> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Effects of Rough Hail Scattering on
Polarimetric Variables

Djordje Mirkovic, Dusan S. Zrnic, Life Fellow, IEEE, Valery Melnikov and Pengfei Zhang

Abstract— We use a commercially available full-wave
electromagnetic tool to model scattering off rough hail. Through
modeling various axis ratios and surface roughness, we
systematically evaluate their effect on the polarimetric variables
used for hail size discrimination. Our results produce the
differential reflectivity and the copolar correlation coefficient
typically not achieved using forward operators. We compare our
results with available information in the literature. Inclusion of the
additional shape parameter brings new insight on problems
associated with the polarimetric variable for hailstone size
gauging. Finally, using WSR-88Ds’ observations of a hail storm on
two opposite sides, we hypothesize that the source of negative
differential reflectivity is wet oblate hail in the resonant size range.

Index Terms—Polarimetric weather radar, polarimetric
variables, scattering from hail, hail observations, hail signature.

I. INTRODUCTION

IN the US and worldwide, hail is one of the most destructive
and costly high-impact weather phenomena. According to
[1], from 2000 through 2013, insurers paid more than $54
billion for hail incurred damage. Between 2014 and 2017, the
damage was over $ 72 billion [2]. That means that more than $7
billion per year is the average from 2000 through 2017. This is
over twice the average damage of $2.7 billion caused by
tornadoes from 2000 through 2019. Although tornado warnings
save lives, property in the path of a tornado cannot be saved.
This, however, is not the case with hail warnings. These can
reduce damage to the transportation industry (aircraft, boats)
and the public; citizens can shelter cars in garages or avoid
travel through a hailstorm. Large and giant hail causes the
greatest damage. Hence it is important to predict its occurrence.

Hail detection and estimation of size is a crucial part of the
National Weather Service (NWC) mission. NWS designates
hail larger than 25 mm (1 in) as “severe” and hail larger than 50
mm as “significantly severe” [3]. For short-term nowcasting
and warning, the NWS uses its network of dual-polarization
weather radars (WSR-88D) as well as reports by the public and
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storm spotters. To educate the public and obtain quantitative
information about size, the NWS has a list of size categories of
hail. Each category is paired with a familiar object like a penny
with 3/4 in, a quarter with 1 in, an egg with 2 in, a tennis ball
with 2.5 in, etc., and the total number of categories between 0.5
in and larger than 4.5 in is fourteen (see NOAA hail size
comparison chart [4]). Although dual-polarization has enabled
significant improvement in detecting hail [5], gauging its size
remains challenging.

Dual polarization weather radar has been used for the
detection of hail for over 30 years. Reference [6] presents a
comprehensive discussion of hail's polarimetric properties
suitable for discriminating it from other hydrometeors. The
increase in circular depolarization ratio Cpg and equivalent
reflectivity factor caused by hail is a proven polarimetric
indicator of hail [7]. Later studies relied on the reflectivity
factor and the differential reflectivity [8], [9], [10], and the
second polarimetric method for hail identification is based on
this pair. Hail causes an increase in the linear depolarization
ratio (Lpgr) and applications to hail identification are presented
in[11],[12], [13], [14]. The decrease in the co-polar correlation
coefficient pyy is the fourth polarimetric characteristic of hail
[15], [16]. In [17] Ryzhkov et al. use a one-dimensional hail
model that can generate any realistic size as hailstones are
introduced in the updraft where they grow. The shape, however,
is an imposed spheroid with a specified axis ratio. To our
knowledge, there are no models that can generate
protuberances. In principle, this could be done empirically, as
there is no theory to relate protuberances to hail size and its
thermodynamic environment.

This paper is aimed at systematically representing the results
of rough hailstones that multiple publications (i.e. [17], [16],
[18], etc.) find most likely to cause low pny and extreme Zpr
observations. While Jiang et al. [18] make a significant step in
modeling realistic hailstones, their database is limited to eight
hailstones. Thus it cannot represent corresponding polarimetric
signatures. Herein, we focus on S-band (WSR 88D’s frequency
band) and create the database of spheroidal rough hailstones
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covering most naturally observed hailstone sizes. This paper is
primarily concerned with the Zpgr and pny because these two
variables may discriminate some hail sizes. For example, a dry
hail model [19] consisting of oblate spheroids produces
negative Zpr up to — 6 dB at sizes larger than 30 mm at S-band.
Therefore, these authors propose that negative Zpr might
indicate the presence of large dry hailstones. The negative Zpr
is caused by resonance and occurs at different sizes depending
on the frequency band [17]. Balakrishnan and Zrnic [15]
speculate that negative Zpr indicates wet oblate hail with a
maximum dimension larger than 40 mm. According to the
computations in [20], spongy oblate hail can have large positive
or negative Zpr (depending on the fraction of water in the
hailstone) in a size range of approximately 30 to 60 mm.

The decrease of pny has been connected, albeit indirectly,
with hail size as follows. Large hail is prone to be either oblate
or irregular, both exhibiting protuberances and tumbling. These
effects decrease pny. Quantifying the Zpgr and pyy for hail sizing
is ongoing research, and it is unlikely that the two stand-alone
would do. This is why [14] chose to estimate size from the
polarimetric variables' vertical profiles below the melting layer.

We chose to model oblate hail with protuberances. In the
next section, we explain the reasons for this choice. We present
our findings as follows. First, we overview hailstone models
and electromagnetic (EM) modeling procedures. In section
three, we describe our approach to calculating polarimetric
variables and our hailstone models' results. We consider some
hailstorm observations in section four and use our results to
interpret data and discriminate hail size. And finally, we revisit
our findings and stress important details.

II. HAIL, PHYSICAL PROPERTIES, AND IMPACT ON MODELS

We discuss the polarimetric variables' values from hail at the
S-band and relate these to some hail models.

A. Polarimetric properties

Unlike raindrops, hailstones' size and shape are not uniquely
related. Nonetheless, it is known that small hail (< 10 mm) is
generally spherical, whereas larger stones have a variety of
shapes and the oblate one occurs more often. This has important
ramifications on detection and estimation of size. Among the
first study documenting hailstone shapes (in America and
Europe) is by Weikmann [21], who found that 58% had a
spheroidal shape, and of these, 68% were noticeably oblate.
Browning and Beimers [22], writing about Oklahoma hail, state
“the majority of hailstones were only very slightly oblate when
they were 10 mm in diameter, but most became markedly oblate
by the combined effects of growth and melting.” Barge and
Isaac [7] observed 83% of hail with axis ratios between 0.6 and
1. Mean axes ratios 0.6 to unity are reported in [23], [24].
Giammanco [25] plotted minimum to maximum dimension
ratios over two years for the Great Planes hail. The values are
consistent with [23].

Moreover, one standard deviation on either side of the mean
encompasses the mean values measured in hail from Oklahoma,
Alberta, and Colorado [23]. One of us (Dusan) had experienced
several hailstorms in Oklahoma. On a few occasions, he saw

disk-shaped hailstones with maximum sizes of 40 to 60 mm. In
Fig. 1 are three hailstones from Oklahoma with oblate shapes,
the largest dimension of about 50 mm, and some protuberances
along the perimeter. This motivates our choice to model hail as
an oblate spheroid, but with the following caveats. The
significantly oblate hailstones span a relatively narrow range of
sizes, and these appear to be at the transition from large to giant
hail, perhaps 40 to 60 mm? Other very irregular shapes are
important and often dominate in the giant hail category.

B. Models

The physical properties for determining scattering from hail
are the shape, size, and refractive index. Often the assumed
shape is spheroidal [17], [13], [26], and the refractive index can
be of pure ice, water coated ice, or spongy ice [20].

One of the main challenges for models is reproducing the
observed low py, [17]. The low correlation coefficient values
are most likely caused by the irregular shape of hailstones aloft
[16]. Balakrishnan and Zrnic [15] considered surface
protuberances and quantified the decrease of the py, as a
function of protuberance to diameter ratio. Their model applies
the Rayleigh solution to sizes for which the approximation
begins to break down. Therefore, their results may serve as a
rough guideline for non-Rayleigh scatterers. Jiang [18]
computed the polarimetric variables using models based on
eight hailstones collected in nature. Five of these were smaller
than 40 mm, and three were larger than 100 mm. The authors
made three-dimensional scans of collected hailstones and
created numerical models to simulate their polarimetric
signature. They used the Discrete Dipole Approximation
(DDA) scattering technique in the simulation of scattered fields.
Their results exhibit a significant decrease in py,, for some of
the modeled “wet” hailstones. However, the authors use a fixed
1 mm water coating, which is applicable to a narrow band of
sizes centered at about 60 mm. Their models of hailstones 10
to 70 mm in size show no significant decrease in py,,. Jiang et
al. [18] also compare the backscatter differential phase § of
spheroids with their model results. They use only four water-
coated hailstones due to the numerical complexity of the DDA
in such cases. The results they present are important because &
exhibits significantly larger variation (about 100°) compared to
the calculated ones with forward operator assuming spheroidal
shape of hailstones [17].

C. The Model

Here we present a spheroid-based scattering model of hail
with surface protuberances. Following [15], the model
differentiates hailstone types according to the axis ratio of an
initial oblate spheroid, protuberance to radius ratio, and
hailstone size. The maximum dimension determines the
hailstone size. In the case of an oblate spheroid, this is the
equatorial diameter. We opted for the maximum dimension
instead of the often used equivolume diameter because the
maximum dimension is measured in field experiments when
hailstones are collected. Our models include dry and water-
coated (“wet”) hailstones with axis ratios 0.6 to 0.8 and sizes up
to 100 mm. Scattering coefficients obtained by each hailstone
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model's simulations are stored in a library of scattering matrices
containing about 1000 different spheroidal rough hail models.
For dry hail, spheroids have a solid ice refractive index,
whereas, for wet hail, spheroids consist of two layers.
Protuberances are added to the surface of the hailstone
randomly. Quantifying the surface roughness is challenging
because the relation to the diameter is not known. To overcome
this challenge, we evaluated images of hailstones from April
21, storm available online [27], [28], [29]. In these videos, the
authors collected hailstones for which we roughly evaluated
roughness to diameter relation (Fig. 1 b). We define roughness
as protuberance's maximal deviation from the original (starting)
spheroid’s equatorial radius. Hailstones from the April 21 storm
(Fig. 1 a) have protuberances of about 20% of the diameter.
Following our rough approximations, we modeled hailstones
with 2%, 6%, 10%, and 14% roughness.
Water content for wet hail was determined using the maximum
surface water amount before shedding, as suggested by [30].
The water content is uniformly distributed over the hailstone's
surface, following its shape (topography). This assumption may
not replicate the true distribution of water on hailstone, yet it
may be a reasonable approximation. For oriented hailstone, we
expect water to shed off of the perimeter and backside. In
contrast, a tumbling hailstone would accumulate and shed water
in the plane to which the rotation axis is perpendicular.

D. Computational Electromagnetic (CEM) solvers

Electromagnetic (EM) modeling of hailstones was done
using the commercially available software WIPL-D Pro [31]. It
uses the Method of Moments (MoM) computational EM tool
designed to analyze 3D metallic and dielectric structures. A
hailstone is represented as an object composed of
interconnected plates that define a boundary between two
different materials. An appropriate refractive index is assigned
to the inner and the outer medium setting boundary conditions.
From the incident electric field and boundary conditions for
both the electric and magnetic field, the matrix of equivalent
induced surface currents can be computed. Equivalent induced
currents are determined for each surface element and
approximated by a product of unknown coefficient and higher-
order polynomial basis function. The matrix system is solved to
determine the “unknown” coefficients. These coefficients with
the basis function are then used to determine the hailstone’s
scattered EM field.

MoM and WIPL-D have been validated on many man-made
objects [32], as well as insects and biota [33] [34]. MoM has
been previously used for computational EM (CEM)
calculations of scattering by hydrometeors. Some early works
include modeling hail [35], [36], while some of the latest
meteorological applications include the prediction of scattering
by 3D snowflakes [37].

Various investigators have applied different CEM
approaches to hydrometeor scattering. Most common is the T-
matrix method, but many recent studies employed the DDA.
The full-wave solvers were mainly applied to validate results
and for accuracy/computation speed comparisons. Several
publications exist where these CEM approaches are compared
[38], [39], [40], [37]. Some only validate the accuracy of CEM
using MoM (WIPL-D) against other solvers [40]. A comparison
of the MoM-surface integral equation (MoM-SIE) approach

(which is used in WIPL-D) is the topic in [38] and [37]. The
authors [40], [39], [37] examine the T-matrix method's stability
in different scenarios. For example, [40] studies the stability at
a fixed frequency while varying the axis ratio, whereas [37] and
[38] use the frequency variation. Of particular significance are
comparisons of DDA with MoM-SIE regarding the
computational intensity of calculations. MoM-SIE is, on
average, more accurate and two orders of magnitude faster than
the DDA and is more versatile than the T-matrix method [39].

III. CALCULATION OF POLARIMETRIC VARIABLES

Forward operators [41] use scattering coefficients for the
principal axes of a spheroid (normal incidence) obtained via
Rayleigh or some other (T-matrix) method. Normal incidence
signifies the particle is not canting. Away from normal
incidence, researchers rely on the “backscattering rule,” a
closed-form approximation of backscattering matrix, to
extrapolate the scattering coefficients. This extrapolation holds
up to 10° away from normal incidence measured from the
symmetry axis of spheroidal raindrops (Rayleigh scatterers) and
frequencies to 35 GHz [42]. However, when applied to hail, the
backscattering rule must accommodate tumbling hailstones,
which creates a significantly larger angle between the incident
electric fields and the scatterer's symmetry axis. Therefore,
using the backscattering rule out of its valid angular range
would introduce errors to calculations of the polarimetric
variables at resonant and larger hail sizes [40]. To further
examine the angular moments' application and the
backscattering rule reader can look in [43].

The accurate alternative is determining the scattering
coefficients for all canting and orientation angles and avoiding
the backscattering rule out of its valid range. Such an approach
is most appropriate for non-symmetrical hydrometeors. Here,
we use the definition of canting in the plane of polarization and
orientation from the direction of propagation (Fig. 1) in
Ryzhkov [43].

The variability of scattering coefficients for non-symmetric

hailstones is naturally larger compared to symmetric ones.
Whereas radially symmetric objects have independent
scattering coefficients over a single arc of 90°, a truly non-
symmetric model with random protrusions may scatter
differently for each canting angle.
Here, we adopt a direct approach to calculate the scattering
coefficients for various user-defined canting and orientation
angles (a,1). Polarimetric variables are computed from
scattering coefficients as:

Iy = n“‘I}Ii:vIZ X{ Npi Za lshnl? [mmngle] (1
Zy = 10log Z,, [dBZ]; 2)

v = e B Ny Talswl? [25]: G)
Zor = 10log () [dBJ: O
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where Syy are the scattering coefficients, a is the canting angle,
Np; is the concentration of each hydrometeor, |K,,|*> is the
dielectric factor (0.93 here), i represents the summation index
over hydrometeors in the unit volume, whereas summation over
Q = (a,3) are various orientations in a unit volume. The
wavelength A in our computations is 107 mm. The simulated
polarimetric variables represent the ones measured in the
alternate polarimetric mode, whereby the H and V polarized
pulses of EM radiation are sent separately. This follows the
approach set by [17] [18]. Nonetheless, for mean canting angles
of 0°, as considered herein, the polarimetric variables measured
in the alternate polarimetric mode and simultaneous mode (as
on the WSR-88D) are almost the same.

The Circular depolarization ratio (Cpgr,) We use is obtained
from linear polarization returns [44], [45], [46] hence is a proxy
of the true Cpr. We resort to this proxy, as it can be obtained
from the WSR-88D data. Appendix A details the differences
between the true Cpr and the simulated (proxy) Cpga-

IV. POLARIMETRIC VARIABLES IN HAIL, MODEL RESULTS

Our results are presented assuming a monodispersed size
distribution as in [17]. We calculate the polarimetric variables
for various orientation angles w and canting angles a. The
canting in plane of polarization o changes from 0° to 40°, with
the mean canting angle being 0°. The monodisperse size
distribution is used to stress the scattering difference between
hailstone sizes and compute the polarimetric variables at each
size. This way, one can quickly determine the sizes that cause
the most significant changes in the polarimetric variables; or the
sizes at which some polarimetric variables cross a threshold.
This is important as it offers a solution to the inverse problem,
that is, from observed polarimetric variables, find the dominant
contributing sizes. Hail has a highly variable distribution of
sizes which smooths the polarimetric variables, thus blurring
the separation of sizes. Nonetheless, in cases, as herein, where
a small range of sizes causes a significant difference in any of
the polarimetric variables, the monodisperse simulations enable
identifying the range of sizes that the distribution has blurred.
The added complications come from the highly variable
refractive index of hail, and that is why we distinguish dry hail
and wet hail.

Hailstone orientation is introduced in the CEM modeling,
where the direction of incident fields is varied to assume
particle tumbling, as in [18]. Our hailstone model, in
simulation, has its equatorial plane in xOz plane, which allows
for the implicit introduction of hail canting. Changing the
spherical coordinates of incident EM field
(¢, 0)€e[(0,2m), (—m, )] therefore translates to change of hail

orientation and canting (@, ). This is different if compared to
Jiang et al. [18], where the models’ equatorial plane is in xOy
plane and canting in the plane of polarization (a) is introduced
through rotation of fields in the polarimetric variable
calculation.

We calculate polarimetric variables for hail sizes of 5 mm to
100 mm in steps of 5 mm. The values between points are
interpolated using a modified Akima algorithm [47]. Sizes are
based upon the fact that hailstones smaller than 8§ mm would
typically melt in fall [17], while sizes exceeding 100 mm are
very uncommon. Nevertheless, our approach applies to both
smaller and larger sizes.

A. Dependence on the axis ratio

Consider how axis ratios of hydrometeors having 2% surface
roughness affect the polarimetric variables. The results for
hailstones with low roughness should resemble perfect
spheroids published in [17].

As we use the maximum diameter instead of equivolume
diameter, the first resonance in radar reflectivity factor (Fig. 2
a) occurs at noticeably different sizes for various axis ratios.
This difference is expected as the axis ratio is different for each
of the curves. If we were to use equivolume diameter, these
would be closer to each other at resonance.

Resonance characteristics are observed in all polarimetric
variables at horizontal and vertical polarization (Fig. 2). The
polarimetric variables at horizontal polarization for dry hail are
plotted in Fig. 2 a); the first resonance peak, the second, and the
third are easily distinguished. Identifying major resonances for
wet hail (Fig. 2 b) is easier because the two maxima are well
pronounced. The internal H electric fields in scatterers add
constructively, or destructively, at different sizes than V fields.
These differences affect the polarization variables causing
visible effects on Zpg, ppv and 8. We see some effects also on
the Lpgr and Cpg, yet these are not as pronounced.

The Zpr in dry hail becomes negative starting at sizes 60 to
70 mm (depending on the axis ratio) and remains negative up
to the end of the simulated maximum size (100 mm) (Fig. 2 ¢).
This characteristic may have strong implications for giant hail
discrimination in the dry hail regions. Dry hail contrasts to the
wet hail model with negative Zpr at sizes between 45 and 70
mm. The results are in qualitative accord with [15], their Fig. 6
b) in which, for comparison, the sign of the Zpr should be
reversed because the minor axis is in the horizontal plane; the
values in Figs. 2 ¢), and d), are about two times more negative
than in [15]. This may be because these authors’ model assumes
spheroids with the symmetry axis randomly oriented in the
plane along the beam and normal to the ground. This effectively
reduces oblateness. Similar is the comparison with the model
[17]. The radar reflectivity factor Figs. 2 a), and b) and Figs. 8
a), and b) in [17] follow the same pattern as for our 0.8 axis
ratio hailstones. Yet, there are some discrepancies in the Zpg
(Fig. 2 d) and those in [17] Fig. 8 d). The main difference is the
positive Zpg maximum in [17] observed at 8 mm, whereas our
results do not have it. The reason for this difference is in the
physical model of hailstones. Here we use the maximum water
prior to shedding as water coating of solid ice, while in [17] it
is based on the hail water fraction. An 8 mm size particle in [17]
is pure water, whereas for slightly larger sizes, it is spongy hail
containing water within the hail core, contrary to our solid ice
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core model. In our simulations, 5 mm hailstone has an ice core
of 5 mm and water coating surrounding it. Water within the hail
core in spongy hail models will increase the ice core's dielectric
permittivity, making it higher than the permittivity of solid ice.
Furthermore, the high Zpr (>5 dB for 0.6 axis ratio) of wet
hailstones from 20 to 35 mm in size (Fig. 2 b) may explain large
Zpr values in severe convective storms observed by [48].
Others claim that such large Zpr “cannot be reproduced in
scattering calculations or forward operators employing liquid-
coated spheroids” [18].

Notice in dry hail’s py, the significant drop is at the axis ratio
of 0.6 and sizes 85 to 90 mm (corresponding to equivolume
diameters of 78 to 82 mm. These are about 40% larger than
reported in [15]. For sizes up to 60 mm, results in [15] (their
Fig. 6 a) and our results agree well with the pyy decreasing to
about 0.98.

Wet hail significantly increases drops in pny. Sizes at which

decrease occurs depend on the axis ratio. The first decrease
happens at 60 mm (equivalent diameter of 55.7 mm); for the
axis ratio of 0.8 (Fig. 2 f), it produces pny = 0.83. This result
corroborates Fig. 10 a) in [15]. Some discrepancy is observed
in the modeling of 0.6 axis ratio wet hail. For sizes up to 10 mm,
Balakrishnan and Zrnic [15] (in their Fig. 10 a) find local py,,
minimum (about 0.94), which doesn’t exist in our results. This
discrepancy is most likely due to different modeling of
hailstones.
Sizes of about 95 mm and 100 mm (and more not shown) cause
decreases of py,, to 0.75 (for 0.7 axis ratio) and 0.7 (for 0.6 axis
ratio) as depicted in Fig. 2 f). Note that py,,=0.85 is the lowest
admissible value for hail classification [26]. The observed low
values come from a distribution of hail sizes. And we alert
readers that in the case of different sizes and axis ratios, the
composite pny is between the smallest and largest one of the
bunch.

The backscatter differential phase 6 (Fig. 2 g and Fig. 2 k)
exhibits wide changes. These changes are, to a larger extent,
responsible for the decrease of pny. Note that Jiang et al. [18]
(their Fig. 11) have a smaller range of § for the same canting
angles.

Lpgr and Cpp, are increasing in the dry hail for all axis ratios
in Fig. 2 i), Fig. 2 ). Researchers [49] and [18] recognized this
trend as a potential tool for hailstone size determination.
Interestingly, the Lpg of dry hailstones deviates from general
trend substantially only for some resonant sizes of very rough
hailstones (14%) (Fig. 3 ¢). While for hailstones with smaller
protuberances Lpg increase with size up to about 80 mm.

The Lpr measurements cannot be made on the current WSR-
88Ds. Because of Lpr’s dependence on the particle’s shape and
orientation, Cpr, i1s deemed advantageous over Lpgr [45].
General increase of Cpr, suggests that it might be useful for
hailstone size detection above the melting layer and regions
where dry hail is the main contributor to scattering. The Cpg,
is mainly dependent on the axis ratio and size, while its
dependence on surface roughness is insignificant (Fig. 2. /).
Furthermore, Cpr, is at least 5 dB higher than the linear
depolarization ratio [45]. However, once wet hail reaches
resonant size (60 mm maximum or 55.5 mm equivalent volume
diameter), the variation of the Cpg, becomes very pronounced
(Fig. 2 ), similar to the variation of the Lpy (Fig. 2 ).

B. Dependence on the surface protuberance

Comprehensive studies quantifying the effect of surface

roughness on all polarimetric variables have yet to be made.
Some attempts to quantify the surface roughness effect on one
or a few variables exist [15]; [18]. Jiang et al. [18] analyze eight
actual hailstones and compute the polarimetric variables
therefrom. Although limited, it is significant that their
correlation coefficient from the largest hailstone exhibits
changes between 0.82 (standard deviation of canting angle was
10°) to 0.56 (at a standard deviation of more than 60°).
This section considers dry and wet hailstone models with a 0.7
axis ratio and roughness of 2%, 6%, 10%, and 14% (Fig. 3).
Reference [40] includes hailstones with the same protuberances
but axis ratios of 0.6 and 0.8.

Balakrishnan and Zrnic [15] consider the effect of surface
protuberance on py, for spherical Rayleigh scatterers. Their
results of the pyy decrease for distorted spheres can be used for
quantitative comparisons with our computed decrease in dry
hail. However, a similar comparison in the wet hail case would
be off, mainly because differential phases are neglected in
Rayleigh scattering. Due to their water coating, these scatterers
have a higher backscatter differential phase than dry hailstones
(compare 20 to 60 mm Fig. 3 g) and Fig. 3 4)). Results in Fig.
7 of [15] show a continuous decrease in the py,, with increasing
protuberance to diameter ratio. This result is independent of hail
size.

The correlation coefficient (Fig. 3 e) depends on roughness
only for resonant sizes (50 to 60 mm and 80 to 100 mm). In
contrast, no significant dependence on roughness is observed
for other sizes. Mirkovic [40] in his Figs. 8.21 & 8.22 observes
a drop in correlation coefficient for dry hailstones of about 15
mm with a 0.6 axis ratio in accord with maximal py, drop
predicted by [15]. Herein, if we consider the drop of the py,,, for
90 mm dry hail with 14% roughness (p,,=0.87) (Fig. 3 e), and
compare it to the 2% roughness (pp,=0.96) (which we consider
smooth), we see that the drop agrees with [15]. Similar applies
to other roughness at resonances, yet minimal values are not
significantly different from one another except for the 14%
protuberances. Our computed values for dry hailstones are in
accord with [18] Fig. 7 for all hailstones they have modeled.

If we consider wet hail (Fig. 3 f)), the drop in the py,, becomes
significantly larger and aligned with change in the
backscattered differential phase (at about 55 mm size).
Whereas, for resonant hailstones with smaller roughness the
Pny remains between 0.85 and 0.9; the py, for resonant
hailstones with 14% roughness py, drops to 0.3. Similar
dependence is observed in hailstones with 0.6 and 0.8 axis
ratios having 10% and 14% roughness. This result is important
considering that recent models fail to replicate observed low
Ppyv in wet hailstones and reach the minimum of 0.88 (Fig. 7 a)
in [50]); minimum of 0.97 (Fig. 7 S-band correlation
coefficient) in [41]; 0.6 for “hailstone 4” in Fig. 12 by [18].
Furthermore, it suggests that including surface protuberances
may be necessary for the realistic modeling of hailstorm
signatures.

Jiang et al. [18] is the most recent study considering the Lpg of
wet hailstones with irregular shapes. They simulated four wet
hailstones and their highest simulated Lpg is about -8 dB and
the corresponding hailstone looks like a “rabbit head.”
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Examining the information available, namely Zpgr(Fig. 5 in
[24]) for this hailstone with no canting, we can approximate its
oblateness. It follows that the axis ratio is about 0.4, which is
significantly more oblate than the values we simulated.
Nevertheless, our result has the same order of magnitude,
i.e., Lpg=-13 dB for a wet 0.6 axis ratio hailstone similar in size
(about 30 mm).

Presented signatures of Lpgr and Cpr, dependence on
hailstones’ roughness favors the circular depolarization ratio for
its linearity in dry hail. The dry hail size discrimination
proposed by [45] depends on the linearity of the Cpg,, and quasi
linearity is maintained up to 80 mm hail. Except for very rough
(14%) hail at its resonance (at about 60 mm) the Cpg, remains
mostly linear (Fig. 3k), whereas Lpg has stronger dependence
on surface roughness. Therefore, Cpr, may be better suited for
dry hail size discrimination [45].

V. POLARIMETRIC VARIABLES IN HAIL, OBSERVATIONS

Present knowledge about hail size distribution (HSD), shape,
and orientation in fall is scant. Various shapes have been
observed on the ground, and the large ones can be extrapolated
to locations aloft. A comprehensive summary of hailstone and
graupel polarimetric attributes is in [6]. Herein we present
observations of a hailstorm from opposite directions by two
WSR-88D weather radars. Both radars measure significant
negative Zpr in the common area, and we discuss these after
reviewing possible causes.

Shape and orientation are weakly related to size. Our results
and others suggest the following possibilities:

1) Small graupel (< 5 mm), when its shape is conical, is
vertically oriented. Observations include consistently
negative Zpg (-0.5 to -0.2 dB) and Z smaller than 40 dBZ
[51].

2) Oblate wet hail (10 to about 40 mm), if oriented with
symmetry axis in the horizontal plane, will create negative
Zpr as reported, for example, in [24], [15]. Such hail may
spin about its symmetry axis [52].

3) Oblate horizontally oriented wet hail with size 40 to about
60 mm will cause negative Zpg (Fig. 2 d) and [24], [15].

4) Differential attenuation can induce negative Zpr [53],
[16].

Negative Zpr cannot be obtained by assuming exponential or
uniform HSD. If we examine the results for wet hail in Fig. 2
and 3 d), we see that only sizes between 45 and 65 mm (resonant
sizes) produce differential reflectivity below -1 dB. Therefore,
to achieve negative Zpg, resonant sizes would have to be
dominant contributors. To quantify, let us consider two-step
HSD. Let the first step be from 25 to 40 mm, having
concentration g, and the second step from 45 to 70 mm, of
concentration b. For a fixed concentration (say b=1) of resonant
size (45 to 70 mm) hail, the concentration of smaller sizes to

achieve Zpg = —1.5 dB has to be a < % otherwise, Zpr would

be larger than -1.5 dB. We have assumed the 0.7 axis ratio and
small (2%) protuberance. For different axis ratios or
protuberance levels, this result may vary slightly. Following
this example, we can conclude that HSD must be narrowly
centered at 50 to 60 mm (center of resonant sizes) to produce
the relatively small negative Zpg.

For the case that we present, data were collected during the

April 22 hail storm in South-West Oklahoma by the KTLX, and
KFDR, WSR-88Ds over Comanche county, OK. The storm
produced large 44.5 mm (1.75in) and giant 50 mm to 76.2 mm
(2 to 3 in) hail in Fletcher, OK [54]. The largest hail reported in
Fletcher, OK, was at 4:11 UTC when 76.2 mm (3 in) hail
occurred. The Norman Weather Forecast Office (OUN)
reported the 76.2 mm hail at 4:11 UTC in Elgin, OK, [55].
Which would be within the same hail core, as these two cities
are within the circle (Fig.4). Additionally, a group of storm
chasers documented sizes and shapes of hailstones in their
videos [27] [29] [28]. In these videos, hailstones were
compared to baseballs [28], collected and compared against
hand palm [27] (Fig. | a), and gauged by Vernier calipers [29].
Validation of our hypothesis on hail size aloft is next to
impossible. However, relating to the ground observation of
hailstones at multiple locations from multiple sources yields
results that agree with our hypothesis. The majority of collected
hailstones are about 50 mm in diameter, with the occurrence of
hailstones up to 75 mm.
The Hail Detection Algorithm (HDA) on the WSR-88D
identified this region as giant hail. We examine reflectivity (2),
differential reflectivity (Zpg), and correlation coefficient (pyy)
fields from KTLX and KFDR radar. It is important to note that
these radars operate at 2.91 GHz (KTLX) and 2.71 GHz
(KFDR), which are on the low and high side of the frequency
spectrum (2.7-3GHz) reserved for the WSR-88D. Only a few
radars operate above 2.9 GHz. The frequency in our hailstone
simulations is in the middle of this range at 2.8 GHz.

The storm center is at about 84 km from the KFDR and about
107 km from the KTLX. The lateral dimension of the KFDR’s
beam at 0.9° elevation is completely within the KTLX’s beam's
lateral dimension at 0.5° elevation. As these beams cover the
same area, additional information may be extracted from the
Zpr signature. Because the resonance position depends on the
wavelength, the size at which KTLX observes negative Zpy is
about 7% smaller than in the KFDR case. The frequency
difference may contribute to the observed Zpg differences.

In Fig. 4 are the fields of polarimetric variables collected with
the KTLX radar. Additional observations include video reports
from individuals on video-sharing websites [28].

We have circled the region of interest for our example.
Within the circle is the observation of the hail core with radar
reflectivity higher than 60 dBZ, predominantly negative Zpg,
the correlation coefficient of about 0.6 to 0.95, and a “valley”
(15° to 45°) in differential phase between two “ridges.” We
calibrated Zpg by removing the bias, the Radar Operation
Center estimates from Bragg scattering [56]. The reported bias
for that day is -0.32 dB. The lowest Zpg within the region is -
3.14 dB. By applying the algorithm of Ryzhkov et al. [16] for
KTLX radar within the circle (Fig. 4) we calculate the average
differential attenuation of 0.07 dB (°)"! or 2.59 dB for an average
A®pp of 37°. The differential reflection after both corrections
are applied is -0.55 dB, and thus noit increases the Zpg, it leaves
a coherent patch in the circled area.

Similar to the observations by the KTLX are the observations
of the same hailstorm by the KFDR (Fig. 5). The view is from
the opposite direction, and that helps solidify some conclusions.
We have removed the bias in Zpgr of -0.19 dB from these data.
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Again we see the region of consistently low Zpgbut now, with
a minimum of -2.17 dB. We calculate the average differential
attenuation in the circled region of KFDR (Fig. 5) as in [16] to
be 0.02 dB (°)! or 0.51 dB for an average ADpp of 26.5°. After
both corrections are applied, the differential reflectivity is -1.66
dB. The ®pp field in Fig. 5 is consistent with the one in Fig. 4.
It exhibits a similar “valley” between ridges of high differential
phase with a change of about 30°. However, due to the
difference in radar position with respect to the storm, the
differential attenuation differs by 2.08 dB. In our case, Zpg
miscalibration and differential attenuation that we correct
would be the main sources of error. The hail core size is
multiple beamwidths wide, and thus non-uniform beam filling
effects and the difference in the observation time of these radar
beams for the two radars are not present.

The remaining Zpy the difference might be caused by the
radars’ operating frequencies. For example, if the distribution
of sizes favors the resonant one for the KTLX, the
corresponding number of negative Zprs would be larger and
vice versa. The area of common negative Zpr delineated with
the circle in Fig. 6, we believe is due to large oriented oblate
hail.

Some observations of negative differential reflectivity in
literature are in [57]. The authors report Zpg~ — 2 dB with
associated reflectivity of 65 dBZ above the melting layer. The
values and location of the signature are consistent with the wet
growth of giant hail. Based on our results, we can associate this
region with resonant size hail.

Another example is in Fig. 7 of [12], which shows results
obtained by the NCAR’s S-pol radar. It indicates a region of
large hail aloft with a reflectivity of about 60 dBZ, Zpgr = —1.5
dB, and Lpr = —12 dB. This signature corroborates well with
our calculations of resonant size hail for all three variables.

VI. DISCUSSION AND CONCLUSIONS

We have systematically examined and quantified the effects
of irregular hail shape on the polarimetric variables. As in
numerous previous studies, the underlying physical model is the
oblate spheroid, to which we have added protuberances. There
are no comprehensive studies of such models, likely due to the
complexity of scattering from rough bodies. This motivated us
to choose the commercially available electromagnetic solver
WIPL-D Pro for calculating the scattering coefficients.
Commercially available solvers make easier replication of
similar studies than would be possible with proprietary tools.
Moreover, EM solvers are more versatile than specialized
techniques and have documented accuracies. Because customer
needs drive development, EM software are continually
optimized to achieve faster and more accurate performance; this
makes them desirable for modeling scatter off hydrometeors.
Surface roughness, commonly observed on dry and wet
hailstones, can significantly change the hailstones’ radar cross-
sections (RCS) compared to RCSs of spheroids. However, for
most sizes, surface protuberances cause insignificant change to
the reflectivity factor Zy,. Significant variations in Zy, occur for
resonant size (45 to 60 mm) and extremely large wet
hydrometeors.

Differential reflectivity can be significantly affected by
protuberances. We observe a large decrease (>6dB) for very

rough resonant size hailstones. Negative (<-2dB), as well as
large positive values (>5dB) of Zpg have been reported and
replicated with different monodispersed models. Besides the
large negative Zpg drop for 0.7 axis ratio hailstones, a similar
increase in Zpg occurs for 30 mm wet hailstones with 10% and
14% protuberances. The capability to simulate these observed
signatures is one important outcome of our approach.

The co-polar correlation coefficient is arguably one of the
most important polarimetric variables for determining hail
aloft. Calculation of py, using only spheroidal models has
significant limitations because the computed scattering
coefficients are independent only over a 90° arc. Because it is a
measure of the correlation between the horizontal and vertical
return, pp, 1S quite sensitive to the axis ratio as well as
protuberance levels. Results presented herein quantify this
sensitivity. It is important to note the large py,, drop (to 0.3) for
the very rough 0.7 axis ratio wet hailstone. A similar drop
occurs for the 0.6 axis ratio hailstones with the same roughness
levels. These low py, are important as they may cause
misclassification of hydrometeor type; hydrometeor
classification algorithms associate low py, with non-
meteorological scatterers.

Our results confirm that use of Lpr as well as Cpr, for
hailstone sizing 1is plausible. Both variables deviate
significantly from a monotonic change at a 14% roughness for
0.6 axis ration. A problem in the application of Lpr and Cpr,
to size discrimination of dry hail is their dependence on the
hailstone axis ratio. For example, both variables exhibit about 7
dB difference between the values at axis ratios of 0.6 and 0.8.
Our dry hail model with a size larger than 65 mm produces
negative Zpr whereas, for wet hail, the sizes of 45 to 70 mm
cause negative Zpr. It remains to be seen if similar relations
hold in nature. If true, the relations could be useful for
discriminating dry from wet hail and recognizing the giant hail
category.

We presented fields of the polarimetric variables from a
severe hailstorm in which significant negative Zpr were
recorded by two WSR-88D viewing the storm from opposite
directions. We hypothesize that the main contributors to the
commonly observed negative Zpr are oriented wet hailstones in
size range 45 to 70 mm. The observed values are less negative
than the simulated ones. This is not surprising because the
simulated results apply to the alternate polarimetric mode and
hence yield larger extreme Zpr of either sign. In the
simultaneous polarimetric mode, the variations of the canting
angle tend to reduce the extreme Zpgs. Differential attenuation,
however, causes negative Zpg bias.

APPENDIX

A. Circular Depolarization Ratio and its proxy

A brief description of what Cpr we measure and simulate is
given here to avoid possible confusion between models and
observations. This is to reconcile the values used in this
manuscript with the true and proxy values.

1) Exact Cpr

By definition, the Cpr can be computed from the linear H, V

basis, and its intrinsic value is:

_ <Ispn+2jsyn=swl*> _ N¢
Cp=—"r 0 H— =7, (A1)
<|Shh+svv| > D¢
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where the N, and D. are the nominator and denominator in
(A.1).

Let’s assume that the model is a spheroid with a mean canting
angle 0° and symmetric random distribution about the vertical
axis. In that case, the nominator becomes
Ne = (Ismnl?) + (Iswl?) + 4HIsn[2) — 2 Re( syusi) +
4 Re( SynSnn) + 4 Re( SynSoy)- (A.2a)

The < > indicate ensemble average, which for ergodic
process assumed here would equal time average (over an
infinitely large time). In practice, the time average is over a

finite time interval of M samples. Note that the Re(s, s, )=

Re(s,, 5. ) =0 because the distribution of canting angles is

assumed to be symmetric with respect to 0. Thus for this model,
we have

N = (Isunl®) + {Isw|?) + 4(Isyn]®) — 2 Re(syySpy),  (A.2b)
and
D¢ = (Ispnl®) + {Isw|?) + 2 Re( syySpy)- (A.2¢)

The exact Cpr can be computed on data from fully polarimetric
radar because the term (|s,,|?) in (A.2b) is available.
2) Cpra proxy

The following approximation of Cpr has been suggested
[44], [45] and is used in our paper,

_ 2
Cbra = St =Snl> 2a, (A3)

<|sph+swl?>  Dq

and obviously for (|s,},|?)much smaller than the dominant terms
((Ispnl?) and {(|sw]?) ) (A.3) would equal (A.1). In the
manuscript, equation (A.3) is used. Nonetheless, in practice,
the intrinsic values of these terms are not available. The
voltages proportional to the received electric fields are
measured, and from these, the polarimetric variables are
computed. Using the polarimetric variables, the proxy is
computed as in [44] [45].
Con. = 1+zgr1—2ph‘,2£/2'

@ 14zgtv2pzy P

In (A.4) Cpra and Zg are in linear units. The Zg may be
biased by cross-coupling in the simultaneous mode of
polarimetric measurements if propagation is through canted
hydrometeors. That happens in oriented (other than horizontal)
ice crystals and can be detected. Differential attenuation may
also bias the Zg. but at the 10 cm wavelength, this seldom
occurs.

(A4)
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reflectivity of ¢) dry and d) wet hail. Copolar correlation coefficient py,, of the e) dry and f) wet hail. Backscatter differential phase of the g)
dry and h) wet hail. Linear depolarization ratio Lpg of the i) dry and j) wet hail. Circular depolarization ratio proxy Cpgr, of k) dry and 1) wet

hail.

13



Normalized Radar Reflectivity Factor ZH of monodispersed

gdr%gail with 0.7 axis ratio having various protuberance levels

Roughness 2%
Roughness 6%

Normalized Radar Reflectivty Factor/N [d

30 Roughness 10%
Roughness 14%
20
0 20 40 60 80 100

Hailstone max. physical size [mm]
Differential Reflectivity Zor of monodispersed

dry tgail with axis ratio 0.7 having various protuberance level

i 0 J

Roughness 2% 1
Roughness 6%
-10 F Roughness 10% s
Roughness 14%
-12 y -
o 20 40 60 80 100

Hailstone max. physical size [mm]

8|

Differential Reflectivty [dB]

Copolar Corelation Coeffcient Puy of monodispersed

dry h1ai| with axis ratio 0.7 having avarious protuberance levels

¢ i
0.9 - )
0.8 -
07~
=
I
&
06 -
05 -
Roughness 2%
[ Roughness 6%
04 Roughness 10%
= Roughness 14%
0.3
0 20 40 60 80 100

Hailstone max. physical size [mm)]

Backscatter Differential Phase 4 of monodispersed
dry hail with axis ratio 0.7 having various protuberance level

wo| &)
100 1

50 1

Differential phase [°]
o

Differential phase [°]

50 -
-100 Roughness 2% 4
Roughness 6%
Roughness 10%
-150 Roughness 14% 1
0 20 40 60 80 100

Hailstone max. physical size [mm]

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Normalized Radar Reflectivity Factor ZH of monodispersed

w%ohail with 0.7 axis ratio having various protuberance levels

N

m

h=A

z b

= 90 )

1]

5

o 80 B
>

&

2 70

Q

2

% 6o0r 1
o

g  50f ]
e

]

o 4

hel Roughness 2%

ﬁ Roughness 6%

= 301 Roughness 10% 1
I Roughness 14%

5 20

Z 0 20 40 60 80 100

Hailstone max. physical size [mm]
Differential Reflectivity Z,  of monodispersed
wet g\ail with axis ratio 0.7 having various protuberance level

4
om
=B 2
=
z 0
g
= 2
4
1
8
T 5
@
=4
@
= -8 Roughness 2%
ol Roughness 6%
-10 Roughness 10%
Roughness 14%
-12 t 3
0 20 40 60 80 100

Hailstone max. physical size [mm]
Copolar Corelation Coefficent pHVOf monodispersed

wet 1hail with axis ratio 0.7 having various protuberance levels

0.9
0.8
0.7
=
T
<
06
05
Roughness 2%
04 Roughness 6%
N Roughness 10%
Roughness 14%
0.3 ; -
0 20 40 60 80 100

Hailstone max. physical size [mm)]

Backscatter Differential Phase 4 of monodispersed
wet hail with axis ratio 0.7 having various protuberance level

150 h) 1
100 1 1

50

-50
-100 |

-150

0 20 40 60 80 100
Hailstone max. physical size [mm]

14



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

Linear Depolarization Ratio L . for monodispersed Linear Depolarization Ratio L, of monodispersed
dry Eail with axis ratio 0.7 having various protuberance level wet LI]'nail with axis ratio 0.7 having various protuberance level

i) 5t y))

.
o

=3

@

o
&

&
S

-30

Roughness 2%
Roughness 6%
Roughness 10%
Roughness 14%

Roughness 2%
Roughness 6%
Roughness 10%
Roughness 14%

Linear Depolarization Ratio [dB]
Linear Depolarization Ratio [dB]

=351

A
=]

. L -40
20 40 60 80 100 0 20 40 60 80 100

Hailstone max. physical size [mm] Hailstone max. physical size [mm]
Circular Depolarization Ratio C . of monodispersed Circular Depolarization Ratio Cp,, of monedispersed
wetﬂgail with axis ratio 0.7 having various protuberance level

o

dryﬂ;ail with axis ratio 0.7 having various protuberance level

k) 10 l)

Circular Depolarization Ratio [dB]
Circular Depolarization Ratio [dB]

i
-10
-15 =15
20 -20
25 Roughness 2% 25 Roughness 2% 1
Roughness 6% Roughness 6%
-30 Roughness 10% -30 | Roughness 10% 4
Roughness 14% Roughness 14%
35 - ! .35 L L . .
0 20 40 60 80 100 o 20 40 60 80 100
Hailstone max. physical size [mm] Hailstone max. physical size [mm]

Fig. 3 — Normalized reflectivity factor, one hailstone per m’, a) dry and b) wet hail having protuberance 2%, 6%, 10%, and 14% of its
equatorial radius. Differential reflectivity of ¢) dry cand d) wet hail Copolar correlation coefficient py,, of the ) dry and f) wet hail;
Backscatter differential phase of g) dry and h) wet hail; Linear depolarization ratio of the i) dry and j) wet hail; Circular depolarization ratio
proxy of k) dry and 1) wet hail.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

7 <33 10 120Ee 28 3204348 53 63 68 7N dBz
o, 0.0 HENE 450 MN75I0  [EECMMNSSI0  165.0

o (Y

__

R 05 N0 150 2.5 NP G5 Ll

Fig. 4 — The hailstorm over Comanche county Oklahoma April 22 at 4:11 UTC observed by KTLX radar at the lowest elevation: reflectivity
(2), differential reflectivity (Zpr), differential phase (®pp), and correlation coefficient py,.
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Fig. 5 — The hailstorm over Comanche county Oklahoma April 22at 4:12 UTC observed by the KFDR radar at 0.9° elevation showing:
reflectivity (Z), differential reflectivity (Zpr), differential phase (®pp), and correlation coefficient py,.
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