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ABSTRACT

Hailstorm processes are studied using multiparameter radar observations of thunderstorm evolution, The storm
turned out to be of hybrid type, having both multicellular (oscillatory nature of hail production ) and supercellular
(quasi-steady state of basic dynamics) characteristics. lts reflectivity field showed a V-like pattem not yet
described in the literature as a typical severe storm pattern. The flow was characterized by an updraft zone
surrounding an embedded downdraft collocated with the main precipitation shaft.

The precipitation mainly originated from graupel particles growing at the fringes of the main updraft zone,
whereas an accumulation zone of big drops was not present. In the weaker parts of the updraft the falling graupel
melted and reached the ground as rain, whereas in the main updraft region those raindrops could be recirculated
and subsequently freeze or be captured by hailstones already preseat aloft. In this region of high liquid water
content large hail could be grown; it fell out in the main downdraft region immediately beside the main updraft
zone. Comparison of the radar-derived hailswath and ground observations of hail damage gave encouraging
verification of the LDR-Zpy, hail signature defined in this paper.

1. Introduction

The microphysical processes leading to the growth
of large hail in thunderstorms as well as the associated
dynamics have been of great interest in experimental
as well as numerical studies performed in the last
decade.

A major objective of the field experiments was test-
ing of hypotheses and methods for artificially modify-
ing the hail process in order to prevent large damaging
hail at the ground. The existence of an accumulation
zone of large supercooled drops in a hailstorm was first
hypothesized by Sulakvelidze (1969). After freezing,
these drops should act as embryos for hail growth.
Seeding these zones with artificial ice nuclei (mostly
silver iodide) was supposed to accelerate the freezing
process by producing a large number of hailstone em-
bryos nearly simultaneously. These were assumed to
subsequently compete for the remaining liquid water,
resulting in more but smaller hailstones than would
have occurred without seeding (competition hypo-
thesis).

This hypothesis has been tested in randomized field
experiments such as Grossversuch IV in Switzerland
(Federer et al. 1986) and the National Hail Research
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Experiment (NHRE) in Colorado (Knight et al. 1979).
In both studies, no significant effects of the seeding
operations could be found. The underlying hypotheses
were shown to be invalid. In NHRE it turned out that
the hailstone embryos were mainly graupel particles.
Although about half of the embryos were frozen drops
in the Swiss storms, it was argued from a series of
aircraft penetrations that an accumulation zone of su-
percooled raindrops did not exist (Waldvogel et al.
1987).

The development of multiparameter radar techniques
made it possible to discriminate ice phase from liquid
phase hydrometeors. The differential reflectivity (Zpr)
is a measure of the difference of the echoes for hori-
zontal and vertical polarized radiation. It is indicative
of oblate raindrops and has been introduced by Seliga
and Bringi (1976) for rain rate estimation. Combining
reflectivity and differential reflectivity, Aydin et al.
(1986) derived a hail signal function (Hpr). The hail
probability increases with increasing reflectivity (larger
particle size) as well as with decreasing Zpg (spherical
or tumbling hailstones). Bringi et al. (1986a) found
their computations of linear depolarization ratio (LDR)
for graupel particles to fit the radar measurements in
convective clouds reasonably well. Hail size has been
inferred by Balakrishnan and Zrni¢ (1990b) by mea-
surements of cross-correlation between orthogonally
polarized radiation. Hail was further characterized by
Steinhorn and Zrni¢ (1989) using specific differential
phase (Kpg).
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The microphysical characteristics of hailstorms are
closely related to the dominant dynamical processes.
Foote (1985) presented a thunderstorm classification
with special focus on the hail processes. The dynamical
aspects were taken into account by structural and evo-
lutionary aspects of the storms. The number of cells
(unicellular or multicellular), cell lifetime, evolution-
ary patterns, and the organization of cells have been
used as ordering criteria. As a further refinement of the
classification scheme, the source of hailstone embryos
has been introduced. In a detailed case study of a Col-
orado hailstorm (Foote and Wade 1982; Heymsfield
and Musil 1982; Foote and Frank 1983), the radar echo
evolution, particle growth processes, and the airflow
were studied for a hailstorm that had some common
features with the storm investigated in this paper. We
present radar polarimetric measurements for a hail-
storm together with single-Doppler measurements and,
for the first time, discuss these data in the context of
hailstorm types and processes. Thereby, additional in-
sights into the microphysics of hail growth are ob-
tained. A hydrometeor classification scheme based on
Zpx and LDR is suggested, which is supported by scat-
tering computations. The radar data are further com-
pared with ground observations of hailfall. The mea-
surements were performed in summer 1990 by the po-
larization diversity radar (POLDIRAD) (see Schroth
et al. 1988) of DLR located in southern Germany.

Using numerical experiments Weisman and Klemp
(1982) have studied thunderstorm development under
different environmental conditions of buoyancy and
wind shear. A spectrum of storm types as inferred by
observations could be reproduced. Supercellular storms
found their model equivalent in the split-storm regime,
whereas the multicellular counterparts were simulated
by secondary storm evolutions. An ¢xamination of the
large-scale environment for the case studied here is
used to characterize the storm in the context of existing
classification schemes and to compare it with detailed
case studies of similarly typed storms.

2. The storm environment

For analyzing the storm environment we confine
ourselves primarily to conventionally available mete-
orological data. Additional information on the local
low-level winds is provided by the radar-derived wind
profile using velocity azimuth display (VAD) analysis
(Browning and Wexler 1968).

The general synoptical situation was characterized
by a moderate southwesterly flow aloft associated with
the eastern flank of a low pressure trough approaching
the observational area (southern Germany) from the
west. Under these circumstances synoptic-scale lifting
may help to destabilize the atmospheric stratification in
connection with the differential advection mechanism
(e.g., Barnes and Newton 1986). In accordance with
this model the storm discussed in this paper occurred
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in the warm sector air mass ahead of a cold front pass-
ing the observation site later at night associated with a
squall-line type of convective organization.

The main alpine ridge is roughly west—east oriented
at about 100 km south of the radar site. Under this
configuration, a lee cyclone had developed north of the
Alps, giving rise to easterly low-level winds in this re-
gion. With stronger gradient winds aloft, foehn situa-
tions may result from this kind of flow, especially in
wintertime, as described by Hoinka and Rosler (1987).

This situation is especially favorable for the devel-
opment of severe storms, as it produces (i) a great ther-
mal instability and (ii) strong wind shear accompanied
by a veering of the wind and shear vectors with height,
as can be seen from Figs. 1 and 2. The 1200 UTC (1400
local time) sounding at Munich is shown here. The
wind profile is a composite of the radio sounding and
a VAD radar analysis for the lowest 2.8 km above
ground, which had been taken closer to the storm when
it passed north of the radar site. The shear conditions
shown here also turned out to be typical for Alberta
hailstorms (Chisholm and Renick 1972). The sounding
(Fig. 1) shows that only a shallow surface layer is hu-
mid enough to initiate cumulus clouds. The lifting con-
densation level is at 1.66 km MSL, which corresponds
to 1.06 km AGL (above ground level) at the radar site
(600 m MSL). Cloud base at this level is rather warm
(15.2°C) and humid (12.9 g kg ™' water vapor mixing
ratio). At about 2.5 km MSL a shallow stable layer is
capping the boundary-layer air. This level also coin-
cides with the rapid change of the more or less contin-
uously veering wind vector in the lowest 1.9 km AGL.
This is not an artifact arising from the composition of
the wind profile from radar and radiosonde data. At
higher levels the air is much drier, especially between
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FiG. 1. The 1200 UTC 30 June 1990 sounding at Munich. Tem-
perature (solid line) and dewpoint (dashed line) are shown. Wind
barbs are indicated on the left margin.
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FiG. 2. Composite hodograph constructed from a VAD radar scan
at 1544 UTC used for the lowest 3 km AGL and the Munich sounding
taken for the higher levels. Dots mark indicated heights in kilometers.

4 and 8 km MSL. Wind velocities are generally in-
creasing slowly, whereas the direction is approximately
southwest at all heights above 2 km AGL.

Weisman and Klemp (1982) have characterized the
formation of different types of storms for various initial
conditions by a bulk Richardson number R, defined as
a buoyancy-to-shear ratio. The environmental condi-
tions for the storm studied in this paper lead to R = 41
for the modified wind profile (as shown in Fig. 2) and
to R = 47 for the original sounding of Munich. In these
calculations, the buoyancy term has been assessed from
the lifting condensation level. Using mean values for
the lowest 500 m above ground (as applied by Weis-
man and Klemp 1982) results in a Richardson number
of 12 because buoyancy is reduced considerably by the
strong humidity gradient at the ground. Such a profile
probably is not representative for the storm observed,
as cloud development would have been suppressed ac-
cording to the large negative buoyancy extending to
heights up to 1 km above cloud base.

Thus, R = 41 seems to be the most consistent and,
consequently, the most probable value that can be de-
rived from conventional data. This places the storm in
the transitional region from supercell or split storms
with small Richardson numbers to the secondary or
multicell storms with larger R. As will be discussed in
the following sections in more detail, the storm had
features characteristic of both regimes. It may be
termed a hybrid storm, comparable to the cases de-
scribed by Nelson and Knight (1987), Nelson (1987),
and Foote and Frank (1983).

3. The general evolution of the storm

The storm development can be characterized by
three phases: 1) the initialization phase, which lasts
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roughly until 1315 UTC, 2) the mature phase, from
1315 to 1455 UTC, and 3) the decaying phase.

The storms were initialized about 120 to 160 km
WNW of the radar site over hilly terrain of the Schwib-
ische Alb. The first cells formed a line configuration of
ordinary storms oriented along the mountain ridge from
SW to NE. At 1253 UTC the reflectivity pattern shows
four main centers (cells A to D, Fig. 3). The direction
of propagation is basically from the WSW, which cor-
responds to the direction of the midlevel winds. At
about 1258 UTC the cores of cells C and D merge and
continue their propagation as a common e¢cho mass,
whereas cells A and B decrease in intensity and dissi-
pate.

At 1315 UTC the reflectivity pattern has changed
substantially. A weak echo region { WER or W in Fig.
3) has formed SE of the reflectivity center. The WER
is bounded (BWER) by a ring of reflectivity values that

“are lower than those represented in Fig. 3. The direction

of storm propagation as shown in Fig. 4 deviates to the
right of the midlevel winds. This deviation increases
progressively with time rather than changing abruptly
with the appearance of the WER. A 40° shift to the
right of the initially WSW direction can be seen for the
period from 1300 to 1500 UTC, which is just between
the 30° to 50° deviation found by Chisholm and Renick
(1972) for multicell and supercell storms, respectively.
The storm speed as determined from the reflectivity
maximum of consecutive PPI scans does not show a
clear tendency but is characterized by large fluctua-
tions. This might be caused by different cell centers
accounting for the actual location of the maximum re-
flectivity, thus reflecting the storm’s internal unsteadi-
ness. A pronounced hook echo at lower levels cannot
be found for this storm. This indicates that the storm
did not develop a large mesocyclone, as is typical for
supercell storms. The circulation of the storm will be
discussed in more detail in the next section. An inter-
esting feature in this stage of development is the V-like
reflectivity pattern, which is most clearly seen from the
50-dBZ contour in the 1447 UTC PPI (Fig. 3).

At about 1500 UTC the storm began to decay. The
BWER had considerably weakened at 1509 UTC.

4. The storm’s flow field

For deriving the airflow pattern of the storm, we (i)
track individual radar reflectivity maxima on their way
through the storm system and (ii) use the single-Dopp-
ler measurements. These data enable us to construct a
conceptual model of the storm’s flow field. Thereby it
is possible to describe the polarimetric features in the
context of storm dynamics.

Storm development will be discussed during the tirne
where the most extensive polarimetric measurements
have been made. These include ‘‘time series’’ scans
(see Schroth et al. 1988) performed at 1438 and 1457
UTC. Specifically, we discuss cell tracks from just be-
fore the time series scans.
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Fi1G. 3. Evolution of the storm’s reflectivity pattern: 40-, 50-, and 60-dBZ contours are shown for different times at those
elevations demonstrating most clearly the weak echo structure (W). Tracks of four different reflectivity centers (A to D) at 2.2°
elevation as well as their position at 1253 UTC (X ) are indicated. The position of the gust front G as marked by a thin line echo

at 1509 UTC is also indicated.

The storm-relative tracks of six different cells are
shown in Fig. 5. A cell is defined by the echo mass
within a closed contour of radar reflectivity containing
a local reflectivity maximum. We note three principal
paths: 1) cells 1 and 2 are traveling from south to north
on the rear (western) flank, 2) cell 3 representing the
main storm core is following an anticyclonic path, and
3) cells 4, 5, and 6 move south—north on the front
(eastern) storm flank. From Fig. 6 we see cells 1 and
2 in a decaying stage. The reflectivity maxima decrease
in intensity as they descend to the ground. Cell 3 is also
slowly descending, but its reflectivity does not decrease
substantially. It corresponds to the storm’s main pre-
cipitation fallout. Cells 4, 5, and 6 are in their devel-
oping stage, as can be seen from the generally increas-
ing reflectivity values. The height of the maxima be-
tween 7 and 8 km is also indicative of developing
precipitation, whereas cells 1, 2, and 3 are found at
substantially lower levels.

This general flow pattern is substantiated by the dis-
tribution of the radial velocities as obtained from the
single-Doppler measurements. From these fields areas
of radial convergence and divergence can be identified
as possible regions of updrafts or downdrafts. Further-
more, a rotational flow is indicated by azimuthal shear.
Supplementary information was provided by visual ob-
servation of the storm. New cell growth and an over-
shooting cloud top were noted on the southern flank as
well as an anvil extending into northerly directions.

To describe the airflow in a storm-relative frame-
work the mean storm velocity of 11.4 m s~' from 285°
is subtracted from the ground-relative values. Figure 7
shows the storm-relative Doppler velocities for three
different elevation angles and for a vertical section at
constant azimuth. Selected reflectivity contours have
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FIG. 4. Speed and direction of storm propagation. Solid line shows
the direction from which the storm (center of cell C) is moving.
Dashed line shows storm speed.
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FIG. 5. Storm-relative tracks of six different cells during the period
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tivity maxima are shown as a horizontal projection. Radar reflectivity
contours for 1424 UTC at a height of 6 km are superimposed. The
bounded weak echo region is marked by W.

been superimposed. The arrows indicate possible
streamlines consistent with the velocity measurements.

The low-level flow (Fig. 7a) is characterized by an-
ticyclonic rotation in the southern parts of the storm.
Positive velocities (away from the radar) are found in
the western parts with maximum values at the south-
western edge. This picture is in accordance with the
south-to-north movement of cells 1 and 2. Negative
velocities prevail in the central parts of the radar echo
with a minimum at the southeastern edge partly coin-
ciding with the high-reflectivity core (>60 dBZ) and
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extending into the region of strong reflectivity gradient.
The motion of cell 3 supports this anticyclonic rotation
within the high-reflectivity center. The vertical section
in Fig. 7d along line A—B suggests that this region is
the main downdraft area. The largest negative veloci-
ties may be connected to the deflection of the downdraft
at the ground contributing to the low-level outflow cir-
culation. Positive values of radial velocity are found at
the eastern flank of the storm. This is in accordance
with the lower parts of cells 4, 5, and 6 traveling to
the NNE.

At midlevels (Fig. 7b), the main flow features are
still quite similar to those at low levels except that (i)
the anticyclonic rotation in the high reflectivity zone
has weakened, (i1) a weak echo region (WER) is pres-
ent at the southeastern edge of the storm, and (iii) cy-
clonic rotation can be seen at the southeastern edge of
the WER. Most probably, the WER is the location of
the main updraft. Because of the high updraft speeds
not many precipitation particles are found in this zone.
The southeastern part of the WER is characterized by
a small center of cyclonic vorticity.

At upper levels (Fig. 7c) the flow is characterized
by a diverging pattern with an embedded smaller-scale
rotational feature. Its position is directly on top of the
WER and possibly marks the location of the main up-
draft.

Thus, the cell development as well as the flow struc-
ture discussed so far suggest a region of growing cells
associated with updrafts around the southern periphery
of the storm. The main updraft is probably located at
the southeastern storm flank within the WER. Most of
the precipitation growing at its fringes and top does not
penetrate down to the 5-km level. Moreover, it is car-
ried around the main updraft at the storm’s western
(cells 1 and 2) and eastern (cells 4, 5, and 6) flanks,
or it is crossing the main updraft core at higher levels
and subsequently falling down close to the updraft core
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F1G. 6. Maximum radar reflectivity (a) and its height above ground (b) for the cells shown in Fig. 5.
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FiG. 7. Storm-relative Doppler (radial) velocity v, (shaded areas), reflectivity contours (solid lines) labeled in dB, and possible streamlines
(solid arrows) as suggested by the v, field. A radar-centered spherical coordinate system is shown as an overlay. Radial distances are indicated
in km. Storm scans at 1430 UTC are shown at different elevation angles of (a) 1.6°, (b) 4.9°, and (c) 8.2°. In (d) a vertical section taken at
1435 UTC is presented. Taking into account the storm advection, the vertical scan corresponds to a section along A-B in (a)—(c).

at its northwestern side (cell 3). These principal pat-
terns are similar to those found by Browning and Foote
(1976) for the Fleming storm.

Regardless of the cellular character of the storm, the
low- and midlevel radar echo exhibits a persistent V-
shaped structure. It is clearly seen from the 45-dBZ
contour line in Figs. 7a and 7b. The echo is likely to
be produced by the cells traveling from south to north
on both sides of the storm. Attenuation effects cannot

explain the V-shaped reflectivity pattern because the
orientation of the V is mostly such that the reflectivity
decreases and subsequently increases again with range
(e.g., Fig. 8).

The flow structure shown in Fig. 7 is only a snapshot
in the overall storm development, but many features re-
main essentially unchanged, at least during the half-hour
of observation time to be discussed in the following.
Some small-scale features have more or less a transient
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FIG. 8. Reflectivity Zyy (a), differential reflectivity Zpg (b), linear depolarization ratio LDR (c), and hydrometeor type (d) at
1450 UTC for 1.7° elevation, corresponding to about 1.8 km AGL at the storm’s center.

nature. These are connected to the cellular structure, es-
pecially in the region of new updraft growth. Here sev-
- eral transient weak echo regions develop in sequence
[discussed as discrete propagation by Foote (1985)].
This may indicate a multiple-branch updraft structure.
These updraft regions sometimes show cyclonic rota-
tion. According to the storm’s unsteadiness, this rotation
could not be detected permanently. Nevertheless, it
might have been present in the echo-free zones. But the
storm did not develop a large mesocyclone as is typical

for supercells. One reason might be the relatively low
cloud base. As can be concluded from Fig. 2, there is
not much shear below cloud base. Therefore, we would
expect that little horizontal vorticity will be tilted into
the vertical, causing the updraft to rotate.

5. Microphysical interpretation of polarimetric
radar parameters

The polarimetric signatures of precipitation are,
among others, dependent on the size, shape, thermo-
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dynamic phase, and tumbling behavior of the individ-
ual particles present in the observed volume. In this
study, the following parameters are examined in more
detail.

1) The differential reflectivity Zpg, defined as
_ Zuy .
Zpr = 10 log{ =—— [in dB],
ZVV

where Zyy is the reflectivity factor for horizontally (H)
or vertically (V) transmitted (first index ) and received
(second index ) waves. In this study we are dealing with
linear polarization exclusively.

2) The linear depolarization ratio LDR, where

LDR = 10 log(zﬂ) (in dB].
ZHH
3) The specific differential phase Kpp
2
Kpp = . Ref [fium(D) — fv(D)IN(D)dD
0

[in degkm™'],

where k, is the free-space propagation constant, fy;; and
fvv are the forward-scatter amplitudes at horizontal and
vertical states, and N( D) is the number density function
of particles of size D.

4) The cross correlation pyv,

J‘SHH(D)Sév(D)N(D)dD

Puv =
[f | Sun(D)|’N(D)dD

1/2
X f lva(D)IzN(D)dD]

in which Sy and Syy are the backscatter amplitudes at
horizontal and vertical states, and the asterisk denotes
complex conjugation.

It 1s not possible to derive all the microphysical in-
formation about particle distribution, phase, or type
from these parameters alone. But a rough estimation of
the prevailing particle type and size can be inferred, as
has been shown in previous studies. Most of these stud-
ies have been done for 3-cm (X-band) or 10-cm (S-
band) wavelength radar. Only a few deal with the 5-
cm (C-band) wavelength, which is relevant for this pa-
per. There are pronounced differences in backscattered
signals for the different wavelengths as the precipita-
tion particles may have dimensions comparable to the
wavelength used (Mie scattering). Indeed, these dif-
ferences have been successfully applied to hail detec-
tion in terms of the dual-frequency ratio (e.g., Bringi
et al. 1986b).

The differential reflectivity Zpg is a measure of the
preferred orientation of nonspherical hydrometeors as
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well as of their mean axis ratio. Positive (Zyy > Zyv)
or negative (Zyy < Zyy) values result from a preferred
horizontal or vertical alignment of the larger axis of the
particles. Positive values of Zpg are caused by the ob-
late shape of raindrops whose major axes are highly
oriented horizontally. Seliga and Bringi (1976) have
demonstrated the use of differential reflectivity for rain
detection. Good estimates of rainfall rate could be ob-
tained by Zyy and Zpx measurements. Negative values
of Zpr can arise from large oblate hailstones with their
major axis aligned around the vertical. Aydin et al.
(1986) introduced a hail signal function Hpg for dis-
criminating hail from rain. Two parameters were used:
reflectivity and differential reflectivity. Based on dis-
trometer data a separation line between rain and hail
was defined. Here Hpg has proved to be a good indi-
cator for hail, especially below the melting level (e.g.,
Bringi et al. 1986b).

As Zpg, LDR is another measure of the preferred
orientation of nonspherical hydrometeors. But it exhib-
its a different canting angle dependence as Zyy is very
low for horizontally or vertically oriented particles and
increases to maximum values for canting angles of 45°
(for axisymmetrical particles ). Moreover, LDR shows
a much more pronounced response to hydrometeor
variability than Zpg does. This specifically holds for ice
particles. Therefore, LDR is especially useful for de-
tecting graupel and hail above the melting level (e.g.,
Jameson and Johnson 1990). Furthermore, wet ice par-
ticles (melting or growing in the wet mode) can lead
to an increase of LDR due to the enhanced refractive
index of water as compared to pure ice. Bringi et al.
(1986a,b) presented calculations of Zpr and LDR for
graupel and hail particle distributions and found good
agreement with radar measurements for convective
storms. The investigations reported on so far have been
performed for 3-cm or 10-cm wavelengths. Calcula-
tions of polarimetric observables as well as radar mea-
surements for 5 cm can be found in Bringi et al.
(1991), Meischner (1990), Meischner et al. (1991),
Vivekanandan et al. (1990), and Aydin et al. (1991).

The specific differential phase Kpp 1s, like Zpg, de-
pendent on particle shape. But, in a mixture of statis-
tically isotropic and anisotropic particles (like tumbling
hail or rain, respectively), it is affected by the aniso-
tropic hydrometeors (rain) only (Balakrishnan and
Zmié 1990a). Therefore, KDP can be used to estimate
the rain part in mixed phase precipitation.

The cross-correlation pyy between co- and cross-po-
lar echoes at zero time lag is also dependent on the
characteristics of the hydrometeor distribution. This pa-
rameter is useful for characterizing the homogeneity of
a mixture of hydrometeors (Balakrishnan and Zmnié
1990b). Large values of puy, close to unity, can be
expected for a highly oriented medium with only little
variation in the canting angle distribution of one type
of particles (as for pure rain). On the other hand,
a mixture of different types or shapes of particles
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or irregularities in shape cause a decrease of ppy
values.

Since most of the radar data available for the storm
considered provide us with Zyy, Zpr, and LDR, we use
these parameters for investigating the time evolution of
precipitation. For this purpose an interpretation scheme
exclusively based on these polarimetric measurables is
derived in the following. For selected RHI scans of
time series additional parameters like KDP or pyy are
available.

The investigations reported on represent the database
of polarimetric parameters available so far for the in-
terpretation of the measurements obtained for the hail-
storm studied here. Therefore, we are using these data
as a general outline for a microphysical interpretation.
On the other hand, the radar data are checked for char-
acteristic structures in Zpg—LDR space consistent with
the theoretical considerations. Here Z,y; is not used for
purposes of classification as it strongly depends on
maximum particle size as well as particle concentra-
tion. The following scheme of interpretation was de-
rived in a semiempirical manner. A summary is given
in Table 1. Preferably, calculations performed for 5-cm
wavelength were considered.

1) Small raindrops (diameters << 1 mm) are nearly
spherical in shape or only slightly deformed, resem-
bling oblate speroids, the major axis being horizontally
oriented (Pruppacher and Klett 1978). Therefore, Zpg
is only slightly positive (<1 dB) and LDR is very low
(< =35 dB). As small graupel or snow can produce
the same Zpr—LDR characteristic, we use the height of
the melting level as deduced from an environmental
sounding for discrimination.

2) With increasing size large raindrops (diameter
> 1 mm) become more and more deformed, resem-
bling oblate spheroids with flat bases (Pruppacher and
Klett 1978). The drops are falling more or less aligned
with their major axis horizontally. As compared to the
small raindrops, larger positive values of Zpg can be
expected. For the purpose of this study, we choose Zpg
= +1 dB as a boundary for distinguishing small rain
from large rain hydrometeors. Scattering calculations
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for raindrop distributions have been presented by
Meischner (1990) and Bringi et al. (1991). The results
show that Zpr = 1 dB corresponds to a median volume
diameter of the drops of about 1.25 mm for an expo-
nential size distribution. In the small raindrop range
LDR is less that about —35 dB. With increasing drop
size and oblateness LDR increases too as the drops are
assumed to be canted by a few degrees relative to the
horizontal. An upper limit of —25 dB has been assumed
for LDR of rain, as higher values could also be caused
by mixtures of hail and rain.

3) Snow or small, dry graupel is characterized by
Zpr around 0 dB (for discrimination from rain an upper
boundary of +1 dB is chosen) and very low LDR. This
is caused by tumbling motions of snowflakes or riming
graupel, which might have conical shapes. Prolate
shapes can also cause slightly negative Zpr values.
Bringi et al. (1986a) have shown computations for
conical graupel as well as radar and aircraft measure-
ments.

4) If the graupel particles are growing in the wet
mode or are melting, they become covered by a layer
of liquid water or may soak the liquid into their interior.
For such particles LDR becomes higher than for dry
graupel. LDR may also increase with increasing grau-
pel size as these particles intensify tumbling. The
transition to small hail sizes is also included here.
Again, calculations of the polarimetric parameters
of melting graupel are presented in Bringi et al.
(1986a).

5) Even though hailstones may be quite irregularly
shaped, they often can be approximated by oblate
spheroids. Hailstone shape factors (ratio of minimum
to maximum dimension) show a generally decreasing
trend with increasing maximum dimension (Knight
1986). During free fall the stones tumble, rotate, or
gyrate, causing Zpg to be relatively small (-1 dB
< Zpr < +1 dB). According to the preferred orien-
tation, Zpg is positive or negative. As hailstones have
dimensions comparable to the wavelength used (5 cm),
resonance effects in the Mie scattering regime can even
reverse this general trend. Scattering calculations

TABLE 1. Empirical interpretation scheme used for hydrometeor discrimination in Zpg-LDR space. Hyg,r is the height
of the melting level. Zpg and LDR in decibels.

Hydrometeor type Symbol Parameter range

Small raindrops r Zpr < +1 LDR < —35 H < Hygq
Large raindrops R Zpg = +1 LDR < —-25

Graupel (dry, small), snow S Zor < +1 LDR < —35 H > Hygir
Graupel (wet, melting, small), G —1 < Zpg < +1 —35 <LDR =< -25

Graupel (dry, large), hail (dry, small)

Hail (dry) H ~1 < Zpg = +1 -25 <LDR = —-20

Hail (wet) HW ~1 < Zpg = +1 —20 < LDR < —15

Large wet hail (spongy or water shell) HLW Zor < +1 LDR > —15

Rain + small hail (wet) RH Zog = +1 —25 < LDR =< -20

Rain + large hail (wet) RLH Zpr = +1 LDR > -20
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shown by Meischner (1990) or Aydin et al. (1991)
demonstrate these effects. As compared to the graupel
particles, LDR increases further if dry or even wet hail-
stones are present. The largest values can be expected
for particle distributions containing a relatively high
concentration of large particles. As a general guideline
for the hydrometeor classification, we have used cal-
culations based on (exponential) size distributions of
the particles. The results of Aydin et al. (1991) have
shown that LDR is a much better indicator of hail wet-
ness than Zpg can be. Therefore, in this study wet hail
is discriminated from dry hail by an LDR criterion (see
Table 1) allowing Zpg to vary between —1 and +1 dB
in both cases. Aydin et al. (1991) also show that ap-
preciable deviations from these results can be expected
for monodispersed hail due to resonance effects. For
instance, Zpg varies considerably with hail size. Neg-
ative values well below —1 dB and positive values well
above +1 dB both are possible. These deviations are
even more pronounced as the hail melts. Wet or melting
hail can cause large negative values for equivolume
spherical diameters of around 2.5 cm and large positive
values for diameters around 1 cm. Meischner et al.
(1991) obtained a maximum Zpi of 9 dB for a single
melting ice core surrounded by a water shell of initially
7.3 mm in diameter. In the present classification
scheme negative Zpy is attributed to the large and wet
hail category, whereas the large positive values are as-
sumed to occur in mixed phase precipitation (melting
hail mixed with rain).

6) Mixed phase precipitation is assumed to be rep-
resented by transitional values from the dry ice par-
ticles to the rain medium. As graupel particles will
probably melt relatively quickly into raindrops, we
consider only rain—hail mixtures. For simplicity, we
assume the mixture to be characterized by Zpg values
in excess of +1 dB. LDR is used as a measure of hail
size in a mixture.

It should be emphasized that the interpretation of the
polarimetric parameters presented here does not cover
all of the possible hydrometeor types in a convective
storm. For instance, melting snow, which can produce
the well-known brightband effects (enhancing the pa-
rameter values), is not taken into account. In this case
the two-parameter scheme will show ambiguities as the
expected Zpz and LDR values would also result from
hail or mixed phase precipitation. But, as brightband
phenomena appear only rarely in strong convective
cells, they do not affect the interpretation to a large
extent, at least for the storm discussed in this paper.

The data presented here have not been corrected for
attenuation effects. Attenuation and differential atten-
uation can be expected to be important for significant
rain paths of the radar beam. The hydrometeor classi-
fication scheme does consider this by ignoring those
values located to the rear of high Z,z regions. More
details will be given in section 8. But measurements of
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the hail growth zones, which are the main focus in this
paper, are not affected severely by attenuation. This is
due to the lack of appreciable amounts of interlaying
precipitation on the path to the radar.

The classification given above should be looked
upon as a qualitative tool for interpretation of the hy-
drometeor types in a hailstorm. Due to the lack of in
situ verification as well as more complete scattering
calculations, there is still a high degree of subjectivity
in the definition of the particle categories and the sep-
arating boundaries between them. The inclusion of the
additional polarimetric parameters discussed above
does refine the general picture described here. We will
demonstrate this for some selected radar scans in the
following.

6. Polarimetric and microphysical characteristics of
the storm

We discuss now the polarimetric characteristics of
the storm and give a microphysical interpretation in
terms of particle types. The evolution of the storm in
connection with the flow structure presented above al-
lows some conclusions about the relevant microphys-
ical processes.

Figures 8 through 10 show Zy;;;, Zpr, LDR, and the
inferred hydrometeor type for different elevations.
Concerning Zpg, two dominant features can be noted
in the high-reflectivity region at the lowest elevation:
(a) a zone of high Zpg values (up to about 6 dB) at the
leading edge of the storm and (b) the low Zy values
(< +0.5 dB) associated with the reflectivity maximum
(>60 dBZ). In region (a) the LDR values are rela-
tively low, whereas very high LDR values (up to 11
dB) are correlated with the high reflectivity and the low
Zpy values in region (b). The microphysical interpre-
tation of these data is shown in Fig. 8d. A core of large
and wet hail is surrounded by other types of hydro-
meteors. Pure rain can be seen at the southeastern flank
of the storm. The main hail shaft coincides with the
storm’s maximum downdraft and west to northwesterly
relative winds. The rain and mixed phase precipitation
at the south and southwestern edge of the storm are
falling through the updraft air, which is entering the
precipitation field from the southeast. Thereby it is sug-
gested that the particles in this region originate from
higher levels rather than from the main precipitation
shaft.

At midlevels (Fig. 9) the region of high Zpg values
is still present but has decreased considerably in its hor-
izontal extent. It is located at the southeastern flank of
the storm’s high-reflectivity region. This corresponds
to the northwestern side of the WER as well as to the
growing cell region at the storm’s southwesterly flank.
In these zones LDR has relatively low values (—35 to
—30 dB) as compared to the other regions of the storm
(maximum of about —15 dB in the high-reflectivity
region). Rain and rain mixed with small hail are ana-
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FiG. 9. Reflectivity Zyy (a), differential reflectivity Zpg (b), linear depolarization ratio LDR (c), and hydrometeor type (d) at 1450 UTC
for 4.1° elevation, corresponding to about 4.0 km AGL at the storm’s center. WER indicates the weak echo region.

lyzed for the high-Zpg region. Hail is inferred in the V-
like pattern with an embedded core of wet and even
large wet hail. This pattern is surrounded by a large
region of graupel. As in the lower levels, the flow in
the new cells is from the south to southeast and is gen-
erally embedded in the updraft zone, whereas the rain
at the edge of the main storm core is in the transitional
zone from downdraft to updraft in a horizontally con-
vergent wind field.

At high levels (Fig. 10) Zpg is scattered around 0
dB, showing no coherent structure. LDR is positively
correlated with the reflectivity. These patterns are in-
dicative of a core of hail to the south and an anvil region
of graupel to the north.

The vertical structure of the polarimetric parameters
is shown in Fig. 11. The scan has been taken about 10
min prior to the PPI scans used for constructing the
horizontal sections. The reflectivity structure clearly
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shows the region of overhanging echo extending from
a height of 4 km at a distance of 55 km to a height of
9 km at a range of 60 km, corresponding to cells 6, 7,
and 8. Another zone of high-reflectivity values marks
a decaying cell centered at a range of 58 km near the
ground. A weak echo region (WER ) is separating these
maxima. The decrease in reflectivity at very low
heights is caused by a beam blockage effect from trees
and hills in the vicinity of the radar.

Positive values of differential reflectivity correlated
with low LDR can be seen in the lower regions of the
reflectivity overhang up to 3 km AGL, in the WER and
at the edge of the main precipitation shaft. These zones
are analyzed as rain regions (Fig. 11d). The Zyy values
around 0 dB are prevailing in all other regions. Closer
examination reveals a positive Zpg column with the 0.5-
dB contour extending to 5 km. The column location
appears to be at the intersection of the main updraft and
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downdraft. Possibly small melting hailstones, graupel,
or raindrops are recirculated into the updraft. The melt-
ing ice particles appear oblate in shape like a raindrop
with an inner ice core.

The combination of high Zyy; and Zpg =~ 0 dB within
the main precipitation shaft indicates hail. The Ky,p data
show values close to zero in this region, suggesting
precipitation is dominated by hail with negligible rain-
fall rate. In this region high LDR (> —19 dB) and low
puv are found. This combination of high Zyy with Zpg
and Kpp around 0, high LDR, and low pyy can be com-
pared with the scattering model calculations of Aydin
and Giridhar (1991), based on the hail melting model
of Rasmussen and Heymsfield (1987a,b) and the En-
glish and Cheng (1984) exponential hailstone size dis-
tribution. Such a comparison indicates that the median

volume diameter D, of the exponential hail size distri-
bution within the observed shaft could be rather large,
in the range 15-25 mm.

Another region of enhanced LDR (--23 to ~17 dB)
can be found aloft above the WER where Zyy is slightly
negative (—0.5 to 0 dB) and pyv is high (up to 0.98 at
arange of 56.8 km and height 6.5 km). This is a region
of hail growth (graupel and small hailstones) domi-
nated by one kind of particle type rather than a mixture
of different particle types. Such a mixture as charac-
terized by lower values of pyy can be found within the
main precipitation shaft.

The two-way differential propagation phase Ppp,
from which Kpp is derived, was found to be very smail
(~10°), even through the main precipitation shaft. The
maximum Kpp was around 1° km™" at range 62 km and
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height 1.2 km, that is, NW of the main precipitation
core. It may be inferred that the maximum rainfall rate
at this time was no more than around 20 mm h™', in-
dicating that the storm was an efficient hail producer.
In the new cells LDR varies around —30 dB, increas-
ing with increasing reflectivity with values up to —17
dB in the main overhang. Even higher values of LDR
(—14 dB) can be found in the main precipitation shaft
below 3-km height. This is interpreted as a core of hail
embedded in the graupel region of a new cell and a
decaying hail cell releasing melting hail to the ground.
The horizontal and vertical structure of the storm
discussed in this section again is representing a snap-
shot in the life cycle of the storm. But many features
of the flow field as well as of the polarimetric charac-
teristic are quasi-steady. Among those features are the
anticyclonical rotation of the updraft—downdraft pair
at the southwestern side and the presence of raindrops
at the edge of the reflectivity core and in the new cells
to the southwest. The more or less transient features of
the storm are associated with its cellular structure. But,
because of their transient nature, they allow tracking
evolutionary processes of the particles contained in
them. This will be shown in the following section.

7. Discussion of particle growth

The microphysical processes determining the growth
of precipitation particles will be discussed in this sec-
tion as far as they can be inferred from the polarimetric
measurements. Among these processes are the initia-
tion of precipitation (liquid or ice processes), the sub-
sequent growth of graupel and hail, shedding of drops
from hail, melting of ice particles, and recirculation
processes of raindrops.

For deducing these characteristics of particle growth,
it is essential to assess the conditions under which this
growth takes place. For this purpose we make use of a
simple parcel model of a one-dimensional vertical as-
cent of cloudy air. Using the environmental sounding
for obtaining the initial conditions at cloud base, the
vertical equation of motion and the thermodynamic
equation are solved for updraft velocity and cloud tem-
perature. Droplet and ice particle spectra are computed
by considering microphysical processes like coales-
cence, freezing, and riming. Details of the model are
described in Holler (1983, 1986). Figure 12 shows ver-
tical profiles of temperature and updraft velocity. More
details of the model results will be given in the follow-
ing discussion.

The evolution of precipitation with time can be in-
ferred from a series of RHI scans through the storm’s
core, as shown in Fig. 13. Here we concentrate on the
growth of the large hailstones finally falling out in the
high reflectivity zone adjacent to the weak echo region.
For this purpose we follow the evolution of cell 6.

A crucial point for precipitation development is the
initialization phase. Principally, liquid and ice phase
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FIG. 12. Vertical profiles of cloud temperature and updraft velocity
as obtained from one-dimensional cloud model computations.
Heights refer to sea level.

processes must be considered. Collision and coales-
cence of water drops might lead to rain formation with-
out the ice phase being involved. On the other hand,
ice particles grown by nucleation can rime in the pres-
ence of small cloud droplets and finally reach graupel
or even hail sizes. The subsequent melting of ice can
produce raindrops.

Cell 6 developed between 1425 and 1430 UTC from
a very weak first echo at 4 to 6 km AGL to a 40-dBZ
core extending from 4 to 8 km AGL at the southern-
most edge of the storm. The initial stages of the newly
grown cells with reflectivities up to about 20 dBZ typ-
ically have LDR values not exceeding —30 to —25 dB
while Zpg is approximately O dB. In this stage of de-
velopment small raindrops (drizzle ) cannot be discrim-
inated from snow or small graupel particles by radar
measurements. Both types of particles would be con-
sistent with these measurements. If rain were present,
the polarimetric values would indicate drops with di-
ameters less than 1 mm. This also holds for the sub-
sequent development of precipitation. LDR increases
(up to —25 to —23 dB) with increasing reflectivity (30
to 40 dBZ) but Zyg does not change, basically fluctu-
ating around 0 dB and thus indicating the presence of
graupel. These observations are still consistent with
two possible scenarios: (i) raindrops grow by coales-
cence to drizzle drop sizes and freeze, their diameters
in the supercooled stage not exceeding 1 mm, or (ii)
graupel form by riming of ice crystals initialized by
vapor deposition. Precipitation particles grown in either
of these two paths then grow further into larger graupel
or hail by coalescence with water drops.

For assessing which of the two possible scenarios of
precipitation initialization is more probable to occur
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under the given cloud environment, we inspect the tem-
perature range in which these processes are operating.
From Fig. 12, we note that the in-cloud melting level
(0°C) is at 4.3 km MSL (3.7 km AGL), the —10°C
level at 6 km MSL (5.4 km AGL), the —20°C level at
7.2 km MSL (6.6 km AGL), and the —40°C level at
9.7 km MSL (9.1 km AGL). From the development of
a first echo from cell 6, but moreover from other cells
that are covered by radar measurements just after the
formation of precipitation, we can roughly estimate the
level of precipitation formation to be located at 5 km
AGL (or 5.6 km MSL). Temperatures here are as low
as —10°C. Following the results of Pitter and Prup-
pacher (1973), the median freezing temperatures of
drops of 1 mm in diameter are ranging from --28°C to
—15°C, depending of the purity of the water. Thus, the
coalescence—freezing hypothesis does not seem to be
consistent with these data, suggesting that the subli-

mation—riming process of ice crystals is responsible for
precipitation formation.

Some further indirect evidence for an ice phase ini-
tialization is given by the occurence of big drops in
other parts of the storm. Large supercooled raindrops
never did appear in the center of the new cells, a fact
which could be explained by freezing of these drops
well before reaching larger sizes as discussed above.
Since such a freezing process had to be finished at
around 5-km height, large drops, characterized by high
Zpr values, should not appear at these heights or even
higher up in the storm. In contrast, large drops were
detected up to 6 km AGL, but in the main updraft re-
gion only where we expect temperatures down to
—15°C. These drops, which should exceed 1 mm in
diameter, were observed at heights well above the level
of echo formation in the new cells. These polarimetric
features suggest that large supercooled drops associated
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with Zpg values larger than 1 dB did not freeze until
reaching the —15°C level within the main updraft.
Therefore, it seems unlikely that smaller drops, which
might have been formed in the new growing cells,
would freeze at even higher temperatures (—10°C) at
lower heights because the freezing temperatures of
drops generally increase with increasing drop size. If it
is assumed that the spectra of ice-forming nuclei are
the same within the main updraft and the newly grow-
ing cells, it must be concluded that cloud droplet freez-
ing was not the precipitation initialization process.

The question of the origin of large drops still remains
to be explained. Consistent with the Doppler data (Fig.
7), the main source of large drops in the weak echo
region is the melting of graupel formed in the new
growing cells, falling below the melting level, and then
being recirculated in regions of higher updraft speeds.
This process is clearly recognizable in Fig. 13b for cell
6 as well as in the schematic diagram of Fig. 14. From
the young cells close to the radar (cell 6 in Figs. 13a,b
and region G in Fig. 14b), graupel are falling down to
the melting level at about 4 km AGL. The drops in
region R, of Fig. 14 are advected horizontally toward
the storm’s center (dashed arrows, Fig. 14b). The
larger drops falling in weak updraft continue to fall
downward (lower dashed arrow), while some of the
drops may penetrate into regions with higher updraft
speeds where they can be lifted to higher altitudes in
the main updraft zone (upper dashed arrow ). Here they
can be detected as part of the forward flank overhang
as well as in the weak echo region (W in Fig. 14b).
These processes are characteristic of the rear flank (to
the southwest) of the storm’s updraft zone.

In the main updraft region the graupel particles are
not able to penetrate downward as far as they did on
the southwestern flank. At 1432 UTC the tip of the
forward flank overhang is not a very productive source
of large drops, even though drops are present in the
adjacent weak echo region. These drops may have orig-
inated from graupel melting in the main updraft where
the freezing level is expected to be located at a some-
what higher altitude than in the surrounding air of the
feeder cells, which is probably influenced by mixing
with cooler environmental air. Since the main updraft
region might be unmixed, very high liquid water con-
tent (LWC) can be expected, especially in the weak
echo region which is not influenced by depletion of
cloud water by accretion. Cloud model computations
for the adiabatic case (no mixing with environmental
air) result in water content of 5 g m™ at the freezing
level and 5.5 gm™ at the —20°C level. Relatively
warm temperatures and high liquid water content rep-
resent conditions most favorable for wet growth of hail-
stones. Following the computations of Bailey and
Macklin (1968), hail of all sizes is expected to grow
in the wet mode at nearly all temperatures from the
melting level up to the homogeneous freezing level at
about —40°C, located at about 10 km AGL for the adi-
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abatic case. Precipitation particles falling through the
updraft under these conditions occasionally produce
Zor values in excess of 6 dB, indicative of large drops
having an ice core inside.

Higher up in the main updraft region mostly graupel
or hail particles are present (region H in Fig. 14). This
has already been demonstrated by Fig. 11 in the pre-
vious section. Cell 6 is shown here reaching cloud top
and developing a reflectivity core in excess of 60 dBZ
at a height of 8 to 9 km (Figs. 11a, 13d). This core is
nonhomogeneous, as far as its microphysical compo-
sition is concerned. LDR increases steadily from the
outermost to the innermost (adjacent to the WER) parts
(Fig. 11c). This can be interpreted as a transition from
graupel to hail particles. The growth of large hail is
favored in the vicinity of the WER. Close to the center
of the WER, as well as to the same extent inside the
WER, hail grows in the wet mode (region HW in Fig.
14a). Obviously, large hailstones (in low concentration
because of the low reflectivity ) are growing in a region
of high liquid water content, whereas graupel or small
hail (in higher concentration) is present in the areas
surrounding the main updraft. The orientation of the
WER in the vertical is indicative of the inclination of
the updraft in the vertical. Therefore, hail embryos can
be advected horizontally across the updraft into the
WER where further growth into large hail can occur.

A decaying older cell is also seen (Fig. 11 at 56- to
61-km range) releasing its precipitation to the ground.
Melting hail is probably the dominant type of precipi-
tation here (WH in Fig. 14) based on the relatively high
values of LDR and Zpg around 0 dB. An exception is
the zone located closest to the radar at 56 to 57 km. It
is likely composed of rain (R, in Fig. 14) as indicated
by low LDR and high Zp values. Such a microphysical
structure of the precipitation shaft may be explained by
a size sorting in the horizontal wind field associated
with the downdraft. Because of its higher terminal ve-
locity, hailstone trajectories (right dotted arrow in Fig.
14b) are oriented more vertically than those of rain-
drops (left dotted arrow Fig. 14b). The rain might have
originated from melting of graupel or smaller hail. This
feature is more or less a persistent one and is charac-
teristic for the structure of the main precipitation shaft
at low levels. In combination with the raindrops aloft,
which have their origin in recirculation processes, these
drops often form a coherent zone (R, + R, in Fig. 14)
of large drops filling the WER at least in its lower parts.
At higher levels the drops may be supercooled. With
still increasing height this zone is bounded by a region
of wet growing hail. From Figs. 11 and 13, it is sug-
gested that these hailstones originate from those grow-
ing in cells 6, 7, and 8 aloft and subsequently crossing
the main updraft. But it is also possible that at least
some of the wet hail arises from the freezing of super-
cooled raindrops.

The release of precipitation from cells 6, 7, and 8 is
shown in Fig. 13e at 1445 UTC. Cell 6 is already in its
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decaying stage; cell 7 is more or less in a mature stage,
reaching maximum height but already accompanied by
the fallout of hail to the ground. Cell 8 is still growing,
the WER being associated with it at this time. The hail
that grew in cells 6 and 7 is now hitting the ground at
a range of about 55 km, close to the forward edge of
the storm (see Fig. 15 for ground truth). This hail is
only preceded by a relatively narrow rain region as-
sociated with the high Z,; region (as in Figs. 8b or
11b). At longer ranges hail becomes more and more
mixed with rain, again reflecting a size sorting of hy-
drometeors by the wind field as the smaller particles
released from cell 6 melt before reaching the ground.

At 1448 UTC (Fig. 13f) cell 8 has intensified further
in its forward-flank overhanging part. The WER is rel-
atively narrow and extends up to about 7 km AGL. A
column of wet hail extends from 7 km down to the
ground.

8. Verification of the microphysical interpretation

Some interpretation of the polarimetric data pre-
sented in the previous sections can be substantiated by
observations of hail damage at the ground. The data
were provided by hail insurance companies, and these
observations form a relatively dense ground-based net-
work. Figure 15 shows the hailswath extending about
120 km in length from west to east with a width varying
between 5 and 14 km. Contours with different degree
of hail damage are shown. The particle categories (Ta-
ble 1) containing hail are grouped as follows: (G) large
graupel or small hail (as G in Table 1), (SH) small
hail mixed with rain (as RH in Table 1), (IH) hail of
intermediate size (dry and wet, H + HW in Table 1),
and (LH) large hail mixed with rain as well as wet and
spongy large hail (RLH + HLW from Table 1). A low-
level PPI at 0.5° elevation was used to construct the
track of the radar-derived hailswath. The contours have
been advected horizontally with the speed of the mean
storm motion for a period of time according to the time
increment between two consecutive scans. The larger
hail categories are preferably plotted in the case of co-
incidence of two different hydrometeor types at one
grid point (caused by the transformation of the radar
data to a Cartesian grid). ‘

As a PPI scan has been used for the construction of
the hailswath, the data do not originate from a constant
level. At the storm’s closest distance from the radar site
this level is about 0.5 km AGL and at a range of 100
km about 1.5 km AGL. Therefore, it must be assumed
that the graupel and small hail particles will melt, at
least partly, on their way down to the ground. The hail
signature shown will overestimate the amount of hail
at the ground. Nevertheless, the larger hail particles will
have a good chance to reach the ground without such
an appreciable degree of melting due to their large ice
mass as well as their large terminal velocities. Propa-
gation effects, manifested by a Z,; decrease and an
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LDR increase with range, are another source for over-
estimating the amount of hail in or behind rain regions.
They have been considered so far by ignoring those
data points with Zpg smaller than —2 dB that are located
behind rain regions with Zp; larger than 3 dB. Three-
body scattering effects, as described by Zrnié (1987),
represent another source of error in hydrometeor dis-
crimination. These so-called hail spikes could be ob-
served frequently as radially aligned protrusions behind
high-reflectivity cores. They are not confined to reflec-
tivity but are present in Zpg, LDR, or Doppler velocity.
A simple correction was done by ignoring very high
LDR values (> —20 dB) associated with relatively low
reflectivity (<<35 dBZ ) behind a high-reflectivity (>50
dBZ) core.

From Fig. 15 we note generally good agreement of
the damaged area and those categories including hail
except for the small hail and large graupel, which prob-
ably melt on their way down to the ground without
causing damage there. At the southern edge of the hail-
swath we can find a narrow zone of hail reports that
are not supported by the radar observations. This dif-
ference may be attributed to the horizontal advection
of hydrometeors by the northwesterly winds of the
downdraft air spreading out behind the storm’s gust
front below the low-level radar PPL. The hail reports at
the easternmost parts of the hailswath deviate consid-
erably from the radar-based hail signal and cannot be
explained by horizontal transport. The exact time of the
hailfall was not recorded by the insurance companies.
Therefore, it is possible that these damages were caused
by another hailstorm hitting the area later after mid-
night in connection with a squall line passage. This
event was not covered completely by radar observa-
tions. There is no indication, however, that the rest of
the ground-based data have been influenced by hail not
originating from the storm discussed in this paper.

The finescale structure of the hailswath shows some
interesting details. The hailfall is not a strictly constant
phenomenon, but is rather of an oscillatory nature. The
hail reports clearly show distinct centers with a high
percentage (>80%) of crop damage. Such areas of in-
creased hail intensity within a hailswath have been
termed hailstreaks (Changnon 1970) and have been
identified as the tracks of individual hailshafts. As the
ground-based data represent hail reports exclusively,
they do not give any evidence for the hailstreaks to
form distinct areas of hailfall separated by rain-only
regions, as found by Changnon for most of the hail-
storms investigated. Such a pattern cannot be excluded
here even though it is suggested by the radar data that
the hailswath is made up by a single hailstreak of vary-
ing intensity. The centers of the hailfall maxima are
spaced 20 to 30 km in the direction of storm propaga-
tion. This corresponds to a period of 30 to 45 min. This
type of long-amplitude oscillation is superimposed on
the more short-term period of new cell formation and
generally comprises several cells. A similar behavior
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FiG. 15. Hailswath constructed from data of hail damage at the ground (kindly provided from hail insurance companies ) and hydrometeor-
type classification defined in this paper. The location and the degree of crop damage are shown. The hydrometeor categories are summarized
according to hail size: (G) large graupel or small hail (as G in Table 1), (SH) small hail mixed with rain (as RH in Table 1), (IH) hail of
intermediate size (dry and wet, H + HW in Table 1), and (LH) large hail mixed with rain as well as wet and spongy large hail (RLH

+ HLW from Table 1). The position of the radar is at the origin of the coordinate system.

of storm variability was found by Fovell and Ogura
(1989) in their numerical study of storm development.
With increasing low-level shear the simple oscillations
of a repetitive multicellular state changed to more com-
plex oscillations with secondary cells more comparable
to the weak evolution or quasi-steady-state classifica-
tion of Foote and Frank (1983).

It is highly instructive to note that the large ampli-
tude oscillatory pattern of the hailswath coincides very
well with the radar-derived large hail categories, which
validates the multiparameter hail signature defined in
this paper. Large hail is characterized by very high
LDR values. The main burst of hail between 1420 and
1435 UTC was preceded by an enlarged area of over-
hanging echo mass accompanied by recirculations of
big drops, as shown in Fig. 16. The growing wet hail
(HW) can be seen from heights 5 to 8 km. At lower
levels this region is accompanied by rain extending
from the overhanging echo below the melting level to
the ground as well as in a column up to about 6 km.
Here it is associated with reflectivity values up to 50
dBZ, thus indicating that a fairly high amount of liquid

water is available for hail growth. It is possible that
some of these drops freeze, start riming, and then grow
to hail by accretion. On the other hand, the drops might
be accreted by hailstones already present aloft.

Six minutes later, the microphysical structure has
changed distinctly (Fig. 17). The extent of the rain
region has largely decreased, while the hail signature
has increased due to a drastically increased LDR (up
to —6 dB), a maximum being located at 7 km AGL
(—20° to —~25°C). As these very high LDR values do
not decrease with time, we are led to conclude that they
are mainly caused by highly irregular hailstones pos-
sibly having a lobe structure that is basically main-
tained during fallout to the ground. It seems improbable
that the high LDR is caused by wetting alone as with
decreasing LWC the accreted water should freeze at
the low temperatures to which the hailstones are ex-
posed. Some of the hail seems to have penetrated
downward into the rain region, thus progressively fill-
ing the weak echo region and causing it to collapse, at
least in those parts closest to the main precipitation
shaft. But this precipitation outbreak does not cause the
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WER to vanish completely; it only causes a more or
less unsteadiness in its location relative to the storm.

9. Summary and conclusions

In this paper, a special type of hailstorm, the V-
shaped storm (so called because of the V-shaped low-
and midlevel reflectivity structures), was discussed
from a dynamical as well as microphysical point of
view. The storm developed in an environment charac-
terized by a Richardson number in the intermediate
range between the supercell and multicell regime. Con-
sequently, properties from both types of storms were
combined here.

The propagation of the storm was to the right of the
shear and a weak echo region was present permanently
even though it had a nonstationary character. New cells
developed at the southern edge of the storm and then
traveled around the western and eastern storm flanks.
Those particles passing directly over the WER could
grow into large hail that fell out directly beside the
main updraft region associated with the main down-
draft (Fig. 14a). The V echo seemed to be caused by
the updraft zone, which was also V shaped. Embedded
into this pattern was the main downdraft, coincident
with the maximum reflectivity core. A pronounced me-
socyclone could not be detected even though smaller
regions of cyclonic rotation were present occasionally.
The updraft itself showed sustained (location and
shape) as well as transient features (long- and short-
term variations).

As far as the microphysical processes are concerned,
the classification of hydrometeors was possible by the
polarimetric measurements. Especially, LDR and Zpg
proved to be useful for hail detection. Good agreement
with ground-based observations was found. It was
shown that accumulation zones of large drops associ-
ated with the high-reflectivity zones aloft were never
present in the storm considered. The hydrometeors in
these regions were graupel or hail particles grown ei-
ther by riming of ice crystals or from frozen drops that
did not survive long enough in the supercooled stage
to contribute appreciably to the overhanging echo
mass. The finding at least for this storm clearly falsifies
the hypothesis of the existence of a large-drop zone,
which was the base for several hail suppression exper-
iments.

Nevertheless, raindrops have been a common feature
in the main updraft zone of the storm. They were de-
tected in the lower parts of the overhanging echo orig-
inating from melting graupel, in the WER as recircu-
lated drops extending well into the supercooled region
of the storm, and at the edge of the main precipitation
shaft caused by size sorting of the melting particles
in the horizontal wind field of the downdraft (see
Fig. 14b).

The hydrometeor classification scheme proposed in
this paper is somewhat empirical and needs to be con-
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firmed by further numerical and observational studies.
Nevertheless, it represents the state of the art of particle
classification by polarimetric radar methods, and the
results show consistency with storm dynamics. These
kinds of measurements offer the only promising ap-
proach for detailed monitoring of precipitation forma-
tion processes within convective cloud complexes. As
in situ observations inside hailstorms are difficult to
obtain, ground-based data of hailfall as well as theo-
retical studies of the scattering behavior of model par-
ticles offer a good chance for verification of the pro-
posed relationships.
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