
of such an error could also result from supersaturation
with respect to water not being allowed in the micro-
physical retrieval. Hence, the small retrieved cloud wa-
ter amounts in the stratiform region suggest that the air
in the mesoscale updraft was slightly supersaturated
with respect to water, a fact that will be important for
our discussion of aggregation (in terms of dendrite pro-
duction) in section 6.

Cloud water within the convective updraft is con-
verted to cloud ice at upper levels (Fig. 6d). Cloud ice
extends across the domain into the rear and forward
anvils with values exceeding 0.3 to 0.4 g kg~' near z
= 10 km. The anvil ice mass is produced both by dep-
osition of water vapor onto cloud ice particles detrained
from the convective region and onto particles nucleated
within the anvil. The values obtained here compare
well with the kinematic model results of Rutledge and
Houze (1987) and Churchill and Houze (1991).

Figure 6e shows the mixing ratios of rain (g,) and
precipitating ice (g,). In the convective region, g, val-

JOURNAL OF THE ATMOSPHERIC SCIENCES

Vo.. 51, No. 19

ues of up to 1.5 g kg ™" are diagnosed, while g, reaches
about 3.7 g kg ~' near 7.5 km. The high convective rain
mixing ratios are produced by strong melting and by
the collection of cloud water by rain within the con-
vective updraft. Some of this rain may have been re-
cycled meltwater returned to the updraft by the rear-to-
front flow and then enhanced by the accretion of cloud
water. The high rain mixing ratios extend to about x
= 40 km, which is near the location of the rear of the
transition zone in Fig. 3a. Distinct minima are present
in the retrieved fields of rain and precipitating ice be-
tween x = 10 and 40 km, and distinct secondary max-
ima of rain and precipitating ice are present slightly
rearward of the horizontal position of the weak meso-
scale updraft (between x = —50 and 0 km). The re-
trieved rainfall minimum is roughly 20 km to the rear
of the reflectivity minimum seen at low levels in the
observed reflectivity field (Fig. 3a).

For comparison with the observed radar reflectivity
field in Fig. 3a, reflectivity is computed from the re-
trieved rain and precipitating ice mixing ratios. In this
study, the equivalent radar reflectivity factor Z, (or re-
flectivity, for short) is estimated, following Fovell and
Ogura (1988), by

2
Z = 720(1KN07\_7<&> , (4)

w

where « is the ratio of backscattering coefficients for
the reflecting particles and water (taken as unity for
rain and 0.213 for precipitating ice), x is a conversion
factor (10'*) from m® to mm® m~>, and p, is the density
of the particle (either rain or precipitating ice). The
reflectivity is expressed in decibels, or dBZ, where dBZ
= 10 log,o(Z.). The effects of melting ice are not in-
cluded in (4). The retrieved reflectivity field computed
from (4) is shown in Fig. 7. Comparison with Fig. 3a
indicates that, aside from the difficulties in accounting
for the enhancement of the reflectivity in melting lay-
ers, the reflectivity field is well reproduced.
According to Gal-Chen (1982) and Hane (1993),
steady-state retrievals should be performed in the most
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FiG. 7. Reflectivity determined from the retrieved rain and pre-
cipitating ice mixing ratios. Contours are drawn at intervals of
7.5 dBZ.
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FiG. 8. As in Figs. 6e and 7 but for reference frame

motion of 8 ms™'.

steady reference frame. To examine the effects of vary-
ing the reference frame motion, the retrieval was per-
formed using storm motions less than that of the con-
vective line: 11, 8, and 5 m s~! in the across-line di-
rection. Retrieved precipitation mixing ratios and radar
reflectivity for a reference frame velocity of 8 ms ™',
which was determined to be the most steady reference
frame motion following the method of Hane (1993),
are shown in Fig. 8. Interestingly, Matejka (1989)
found that 8 m s~' corresponded to the most steady
reference frame motion for his analysis of the stratiform
region of the 10—11 June squall line. With this refer-
ence frame velocity, the precipitation and reflectivity
fields are improved. The transition zone rain and re-
flectivity minima are more clear and the convective
precipitation field does not spread significantly rear-
ward into the location of the observed transition zone
(Fig. 3a, x = 30 to 55 km). While use of this reduced
storm motion improves the retrieved precipitation
fields, it complicates the physical interpretation of mi-
crophysical processes, which are typically examined in
a reference frame relative to the convective line (Smull
and Houze 1985; Rutledge and Houze 1987; BH91,;
BH93). Furthermore, since the composite velocity
fields were obtained by using the motion of the leading
convective line, this storm motion should be used in
the analysis to maintain internal consistency between
the composite fields and the retrieval. Since the con-
clusions drawn from the analyses in sections 5 and 6
do not depend strongly on which storm motion is used,
all further diagrams show results from the line-relative
reference frame case shown in Fig. 6.
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Further validation of the retrieval can be accom-
plished by comparing trends in the observed tempera-
tures and pressures at the surface from the surface net-
work of automated mesonet stations with the corre-
sponding fields from the retrieval (Fig. 9). The
retrieved temperatures and pressures are taken from the
lowest level of the retrieval (1.1 km). Surface mesonet
data are placed within the radar composite domain fol-
lowing the method outlined in BH93. Observations
from the Portable Automated Mesonetwork (PAM)
stations recorded between 0000 UTC and 0600 UTC
11 June and falling within the region 60 km wide where
the data in Fig. 3 were obtained are averaged to deter-
mine the observed surface values shown in Fig. 9. Sur-
face measurements are used from nine stations. The
pressure corrections of Johnson and Hamilton (1988)
are applied to the mesonet pressure data. Pressures are
then reduced to the average height of the mesonet sta-
tions, 518 m, using the observed surface temperatures.
No effort is made to account for the diurnal variations
of the pressure and temperature fields. Therefore, some
caution must be used when comparing the retrieved and
observed values. Direct comparison of the temperature
and pressure fields is complicated because the retrieved
and observed data are not really obtained at the same
height. Therefore, only the trends in temperatures and
pressures across the line can be compared, not the ab-
solute values. Appropriate constants have been added
to the retrieved fields to facilitate comparison.

A comparison of the observed and retrieved potential
temperatures is shown in Fig. 9a. From x = 30 to 100
km, the comparison is fairly good. Within the strati-
form region, the retrieved potential temperatures ap-
pear to increase too rapidly toward the rear of the storm
(x < 30 km). Comparison of a retrieved stratiform re-
gion temperature sounding with low-level profiles from
rawinsonde data collected below the melting level (not
shown) and aircraft measurements within the stratiform
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FiG. 9. Comparison of observed surface values (solid) and re-
trieved values at 1.1 km (dotted) of (a) potential temperature and
(b) pressure.
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region (Willis and Heymsfield 1989) suggests that the
cold pool temperatures in this region should be some-
what lower and that the lapse rate between roughly 2.5
km and the melting level should be larger (closer to
dry adiabatic). The underestimate of the lapse rate re-
sults in a melting level that is somewhat higher (4.7
km) than the observed level' of approximately 4.3 km.
The retrieved pressure trend (Fig. 9b) compares very
well with the observed values except at x < —70 km.
Errors in the retrieved temperatures and pressures in
the stratiform region may be the result of the steady-
state assumption (Matejka 1989). Other sources of er-
ror include diurnal effects, altitude difference, errors in
compositing the surface data, and errors in the com-
posite wind fields.

5. Development of the secondary maximum and
transition zone minimum of precipitation

In sections 5 and 6, we investigate the processes re-
sponsible for the formation of the secondary band max-
imum and transition zone minimum of radar reflectivity
more quantitatively than was possible in BH91 and
BH93. In this section, we examine those processes that
change the amount of precipitation mass (e.g., vapor
deposition), while in section 6 we discuss those pro-
cesses that change the reflectivity but not the precipi-
tation mass (e.g., aggregation). As shown in section 4,
stratiform region secondary maxima of both precipi-
tation and radar reflectivity are present in the retrieval.
The secondary maximum of precipitation will be
shown below to form primarily because of growth by
vapor deposition, which is the dominant process lead-
ing to the increase of the precipitation mass in the strat-
iform region, in accord with the findings of Rutledge
and Houze (1987) and Matejka and Schuur (1991).

In Fig. 10, we show *‘particle’’ trajectories estimated
using the Doppler radar—observed winds (Fig. 3a) and
the retrieved mass-weighted fall speeds. The trajecto-
ries were calculated backward from just under the melt-
ing level (3.8 km) until they reached the rear of the
convective updraft (x ~ 60 km) or passed outside the
analysis domain. The filled circles along the trajectories
are drawn every 20 min starting from the initial point.
We refer to these curves as trajectories since we assume
that in the stratiform region the airflow evolution prob-
ably contributed negligibly to the curvature of the par-
ticle paths. The quotation marks around the word  ‘par-
ticle’” are used because the trajectories do not exactly
represent the paths of individual ice particles, nor do

! BH93 originally indicated the 0°C level at 3.8 km. We have raised
this level to approximately 4.3 km based on the fall speed data shown
in Rutledge et al. (1988, Figs. 13 and 14). This level was determined
based on the assumption that the 0°C level was located at the top of
the layer characterized by a strong vertical gradient of terminal fall
speed.
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FiG. 10. Particle trajectories and precipitating ice production rates.
The thick solid lines indicate trajectories computed backward from
just under the G°C level. Filled circles are drawn every 20 min along
the trajectories. The contours are the production rates of precipitating
ice associated with the deposition (solid }/sublimation (dotted) in (a)

and accretion of cloud ice (dash—dotted ) in (b). Contours for deposi-
tion/sublimation are drawn at +0.5, 1,2,and 3 X 10" kg kg™'s™',

while contours for accretion of cloud ice are drawn at 0.25 X 1077
kg kg ~' s~ intervals, starting at 0.25 X 10" kg kg~' s~'. The num-
bers in the bottom-left part of the figure are the trajectory numbers
and the net mixing ratios of precipitating ice (10~ g kg ™') associated
with deposition/sublimation (PSDEP) in (a) and accretion (PSACI)
in (b) integrated along each trajectory. .

they necessarily represent the mean path of a fixed col-
lection of particles distributed according to Eq. (1). To
illustrate the physical significance of these estimated
trajectories, we computed a set of physical trajectories
for six individual particles ranging in initial melted di-
ameter between 20 ym and 2 mm and starting at x = 50
km and z = 12 km. The particles are allowed to grow
by vapor deposition and accretion of cloud ice [Egs.
(9.4) and (9.8) in Rogers and Yau (1989, pp. 158
166)] with the growth rates determined from the re-
trieved vapor and cloud ice mixing ratios. They are
assumed to fall with the terminal fall speed of plates
with dendritic extensions, as used in the stratiform re-
gion in the retrieval (section 3). The particles (Fig. 11)
disperse across the stratiform region because of their
differential fall speeds and growth rates. Note that the
path of the particle with initial diameter 1.26 mm
closely follows trajectory 4 in Fig. 10. This diameter is
the mass-weighted diameter of the particle size distri-
bution determined from Eq. (1) and the retrieved pre-
cipitation mixing ratio at the initial point. Thus, the
trajectories in Fig. 10 estimate the paths of particles
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Fi1G. 11. Particle trajectories for six ice particles with initial melted
diameter D,,; (mm). The particles are allowed to grow by vapor depo-
sition and accretion of cloud ice and reach the 4.5-km level after the
indicated time (min) with a final melted diameter D,,; (mm).

with initial diameters corresponding to the mass-
weighted mean diameter.

The trajectories in Fig. 10 are overlaid on contours
of the rate of production of precipitating ice by depo-
sition/sublimation (Fig. 10a) and accretion of cloud ice
(Fig. 10b). Also shown along the bottom of the figures
are precipitating ice mixing ratios (107> g kg™') de-
termined by integrating the production rates associated
with deposition/sublimation (Fig. 10a) and accretion
(Fig. 10b) along each trajectory. Note that the mass
added to precipitating ice particles as a result of the
accretion of cloud ice is an indirect consequence of
deposition.? Cloud ice particles, detrained into the strat-
iform anvil from the convective cells or initiated by
nucleation within the anvil, grow by deposition in the
mesoscale ascent, which provides an abundant supply
of water vapor for deposition onto both cloud ice and
precipitating ice particles. The cloud ice mass produced
by deposition is then transferred to the precipitating
particles through accretion.

The highest deposition rates are observed in the con-
vective updraft where the water vapor perturbations
and precipitating ice mixing ratios are greatest. The
FTR flow in the stratiform region is supersaturated with
respect to ice. Most of the growth by deposition in the
stratiform region FTR flow occurs within the layer be-
tween 6 and 10 km, with maximum rates in the vicinity
of the mesoscale updraft. Behind the convective line,
sublimation (Fig. 10a, dotted contours) occurs below
6 km in association with the transition zone downdraft
and the descending rear inflow at the back edge of the
stratiform region. Above 6 km, the transition zone

2 The cloud ice mass accreted by precipitating ice particles in the
stratiform region is not produced solely by deposition within the strat-
iform region. Some of this ice is generated within the convective
region and is then advected into the stratiform region, whereupon it
grows further by deposition and is eventually accreted by the larger
ice particles. We cannot determine from the retrieval results the ex-
tent to which the cloud ice generated within the convective region
contributes to the cloud ice mass in the stratiform region.
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downdraft (x = 50 km) is supersaturated with respect
to ice. Apparently, the mean descent in the transition
zone is not sustained long enough to produce ice sub-
saturations as air parcels move rearward into the strat-
iform region. Although the mean transition zone de-
scent is supersaturated with respect to ice, actual indi-
vidual downdrafts may have been subsaturated,
producing local sublimation. Accretion of cloud ice by
precipitating ice (Fig. 10b) is greatest at upper levels
within the convective updraft with a secondary maxi-
mum in the vicinity of the mesoscale updraft (x = 0 to
—30 km). As with the depositional growth of precipi-
tating ice, accretion of ice in the stratiform region oc-
curs mostly in the FTR flow between 6 and 10 km.

Upon exiting the convective region, particles follow-
ing trajectory 6 reach the melting level in the retrieved
transition zone and fall out quickly so that only limited
growth occurs by deposition, sublimation, and accre-
tion. This lesser growth is reflected in the integrated
values of the deposition and accretion rates, which are
minimum along trajectory 6. Trajectories 2—5, which
span the width of the secondary band, are suspended
in the deposition layer for longer periods (~1.5t0 2 h
compared to 1 h in the case of trajectory 6). In partic-
ular trajectories 3 and 4, which fall into the region of
the secondary maximum of precipitation, pass directly
through the region of strongest mesoscale ascent. The
integrated growth by deposition and accretion is high-
est along these trajectories. The back edge of the sec-
ondary band and the decreasing rainfall to the rear are
associated with particles following trajectories 1 and 2,
which, although suspended aloft for the longest times,
pass above the region of strongest mesoscale ascent and
strongest growth by deposition. Trajectory 1 passes
through the layer of sublimation below 6 km, leading
to a further decrease in the surface precipitation.

Matejka and Schuur (1991) have suggested that the
secondary maximum and transition zone minimum of
precipitation can be explained almost entirely by the
passage of ice particles through a region of stronger
mesoscale ascent at the leading edge of the secondary
band. Particles passing above or below this region of
enhanced ascent fell to the surface to the rear of the
secondary band or within the transition zone, respec-
tively. On the other hand, BH93 suggested that subsi-
dence within the transition zone may have also con-
tributed to the reflectivity minimum observed at low
levels there. To assess the importance of the mesoscale
and transition zone vertical motions on the formation
of the secondary maximum and the transition zone min-
imum of precipitation, we ran the microphysical re-
trieval for three test cases: 1) no vertical motions in the
transition zone or stratiform region (x < 60 km; see
Fig. 3b), 2) no mesoscale updraft, and 3) no mesoscale
and transition zone downdrafts. For each case, the mi-
crophysical retrieval was run using the temperature and
pressure fields from the control run (Figs. 6a and 6b).
The results are shown in Fig. 12.
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Figure 12a shows the rain and precipitating ice fields
for case 1. The weakness of the transition zone mini-
mum and, to a lesser extent, the secondary maximum
in the rain field (compare with Fig. 6e) and the absence
of these features in the precipitating ice field are im-
mediately evident in Fig. 12a. The precipitating ice
field is very uniform within the stratiform region. A
secondary maximum in the rain field occurs between x
= —15 and —70 km, somewhat rearward of its location
in Fig. 6e. The rearward displacement is caused by re-
duced fall speeds and the uniform depositional growth
rates of precipitating ice in the stratiform region. This
structure agrees with the finding of Rutledge and Houze
(1987) that the general location of the secondary band
is determined by the pattern of fallout of the ice. How-
ever, also in agreement with their conclusions, the
strength of the precipitation rate and the location of
enhanced precipitation within the secondary band are
determined by the growth of ice within the mesoscale
updraft (Rutledge and Houze 1987; Matejka and
Schuur 1991). BH91 also showed that the most intense
portions of the stratiform rainfall were associated with
ice particles whose trajectories emanated from the most
intense parts of the convective line.

The rain mixing ratios in Fig. 12a are comparable to
those of the control run (Fig. 6¢). This result is due to
the fact that the stratiform region remains supersatu-
rated with respect to ice above 6 km since there is no
subsidence to reduce significantly the vapor mixing ra-
tios. Also, since the precipitating ice fall speeds are
somewhat less than in the control run, growth by depo-
sition along particle trajectories occurs for a slightly
longer period of time, and a comparable amount of rain
is produced at low levels, though rearward of its orig-
inal position.

Figure 12b shows the rain and precipitating ice fields
for the case in which the mesoscale and transition zone
downdrafts are present, but there is no mesoscale up-
draft (case 2). Both the precipitating ice and rain mix-
ing ratios are substantially reduced in the vicinity of the
downdrafts in the stratiform region. Interestingly, a
weak secondary maximum is still produced in the rain
field. To show more clearly the effects of the subsi-
dence on the precipitation pattern, we determined the
difference between the mixing ratios for the case with
downdrafts and that with no vertical motions (case 2
— case 1; Fig. 13a). Decreases in precipitating ice ex-
ceeding 0.3 g kg ™' are seen both ahead of and behind
the secondary band region, with peaks located within
and just downwind of the middle to upper level sub-
sidence in the transition zone, and at midlevels at the
back edge of the stratiform precipitation region. Since
the layer above 6 km remains supersaturated with re-
spect to ice, the reduction in mixing ratios above this
level is the result of a suppression of growth within the
mean subsidence rather than sublimation. However,
some local sublimation in individual downdrafts be-
hind the convective line probably occurs. Trajectory 6
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FiG. 12. As in Fig. 6e but for (a) case 1 with no vertical motion
for x < 60 km, (b) case 2 with no mesoscale updraft, and (c) case
3 with no mesoscale or transition zone downdrafts.

(Fig. 10), which falls into the retrieved transition zone,
passes directly through the center of this region of sup-
pressed ice growth. At lower levels, the rain mixing
ratios are reduced (Fig. 13a) by more than 0.1 g kg™".
The reduction in the rain mixing ratios is the result of
the evaporation of rain in the low-level downdrafts and
of the decrease in growth of precipitating ice aloft,
which leads to less rain from melting.

When only the mesoscale updraft is included, the
precipitation is enhanced (Figs. 12¢ and 13b). A sec-
ondary maximum is present in the rain field below and
immediately to the rear of the mesoscale updraft. The
positioning of the strongest stratiform precipitation
slightly rearward of the strongest mesoscale ascent is
in very good agreement with the results of Matejka and
Schuur (1991). The enhancement of the precipitation
is evident in Fig. 13b, which shows deviations of pre-
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FiG. 13. Deviations of rain and precipitating ice mixing ratios for
(a) case 2 — case 1 and (b) case 3 — case 1. Contours are drawn at
intervals of 0.1 g kg ™! for precipitating ice and 0.05 g kg ™' for rain.
Solid and long-dashed lines indicate positive deviations, while dotted
and dot—dashed lines indicate negative deviations for rain and pre-
cipitating ice, respectively.

cipitating ice from the no mesoscale vertical motion
case (case 3 — case 1) of 0.3 g kg ! within and some-
what downwind of the mesoscale updraft, and an in-
crease of about 0.1 g kg™' in the rain mixing ratios
between x = 0 and —50 km. Although the transition
zone subsidence and mesoscale ascent appear to con-
tribute nearly equally to the distribution of precipitation
mass to the rear of the convective region, the enhanced
growth by deposition within the mesoscale updraft is
likely underestimated as a result of the relatively weak
composite mesoscale ascent (section 2). Furthermore,
vertical velocity data from individual dual-Doppler
analyses (not shown) suggest that the deep tropo-
spheric subsidence within the transition zone (Fig. 3b)
is not characteristic of the entire squall line. Hence, the
effects of the subsidence implied by the cross section
in Fig. 12a may exaggerate the role of subsidence
within the transition zone.

Smull and Houze (1987a), BH91, and BH93 pointed
out that vertical variations in the amount of hydrome-
teor mass advected rearward of the convective cells
could contribute to the reflectivity trough if most of the
rearward mass flux occurs near cloud top. However,
they did not assume any particular vertical distribution
in their analyses. Figure 14 shows profiles of the hor-
izontal hydrometeor mass flux determined at the rear
of the convective region (x = 40 km) from the observed
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storm-relative horizontal velocities, the retrieved hy-
drometeor mixing ratios, and air densities determined
from the 0134 UTC Enid sounding. The rearward flux
of precipitating ice is greatest near 7 km. The trajec-
tories presented in Fig. 10 indicate that particles leaving
the convective region at this level would have subse-
quently descended to the melting level within the re-
trieved transition zone. Vertical variations in the rear-
ward flux of precipitating ice thus did not contribute to
the minimum of precipitation in the transition zone, but
rather opposed its development. The flux of cloud ice
is maximum at higher levels since little cloud ice mass
is present below 8 km. Once in the mesoscale ascent
region, this ice grows by vapor deposition and is sub-
sequently accreted by the precipitating ice particles.
The vertical distribution of the rearward flux of pre-
cipitating ice is likely affected by the alongline aver-
aging of the wind fields. While precipitating particles
are detrained at all levels above the freezing level, it is
uncertain whether the rearward flux of hydrometeor
mass can be properly represented using two-dimen-
sional, alongline-averaged winds. The trajectories and
net particle growth shown in Fig. 11 suggest that the
rearward flux of mass from the convective region may
not be as important as the number concentration of par-
ticles advected rearward from the convective region.
By the time the particles shown in Fig. 11 reach the
melting level, the smallest particles in the initial distri-
bution have grown substantially such that the differ-
ence in size between the largest and smallest particles
is about a factor of 2, compared to 100 initially. The
smaller particles catch up in size because of their much
longer residence times above the melting level. If one
assumes that the number concentration of particles does
not change significantly, then the precipitation mass at
the melting level associated with this distribution of
particles will be dominated by the higher concentra-
tions of smaller particles. Hence, if the number con-
centration of particles detrained into the stratiform re-
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FI1G. 14. Hydrometeor mass flux (g m™2 s~ ') at x = 40 km.
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gion is maximum near storm top, either because of an
increase with height in N, for precipitating ice or be-
cause of the combined flux of precipitating ice and
cloud ice, then the subsequent growth by deposition
and accretion will lead to a secondary maximum in
precipitation mass at low levels in the secondary band
region. Furthermore, these growth processes must be
quite substantial in order to make up for the lesser mass
flux entering the stratiform region at upper levels.

6. Effects of aggregation on reflectivity

Biggerstaff and Houze (1993) suggested that the re-
flectivity in the region of the secondary maximum was
strongly affected by aggregation. Therefore, in section
6a, we discuss the thermodynamic and microphysical
evidence derived from the retrieval that processes in
the stratiform region favored aggregation in the sec-
ondary band region. In section 6b, we show that
changes in the size distributions of precipitating parti-
cles resulting from this aggregation must have strongly
enhanced the radar reflectivity in the region of the sec-
ondary maximum.

a. Thermodynamic and mzcrophyszcal evidence for
aggregation

Biggerstaff and Houze noted that the reflectivity
above 5 km in the region of the secondary band was
slightly less than that in the transition zone, whereas
the reverse was true below 5 km (Fig. 11 of BH93).
Consequently, they inferred that particle growth by ag-
gregation must have occurred above the melting level
in the secondary band region and must not have oc-
curred as strongly in the transition zone. Since aggre-
gation appeared to account for much of the difference
in reflectivity between the two regions, they hypothe-
sized that vapor deposition did not directly produce the
secondary maximum in reflectivity. Indeed, Fig. 10a
indicates that the depositional growth occurred above
6 km, while the rapid increase in size (Fig. 11 of BH93)
occurred below this level. However, the retrieval pro-
duces slightly greater precipitating ice mass in the
mesoscale updraft region (Fig. 6e), and this higher
concentration of ice mass is the result of vapor depo-
sition. If the particles are of the same type in both the
stratiform and transition regions, then the lower reflec-
tivity over the secondary band implies that the greater
amount of ice mass is distributed over a higher con-
centration of smaller particles. This higher concentra-
tion of smaller particles with greater total mass per unit
mass of air evidently contrlbuted to greater aggregation
within the secondary band reglon

In addition to increasing the mass of precipitation in
the secondary band region, the depositional growth in
the region of mesoscale ascent also produced ice crys-
tals of the type that tend to aggregate. Hobbs et al.
(1974) showed that the maximum size of aggregates
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depends on the component crystal habits, with aggre-
gates composed of dendrites (which form between
—12° and —16°C) generally having the largest size.
Houze and Churchill (1987) associated the formation
of large aggregates above the melting layer in the strat-
iform precipitation areas of tropical mesoscale convec-
tive systems with the presence of dendrites just above
the layer of aggregation. In a study of wintertime strat-
iform precipitation over the mountains of northwestern
Colorado, Rauber (1987) found that significant aggre-
gation did not occur unless dendritic crystals were pres-
ent. Therefore, the difference in aggregation rates in
the secondary band and transition zone may have re-
sulted from differences in particle habits, with the sec-
ondary band being characterized by large aggregates of
dendritic crystals. Such aggregates, along with needles
(produced between —4° and —6°C), aggregates of nee-
dles, and other unidentifiable aggregates, were detected
by aircraft in the secondary band region (Rutledge et
al. 1988b).

To show that conditions in the secondary band re-
gion were conducive to the growth of dendritic crystals,
we show in Fig. 15 the retrieved temperatures (°C) and
relative humidities. As mentioned in section 4, the mi-
crophysical retrieval does not allow for water super-
saturation, a condition necessary for the growth of den-
dritic crystals. As a result, we assume that regions con-
taining retrieved cloud water in the stratiform region
were slightly supersaturated with respect to water.
Therefore, we can view the regions enclosed by the
100% relative humidity contours as being slightly su-
persaturated with respect to water. Under this assump-
tion, the mesoscale updraft region (x = —30 to 30 km)
was generally supersaturated with the supersaturation
extending downward to the 0°C level between x = —35
and —5 km. These conditions indicate that dendritic
growth was likely near the 7-km level across the ap-
proximately 60-km wide region of mesoscale ascent,
while the production of needles was possible near 5.5-
km altitude and x = —35 to —5 km.

In the transition zone, the lower humidities, as in-
dicated by the retrieval, prevented the growth of den-
dritic particles and actually produced sublimation be-

Height (k

x (km)

FiG. 15. Retrieved temperature (dotted, °C)
and relative humidity (solid, %).
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FIG. 16. (a) As in Fig. 6e and (b) as in Fig. 7 but
for the case with N, reduced for x < 25 km.

low 6 km (Fig. 10). The subsaturated conditions below
6-km altitude and between x = 20 and 60 km (Fig. 10)
suggest that small ice crystals might be removed by
sublimation, thereby decreasing growth by aggrega-
tion, as proposed by BH93.

Fall speed sorting may have played a small role in
the difference in aggregation rates between the second-
ary band and transition zone. Graupel-like particles
(less likely to aggregate) ejected from the convective
line would have fallen out quickly within the transition
zone, while lighter snow particles (e.g., dendrites,
which would be more likely to aggregate ) fell out more
slowly and could therefore have reached the melting
level near the secondary band.

b. Effects of aggregation on radar reflectivity

The above discussion summarizes the evidence from
the radar reflectivity structure (BH93) and from the
retrieved thermodynamic and microphysical fields that
aggregation is favored in the region of the secondary
band. Since aggregation produces large particles, one
would expect that the aggregation contributed signifi-
cantly to the enhancement of the radar reflectivity
(which is extremely sensitive to the sizes of the largest
particles present) in the secondary band. However, it
is difficult to include aggregation in the microphysical
retrieval for two reasons:

1) The use of only one type of precipitating ice par-
ticle in the retrieval precludes the aggregation of, say,
less dense particles with denser particles, which was
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found to be important in the analysis of Rutledge and
Houze (1987). McCumber et al. (1991) found that
three ice-class schemes (cloud ice, snow, and graupel)
generally produced better results than two ice-class
schemes (cloud ice and snow or cloud ice and graupel)
in simulations of a tropical squall line.

2) We neglect the aggregation of precipitating ice
particles with each other (e.g., two snow particles or
two graupel particles), which does not affect the pre-
cipitation mixing ratio (g,), but which does have a sig-
nificant effect on radar reflectivity.

The effects of aggregation can be included in an ad
hoc manner by considering the impact of aggregation
on the size distribution of the precipitation. The con-
siderable aggregation that typically occurs above the
observed bright band modifies the particle size distri-
butions [N, and A in Eq. (1)] (Stewart et al. 1984)
such that very large raindrops and high reflectivities
occur below the melting level. Since aggregation in-
creases the concentration of larger particles and de-
creases the concentration of smaller particles, both the
slope of the distribution and N, [Eq. (2)] are lower in
regions of strong aggregation and greater where aggre-
gation is weak. Therefore, N, is expected to be lower
in stratiform precipitation regions where distinct radar
bright bands are observed than in regions where the
bright band is weak or absent. This conclusion is sup-
ported by disdrometer measurements of orographic
precipitation in Switzerland (Waldvogel 1974). Using
Eqgs. (2) and (4), one can show that a decrease in N,
by an order of magnitude produces an increase in re-
flectivity of 7.5 dBZ for a fixed rain mixing ratio.

In the case of the 10—11 June squall line, we suggest
that a decrease in N, occurred near the rear of the tran-
sition zone in association with the strong aggregation
in the secondary band. It is conventional to assume a
constant N, in a bulk microphysical parameterization
of the type used in the microphysical retrieval. To il-
lustrate the effects of a decreased value of N, on the
retrieved reflectivity, we deviated from this convention
and ran the microphysical retrieval again allowing for
a decrease in N, for rain by an order of magnitude
within the stratiform region, with this transition occur-
ring at x = 25 km, roughly the forward edge of the
secondary band (Fig. 3b). For x = 25 km, N, was set
to 8 X 10° m™* as in the control run, while for x < 25
km, N, was set to 8 X 10° m™.

Figure 16a shows the retrieved rain and precipitating
ice mixing ratios, and Fig. 16b the retrieved reflectivity,
for the decreased N, case. The rain mixing ratios are
decreased by about 0.1 to 0.2 g kg ™! in the secondary
band region, apparently as a result of increased terminal
fall velocities. Despite the very weak secondary max-
imum in rain mixing ratios in the stratiform region, a
distinct secondary maximum in radar reflectivity is
present there. The enhancement of the reflectivity be-
gins immediately where the value of N, was decreased
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(x = 25 km). A distinct gap in the reflectivity is left
between the convective region and secondary band.
This case demonstrates the strong effect of aggre-
gation on the radar reflectivity field. Furthermore,
the results suggest that a strong secondary maximum
in radar reflectivity may occur within the stratiform
region even when the precipitation mass field is uni-
form, as long as a localized region.of enhanced ag-
gregation exists. In this case, however, the secondary
maximum of reflectivity is not just an artifact of the
radar reflectivity field; as we have already seen, the
precipitation mass mixing ratio is enhanced in the
region of the secondary band (Fig. 6e). The effect
of aggregation is to amplify this secondary maximum
of precipitation mass in the reflectivity field so that
it stands out especially strongly on a typical radar
display (Figs. 2 and 3a).

In the reduced N, case, we assume that aggregation
simply produces a constant value of N, in the stratiform
region, which is lower than that elsewhere in the squall
line. However, the effects of sedimentation, aggrega-
tion, melting, and drop breakup generally cannot be
represented by a constant value of N,. Aircraft obser-
vations within stratiform precipitation (Stewart et al.
1984; Zmic¢ et al. 1993) have shown that N, varies in
the vertical with the lowest value located about 500 m
below the melting level. Therefore, the radar reflectiv-
ity might be estimated more accurately from the re-
trieved precipitation mixing ratios if both the horizontal
and vertical variations in the particle size distribution
are specified.

7. Conclusions

A thermodynamic and microphysical retrieval has
been applied to dual-Doppler-derived wind and radar
reflectivity fields encompassing the mature stage of
the squall line that passed through the PRE-STORM
network on 10-11 June 1985. This squall line exhib-
ited archetypal leading convective line, trailing strat-
iform region structure. The trailing stratiform region
exhibited a transition zone minimum of radar reflec-
tivity immediately behind the convective line and a
secondary maximum of reflectivity farther back, in
the center of the stratiform region. The well-defined
structure of the storm made it possible for BH91 and
BHO3 to construct a detailed composite of the mature
storm. The composite fields of data allow an exami-
nation to be made of the convective system, from the
leading convective line to the rear edge of the surface
stratiform precipitation. Retrieved fields of pressure,
potential temperature, and microphysical variables
have been obtained and are consistent with surface
mesonet data and radar reflectivity data. These re-
trieved fields have allowed us to investigate and de-
termine the relative importance of the various phys-
ical processes responsible for the development of the
secondary maximum and transition zone minimum of
radar reflectivity.
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In section 1, we outlined several hypotheses, or con-
tributing factors, which may account for the develop-
ment of the secondary band and reflectivity trough.
These hypotheses were grouped in terms of three gen-
eral processes: 1) enhanced growth of precipitation
particles in the mesoscale updraft, 2) suppressed
growth associated with descent in the transition zone,
and 3) the fallout pattern of precipitation particles de-
trained from the convective cells.

The retrieval (Fig. 13) shows that both enhanced
growth within mesoscale ascent (process 1) and sup-
pressed growth within transition zone descent ( process 2)
were important in determining the difference between the
precipitation rate and reflectivity of the secondary band
and transition zone. However, the growth within the
mesoscale ascent was the stronger of the two processes.
The fallout of precipitation particles from the convective
region (process 3) was important for the reasons stated
by Rutledge and Houze (1987). That is, the particle tra-
Jjectories determined the general location of the secondary
band. However, as they also emphasized, the particle tra-
jectories must be considered in tandem with the particle
growth by deposition and accretion that occurs within the
stratiform region in order to understand the strength of
the secondary maximum.

In addition to indicating the relative importance of pro-
cesses 1,2, and 3 in establishing the secondary maximum
and transition minimum of reflectivity, this study provides
physical insights into each of the three processes:

o The precipitation mass concentration in the re-
gion of the secondary band was enhanced by the
growth by vapor deposition in two ways. First, the
ice particles generated in the convective region grew
by deposition as they passed through the mesoscale
updraft in the stratiform region (Figs. 10a and 11).
Second, additional mass was added to the precipitat-
ing ice particles through the accretion of cloud ice
(Fig. 10b); however, the cloud ice collected in this
manner had attained its mass largely by deposition
within the mesoscale ascent before it was added to
the precipitation mass.

¢ Precipitating particles grew to very large sizes
through aggregation with other precipitating parti-
cles. Aggregation modifies the particle size distri-
bution such that the radar reflectivity is enhanced
without any changes in the precipitation mass con-
centration. The mesoscale ascent region favored the
depositional growth of crystals such as dendrites
(Fig. 15), which apparently underwent rapid aggre-
gation in the layer 1-2 km deep just above the melt-
ing level. The subsequent melting of very large ag-
gregates into very large raindrops produced a marked
enhancement of the radar reflectivity in the second-
ary band region (Fig. 16). While aggregation could
produce a secondary maximum of radar reflectivity
in the stratiform region even if the distribution of
precipitation mass in the stratiform region were uni-
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form, the secondary band was not purely an artifact
of the radar reflectivity field since the retrieval cal-
culations showed secondary maxima in the mixing
ratio fields of rainwater and precipitating ice in the
region of the secondary band (Fig. 6e).

¢ The mean effect of subsidence in the transition
zone was suppression of growth rather than subli-
mation, although individual downdrafts were likely
to produce some sublimation. Running the retrieval
with modified vertical velocities in the stratiform re-
gion demonstrates this result clearly (Figs. 12b and
13a). The retrieved temperature and humidity fields
moreover indicated that dendritic crystals were not
likely to be present within the transition zone, re-
sulting in less chance of aggregation and smaller par-
ticles falling through the melting layer there.

e Particle trajectories computed from the compos-
ite wind fields and empirical fall speed formulas
showed that the enhanced radar reflectivity in the
secondary band was associated with particles with
long residence time in the region of strongest meso-
scale upward air motion. Since these ice particles did
not fall through the melting level until they were ap-
proximately 20—-30 km rearward of the convective
line, there was a relative minimum in radar reflectiv-
ity at low levels between the convective line and the
forward edge of the secondary maximum at this dis-
tance from the leading line. Particles falling into the
transition zone originated from lower levels of the
convective cells in the leading line, and hence fell
out relatively quickly so that their growth by depo-
sition or loss of mass by sublimation was limited.
Therefore, the deep layer of subsidence found within
some parts of the transition zone was not required for
the formation of the reflectivity trough.

® Vertical variations in the rearward hydrometeor
mass flux were evidently not important to the formation
of the observed stratiform precipitation structure ( Fig.
14). The hydrometeor mass flux was determined to be
maximum near 7 km, the approximate level from which
particles falling into the transition zone leave the con-
vective region. This distribution of the rearward flux of
particles implies that the growth within the mesoscale
ascent must have been sufficiently strong to overcome
this initial difference in the flux of hydrometeor mass
into the stratiform region.

e The size distribution of the particles detrained
from the convective cells may be more important than
the rearward flux of precipitation mass. For example,
consider a single large precipitating particle of a given
initial mass. Because of its large fall velocity, this par-
ticle descends to the melting level relatively quickly
and experiences only limited growth, as indicated by
the final diameter of the 2.1-mm size particle shown in
Fig. 11. If the initial mass of this particle is instead
distributed over a large number of smaller particles,
then each particle falls more slowly and grows by depo-
sition and accretion for a much longer period of time.
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By the time these particles reach the melting level, they
obtain a size comparable to the single large particle
(Fig. 11). However, because of their larger number
concentration, they then account for a significantly
greater amount of precipitation mass near the melting
level. Therefore, the substantial particle growth in
the stratiform region needed to overcome the rear-
ward transport of precipitation mass may be pro-
duced if the number concentration of small particles
detrained from the convective region is maximized
near storm top. However, three-dimensional analyses
are necessary for future work to determine further the
effects of vertical variations of the rearward hydro-
meteor mass and particle concentration fluxes from
the convective region on the precipitation structure
of the stratiform region.
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APPENDIX A
Microphysics

Mixing ratios for total water (g,), rain (g,), precip-
itating ice (g,), and cloud ice (g; ) are obtained by solv-
ing two-dimensional, steady-state conservation equa-
tions of the form (Hauser et al. 1988; Marécal et al.
1993)

_ 10 - -
\ & .—r'— K _r - T A Vr_r = I Al
Vg, - V(KVg,) paz(p g.) =S, (Al)
o _ 18 -~ _ =
V-Vg, - V(KVq,) — = (pV,q,) = S, (A2)
p 0z
V-V7 - V(KVG) =S, (A3)
o _ 10,6 -_
V‘V‘Ir - V(qul) -~ T, (Pqur)
p 0z
10 —_ .
—;a—z(prqp)—O» (A4)

where V = (u, w): u is the horizontal component of
velocity in the direction normal to the convective line
and w is the vertical velocity. The overbar denotes



2752

an average in the y direction, V = (8/9x, 8/9z), K
is the eddy diffusion coefficient, V, and V, are the
mass-weighted fall speeds for rain and precipitation
ice, and S,, S,, and S; are the source terms for rain,
precipitating ice, and cloud ice. The source terms are
parameterized using the bulk microphysical param-
eterizations of Lin et al. (1983) for rain and precip-
itating ice (applying the fall speed constants a and b
for an arbitrary form of precipitating ice to their pa-
rameterizations for snow ), with the following excep-
tions. Autoconversion of cloud water to rain is pa-
rameterized following Kessler (1969 ) using a thresh-
old of 0.5 g kg ' and a conversion rate of 103 s,
Evaporation of melting precipitating ice is included,
following Rutledge and Hobbs (1983). The source
term for cloud ice is parameterized following Rut-
ledge and Hobbs (1983). A schematic summarizing
the microphysics is shown in Fig. Al. The second
term in Eqgs. (A1) - (A4) is an eddy diffusion term.
The value of K is taken here as constant, following
Hauser et al. (1988) and Chong and Hauser (1989).
Using the method outlined by Hauser and Amayenc
(1986), we determined a value of 2500 m? s ! to be
appropriate for the current dataset.

Mixing ratios for water vapor (g,) and cloud water
(g.) are not determined explicitly. Instead, they are
computed from

9 =4 =49~ 9~ 4 — Gu, (A5)
where g,, is the saturation mixing ratio with respect to
water and is determined following the formulation of
Tetens (1930).If ¢’ > 0, thengq. = q', q, = q,,. If ¢’
<O0,theng. =0,and g, =q' — q, ~ g, — q;.

APPENDIX B
Thermodynamic Fields

The temperature and pressure fields are obtained
in a manner similar to that of Hauser et al. (1988).
However, sufficient differences exist that we present
here a description of the governing equations. The
main differences from the equations of Hauser et al.
(1988) are 1) the inclusion of the Coriolis force in
the horizontal equation of motion, 2) the inclusion
of terms in the averaged equations expressing the ef-
fects of the alongline variations, and 3) the direct
expression of the term By (defined below) in terms
of the potential temperature perturbation rather than
the ‘‘apparent’ perturbation of potential tempera-
ture. We denote environmental quantities by the sub-
script O and perturbations from the environmental
values with an asterisk. By averaging the fully three-
dimensional momentum and thermodynamic energy
equations in the alongline direction, we obtain the
following set of steady-state equations for the x and
Z components:
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The overbars represent the alongline-averaged values,
and primes represent deviations from the alongline av-
erage. The variable v is the horizontal component of
velocity in the direction parallel to the convective line,
A,( ) represents the difference in a variable between
the two y-direction boundaries, q,, = g, + g, + ¢. + g;
—0.61q¥, fis the Coriolis parameter, ¢, is the specific
heat of air at constant pressure, and f, and m are the
freezing and melting rates; 6, 6,, and IT are the poten-
tial temperature, virtual potential temperature, and non-
dimensional pressure, the latter defined as II
= (p/po)*'*r, where p, is the surface pressure and R is
the gas constant for dry air. The primed terms in the
momentum equations are included to account for the
alongline variations of the wind fields in the retrieval
of temperature and pressure. Similar terms in the ther-
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modynamic energy equation are assumed to be negli-
gible. The inclusion of the primed terms in the mo-
mentum equations produces a relatively small effect on
the temperature and pressure fields, suggesting that ei-
ther the alongline-averaged fields capture the essential
characteristics of the flow or sufficient cancellations oc-
cur when averaging along the line. The first term on
the right side of the thermodynamic energy equation
represents the heating produced by condensation/evap-
oration below the freezing level (L = L,) and the com-
bined heating produced by condensation/evaporation
and deposition/sublimation above the freezing level (L
= L;). The second term is the heating/cooling associ-
ated with freezing/melting and is determined from the
appropriate bulk parameterization terms. The terms D,,
D,, D,, and D, are turbulent diffusion terms. These
terms are neglected in the present analysis.

In (B1), IT* and #* are the only unknowns. The
other terms are either constants, environmental or ra-
dar-derived quantities, or are determined from the mi-
crophysical retrieval. We rewrite (B1) to obtain the
following system of equations, which will be solved to
retrieve the pressure and temperature perturbations:

orI* )
=A
ox X
Bﬁ*_ + 20*
(?—Z Z Cp000|)0 >’ (B2)
o _,
ox
a0*  _ 96*
ax T W, = Br)
where
1 _ _ _ _ 3
Ay = (V-Vu—fv+vAvu’
b0 -
+u’ 3L+ (9u’ +w’%
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APPENDIX C
Solving Procedure and Boundary Conditions

The procedure is to solve the equations for the mi-
crophysical variables ¢,, g,, g,, and g; [Eqs. (Al)-
(A4)] and for the potential temperature and pressure
[Egs. (B2)—-(B3)]. We begin by setting the temper-
ature and pressure to their environmental values. The
microphysical variables are then obtained using a
centered-space differentiation scheme and relaxation
methods. The relaxation method is iterated until
the mean relative change between iterations is less
than 2.5%.

Once values are obtained for the microphysical vari-
ables, the terms Ax, Az, By, and By are computed using
(B3). The values of IT* and 6* are then determined
using the variational approach of Roux and Sun (1990)
by minimizing the integrals

[

OIT* g — T
— A, — g%
ol e (G| o

(C1)
C?’e—ff{[_—Bx] + o f (V)
it 00* w 06* By

[?g-l- 7/‘5—?] }dxdz, (C2)

where 7 = (@* + 02+ W), f(V) =TIV + V),
and 7, vy, and p, are constants [see Roux and Sun
(1990) for details and Sun and Houze (1992) for val-
idation of the retrieval method]. Additional terms in
the Roux and Sun equations have been omitted in (C1)
and (C2) since they were found to generally increase
the error in the retrieval. The values of the error-check-
ing parameters of Roux and Sun (1990) were approx-
imately 0.3 for temperature and less than 0.1 for pres-
sure. The entire process is then repeated until the mean
relative difference between two successive iterations is
less than 2.5%.

The solution of (Al)-(A4) requires the specifica-
tion of boundary conditions for ¢,, ¢,, ¢;, and g,. For
rain and precipitation ice, the boundary conditions are
computed from the observed reflectivity field using (1)
and (4) with one exception: At the rear lateral bound-
ary, the boundary condition for precipitating ice is that
the horizontal derivative be zero. This condition was
used since the reflectivity contours in Fig. 3a are nearly
horizontal above the freezing level. For cloud ice, the
mixing ratio was set to zero at each boundary, except
at the rear boundary, where the horizontal derivative
was set to zero. The assumption of g; = 0 at the top of
the domain is likely in error. However, the use of a
nonzero boundary condition at the top boundary raises
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the values of the cloud ice mixing ratio somewhat, but
does not change the overall results significantly. For
the lower boundary condition for total water, which
requires specification of g,, a relative humidity of 70%
was used for x < 70 km based on low-level rawinsonde
data in the stratiform precipitation region. For x = 93
km, a relative humidity of 90% was used to approxi-
mate the nearly saturated air flowing into the base of
the convective updraft. For 71 km < x < 92 km, the
relative humidity was linearly interpolated between 70
and 90 percent. Along the upper boundary, g, was set
to the ice saturation value. At the forward boundary, g,
was set to the ice saturation value for z = 10 km and
to the environmental value for z < 6.5 km. Since the
relative humidity decreases rapidly from near 60% at
6.5 km to zero at upper levels in the input sounding,
the relative humidity was set to 60% between 6.5 and
10 km. However, the results are not sensitive to the
values used at the forward boundary.

The boundary conditions for potential temperature
and pressure can be written in general form as

oI+

on =4

56+ , (C3)
o

where n is the direction normal to the boundary. Thus,
along the boundaries, the retrieved gradients on the left
side are assumed to be equal to the gradients computed
from the wind and microphysical fields. For example,
at the lateral boundaries, the first terms in (C1) and
(C2) are zero. The advantage of these boundary con-
ditions [described in Roux et al. (1984)] is that they
allow for the integration of (C1) and (C2) in the pres-
ence of irregular boundaries or missing data.
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