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1. INTRODUCTION

Convective systems characierized by a leading line of
strong couvective precipitation followed by a region of
stratiforn precipitation are a rather common mode of
organization of squall lines (Houze et ai. 1990). A typical
feature of these sysiems is a secondary maximum of radar
reflectivity within the mrailing stratiform precipitation region.
Often this secondary maximum takes the form of a band (the
secondary band) of intenstfied stratiform precipitation
paraliel 10 the convective line. Ligda (1956) was apparently
the first to document this maximum, as weil as the
accompanying mintmum of reflectivity located between it
and the leading line of convection. The zone of minimum
radar reflectivity is sometimes called the reflecnivity trough or
transition tone. It has been examined by Smull and Houze
(1985, 1987), Rutledge and Houze (1987), Biggerstaff and
Houze [1991, 1993 (hereafter referred to as BHO93)), and
Matejka and Schuur (1992),

Severalhypotheses, or contributing factors, have
been suggested and examined regarding the development of
the transition zone minimumn and secondary maximum of the
radar reflectivity in squall lines with trailing stratiform
precipitation. These hypotheses fall into three general
catcgonies. Some suppose that the reflectivity trough is at
least partially the result of downward air motion and
evaporation in the transition zone (Ligda 1956; BH93), A
second hypathesis is that the horizontal distribution of
precipitation, and radar reflectivity, behind the convective
line is a purely kinematic consequence of the locations at
which precipitation particles originating in the cells of the
Ieading convective line eventually fal! out as a result of their
terminal fallspeeds and the horizontal wind (Smull and
Houze 1985; Rutledge and Houze 1987). A third hypothesis
suggests that the horizontal distribution of precipitation 1o the
rear of the convective line is not so much a resuit of
rajectories of pariicles, or suppression of growth by
downdrafts in (he wansition zone, but rather the result of
upward air monion in the vicinity of the secondary maximum
(Matejka and Schuur 1992),

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

2. RETRIEVAL METHODOLOGY

The retrieval method used for the present analysis
closely foilows that of Hauser et al. (1988) and Marecal et
al, (1993). The microphysical fields are obtained by using
the bulk microphysical parameterizatons of Lin ct al, (1983)
and Rutledge and Hobbs (1983), and solving two-
dimensional, steady-state conservation equations for the
microphysical variables. Temperature and pressure are
determined in a manner similar to the dynamic method of
Hauser et al. (1988).
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3. DATA AND RETRIEVAL RESULTS

The wind field used in the retrieval is taken from a
composite of dual-Doppler-synthesized wind fields for the
northern portion of the 10-11 June 1985 PRE-STORM *
squall line during the mature stage of the system. The
composite data set has horizontal and vertical resolution of 3
and 0.5 km, respectively (see BH93 for details). An average
vertical cross section oriented normal to the squall line was
obtained by averaging over a 60-km wide strip perpendicular
to the line. Figure la shows the mean reflectivity and
vectors of the two-dimensional storm-relative wind in the
plane of the cross section, and Figure 1b shows the average
vertical velocity. The cross section is characterized by a 60-
km wide leading convective line, followed by a region of
stratiform precipitation nearly 150 km wide, Within the
stratiform region is the secondary band (x = =70 10 35 km)
The transition zone, defined by the low-level reflectivity
minimem between x = 35 and 60 ki, is seen between the
convective and stratiform precipitation regions.

Fig. 2a shows the mixing ratios of rain (g,) and
precipitating ice (gp) obtained from the rewieval. In the

convective tegion, ¢, values of up 10 1.5 g kg'} are

diagnosed, while gp reaches about 3.6 g kg-! near 8 km.
Distinct minima are present in the rewrieved fields of rain and
precipitating ice between x = 15 and 30 km, and distinct
secondary maxima of rain and precipitating ice are present at
the horizontal position of the weak mesoscale updraft
(between x = -50 and 15 km).
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Figure 1. {a) Along-line averaged radar reflectivity and wind vectors
in the plane of the cross section. The arrows in the upper right comer
represent the arrow scales. The approximate positions of the secondary
band (SB). transition zone (TZ), and convective region (CR) are
indicated along the bottom of the figure. (b) Along-line averaged
vertical velocily {m s1).

* PRE-STORM is an acronym for Oklahoma-Kansas Preliminary
Regional Experiment for the Stormscale Operational and Research
Meteorotogy Program-Central Phase, _ _
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Figure 2. (a) Mixing muos (g kg'!} of rain (solid) and precipitating
ice {dotted). Contours are drawn every 0.2 g kg~! for rain and every 0.3
2 kg'l lor precipitating ice, suarting a1 0.1 g kg", (b) Reflecuvity
{db) determuined from the rain and precipitanng e mixing ratios.

For comparison with the observed reflectivity field in

Fig. la, the equivalent refleciivity factor Z, {or reflecnvity,
for short) is computed from the retrieved rain and
precipitating ice mixing ratios following Fovell and Ogura
(1988). The effects of meliing ice are not included in this
caleulation, The remrieved reflectivity field (expressed in
dBZ} is shown in Figure 2b. Comparison with Fig. la
indicates that, aside from the difficultes in accounting for the
enhancement of the reflectivity in melting layers, the
reflectivity field is well reproduced. However, the secondary
band and reflectivity trough are much less distinct in Fig. 2b
than in the observed reflectiviry field shown in Fig. la
These results suggest that, although the secondary band
(reflectivity rough) comresponds to a secondary maximum (a
relative minimum) of precipitation, the precipitation amount
(Fig. 2a) alone does not account for the observed radar
reflectivity paitern. As demonstrated by BH93, the radar
reflectivity patiern is strongly affecied by aggregation, the
effects of which are not included in the retieval.

4. THE SECONDARY BAND AND REFLECT-
IVITY TROUGH

In rthis section. we investgate the processes
responsible for the formation of the secondary band
maximum and mansition-zone minimum in reflectivity. We
group these processes into two general categories: those
which change the amount of precipuation (e.g., by vapor
deposition) and those which change the reflectivity but not
the precipitation mass (e.g., by aggregation). Therefore, we
divide this discussion inio two pans. In Section 4a, we
describe the processes which act to increase the precipitation
mass in the secondary band. In Section 4b, we discuss the
processes acting 10 enhance the aggregation rates over the
secondary band region and the effects of aggregation on the
reflectivity field.

4.1 Development of the secondary maxirnum and transigon

In Fig. 3. we show particle wrajectories compured
using the Doppler-radar observed winds (Fig. 1) and the
retrieved mass-weighted fallspeeds. The trajectones were
calcuiated backwards from just under the meling level (3.8
km) until they reached the convective updraft. Dots are
drawn every 20 min along the rajeciories. The line at x = 40
km is used to indicate the rear edge of the convective

precipitation as determined from Fig. 2a. The trajectories are
overlaid on the production rates of precipitating ice
associated with deposition and sublimation. Also shown are
precipitating ice mixing ratios (Jlabeled PIDEP) determined
by integrating the production rates associated with deposition
and sublimation along each trajecrory from just below the
melting level to x = 40 km. The integration was terminated
atx = 40 ki since our interest is in the growth which occurs
after particles ieave the convective region.

The highest deposition rates are observed in the
convective updraft where the water vapor perturbations and
precipitating ice mixing ratios are greatest. The front-to-rear
(FTR) flow in the swatiform region is supersaturated with
respect to ice. Most of the depositional growth in the
stratiform region FTR flow occurs within the layer between
6 and 10 km, with maximum rates in the vicinity of the
mesoscale updraft between x =30 and 30 km. Behind the
convective line, sublimation occurs below 6 km in
assoctation with the transition zone downdraft and the
descending rear inflow at the back edge of the stratiform
region. Above 6 km, the transition zone downdraft {(x = 50
km) is supersaturated with respect to ice. In the presence of
the descent, this supersaturation was maintained by the
rearward advection of water vapor from the convective
region by the FTIR flow. Although the mean transition zone
descent was supersaturated with respect to ice, actual
individual downdrafts may have been subsaturated,
producing local sublimation.

The particle trajectories in Fig. 3 are nearly identical
to those presented in BH93. Upon exiting the convective
region, particles following trajectory 6 reach the melting
level in the retrieved transition zone and fall out quickly so
that only limited growth occurs by deposition. This lesser
growth is reflected in the integrated values of precipitating
ice mixing ratio associated with deposition, which is
minimum along wajectory 6. Trajectories 2 - 5, which span
the wideth of the secondary band, are suspended in the
deposition layer for longer times (~1 1o 2 h compared to 20
min in the case of trajectory 6) and pass directly through the
region of swongest mesoscale ascent. The integrated growth
by deposition is highest along these trajectories. The back
edge of the secondary band and the decreasing rainfall to the
rear are associated with particles following trajectories I and
2 which, although suspended aloft for the longest times,
pass above the region of soongest mesoscale ascent and
strongest growth by deposition.

These resuits suggest that the secondary maximum in
precipitation is the result of the long residence times within
the mesoscale ascent of ice particles ejected from upper
levels of the convective region. Since the depositional
growth enhances the precipitation mass some distance
rearward of the convective line, a relative minimum in
precipitation is produced in the transition zone. Additional
retrieval resulis (not shown here) indicate that the subsidence
in the transition zone contributes somewhat to the
precipitation minimum by suppressing particle growth.
However, this descent was not the cause of the minimum.
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Figure 3. Particle trajectories and precipiiating ice production rates.
The contours are the produstion rates of precipitating ice associated with
deposition {solid} and sublimation (dotted), drawn at values of £ 0.5,
1.0,and 2.0 x 107 kg kg s}, Imegrated mixing ratios (PIDEP,
lower left) are expressed in hundredths of g kg'l. See wext for further
explanation.



4.2 Effects of aggregation on reflectivity

BHO93 used the composite reflectivity fieid (Fig. 1a)
to determine mean reflectivity profiles for the secondary
band, transition zone, and convectve region (Fig. 4). The
mean tefiectivity in the secondary band increased
approximately 16 dBZ between & km (-10°C) and 3.6 km
(Just below the 0°C level), with much of this increase
occurring in a | km deep layer just above the melting levei.
Conversely, in the transition zone, the mean reflectivity
increased gradually by about 9 dBZ between the same levels.
Since the radar reflectivity is a strong function of particle size
(proportional 10 DO1), they inferred that rapid particle growth
by aggregation occurred above the meliing level in the
secondary band region and did not occur as sirongly in the
transiton zone.

BH93 further noted that the reflectivity above 5 km
over the secondary band region was slightly less than that in
the mansitdon zone (Fig. 4). Consequently, they suggested
that growth by vapor deposition did not directly produce the
secondary maximum in reflectivity. Indeed, Fig. 3 shows
that the depositional growth occurred above 6 km, while the
rapid increase in size occurred below this level (Fig. 4).
However, the rewieval does indicate slightly greater
precipitating ice mass in the mesoscale updraft region (Fig.
2a), and this higher concenrration of ice mass is the result of
vapor deposition. The lower reflectivity at upper levels in
the secondary band implies that the greazer amount of ice
mass there is distribused over a higher concentration of
smaller particles. A higher concentration of smaller particles
with greater total mass per unit mass of air can lead 1o greater
:;ggﬁ:)gaﬁon within the secondary band region (Hobbs et al.

In addition to increasing the mass of precipitation in
the secondary band region, the depositional growth in the
mesoscale ascent also produces ice crystals which tend to
aggregate. Hobbs et al. (1974) showed that the maximum
size of aggregaies depends on the component crystal habits,
with aggregates composed of dendrites (which form between
-12°C and -16°C) generaily having the largest size. Houze
and Churchill (1987} associated the formatien of large
aggregates above the melting layer in the stratiform
precipitation areas of opical mesoscale convective systems
with the presence of dendrites just above the layer of
aggregation. In a study of wintertime stratiform precipitation
over the mountains of northwestern Cotorado, Rauber
{1987) found that significant aggregation did not occur
unless dendritic crystals were present.  Therefore, the
difference in aggregation rates in the secondary band and
transition zone may result from differences in particle habits,
with the secondary band being characterized by large
aggregates of dendritic crystals. Such aggregates, along
with needles (produced between —4°C and —6°C), aggregates
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Figure 4. Mean reflectivity (dBZ) profiles {from BH93).

of needles, and other unidentifiable aggregates, were
detected by aircraft in the secondary band region (Rudedge et
al. 1988). To show that conditions in the secondary band
region were conducive to the growth of dendritic crystals,
we show in Fig. 5 the remieved temperatres (°C) and
relative humidities. The mesoscale updraft region (x = -30
1o 30 km) was generally supersaturaied with the
supersaturation extending downward to the melting level
between x = —30 and -5 km. These conditions indicate that
dendritic growth was likely near the 7 km level over the
approximately 60 km wide region of mesoscale ascent.

In the wansition zone, the lower retrieved humidities
prevented the growth of dendritic particles and actuatly
produced sublimation below 6 km (Fig. 3). This result
supports the hypothesis of BH93 that descent within the
transition zone produced an unfavorable environment for
aggregation leading 1o smaller particles helow the melting
level there.

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 considerable
aggregation occurring above the observed bright band
modifies the particle size distributons such that very large
raindrops and high reflectivities occur below the melting
level. Since aggregation increases (decreases) the
concentration of larger (smaller) particles, the slope of the
assumed exponential size distribution, and the intercept
parameter Ng, should tend to be lower in regions of strong
aggregation and higher where aggregation is weak (Stewart
et al. 1984).

In the case of the 10-11 June squall line, we
suggest that a drop in N occurred within the transition zone
as a result of the strong aggregation in the secondary band.
It is conventional to assume a constant Ng in a bulk
microphysical parameterization of the type used in the
microphysical retrieval. To illustrate the effects of an Ng-
drop on the retrieved reflectivity, we deviated from this
convention and reran the microphysical retrieval allowing for
a drop in Ng for rain by an order of magnitude between the
convective and stratiform regions, with this transition
occurring at x = 25 km, roughly the middle of the transition
zone rain minimum (Fig. 2a). For x 2 25 km, N was set {0

8 x 106 m~4 as in the control run, while for x < 25 km, Ng

was set 10 8 x 109 m4, . !
Fig. 6a shows the rain and precipitating ice mixing
ratios, and Fig. 6b the remieved reflectivity, for the Ng-drop
case. The rain mixing ratios have decreased by 0.1100.3 g
kg1 in the secondary band region. Despite the weaker
secondary maximum in rain mixing rato in the stratiform
region, a distinct secondary maximum in radar reflectivity is
present there, The enhancement of the reflectivity begins
immediately at the Ng-drop locaton (x = 25 km), leaving a
distinct gap in the reflectivity between the convective region
and secondary band. This casc demonstrates the strong
dependence of the reflectivity field on aggregation, which
srongly affects the particle size distribution of the rain which

results from the melting of the aggregates.
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Figure 5. Retrieved temperature (°C, doted) and relative humidily
{solid).
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Figure 6. As in Fig. 2. bul for the Nq-drop case.

5. CONCLUSIONS

Thermodynamic and microphysical retrieval
techniques have been applied to duai-Doppler synthesized air
motion fields for a midfatitude squall tine, which passed
through the PRE-STORM observational array in Kansas and
Oklahoma on 10-11 June 1985, The retrieval reproduces the
generai precipitation structure of the squail line. The
remmieved fields further indicate the processes producing the
secondary maximum and mansition zone minimum of radar
-reflectivity more quantitatively than has been possible in
previous studies. The primary processes accounting for
these features of the precipitauon pattern were 1) the
substantial growth by deposition of vapor onto precipiiatng
ice particles generated in and detrained from convectve cells
and failing out through the region of mesoscale ascent in the
stratiform region, 2} the strong aggregation of ice particles
above the bright band in the region of the secondary band,
which affected the size distribution of raindrops below the
bright band such that the reflectivity was enhanced, and 3)
the suppression of growth in the mid-to-upper levet descent
just behind the convective region, which slightly enhanced
the minirmum of radar reflectivity in that zone.
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