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ABSTRACT

A series of poststorm surveys were conducted in the wake of hailstorms observed by the Colorado State
University—University of Chicago-Illinois State Water Survey (CSU-CHILL) S-Band polarimetric radar.
Information on hail characteristics (maximum diameter, building damage, apparent hailstone density, etc.)
was solicited from the general-public storm observers that were contacted during the surveys; the locations
of their observations were determined using GPS equipment. Low-elevation angle radar measurements of
reflectivity, differential reflectivity Zg, and linear depolarization ratio (LDR) were interpolated to the
ground-observer locations. Relationships between the hail differential reflectivity parameter Hpi and the
observer-reported hail characteristics were examined. It was found that Hpy thresholds of 21 and 30 dB
were reasonably successful (critical success index values of ~0.77) in respectively identifying regions where
large (>19 mm in diameter) and structurally damaging hail were observed. The LDR characteristics in the
observed hail areas were also examined. Because of sensitivities to variations in the hailstone bulk ice
density, degree of surface wetness, and shape irregularities, the basic correlation between LDR magnitude
and hail diameter was poor. However, when the reported hail diameters exceeded ~25 mm, LDR levels
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below ~—24 dB were uncommon.

1. Introduction

Numerous imaging and theoretical studies have es-
tablished that the net forces acting on falling raindrops
with diameters larger than ~1 mm cause them to as-
sume oblate shapes with their shortest axis generally
oriented along the vertical direction (Pruppacher and
Beard 1970; Beard and Chuang 1987). During the early
stages of polarimetric meteorological radar research, it
was recognized that this preferred drop orientation
would cause the radar reflectivity observed at horizon-
tal (H) polarization to be slightly greater than that ob-
served at vertical (V) polarization (Seliga and Bringi
1976). This polarization-dependent reflectivity differ-
ence is expressed by the differential reflectivity Zpg:

Zpr = 1010g,o(Zyu/Zyv), 1)
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where the first and second subscripts are the received
and transmitted polarizations, respectively.

Thus, oblate raindrops will generate positive Zpg
values. In contrast to the preferred orientation charac-
teristics of raindrops, the aerodynamic forces acting on
falling moderate to large diameter hailstones typically
cause them to undergo large amplitude (>~45°) gyra-
tions (Knight and Knight 1970b). On average, these
large orientation excursions tend to equalize Z;y and
Zvv, causing the Zpi value for such hailstones to be
near 0 dB.

Aydin et al. (1986) developed the hail differential
reflectivity (Hpg) parameter to distinguish hail from
rain in Zyyy, Zpg space (Fig. 1). Specifically,

Hpg = Zyn — f(Zpr), where
f(Zpr) =27, (Zpr = 0dB),
=19Zpr +27,(0= Zpig = 1.74 dB),

= 60, (Zpg > 1.74 dB). )
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FiG. 1. Scatterplot of Zy;; and ZDR data collected by the CSU-
CHILL radar at 0.5° elevation angle at 2343 UTC 6 Jun 2003.
The Hpp rain-hail boundary as defined in Aydin et al. (1986) is
included. (After Fig. 6 in Aydin et al. 1986.)

The resultant three line segments define the rain—hail
boundary plotted in Fig. 1. The Hpy is positive for Zyyy,
Zpr pairs located vertically above the rain boundary,
where the combination of relatively small Z,, values
with large Zyyy reflectivities is indicative of hail. Origi-
nally, Hpr was intended to provide a yes/no indication
of the presence of hail; its capability to provide addi-
tional information on hail size, damage potential, etc.,
has received relatively little interest. Brandes and Vive-
kanandan (1998) found a positive correlation between
Hpr magnitudes and observed hail diameter in two
Colorado hailstorms. Mezzasalma et al. (2000) found
only modest correlation between Hpy levels above 13
dB and the occurrence of impact impressions in a hail
pad network in Italy. However, limitations in the spatial
resolution of the hail pad network (one pad per 16
kilometers squared), the temporal resolution of the ra-
dar data (one Zpgr volume per 15 minutes), and the
Z g uncertainties introduced by the effects of differen-
tial attenuation at C-band all impacted the results of
their study. Thus, one goal of the research reported in
this study is the examination of the correlation between
S-band (11-cm wavelength) Hyi values and observed
surface hail characteristics for a reasonably large num-
ber of storm events.

The second goal of the current research is to inves-
tigate possible associations between linear depolariza-
tion ratio (LDR) and observed hailstone characteris-
tics. Here LDR is defined as

LDR = 10 log,o(Zvi1/Zry)- (3)
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Qualitatively, the tumbling motions of nonspherical
high-density hailstones should increase the cross-
polarized component of the backscattered radar signal
(Herzegh and Jameson 1992), thereby increasing LDR.
Since there is some tendency for larger diameter hail-
stones to become increasingly nonspherical (Knight
1986), LDR measurements may provide additional in-
formation on hailstone diameters.

2. Microwave backscattering computations

a. Background

A numerical model of radar backscattering based on
the transition matrix (T matrix) methods of Waterman
(1965) was used to obtain a sense of the response of
Zpr and LDR to variations in the physical properties of
hailstones. The modeling computations were done us-
ing a two-step procedure. The first step is the calcula-
tion of T-matrix values for each hailstone size of inter-
est. In addition to diameter (for nonspherical particles,
diameter corresponds to that of a spherical particle of
equal volume), the axis ratio and bulk refractive index
of the modeled particles are specified. The T-matrix
calculations also allow the effects of a water film of
specified thickness on the surface of the hailstone to be
included. In the second modeling step, parameteriza-
tions of the particle concentrations and orientations are
considered. The model then calculates the net backscat-
ter radar signal by summing the basic particle-specific
T-matrix scattering representations in accordance with
the prescribed concentration and orientation informa-
tion.

To make the scattering calculations practical, the
physical properties describing the modeled hailstones
ignored several of the complexities that are often char-
acteristic of naturally occurring hailstones. The hail-
stone shapes are taken to be smoothly deformed spher-
oids. Other hailstone shapes (i.e., conical, triaxial
forms, lobed external protrusions, etc.; Knight and
Knight 1970a) were not considered. Water-coating
thickness in the model remain constant across the sur-
face of the hailstone even though wind tunnel studies
have demonstrated that hailstone water coatings are
typically redistributed by aerodynamic and rotation-
related forces (Rasmussen and Heymsfield 1987). The
uniform water-coating thickness used here (0.5 mm)
approximates an average water-coating depth that
would result if the water layer mass was uniformly dis-
tributed over the outer surface of a large (>19 mm in
diameter) hailstone. Last, the modeled hailstone’s re-
fractive index value is taken to be uniform within the
ice material, disregarding the known layered variations
in ice structure, internal bubbles, etc. that normally are
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FIG. 2. The Z,r and LDR values calculated by the T-matrix model for hailstone diameters
of (center) 15- and (right) 35-mm diameter. Hailstone physical characteristics for each row are
depicted in the left column: Except for the spongy ice case, decimal numbers in the center of
the schematic hailstones are the ice bulk density in g cm™>. In the spongy ice case, the value
of 0.4 indicates that the hailstone dielectric properties are based on a mixture of 40% water
and 60% ice. Gray horizontal lines separate the results for simulations for various water
coating and axis ratio regimes. Hailstone axis ratio is 0.75 except for the bottom row where it
is 0.6. In all cases, the canting angle distribution is Gaussian with a mean of 0° and a standard

deviation of 75°.

observed in hailstone cross sections. Thus, the scatter-
ing model results should be regarded only approxima-
tions of the polarimetric signals observed from natural
hailstones.

b. Monodisperse hailstone diameter distribution
results

Selected scattering model results for hailstone diam-
eters of 15 and 35 mm at an S-band (11 cm) wavelength
are summarized in Fig. 2. [These two diameters bracket
the National Weather Service large hail diameter
threshold of 19 mm (0.75 in.).] Except for the bottom
row in Fig. 2, all of the calculations are based a hail-
stone axis ratio of 0.75. In the bottom row, the axis ratio
is 0.6. The orientation angle between the stone’s minor
axis and the vertical direction varies according to a
Gaussian distribution with a mean of 0° and a standard
deviation of 75°. While these hailstone shape and ori-
entation values were subjectively selected, they are in
general agreement with observed hail characteristics
(Knight and Knight 1970b). The physical hailstone
properties used in the various scattering model runs are
indicated schematically along the left edge of the figure.
The modeling results have been arranged so that hail-

stone composition varies from a low bulk density ice—
air mixture in the first line of the figure through various
combinations of water-coated and/or water-soaked (la-
beled as spongy) ice toward the bottom of the figure. In
general, the magnitudes of the Z,z and LDR values
increase as the simulated hailstone composition be-
comes increasingly dense and wet. Also, resonance ef-
fects due to Mie scattering are apparent in the ~10-dB
LDR variations that occur in the water-coated and wa-
ter-soaked ice cases at the 35-mm diameter.

These basic scattering calculation results are ex-
tended across a range of hailstone diameters in Fig. 3.
As in Fig. 2, the axis ratio has been fixed at 0.75. The
curves depict several combinations of hail wetness and
canting angle standard deviation. The resultant Zpg
responses are shown in Fig. 3a. The largest Zp fluc-
tuations occur when the canting angle standard devia-
tion is reduced to 25°. Under these conditions, the
mean orientation of the hailstone’s major axis remains
much closer to the horizontal than to the vertical, yield-
ing nominally positive Z values. The resultant Zygs
exceed 1 dB as the hail diameter reaches ~40 mm. Just
beyond this point, additional diameter increases, caus-
ing Mie scattering effects that begin to reduce Zyy
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Fi1G. 3. (a) The Zy calculated by the T-matrix model as a function of hailstone diameter. Particle axis ratio is fixed at 0.75. Hailstone
physical characteristics for each curve are marked; dry indicates 0.91 g cm ™2 ice density with no outer water coating. Canting angle
values refer to the standard deviation (°) specified for a Gaussian distribution of canting angles about a mean of 0°. (b) As in (a),

but the curves are LDR.

more rapidly than Z,,, producing distinctly negative
Zpgr values as the diameter reaches 60 mm. This pat-
tern of initially positive Zpgs followed by a sharp Zpg
reduction with increasing hail diameter is magnified
when water either coats the hailstone or when water
becomes a major fraction of the stone’s mass (in this
study a water mass fraction of 40% is considered to be
significant). The Mie resonance effects also appear at
smaller diameters for the wet hail cases under the 25°
canting angle standard deviation condition. In the sec-
ond set of three curves plotted in Fig. 3a, the canting
angle standard deviation is increased to 75°. Mie-
induced Zy fluctuations appear in the two wet hail
cases, but the magnitudes of these deviations are gen-
erally less than 0.5 dB. Thus, Zpg fluctuations due to
Mie resonance effects tend to decrease as the hailstone
orientations become increasingly random.

Figure 3b shows the LDR values calculated for the
same conditions that were used in Fig. 3a. The reduc-
tion of the canting angle standard deviation from 75° to
25° has comparatively little effect upon LDR for the
dry hail cases with diameters under ~45 mm. In con-
trast, the introduction of an outer water coating and a
liquid water component inside the hailstone ice struc-
ture (i.e., spongy ice) causes several dB LDR fluctua-
tions to begin to appear at hail diameters as small as
~10-35 mm.

c. Exponentially distributed hailstone diameter
results

Observations have demonstrated that an approxi-
mately exponential distribution of hailstone diameters
typically is present in natural hailfalls (Hubbert et
al. 1998; Cheng and English 1983). Thus, additional
T-matrix scattering model runs were conducted to con-
sider the effects of a population of hailstone diameters
and shapes upon the computed radar quantities. In
these model runs, exponential input size distributions
between prescribed diameter limits were considered.
The size distributions were given by

N(D) = Nye 7, 4)

where N(D) is the volumetric concentration of hail-
stones within the D, D + dD diameter interval, D is the
hail diameter, and N, and A are the intercept and slope
parameters respectively. The T-matrix model integra-
tions were carried out starting from a fixed lower di-
ameter limit of 3 mm. The upper integration limit was
increased sequentially from 8 to 53 mm in 5-mm incre-
ments. According to Ulbrich and Atlas (1982), for typi-
cal hail size distributions, the product of the slope pa-
rameter and the maximum hail diameter is typically a
relatively constant value. For the National Hail Re-
search Project (i.e., northeastern Colorado) data pre-
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TABLE 1. The T-matrix model results for exponential hail size
distributions. Radar data values in each row are the result of
integrating over a specified hail size spectrum from a diameter of
3 mm up to a diameter of D_,.. Water-coating thickness is
0.5 mm.

D,,.. (mm) dBZ Zor Hpr LDR
53 738 0.0 46.8 -19.1
48 73.0 0.1 44.1 -19.3
43 71.1 0.2 41.1 -19.0
38 66.7 0.2 352 -19.9
33 623 0.2 30.7 -20.1
28 62.6 0.2 326 241
23 61.8 0.2 314 -237
18 589 0.2 287 -245
13 53.0 0.1 236 -269

8 44.6 0.1 15.2 -26.8

sented in the appendix of Ulbrich and Atlas (1982), this
constant is distributed between ~4 and 14 (diameter is
in centimeters). For these model runs, the constant was
set to the upper limit of the Ulbrich and Atlas (1982)
range (i.e., A = 14/D,,,,). The distribution intercept
parameter was then defined using a modified version of
the power-law relationship with A proposed by Cheng
and English (1983). The constants selected for use in
these expressions were not designed to represent any
unique hail size distribution; instead, they were only
chosen so that reasonable reflectivity magnitudes were
maintained as the upper integration diameter limit was
varied.

At each hail diameter within the size distribution, the
particle axis ratio used in the scattering calculations was
taken from the data for northeast Colorado shown in
Fig. 1 of Knight (1986). In accordance with this curve,
the hailstone shapes became less spherical with increas-
ing diameter (i.e., axis ratio of ~0.86 at 10-mm diam-
eter and ~0.76 at 50-mm diameter). The hailstone spa-
tial orientations followed a Gaussian distribution with
a standard deviation of 75° about a mean of 0°. Last,
the radar wavelength was fixed at 11 cm, the tempera-
ture was set at 0°, and the hailstone ice density was
0.91 g cm 2.

Table 1 summarizes the results of these T-matrix
simulations when the modeled hailstones had a uniform
0.5-mm-thick water coating. In a similar pattern to the
single diameter results in Fig. 3a, the Z values remain
under 0.3 db for all of the simulated conditions. LDR
generally increases as the larger, less spherically shaped
hailstones are introduced at the larger diameter end of
the spectrum. This basic trend is influenced by Mie
resonance effects as evidenced by the 4-dB LDR jump
when the maximum diameter increases from 28 to 33
mm. Table 2 presents similar results for dry hail (i.e., no
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TABLE 2. As in Table 1, but with no water coating.

D, (mm) dBZ Zor Hpg LDR
53 63.9 0.1 355 -21.6
48 66.0 0.1 37.0 245
43 67.4 0.1 383 —259
38 673 0.1 382 -27.0
33 66.0 0.1 362 -253
28 63.7 0.1 34.0 -255
23 60.5 0.1 313 -27.6
18 56.0 0.1 272 -295
13 48.9 0.1 20.6 -326

8 392 0.1 11.0 —33.0

water coating) case. No Z variations are apparent in
this case. The reflectivity and LDR magnitudes are
both reduced by several decibels from the levels seen in
the water-coated hail simulation. LDR values ap-
proaching —20 dB do not appear until the maximum
diameter in the hail size distribution exceeds 50 mm.

Taken as a whole, the T-matrix model results confirm
that Zk should remain fairly close to 0 dB for most of
the observed hail stone sizes, compositions, and orien-
tations. It should be noted that exceptions to this situ-
ation have been reported. Smyth et al. (1999) docu-
mented a hailstorm in which a preferential orientation
of oblate hailstones yielded Zi values of ~3 dB. The
model results conducted here also confirm that depo-
larization levels generally increase with increasing hail
size. However, the nature of this correlation is strongly
influenced by the existence of liquid water either on the
outside of the hailstone’s surface or within the ice struc-
ture.

3. Hail observations in relationship to polarimetric
radar data

a. Ground surveys of hail areas

To assess the correlations between Hpgi, LDR, and
observed hail characteristics, a number of poststorm
ground surveys were conducted as soon as possible af-
ter suspect hailstorms were observed by the CSU-
CHILL radar. The CSU-CHILL radar is an S-band,
dual polarization research radar based near Greeley,
Colorado (Brunkow et al. 2000). When thunderstorms
were expected, the nominal scan pattern executed by
the CSU-CHILL radar consisted of a series of four low-
elevation angle (0.5° to 2.5°) 360° plan position indica-
tor (PPI) scans. These volumes continuously repeated
at a cycle time of slightly over 4 min. During a few of
the operations, the volume scan cycle time was further
decreased through the use of sector scans.

To identify prospective storm survey areas, thunder-
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TABLE 3. Storm date and data points summary. (Location
names are in Colorado unless otherwise noted.)
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TABLE 4. CSU-CHILL radar operating characteristics during the
Hpg project (SNR is signal-to-noise ratio).

Date Name No. data points
20 Jun 2001 Watkins 7
3 Jun 2002 Fort Morgan 14
3 Jun 2002 Brighton 13
3 Jun 2002 Hereford 2
15 Jun 2002 Grasslands 1
15 Jun 2002 Watkins 3
19 Jun 2002 Timnath 7
3 Jul 2002 Severance 4
3 Jul 2002 Hudson 8
10 Jul 2002 The Pinery 16
24 Aug 2002 Merino 8
24 Jun 2003 Hillsdale, WY 3

storm echoes observed in the 0.5° PPI scan data were
visually examined for the existence of the high reflec-
tivity/low Zpg pattern associated with hail. Hail reports
filed by National Weather Service severe weather spot-
ters were also used to target the survey regions. Once a
prospective survey region was identified, the general
goal was to conduct a driving survey of the area during
which interviews of people directly affected by the hail
were conducted. To map the width of surface hail
swaths and to sample spatial variations in hail charac-
teristics, efforts were made to contact observers located
along roads that crossed the storm tracks. To ensure
that the data pertained to the storm under investiga-
tion, initial questions were asked to confirm the date
and general time of the observations being recounted.
The observers were then presented with a collection of
spherical objects of various sizes, including wooden
balls, glass marbles, and so on, from which they selected
the object(s) that best approximated the largest hail-
stones that they saw. Since the observer’s detailed ap-
preciation of the hailstone axis ratios was probably very
subjective, the reported diameters were taken to be the
major diameters of the stones. The observers were also
asked a standardized series of questions regarding their
observations of hail-related damage to local vegetation,
vehicles, and structures. Information on the softness of
the hail, as evidenced by the stone breaking up upon
ground impact, was also solicited. A hand-held GPS
device was used to determine the observer’s location. A
spreadsheet database format was developed to organize
and store the data obtained from the observers. (A
summary of the storms for which postevent surveys
were conducted is shown in Table 3.) In general, the
information collected from the observers was necessar-
ily subjective. (In a few instances, observers presented
example hailstones that they had saved in their home
freezers.) It is felt that their storm recollections, espe-

Wavelength 11.01 cm
Antenna diameter 8.5 m
3-dB beamwidth 1.1°
Transmit power ~700 kW
Pulse duration 1 s
PRF 960 Hz

Transmit polarization
Pulses per integration cycle
Azimuth scan rate
Receiver noise power

Alternating H, V

128 (64 H + 64 V)
6°s!

~—113 dBm (SNR = 1)

cially when multiple observations of the same storm
formed spatially coherent hail size and damage pat-
terns, were adequate for the purposes of this study.

b. Radar data analysis procedures

A Cressman (1959) weighting scheme was used to
interpolate the individual range gate data collected by
the CSU-CHILL radar to the GPS-determined ob-
server locations. The signal processor output gate data
at increments of 150 m in range and 0.8° in azimuth
(Table 4). The radar data were obtained from the 0.5°
PPI sweep unless excessive beam blockage, or signal
contamination due to ground clutter, overlaying range-
aliased echoes, and so on were present. In these cases,
data from the lowest contamination-free elevation
angle was used. The cutoff radius imposed in the inter-
polations generally approximated the beamwidth of the
antenna pattern at the average range to the hail survey
area. Typically the data from 6-12 range gates entered
into each interpolation.

Several quality control thresholds were applied to the
gate data prior to the interpolation step. To remove
noise and nonconvective precipitation echoes, the cor-
relation between the copolar H and V return signals at
lag zero [pyv(0)] was required to be greater than 0.85,
and the basic Z,y reflectivity was required to be at
least 45 dBZ. Gates with radial velocity values typical
of ground clutter targets were removed. (Specifically,
the disallowed velocities had magnitudes less than 1.1
m s~ ! or greater than 25.4 m s~ '. The high velocity
threshold is due to the displacement of zero radial ve-
locities to near-Nyquist values when the differential
propagation phase shift upon scattering from ground
targets exceeds 90° under alternating VH transmit po-
larization mode.) Additionally, gates with the exces-
sively negative Z values (Zpg <—1.25 dB) observed
from many ground clutter targets were also discarded.
The generally isolated nature of the thunderstorms ana-
lyzed in this study resulted in relatively short (<~15
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km) beam paths through heavy (>~50 dBZ) precipi-
tation regions. No attenuation corrections were applied
to the basic Zyy and Zpg values. (Such attenuation
corrections become more critical in regions were large
scale convective systems typically occur.) If the thresh-
olding procedures left only a single acceptable gate
within the limiting Cressman radius, the interpolation
results were considered to be invalid. For each event,
interpolated radar data values were generated at all of
the ground observation locations as the storm transited
the area. The scan yielding the most positive Hp value
at each interpolation point was identified. The radar
measurements made during the peak Hpr scan were
taken to represent the polarimetric radar values asso-
ciated with the hail information reported by the ground
observers; also, the observers tended to recall the most
extreme portion of the storm passage.

Last, it was also recognized that when ground observ-
ers were located in the high reflectivity gradient regions
near the edges of the thunderstorm echoes, radar mea-
surement errors due to nonuniform beam filling and
antenna beam pattern imperfections would be more
likely. To reduce these errors, a procedure was devel-
oped to estimate the reflectivity gradients that existed
when the peak Hpi occurred at each observation point.
The two radials that enclosed the ground observer’s
GPS location in the maximum Hpy scan were identified
and azimuthal and radial reflectivity gradients centered
at the observer locations were calculated. All of the
ground observation data points were entered into an
azimuthal versus radial reflectivity gradient domain
scatterplot. The observations noted by observers in
high gradient portions of the scatterplots were checked
for statements indicating that they were near the edges
of the hail region (i.e., especially remarks about hail-
falls consisting of a limited number of stones and/or
very brief hailfall durations). Subjectively chosen re-
flectivity gradient limits of 15 dB (°) ™' in azimuth and
20 dB km ! in range were found to remove the obser-
vations that seemed to most clearly come form the
hailswath edge regions. The application of these reflec-
tivity gradient limits removed 13 points from the
ground observation database; a total of 86 hail reports
from the poststorm interviews remained available for
processing.

An example of a combination of the CSU-CHILL
radar data and the poststorm hail survey results for the
3 June 2002 storm near Brighton, Colorado, is shown in
Fig. 4. As the storm crossed the area of interest, Zyy
and Z,k data from the 0.5° PPI angles in each volume
scan were interpolated to a regularly spaced (0.75 km
mesh) set of Cartesian grid points. The Hpgi values
were then calculated at each grid point. The maximum
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HDR MAP 3 JUN 2002 BRIGHTON STORM
CONTOURS= HDR (DB) 0.5, 21 (DARK), 30
o HAIL SIZES IN MM RING= VEHICLE OR STRUCTURE DAMAGE CONFIRMED

KM SOUTH OF CHILL
'S
o
T

]

KM WEST OF CHILL

FIG. 4. Peak H,z map for the 3 Jun 2002 hailstorm that oc-
curred just northeast of Brighton, CO. Solid contours are Hpi
(dB). Hail diameters based on poststorm interviews are marked in
millimeters. Locations of observers who reported hail damage to
vehicles or structures are circled.

Hpy value obtained at each point was retained; the
resultant field is contoured in Fig. 4. The hailstone di-
ameter and hail damage data that were collected during
the poststorm surveys have been overlaid on the maxi-
mum Hpi contour pattern. In this case, the Hpi con-
tours enclose all of the points at which larger than pea-
sized (6-mm diameter) hail was reported. As is evident
from the plot, observations of larger hail diameters and
hail damage also tend to be associated with larger val-
ues of Hpg.

c¢. Scatterplots and statistical results

Figure 5 displays the reported hail diameters versus
the interpolated maximum Hpy values derived from
the radar observations for the entire dataset of 86
ground observer locations. A general correlation be-
tween Hpyp and hail diameters can be seen, especially
for hail diameters larger than ~20 mm. Points where
the observers reported some manifestations of soft hail
are indicated by + (not completely hard) and S (defi-
nitely soft) symbols. A number of these soft hail points
are clustered in the lower right region of the scatterplot
(i.e., relatively large Hpi values and small hail diam-
eters). The T-matrix scattering calculations presented
in section 2 indicate that reflectivity tends to increase
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Fi1G. 5. Scatterplot of observer-reported hail diameters vs Hpg.
Data point symbols indicate the observer’s reports of hailstone
hardness characteristics. Straight lines represent the 2 X 2 contin-
gency table limits for testing the performance of a 21-dB Hpi
threshold for the identification of hail diameters greater than or
equal to 19 mm. The associated miss and false-alarm quadrants
are labeled. Miss points are marked with a horizontal overbar;
false-alarm points are marked with a vertical overbar. The curved
line is a second-order least squares fit to the scatterplot. The
standard deviation about this fit line is 10.6 mm with a correlation
value (R?) of 0.54.

by several dB when hailstones become wet and/or
water-soaked, while the Z, variations remain fairly
small. It appears that this reflectivity enhancement in-
creases the Hpy values associated with many of the soft
hail observations.

A two-by-two contingency table approach (Ryzhkov
et al. 2005) was used to evaluate Hpy threshold values
for the identification of reported hail diameters greater
than or equal to 19 mm [corresponding to the National
Weather Service (NWS) definition of large hail], and
for the identification of structurally damaging hail. (In
this study, structural damage was defined as damaged
residential roofing and or building siding, broken and
or cracked windows in buildings or vehicles; dented
vehicle bodies, etc.) In this application, the matrix tabu-
lations of the hits, misses, false alarms, and null events
were developed for a sequence of Hpy threshold val-
ues. A graphical presentation of the contingency table
elements is given by the intersecting straight lines in-
cluded in Fig. 5. These lines depict the use of an Hpy
threshold of 21 dB to identify hail diameter =19 mm.
The Hppg threshold failures are indicated by the points
falling within the false-alarm (Hpgr = 21 dB, but hail
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diameters less than 19 mm) and miss (Hpg < 21 dB and
hail diameters >19 mm) quadrants as marked in the
figure. It is evident that most of the false-alarm points
are associated with observations of hailstones that were
reported as being less than completely hard. The use of
a 21-dB Hpy threshold resulted in the highest critical
success index (CSI; 0.77) and Heidke skill scores (HSS;
0.61) for the detection of hail with diameters of 19 mm
or larger. The same reported hail-diameter database
was also used to test the application of basic Z;y value
thresholds to identify large (>19 mm) hail. A maximum
CSI value of 0.76 was obtained when a reflectivity
threshold of 56 dBZ was used, and a peak Heidke score
of 0.45 was obtained at 63 dBZ. The false-alarm count
was found to decrease from 19 to 9 when the 21-dB
Hpy threshold was used instead of the 56-dBZ thresh-
old. In another analysis of reflectivity-only-based hail
detection algorithms Kessinger and Brandes (1995)
found that the identification of =19-mm hail typically
achieved CSI values of ~0.36 and Heidke scores of
~0.42.

Additional Hpgi threshold iterations were done to
identify the threshold offering the best statistical per-
formance for the detection of observer reports of ve-
hicular or structural hail damage. The maximum CSI
(0.78) and Heidke (0.79) scores were obtained when an
Hpg threshold of 30 dB was tested against the reports
of hail damage. Similar iterations were done to test
various Zyy thresholds for the detection of vehicle/
structural damage. The maximum statistical index vales
were a CSI of 0.67 and an HSS of 0.58, which were
obtained in the 62-63-dBZ reflectivity range.

At the opposite end of the size spectrum, the Hyi
threshold best correlated with the identification of
minimal hail diameters (6 mm; pea sized) was found to
occur at an Hpg value from —3 to —4 dB. This result
was somewhat unexpected since negative Hpi values
are conventionally associated with rain rather than hail.
This statistical result was affected by two small subsets
of the data; there were four cases in which the observers
reported seeing 6—12-mm-diameter hail, while Hpy val-
ues calculated at their locations remained negative. It is
possible that various rain/hail mixtures might have
caused a positive Zy bias, but the observer’s recollec-
tions of the precipitation characteristics in these four
cases were inadequate to allow meaningful exploration
of this idea. Also, there were only six rain-only (i.e., no
hail, “null” observations) in the entire 86 point dataset.
While these verification dataset limitations restrict sta-
tistical analysis of the basic 0-dB Hpg rain/hail thresh-
old, it should be noted that the wind tunnel observa-
tions of Rasmussen et al. (1984) show that when the ice
core diameter of melting hailstones becomes smaller
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FIG. 6. Scatterplot of observer-reported hail diameters vs LDR.
The feather-edged straight line is a subjective indication of the
minimal LDR value associated with increasing hail diameters.
Solid line is second-order polynomial least squares fit to the data
points. The standard deviation about this fit line is 13 mm with a
correlation value (R?) of 0.30.

than ~9 mm, the thickening water coating can increas-
ingly dampen the hailstone’s oscillatory motions. The
combination of aerodynamic forces and internal circu-
lation patterns tend to mold this meltwater layer into an
oblate shape. Thus, the Z,i produced by small melting
hailstones will tend to become positive. This could lead
to the slightly negative H,i values that were found to
be associated with small hail diameters in this study.

The scatterplot of LDR and observed hail diameters
is shown in Fig. 6. Significant variability is evident, with
a given LDR value often being associated with a 1-3-
cm range of hail diameters. Some of the points involv-
ing soft hail reports are grouped toward the higher
LDR/smaller diameter region in the lower right portion
of the plot domain, but many variations from this pat-
tern are also present. A portion of this variability is
probably due to nonmoisture-related factors (shape ir-
regularities, orientation fluctuations, etc.) that also in-
fluence the LDR from hailstones.

A noteworthy aspect of the LDR versus hail diam-
eter scatterplot is the relatively well-defined boundary
that appears along the upper left limit of the data point
distribution. The sloping shape of this boundary implies
that the minimum LDR value associated with a given
hail diameter is likely to increase with hail diameter. In
other words, because of the effects of surface wetting,
deviations from spherical shapes, etc., small (<19 mm

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 46

in diameter) hailstones were fairly commonly observed
to be associated with relatively large (>~—22 dB)
LDR values. However, distinctly large hail diameters
(>~30 mm) were rarely associated with LDR levels of
less than approximately —24 dB. Thus, while the ob-
served LDR magnitudes alone did not provide much
hail size information, the absence of relatively low
LDR values within a hail area may indicate an in-
creased probability that large hail is present.

d. An example of Hpr and LDR time evolution

As described earlier, the data shown in the scatter-
plots were collected at the time when Hp values maxi-
mized as a hailstorm passed a given ground observer
location. Additional information can be obtained by
considering the evolution of the polarimetric radar
measurements over the time period included in a se-
quence of volume scans. For this purpose, the high
time-resolution data collected by the CSU-CHILL ra-
dar during the afternoon of 9 June 2004 were pro-
cessed. In this radar operation, low-elevation angle PPI
sector scans were being done with a nominal cycle time
of two min during the National Aeronautics and Space
Administration (NASA)-supported Front Range Pilot
Project in preparation for the future Global Precipita-
tion Measurement satellite mission (Rutledge et al.
2005). The storm of interest passed over a golf course
located in southern Denver where witnesses noted how
the hail characteristics varied with time. During the ini-
tial stages of the event, the ground became covered
with hailstones whose average size was approximately
12.5 mm; only a small fraction of the stones were of
appreciably larger diameters. Following a brief reduc-
tion in precipitation intensity, a second, noticeably
more vigorous episode of larger diameter hail occurred.
Significant damage to buildings, vehicles, and the golf
course turf was observed to occur during the second
hail pulse. Maximum hail diameters of 30-40 mm were
frequently observed during the second hail episode.

Time histories of selected CSU-CHILL radar mea-
surements over the golf course location are shown in
Fig. 7. The data plotted in these traces are based on the
0.5° elevation sweep in each PPI volume scan. In each
of these sweeps, data from the six range gates that sur-
rounded the golf course location (i.e., the three closest
range gates in the two rays located on either side of the
golf course azimuth) were extracted. Representative ra-
dar data values at the golf course location were devel-
oped by first applying a basic triangular weighting
scheme in range and then interpolating in azimuth be-
tween the two flanking rays.

Reflectivities generally increased between 2015 and
2030 UTC. During this same period, the Zyi values
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FiG. 7. Time series of CSU-CHILL data from a sequence of 0.5°
PPI sweeps on 9 Jun 2004 interpolated to the Foothills Golf
Course in southeast Denver, CO. UTC times (HHMM, where H
is hours and M is minutes) are marked at 5-min intervals.

initially became more positive, but then decreased to-
ward 0 dB as the first period of hail developed (Hpg
first reached +5 dB at ~2025 UTC). The LDRs fluc-
tuated, but remained below approximately —25 dB
throughout this period. Following a brief decline in re-
flectivity around 2033 UTC, the storm began to build
toward its second intensity peak in which reflectivities
approached 70 dBZ at 2045 UTC. The Z,y values de-
creased during this intensification and became slightly
negative between ~2040 and 2048 UTC. These diverg-
ing dBZ and Z,y trends resulted in large positive (from
25 to >40 dB) Hpy values during the second (damag-
ing) hail episode. It is noteworthy that the minimum
Z g values became slightly negative; there is observa-
tional evidence (Husson and Pointin 1989) relating the
simultaneous occurrence of large Zy; and negative
Zpr to damaging hail. The onset of this period of hail
was also characterized by a significant LDR increase,
with the peak depolarization levels exceeding —18 dB
just before 2050 UTC. These time variations of the po-
larimetric radar data fields in relationship to the surface
observations of large hail are consistent with those re-
ported by Hubbert et al. (1998, their Fig. 11). It is ap-
parent in this case that both the Hpi and LDR values
increased appreciably during the later portion of the
storm’s passage when larger-diameter, structurally
damaging hail fell.

Although not otherwise analyzed in this study, a time
history of the correlation between the H and V signal
returns corrected for the interpulse time period be-
tween H and V transmissions [pyy(0)] is shown in Fig.
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7e. The pyv(0) values maximize when distributions of
the sizes, shapes, and orientations of the hydrometeors
in the pulse volume are narrow. Balakrishnan and
Zrnic (1990) report that in pure rain observed at S band
(i.e., negligible Mie scattering effects), [pyv(0)] is typi-
cally ~0.98. Mixtures of rain and hail within the pulse
volume can lower pyy(0) magnitudes to ~0.90 or less;
the occurrence of high values of Zyy in combination
with low Z;r and pyyy(0) has been found to provide an
indication of hail (Ryzhkov et al. 2005). This behavior is
evident in Fig. 7 when, in agreement with the other
radar measurements, a pyy(0) drop to ~0.91 took place
during the damaging hail phase toward the end of the
storm passage at the golf course. The pyy(0) minimum
occurred several minutes after the ZDR minimum. This
may indicate that the rain—hail proportions became the
most effective in reducing pyy(0) at ~2049 UTC. In
general, piy(0) provides additional hail characteriza-
tion information that is especially useful for polarimet-
ric radars that operate with simultaneous H and V
transmission schemes that prevent the direct measure-
ment of LDR (Doviak et al. 2000; Heinselman and
Rowe 2005; Heinselman and Ryzhkov 2006).

Histograms of the LDR values at 2033 and 2045 UTC
are shown in Fig. 8. The gate data plotted in these
histograms came from a 4 km X 4 km region centered
on the golf course location. Additionally, all of the
gates used in the histograms were required to have a
minimum Hpyi of 0 dB. Thus, they represent the distri-
bution of LDR values within the Hpg-identified hail
areas during the nondamaging (2033 UTC) and severe
hail (2044 UTC) hail episodes. A positive shift of sev-
eral dB is evident in the LDR distribution that was
associated with the large hail. Also, in agreement with
the pattern noted in Fig. 6, the occurrence of relatively
low (<~—24 dB) LDR values was rare when large hail
was occurring in the 4 km X 4 km domain that provided
the histogram data.

4. Conclusions

The results of this study indicate that the magnitude
of the Hpi parameter as originally formulated by Ay-
din et al. (1986) provides useful, quantitative informa-
tion for remotely sensing some important hail charac-
teristics. In particular, the existence of hail sizes com-
mensurate with the NWS definition of large hail (19
mm diameter) is likely when Hpi reaches 21 dB. Re-
ports of hail damage to residential structures and ve-
hicles were observed to be associated with Hpr >30
dB. These thresholds help refine the basic correlation
between Hpr magnitude and hail size noted by
Brandes and Vivekanandan (1998). False identifica-
tions of large hail by Hyi tend to be associated with
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observations of soft, presumably wetter, hailstones. The
T-matrix scattering model calculations indicate that
these Hpg false alarms may be due to the several-
decibel reflectivity increases that often develop when
hailstones become water-soaked. Overall, as measured
by the critical success index and Heidke skill scores, the
ability of the proposed Hpg thresholds for the identi-
fication of large and damaging hail is superior to the
statistical performance levels achieved by techniques
using only conventional, single-polarization radar data.

In contrast, the linear depolarization ratio levels in-
terpolated to the ground-observer locations were found
to have only limited correlation with the observed hail
sizes. Qualitatively, larger LDR values will be produced
by the less spherical shapes and more irregular surface
features that are often present in larger diameter hail-
stones. However, the backscattering calculations done
in this study and elsewhere (Aydin and Zhao 1990)
show that LDR is also significantly affected by varia-
tions in the bulk ice density and liquid water content
(both within the ice structure and on the outer surface)
of the hailstones. Thus, the basic LDR-hail diameter
correlation is indistinct. While small hailstones can
sometimes generate fairly large LDR levels, the
ground-truth observations in this study indicate that the
occurrence of low (<~—25 dB) LDR levels becomes
rare when hail diameters exceed 25 to 30 mm. Thus, the
general absence of these low LDR values within a

highly positive Hpi region may help to confirm the
basic implication that large hail is present.

This study indicates that the Hi parameter has use-
ful hail characterization capabilities (at least in the gen-
eral Colorado High Plains region). These results should
be verified in other precipitation regimes. If the Hpg
thresholds suggested in this work are valid, they may
also provide reference points for the evaluation of more
elaborate fuzzy logic (Liu and Chandrasekar 2000) hail
identification and categorization algorithms.
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