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ABSTRACT

Two of the ÔÔDoppler on WheelsÕÕ facility radars (DOW6 and DOW7) have been upgraded to dual-
polarization capabilities and operate at two closely spaced X-band frequencies. For particles with sizes that are
large relative to the wavelength, resonance scattering effects may lead to differences in the backscattered ra-
diation between these two frequencies. This study investigates the utility of dual-frequency, dual-polarization
DOW radars for hail detection and sizing. T-matrix scattering calculations at the two X-band DOW7
frequencies reveal that dual-frequency differences in the radar reßectivity factors at horizontal polariza-
tion ( Dl ZH) and differential reßectivities ( Dl Z DR ) exist for hailstones, whereas negligible differences exist
for raindrops. These differences are enhanced for wet or melting hailstones. Further, these dual-frequency
differences may be positive or negative, thereby deÞning four distinct quadrants in theDl ZHÐDl Z DR pa-
rameter space that occur for narrow bands of hail sizes. DOW7 data from two hail-bearing storms are
analyzed: one produced only small hail, and the other produced severe hail up to; 3.8 cm in diameter. The
analysis reveals dual-frequency signals that are consistent with the scattering calculations for those sizes,
including consistent changes in the signatures belowthe melting layer in the Þrst storm as hailstones ac-
quire more liquid meltwater and a shift in the Dl Z HÐDl ZDR parameter space over time as the second storm
grew upscale and hail sizes decreased. Implications for further applications and suggestions about closely
spaced dual-frequency observations at other wavelengths are discussed.

1. Introduction and background

Radar meteorologists have known for decades that
the equivalent radar reßectivity factor (hereafter
reßectivity) of electromagnetically large particles will
differ as a function of radar wavelength. For example,
Atlas and Ludlam (1961) provide calculations of back-
scattering cross sections of dry and wet hailstones at
multiple wavelengths, revealing large differences be-
tween them. These differences in backscattering cross
section arise owing to what are often called resonance
scattering effects. To understand resonance scattering,
consider the conceptual model ofBohren and Huffman

(1983), wherein a particle may be decomposed into a
large number of tiny scattering elements that behave as
dipole oscillators when illuminated by a radar wave. In
the limit of particles with a very small diameter D rela-
tive to the wavelength of incident radiation, the particleÕs
tiny scattering elements are illuminated by a relatively
uniform electric Þeld at any instant in time. Because this
electric Þeld is oscillating, the tiny scattering elements
likewise begin oscillating, and do so in phase with one
another. The total radiation scattered by the particle thus
resembles that of a single dipole oscillator and is well
described by the Rayleigh approximation. The back-
scattering cross section for such particles increases asD6.
For particles that are sufÞciently large relative to the
wavelength such that the incident electric Þeld at an instant
in time varies substantially across the particle, the tiny
scattering elements oscillate out of phase with one another.
This will lead to constructive or destructive interference of
radiation produced by each scattering element, collectively
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referred to as ÔÔresonanceÕÕ scattering effects. Such reso-
nance scattering effects result in a total scattered radiation
pattern not well described by the Rayleigh approximation.
The backscattering cross section of such large particles
exhibits a complicated dependence onD that features
large peaks and dips, especially for solid spherical or
spheroidal particles whose larger mass and symmetry
lead to signiÞcant constructive and destructive in-
terference of the scattered radiation. Such peaks and
dips are characteristic of what is often and ill-advisedly
(seeBohren 1992)called the Mie-scattering regime after
Mie (1908), although in strict terms MieÕs theory only
applies to homogeneous dielectric spheres.

The differing response of different-frequency radia-
tion to large particles like hailstones is the fundamental
premise behind many traditional dual-frequency radar
techniques. Typically, a long wavelength is chosen such
that scattering is well described by the Rayleigh ap-
proximation, and a short wavelength is chosen to be in
the resonance scattering regime for the particles of in-
terest. The difference in reßectivity (dB) between the two
wavelengths is taken, sometimes called a dual-wavelength
ratio (DWR). For example, Eccles and Atlas (1973)and
Carbone et al. (1973)proposed and demonstrated the use
of S- and X-band (wavelengths of ; 10 and ; 3 cm, re-
spectively) measurements for hail detection.Jameson and
Srivastava (1978)and Jameson and HeymsÞeld (1980)
also performed scattering calculations and presented ob-
servations of SÐX-band reßectivity differences in hail.
Dual-frequency techniques also have been augmented
with use of radar polarimetry: Bringi et al. (1986), Tuttle
et al. (1989), and Herzegh and Jameson (1992)combined
S-band differential reßectivity ZDR measurements with
SÐX reßectivity differences in studies of hailstorms, and
Vivekanandan et al. (1990) extended this analysis to the
S, C, and X bands. More recently, Picca and Ryzhkov
(2012) investigated a hailstorm using S- and C-band
(; 5 cm) dual-polarization radars, Þnding substantial dif-
ferences between the two frequencies in the reßectivity
and other polarimetric radar variables. Junyent and
Chandrasekar (2016)made use of attenuation differences
between signals at S- and X-band frequencies to better
characterize DWR signals associated with hail. The dual-
frequency approach to hail detection has been extended
to include different frequency pairs for airborne radar
(Louf et al. 2014). Given that attenuation typically is
larger at the higher frequency, proper attenuation cor-
rection is necessary for using such techniques (e.g.,Tuttle
and Rinehart 1983).

Other applications of multifrequency approaches have
emerged. For example,Hogan et al. (2005)retrieved liquid
water content in stratocumulus clouds with Ka- (; 1cm)
and W-band (; 3 mm) radar and presented a detailed

treatment of various error sources in applications of the
DWR technique. Gaussiat et al. (2003)used S-, Ka-, and
W-band radar to retrieve cloud and ice water contents in
mixed-phase clouds. Similarly,Kneifel et al. (2011) also
explored using three radar frequencies (Ku, or 2 cm; Ka;
and W bands) to identify different types of snow particles.
Using electromagnetic scattering calculations, they found
that different particle types (e.g., pristine crystals, aggre-
gates) reside in different parts of the parameter space de-
Þned by the two DWRs. Follow-up observations (Kneifel
et al. 2015) generally support this approach. Ellis and
Vivekanandan (2010) used differences in water vapor at-
tenuation between S and Ka bands to retrieve low-level
relative humidity proÞles. Using three closely spaced
K-band frequencies (with ; 20% bandwidth), Meneghini
et al. (2005)presented the feasibility of simultaneously
obtaining vertical proÞles of water vapor density and
rain total number concentration and median mass di-
ameter. Williams (2012) exploited different sensitivities
to Rayleigh and Bragg scattering with 50- and 920-MHz
radar wind proÞlers to retrieve air vertical velocities.
Using zenith-pointing K a- and W-band Doppler spectra
in rain, Tridon et al. (2013) separated the effects of
differential attenuation and resonance scattering, which
can be used for drop size distribution retrievals (e.g.,
Tridon et al. 2017). Large pieces of debris found in
tornadoes also create an observable dual-frequency re-
sponse, as shown byBodine et al. (2014). Thus, use of
different frequency bands is a powerful approach to
remotely sensing clouds and precipitation, as well as
nonmeteorological scatterers.

Melnikov et al. (2010) presented a variation on the
traditional dual-wavelength technique in which two
closely spaced S-band frequencies are used. They com-
pared data from two dual-polarization WSR-88D sets
collected during a severe hailstorm. The two radars [in
the Norman, Oklahoma, area (KOUN) and (KCRI)] are
in close proximity (243 m) and operate at S-band fre-
quencies differing by only 290 MHz. Melnikov et al.
(2010, 2014) found differences in ZDR of several decibels
between the two S-band frequencies, which they at-
tributed to wet, nonspherical hailstones with diameters
in excess of 4Ð5 cm. Such large differences for closely
spaced frequencies require resonance scattering: large
oscillations in the backscattering cross section or other
radar variables as a function of particle size that are
characteristic of the ÔÔMieÕÕ regime have peaks and dips
that are slightly offset between the two frequencies.

Thus, like the traditional dual-wavelength approach,
using closely spaced frequencies also exploits resonance
scattering for particles that are large relative to the radar
wavelength. An advantage of using closely spaced fre-
quencies is that attenuation differences between the two
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are not expected to be large. Attenuation correction is
challenging in melting hail (e.g., Snyder et al. 2010;
Borowska et al. 2011; Ryzhkov et al. 2013b), leading to
difÞculties in isolating the resonance scattering response
when using widely separated frequencies like SÐX, SÐC,
and so on. However, a limitation of the Melnikov et al. (2010,
2014) analyses and numerous other dual-wavelength hail
studies referenced above is the use of two different radars:
this leads to difÞculties in matching beams in time and space,
meaning that very often the same population of hydrome-
teors is not being sampled simultaneously.Rinehart and
Tuttle (1982) andWilliams and Vivekanandan (2007) found
that mismatched beams can cause large errors in the
measured DWRs and retrieved quantities. Given the rapid
evolution of polarimetric radar features in severe convec-
tive storms (e.g.,Kumjian et al. 2010; Houser et al. 2015;
Tanamachi and Heinselman 2016), nonsimultaneous
sampling leads to some ambiguity whether the observed
signatures are associated with resonance scattering ef-
fects or storm evolution. Thus, closely spaced dual-
frequency polarimetric radars with matched beams are
desirable for isolating resonance scattering effects in
hail from differences in attenuation, storm evolution, or
other sampling issues.

The newly upgraded dual-X-band-frequency, dual-
polarization ÔÔDoppler on WheelsÕÕ (DOW) radars (DOW6
and DOW7; e.g.,Wurman et al. 2012) are capable of such
measurements, using a single antenna for both X-band
frequencies. The DOW radarsÕ upgrade to two fre-
quencies was performed for two primary reasons. First,
the two frequencies are separated by 150 MHz, which
results in nearly completely independent samples of
every radar volume. As a result, the DOWs can scan twice
as fast and achieve the same accuracy as a single-frequency
system, which is important for sampling rapidly evolving
severe storms. Second, the DOWs employ two frequencies
in order to implement different polarimetric data collec-
tion modes: for example, one frequency may be used to
simultaneously transmit horizontally and vertically po-
larized waves, whereas the other transmits only one po-
larization and can thus measure the linear depolarization
ratio. In this study, for the Þrst time we explore the use of
this dual-X-band-frequency, dual-polarization DOW ra-
dar data to detect hail and estimate its size. In the next
section, we present electromagnetic scattering calcula-
tions as a theoretical framework for interpreting the dual-
wavelength signatures in various types of precipitation
that can be used in future studies. Section 3 is an
analysis of DOW7 observations that demonstrate the
dual-wavelength technique. The observations come
from a hailstorm in Pennsylvania collected during an
education and outreach project, as well as a severe
storm during the Plains Elevated Convection at Night

Þeld project (PECAN; Geerts et al. 2017). A discussion
of the results and summary of the main conclusions is
presented in section 4.

2. Electromagnetic scattering calculations

To explore the expected dual-frequency response to
various hydrometeors, we employ the T-matrix method
(e.g., Bringi and Seliga 1977a,b; Mishchenko 2000) to
compute hydrometeor scattering properties at the two
DOW7 X-band frequencies of 9.35 and 9.50 GHz (see
Table 1). These calculations should be considered ap-
plicable to the DOW7 frequencies only. For these cal-
culations, hydrometeors are treated as one- or two-layer
uniformly Þlled oblate spheroids with minor axis (sym-
metry axis) a and major axis b. Raindrops are taken as
08C pure liquid spheroids, with their axis ratio varying
as a function of size following Brandes et al. (2002), as
corrected in their corrigendum. The raindrop sizes we
consider range from 0.05 to 7.95 mm in 0.1-mm in-
crements. Dry hailstones are treated as oblate ice
spheroids with densityr ice 5 917 kg m2 3, ranging in size
from 1 to 50 mm in 0.1-mm increments. For wet/melting
hailstones, we use two-layer spheroids with an inner ice
core and an outer shell of liquid water. For ÔÔwetÕÕ hail-
stones, we consider a 0.5-mm-thick liquid coating on
particles with diameters from 1 to 50 mm in 0.1-mm in-
crements. These are meant to represent wet hailstones
aloft undergoing wet growth. For ÔÔmeltingÕÕ hailstones,
we use ice-core diameters from 0.1 to 40 mm in 0.1-mm
increments. The stones are coated by liquid according to
their maximum retainable meltwater, which varies as a
function of size following Rasmussen and HeymsÞeld
(1987) and Ryzhkov et al. (2013a)as

mw,max 5 m8 1 0:139(mi 1 mw,soak) , (1)

where m8 5 2.68 3 102 4kg is the mass of an 8-mm
raindrop, mi is the mass of the ice core, andmw,soakis the
mass of liquid soaked within the particle. Because we
assume the ice cores are solid ice,mw,soak 5 0 here.

TABLE 1. DOW7 speciÞcations.

Attribute Value

Low frequency 9.35 GHz
High frequency 9.50 GHz
Transmitter type Magnetron
Peak power 0.5 MW
Antenna type Parabolic
Antenna diameter 2.44 m
Low-frequency beamwidth 0.928
High-frequency beamwidth 0.918
Polarization Simultaneous H and V
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Laboratory studies by Rasmussen et al. (1984)reveal
that the liquid meltwater tends to accumulate at the
equator of the particle in a ÔÔtorus.ÕÕ As such, the total
particle axis ratio g [ a/b can be different from the
ice-core axis ratio gi [ ai/bi (Fig. 1a). Herein, we as-
sumed gi 5 0.7. The total particle axis ratio is com-
puted from the inner-core axis ratio and maximum
liquid water fraction as follows. We assume that the
total particle minor axis a 5 ai 1 da, where da 5
0.5 mm. The total particle major axis is b 5 bi 1 db,
where db is computed using the inner core andda as
constraints and Þxing the liquid water coating mass as
mw,max from Eq. (1), resulting in (see the appendix
for a detailed derivation)

db 5
��

6m8

pr w

1
Ca3

i

g2
i

�
1

ai 1 da

� 1/2

2
ai

gi

, (2)

where r w 5 1000 kg m2 3 is the bulk density of liquid
water and

C 5
�

11 0:139
r ice

r w

�
5 1:1275:

For small (, 12 mm) hailstones that have large liquid
water mass fraction, Eq.(2) results in unrealistically low
axis ratios. As such, we deÞnegmin 5 0.56, which is the
minimum axis ratio for the largest raindrop considered
(; 8 mm). This parameterization is a modiÞcation of the
one suggested byRyzhkov et al. (2011) (Fig. 1b) in
which melting-hail axis ratios rapidly approach 0.8 with
increasing particle size. This modiÞcation allows the
liquid coating axis ratio to differ from that of the ice core,
which is thought to be a more realistic representation of
the shape of melting hail (Rasmussen et al. 1984). Addi-
tionally, we modify the canting-angle-distribution standard
deviation for melting hail s melt such that it is a function of
the difference in total particle axis ratio from that of the
inner ice core,

s melt 5 s dry 1
gi 2 g

max(gi 2 g)
(s rain 2 s dry) , (3)

and varies linearly between that assumed for rain
(s rain 5 108) and that assumed for dry hail (s dry 5 408), as
shown in Fig. 1c. The idea is that a protruding liquid torus
stabilizes the fall behavior of hailstones (Rasmussen et al.
1984). The original Ryzhkov et al. (2011)parameterization
similarly varies s melt linearly between s rain and s dry, but
as a function of liquid water fraction. This leads to a larger
dispersion of canting angles for low-axis ratio, high-
liquid mass fraction particles (Fig. 1c). Note that
the equations for computing the radar variables in
Ryzhkov et al. (2011) are valid for small s , so a more

rigorous treatment (e.g.,Melnikov 2017) is required for
broad orientation distributions. The use of larger
s values here is to achieve the effect of dampening the
polarimetric contrasts of drier hail, as was done in
Ryzhkov et al. (2011). Tests using more rigorous treat-
ments (Melnikov 2017) did not affect the results.

FIG . 1. (a) Schematic illustrating the geometry of spheroids ap-
proximating melting hail in our scattering calculations. The inner
ice-core axis ratioai/bi 5 0.7 is different from the total particle axis
ratio a/b. (b) Comparison of the axis ratio as a function of size in the
present study (blue) with the parameterization of Ryzhkov et al.
(2011)(red). Axis ratios of the dry ice particles are shown by dotted
gray lines. (c) Canting-angle dispersions (8) as a function of size for
the present study (blue) andRyzhkov et al. (2011) (red).
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These modiÞcations were made 1) to provide more
realistic shapes of the liquid coating and inner ice core,
which in general may be different, and 2) to address the
inability of the Ryzhkov et al. (2011) parameterization
to reproduce large ZDR values often found in observa-
tions at S and X bands (e.g.,Kumjian 2013a; Snyder et al.
2013). It is clear that there are a number of ÔÔtunableÕÕ
parameters that must be speciÞed for these calculations.
Unfortunately, many of these details are highly un-
certain; detailed study of hailstone shapes and falling
and melting behaviors are needed to better constrain
these parameters. The choices made here are based
partly on limited experimental data (e.g., Rasmussen
et al. 1984) and partly for consistency with previous
studies employing such calculations (e.g.,Ryzhkov et al.
2011, 2013a,b; Borowska et al. 2011), with changes as
described above for improved agreement with polari-
metric radar observations in small melting hail. Sensi-
tivity tests were performed and are discussed below
where applicable.

The T-matrix calculations provide the backward and
forward scattering amplitudes at both X-band frequen-
cies for each particle. Note that these calculations are
valid for a 08 elevation angle. For larger antenna ele-
vation angles, the polarimetric contrasts (includingZDR

and thus Dl ZDR ) reduce [e.g., see the formulas in
Melnikov (2017)]. From these scattering amplitudes, we
compute the normalized dual-polarization radar vari-
ables following Ryzhkov et al. (2011, 2013a). Here,
ÔÔnormalizedÕÕ means a monodisperse size distribution of
1 m2 3 is assumed for each particle size bin. In this study,
we focus on reßectivity factor at horizontal polarization ZH

and differential reßectivity Z DR . Differences in these
quantities (low frequency minus high frequency) between
the two X-band frequencies herein will be denoted asDl P,
where P is the polarimetric radar variable of interest.

Calculations for Dl ZH and Dl ZDR for raindrops are
shown in Fig. 2. For the range of realistic raindrop
sizes shown,Dl Z H and Dl Z DR values do not exceed
0.1Ð0.2 dB. Such small values are within the expected
observational error of the DOW7 radar (see section 3)
and thus likely undetectable. Recall that, because the
dual-frequency differences in logarithmic units (dB) are
ratios in linear units, they are only affected by the shape
of the particle size distribution and are unaffected by
particle concentration (e.g., Eccles and Atlas 1973).
Thus, the dual-frequency values integrated over most
particle size distributions will feature lower values than
those shown in our calculations, as seen below. There-
fore, we can conclude that pure rain is exceedingly un-
likely to exhibit measurable Dl ZH or Dl ZDR values.

In contrast, the T-matrix calculations for dual-frequency
quantities in both dry and wet hail ( Fig. 3) reveal greater

magnitudes and a complicated dependence on size ow-
ing to strong resonance scattering for such large parti-
cles. The nonmonotonic behavior ofZH as a function of
size (Figs. 3a,c) is a result of such resonance scattering.
The maxima and minima are slightly offset for the
low- and high-frequency curves, so the difference
between these two curves will oscillate from positive
to negative values at quasi-regular intervals. This ex-
plains the periodic behavior of Dl Z H as a function of
size (Figs. 3b,d, blue curve). Both dry and wet hail-
stoneDl Z H Þrst cross from positive to negative values
at a size of; 15.5 mm. A similar oscillatory behavior is
seen in Dl Z DR (Figs. 3b,d, goldenrod curve). In gen-
eral, the amplitudes of the Dl Z H and Dl Z DR maxima
and minima are larger for the wet hail than for the dry
hail. This is primarily because the addition of liquid
water dramatically increases the particleÕs relative
permittivity at the X-band frequencies used herein,
increasing its response to radiation. Additionally, the
dry hailstones tumble more, which reduces the mag-
nitudes of Z DR and thus Dl Z DR .

Notably, the size dependence is different forDl ZH and
Dl ZDR. BecauseDl ZH and Dl ZDR can be positive or
negative, this leads to narrow bands of hail sizes charac-
terized by one of four unique combinations of signs for
Dl ZH and Dl ZDR (e.g., both positive, one positive and
one negative, etc.). For example,Dl ZH , 0 andDl ZDR . 0
for dry hailstones between 15.5 and 18.2 mm and for wet
hailstones between about 16.7 and 19.6 mm, according
to these calculations; this combination does not occur
again until sizes 33.4Ð35.7 mm for dry hail and 28.6Ð
30.8 mm for wet hail. Such distinctive Þngerprints sug-
gest the possibility of exploiting closely spaced radar

FIG . 2. T-matrix calculations of dual-frequency differences in
ZH (Dl ZH; blue) and ZDR (Dl ZDR ; goldenrod) as a function of size
for raindrops.
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frequencies for determining hail sizes within limited
ranges, although this hinges on better constraint of our
models of hailstone shapes, orientations, and melting
behaviors.

The hailstones in Fig. 3 are assumed to have an ice-
core axis ratio of 0.7; other axis ratios were tested (see
Figs. S1 and S2 in the online supplemental material).
The locations of various maxima and minima of the
curves shift slightly (, 1-mm differences) though the
overall patterns remain qualitatively similar. As the axis
ratio tends toward unity, the Dl ZDR values tend toward
0 dB. Randomly oriented particles produceZDR 5 0 dB,
regardless of their shape, and consequently also produce
Dl ZDR 5 0 dB. Thus, only oriented, nonspherical par-
ticles produce measurableDl ZDR , whereas both spher-
ical and nonspherical particles with any orientation can
produce nonzeroDl ZH. Other sensitivity tests (Figs. S3
and S4 in the online supplemental material) reveal that
Dl ZDR magnitudes increase with decreasing standard
deviation of the canting-angle distribution (i.e., more
horizontally oriented nonspherical particles produce
larger Dl ZDR magnitudes), whereas there is far less
sensitivity for Dl ZH.

Last, we consider melting hailstones by assuming
the maximum retained liquid water fraction following
Rasmussen and HeymsÞeld (1987)(Fig. 4). Note that

Fig. 4 shows a smaller range of sizes thanFig. 3. This is
to focus on the range of sizes in which the melting pa-
rameterization leads to much larger liquid water frac-
tions on the particles than are assumed for the coated
spheroids shown inFig. 3. Although the dependence of
Dl ZH and Dl ZDR on size for these maximally wet hail-
stones is similar to those with a thin liquid coating, their
amplitudes are larger. Thus, one may expect larger-
amplitude dual-frequency signatures with increased
melting, as well as larger-amplitude signatures in hail
below the melting layer relative to those produced by
wet stones above.

Over the ranges of sizes considered, dual-frequency
differences in speciÞc attenuationDl AH and speciÞc
differential attenuation Dl ADP are smaller than ; 0.03
and; 0.02 dBkm2 1 in magnitude, respectively, for a 1m2 3

monodispersed distribution of particles (not shown). The
maximum magnitudes occur for very large (. 5-mm di-
ameter) raindrops and small (, 12mm) melting hailstones.
Unlike Dl ZH and Dl ZDR, Dl AH and Dl ADP do depend
on hydrometeor concentration. Given such small values
for individual particles, however, we do not expect signif-
icant differences in attenuation or differential atten-
uation between the two frequencies unless a large
concentration of large raindrops and/or small melting
hailstones is present.

FIG . 3. T-matrix calculations of (a),(c) low-frequency (black solid curve) and high-frequency (dotted gray curve)
ZH and (b),(d) dual-frequency differences in ZH (Dl ZH; blue) and ZDR (Dl ZDR ; goldenrod) as a function of size for
(top) dry hailstones with axis ratio a/b equal to 0.7, wherea is the spheroid minor axis andb is the major axis, and
(bottom) hailstones with a thin (0.5 mm) liquid coating.
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Of course, in storms, hailstones are likely to be dis-
tributed across a range of sizes, and not monodispersed
as has thus far been shown in the scattering calculations.
Thus, particle size distributions (PSDs) should be con-
sidered to better emulate what may be observed in
practice. Unfortunately, hail PSDs are highly uncertain,
so a range of different PSDs and PSD shapes are con-
sidered here. The idea is to obtain a sense of how dif-
ferent PSD shapes may affect the ability to observe
these dual-frequency differences in real storms. Clearly,
however, this uncertainty is a limitation of this type of
analysis; improved observations of hail PSDs are critically
needed.

First, we consider three-parameter gamma PSDs (e.g.,
Willis 1984), which can have their intercept, slope, and
shape parameters varied. Only the slope and shape pa-
rameters affect Dl ZH and Dl ZDR . Further, we use
guidance from Ulbrich and Atlas (1982) , who Þnd that
the average of the product of the slope parameter and
maximum diameter L 3 Dmax is 7.9, and 90% of ob-
served hail PSDs haveL 3 Dmax . 5.0.Figures 5a and
5b show Dl ZH and Dl ZDR as a function of Dmax and L
for PSDs with shape parameterm5 0 (i.e., exponential
PSDs). Interestingly, the Dl ZH values are always posi-
tive for these exponential PSDs, which demonstrates
that averaging over a broad size distribution minimizes
the inßuence of deep but narrow dips and peaks seen
in the monodisperse particles calculations. Increas-
ing the L tends to diminish the magnitudes ofDl ZH and
Dl ZDR because steeper PSD slopes result in far lower

concentrations of larger stones (which produce the res-
onance scattering) relative to the smaller particles.
Shallower PSDs allow the particles producing the reso-
nance scattering to dominate the backscattered signal
and, consequently, allow for the dual-frequency signals
to emerge. The ßuctuations in Dl ZH and Dl ZDR with
increasingDmax reßect the resonance peaks and dips as
progressively larger stones are included in the sampling
volume (cf. Fig. 4). Overall, the Dl ZH and Dl ZDR mag-
nitudes are small for these PSDs:Dl ZH ranges from 0.2
to 0.5 dB, whereasDl ZDR ranges from 2 0.05 to 0.09 dB.
As discussed in the next section, it is unlikely that such
small values could be reliably observed by typical radar
systems. Last, we see that most of the high-magnitude
Dl ZH and Dl ZDR values are below theL 3 D max 5 5.0
(dotted) curve. Because L is proportional to D2 1

0

(where D 0 is the median diameter), a smallerL 3 Dmax

indicates a smaller difference betweenDmax and D0 (i.e.,
for a given L , the distribution contains a smaller range of
sizes than reported by Ulbrich and Atlas). Although not
shown here, we also performed calculations for a variety
of m values. Increasingm narrows the distribution and
thus allows for larger magnitudes of Dl ZH and Dl ZDR.
For example, for PSDs with m 5 10, Dl Z H varies
between 2 0.5 and 1.1 dB, andDl ZDR varies from 2 0.8
to 0.2 dB.

We also considered Gaussian functions characterized
by a mean diameter and standard deviation (which de-
scribes the size distribution width). Figures 5c and 5d
show Dl ZH and Dl ZDR as a function of mean diameter

FIG . 4. T-matrix calculations of dual-frequency differences inZH (Dl ZH; blue) and ZDR

(Dl Z DR ; goldenrod) as a function of size for melting hailstones (i.e., those with their
maximum retainable liquid water mass fraction). Note that the axis ranges differ from those
in Fig. 3.
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and standard deviation. As expected, Gaussian PSDs
with smaller standard deviations produce larger Dl ZH

and Dl ZDR magnitudes than the exponential or gamma
PSDs. For example, the Dl ZH and Dl ZDR values in
Figs. 5c and 5drange from 2 3.4 to 4.3 dB and from2 5.5
to 2.4 dB, respectively. These calculations use the pa-
rameterization for orientation angle distribution described
above, whereas prescribing a narrower distribution of
canting angles further increases theDl ZH and Dl ZDR

magnitudes. As an example, settings 5 88gives a range of
Dl ZH from 2 4.8 to 5.9dB andDl ZDR from 2 7.0 to 4.2dB.

In summary, the scattering calculations suggest that
rain is unlikely to produce measurable dual-frequency
signatures inZH or ZDR , whereas hailstones can. These
signatures are increased in magnitude with increasing
liquid water fraction, suggesting they will be most
prevalent below the melting layer and within wet growth
regions of updrafts. In addition, the Dl ZDR signatures
should be more pronounced for more stabilized hydro-
meteor orientations and smaller axis ratios. Narrower
particle size distributions and/or a smaller range of sizes
are more favorable for observing the signatures. Broad
PSDs within the radar sampling volume are expected
to produce smaller Dl ZH and Dl ZDR , as many of the

resonance peaks and dips get ÔÔwashed outÕÕ upon aver-
aging over the broad distribution.

3. Observations

Equipped with this theoretical understanding of the
types of dual-frequency responses expected in rain and
wet/melting hail, we now explore DOW7 observations
from two cases in different regions: the Þrst is of a con-
vective storm in central Pennsylvania, and the second is
from a severe (hail $ 2.5 cm observed) convective storm
in Nebraska. A description of the radar, dataset, and
data-processing steps is provided insection 3a, followed
by an analysis of the measurements insection 3b.

a. DOW datasets and quality assurance

The dual-frequency radar data analyzed herein were
collected with the DOW7 radar (the rest of its speciÞ-
cations are presented inTable 1). DOW7 operates at
9.35 and 9.50 Hz, corresponding to wavelengths of ap-
proximately 3.209 and 3.158 cm, respectively. The Þrst
dataset was collected in central Pennsylvania. The
DOW7 radar visited The Pennsylvania State University
(PSU) for two weeks in the autumn of 2014 as part of an

FIG . 5. T-matrix calculations of melting-hail particle size distributions for (left) Dl ZH and (right) Dl ZDR (dB,
shaded) (a),(b) as a function of exponential size distribution slope parameterL and maximum diameter Dmax (the
overlaid solid and dotted lines represent L 3 Dmax 5 7.9 and 5.0, respectively) and (c),(d) for Gaussian size
distributions as a function of mean diameter Dmean and standard deviation of diameterss (D) (the overlaid black
line shows whereDl ZH , 0dB).
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educational and outreach project called the Pennsylva-
nia State UniversityÐDual-Polarization Radar for Out-
reach and Precipitation Studies (PSU-DROPS;https://
www.eol.ucar.edu/system/Þles/edu_2014_PSUDROPS_
Summary.pdf). During its visit, students in the PSU ra-
dar meteorology and mesoscale meteorology classes
collected observations over several intensive operations
periods (IOPs). The students planned and executed the
scanning strategies for all IOPs, which consisted of
standard surveillance (PPI) scans, vertical cross sections,
and near-zenith-pointing scans for ZDR calibration pur-
poses. DOW7 operated in a mode of simultaneous trans-
mission and reception of horizontally (H) and vertically
(V) polarized waves during PSU-DROPS.

The Þrst PSU-DROPS IOP took place on 30 September
2014. On this day, a weak cold front pushed through
central Pennsylvania. This front was associated with a
stalled, vertically stacked region of low pressure. Despite
the relatively low CAPE available, the local National
Weather Service Forecast OfÞce anticipated a chance of
small hail in any convective storms that might be initi-
ated given the model-analyzed steep lapse rates (un-
fortunately, there are no operational soundings in
central Pennsylvania). During IOP1, students collected

observations from one of several marginally severe con-
vective storms that passed through the region (Fig. 6).
Local media quoted a National Weather Service em-
ployee who reported ÔÔdime sizedÕÕ (1.8 cm) hail covering
the ground in Bellefonte (25 km northeast of the radar
location) and Pleasant Gap (23 km northeast of the radar
location). Unfortunately, the BellefonteÐPleasant Gap
storm was blocked by the radar truckÕs cab and was not
well sampled during data collection. However, these re-
ports and the NWS forecast that day suggest the envi-
ronment was supportive of storms capable of producing
small hail. Further, the storm analyzed herein contained
very large values of speciÞc differential phaseKDP at X
band (; 258km2 1; Fig. 6c), suggestive of large concen-
trations of small melting hail (e.g., Ryzhkov et al. 2013b;
Kumjian and Lebo 2016).

Because our focus is on dual-frequency differences in
ZH and ZDR , their relative calibration between fre-
quencies is of most importance; ZDR was calibrated
using the frequent near-zenith-pointing scans collected
during the IOPs. At vertical incidence with the antenna
rotating through 3608, the averageZDR is expected to
be 0 dB in light rain because of raindrop azimuthal
symmetry (e.g., Gorgucci et al. 1999; Bringi and

FIG . 6. Example RHI scan through a convective storm taken at 2157 UTC 30 Sep 2014. Fields shown are
(a) reßectivity factor at horizontal polarization ZH (dBZ), (b) differential reßectivity ZDR (dB), (c) speciÞc dif-
ferential phase KDP (8km2 1), and (d) correlation coefÞcient r hv.

DECEMBER 2018 K U M J I A N E T A L . 2721

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������3�0���8�7�&



Chandrasekar 2001). The median ZDR in rain at vertical
incidence was approximately2 0.4 dB for both the low-
and high-frequency bands. These median offsets were
added to the ZDR values for the data shown herein.
Next, the high- and low-frequency ZH were cross cali-
brated by comparing regions of light rain in the absence
of noticeable attenuation, beam blockage, ground clut-
ter, et cetera. Resonance scattering effects are not an-
ticipated in light rain, as conÞrmed by the T-matrix
calculations shown above. Light-rain points were se-
lected with the following stringent criteria. First, gates
with 15 # ZH # 25 dBZ, copolar correlation coefÞcient
r hv . 0.98, and a beam height, 2 km were selected from
each volume scan. These criteria isolate lighter pre-
cipitation echoes below the melting layer (; 2 km) that
are most likely associated with rain. Next, in each scan
we Þnd the 5th-percentile value of differential phase
F DP from these selected gates. We then select only the
gates that haveF DP within 108 of this 5th-percentile
value in an effort to avoid regions of the storm with
large F DP accumulations, where biases from attenua-
tion, differential attenua tion, nonuniform beam Þlling,
and antenna polarization errors are possible. The re-
sults were insensitive to selecting the 1st-percentile
F DP value, so the 5th percentile was used to include
more data points in the analysis. We used 1 h of data
for a total of ; 2.953 105 points. From these data, we
found a median ZH offset of 2.03 dB. This offset was
added to the high-frequency data. Thus, we have high
conÞdence that theZH and ZDR values at high and low
frequencies are closely calibrated to each other. How-
ever, there is uncertainty in the absolutecalibration of
ZH; thus, ZH data will be used for qualitative and il-
lustrative purposes only.

The second dataset is from a storm sampled during
IOP11 of PECAN ( Geerts et al. 2017) on the evening of
16/17 June 2015. Early in the data collection, one of the
more intense storms produced severe hail according to
Storm Prediction Center hail reports (http://www.spc.
noaa.gov/climo/reports/150616_rpts.html) of ; 2.5 cm at
0230 UTC and; 3.8 cm at 0300 UTC. (Closer inspection
reveals that the storm was over the location of the latter
hail report at approximately 0240Ð0245 UTC; seeFig. 7.)
As the system grew upscale, the maximumZH values
observed by DOW7 exceeded 45Ð50 dBZ. The lowest-
elevation PPI scan from the closest WSR-88D in-
strument observedZH . 60 dBZ of ; 2.5 km above the
ground level (not shown), implying the continued pres-
ence of at least small hail in the storm. The PECAN data
were calibrated in the same way as the PSU-DROPS
data. Approximately 1 h of data ( ; 1.53 3 105 points)
were used. Offsets of2 0.15 and2 0.14 dB were added
to the high- and low-frequency ZDR values, respec-
tively, and the low-frequency ZH values were adjusted
by 2 0.32 dB.

Radar observations are based on backscattering
from a collection of particles in the sampling volume,
which leads to statistical ßuctuations of the received
signal as these particles reshufße their relative positions.
Because of the Þnite number of samples used to estimate
the moments, these estimates contain uncertainties.
Expressions for these uncertainties can be derived, and
depend on the number of samples (pulses), the Doppler
spectral width, and ther hv (e.g.,Bringi and Chandrasekar
2001; Melnikov 2004; Doviak and Zrnic«2006). Using such
expressions and the hour of data from our PSU-DROPS
analysis, we estimate the standard deviation ofZH to be
between approximately 0.5 and 0.6 dB and the standard

FIG . 7. Example 0.58PPI scan through a convective storm taken at 0240 UTC 17 Jun 2015, roughly the time of a
2.5-cm hail report. Fields shown are (left) ZH (dBZ) and (right) ZDR (dB). In both panels, the 45-dBZ Z H contour
is overlaid.
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deviation of ZDR to be between approximately 0.3 and
0.4dB. For the PECAN data, the standard deviations are
somewhat higher: about 0.7Ð0.8dB forZH and 0.4Ð0.5 for
ZDR . These larger uncertainties for the PECAN case
arise because of the faster scanning implemented.

Of particular interest for this study is an estimate of
the uncertainties in the dual-frequency differencesDl ZH

andDl ZDR. Without the time series data, it is not possible
to robustly characterize the covariances between the low-
and high-frequency signals. However, we can estimate
the uncertainties in Dl ZH and Dl ZDR directly from ob-
servations of light rain, where we expect no dual-
frequency differences, as discussed above. From the
same data we used to perform the calibrations, we ob-
tain standard deviations of 2.0 dB for Dl ZH and 0.4 dB
for Dl ZDR for PSU-DROPS and 2.3 and 0.7 dB forDl ZH

and Dl ZDR , respectively, for the PECAN case. These
values will be used as uncertainty estimates in the fol-
lowing analysis.

The PSU-DROPS case includes RHI scans in which
the radar collects data at high antenna elevation angles.
For elevation angles of . 208Ð308, hydrometeor polari-
metric contrasts (in ZDR and KDP) are diminished; this
would tend to diminish the observed Dl ZDR values as
well. To account for this, we correct the ZDR data as a
function of antenna elevation angle following the ap-
proximate method of Ryzhkov et al. (2005, 2016) and
GrifÞn et al. (2018). This approximation was tested
against more rigorous treatments (Melnikov 2017) using
the T-matrix calculations and performed extremely well
for the particles considered in section 3, and thus it is
likely applicable here, too. Note that not many of these
points are included in our analysis, so the results are
insensitive to this correction. The data presented in
Fig. 6b have this correction applied.

As F DP accumulates along the radar waveÕs propa-
gation path through precipitation, biases in ZDR owing
to antenna polarization errors can become noticeable.
Hubbert et al. (2010a,b) found that, for radar systems
with cross-polarization isolation of better than from 2 30
to 2 35 dB (recent tests conÞrm the DOW radars meet or
exceed this standard), theZDR bias owing to antenna
polarization errors can increase to as much as 0.3 dB for
up to 1008of F DP accumulation. We would expect, then,
that the worst-case antenna polarization errors will be
manifested downrange of the heaviest precipitation
core. This is also where one expects the worst biases
from attenuation and differential attenuation.

For the PSU-DROPS case shown inFig. 6, the maxi-
mum total F DP accumulation is about 1008Ð1108 (not
shown), suggesting a maximum of; 0.3-dB bias inZDR

owing to antenna polarization errors. Within the regions
of ZH . 40 dBZ used in the analysis, however, the

maximum F DP accumulations are only on the order of
308Ð408, which would produce antenna polarization er-
rors in ZDR of � 0.3 dB. In contrast, this F DP accumu-
lation is likely associated with $ 1 dB of differential
attenuation, assuming typical values of ADP/KDP of
; 0.03Ð0.3 dB82 1 observed in heavy rain and melting
hail (e.g., Hubbert et al. 2010a; Ryzhkov et al. 2013a).
Thus, the effects of differential attenuation dwarf the
effects of antenna polarization errors on ZDR . How do
these biases affect theDl ZDR measurements? For an-
tenna polarization errors, Hubbert et al. (2010a) Þnd no
wavelength dependence, besides the fact thatF DP ac-
cumulates at a rate inversely proportional to the radar
wavelength for hydrometeors small enough to be de-
scribed by the Rayleigh approximation to scattering.
Differences between the high- and low-frequencyF DP

accumulations were insigniÞcant (within the ßuctuations
of the signals; not shown), even along the radials with
the maximum F DP accumulation; thus, antenna polari-
zation errors have a negligibly small impact onDl ZDR .
In contrast, our calculations from the previous section
suggest maximum Dl ADP values of 0.02 dB km2 1 for
large raindrops and small melting hailstones (with 1 m2 3

concentration). Therefore, sufÞciently large concentra-
tions of such particles could lead to a positiveDl ZDR

bias that accumulates down the radial.
Now that the data have been quality controlled and the

errors and uncertainties characterized, we analyze the data
from both cases insection 3bto explore any dual-X-band-
frequency hail signatures that are observed.

b. Analysis

1) PSU-DROPS CASE

Figure 8 shows theDl ZH and Dl ZDR Þelds from the
same scan asFig. 6. The nonzero Dl ZH and Dl ZDR

values within 2 km of the radar are thought to be asso-
ciated with some combination of near-Þeld antenna ef-
fects, and possibly melting snowßakes or graupel. These
are not included in the subsequent analysis or statistics
below. In contrast, there are notable regions of coherent
Dl ZH , 0 (Fig. 8a) and Dl ZDR . 0 (Fig. 8b) found in the
range between 3 and 6km and heights below about 6km
AGL. These regions are collocated with large ZH (cf.
Fig. 6a) and therefore are candidates for regions of melting
or wet hail. In addition, by assuming that Figs. 3Ð5 are
realistic guides, we can infer that the backscattering in
these regions is dominated by wet hail with sizes between
approximately 17 and 20mm (e.g., seeFig. 5d). Un-
fortunately, no hail reports are available from this storm
for validation; however, recall that a nearby storm pro-
duced large amounts of dime-sized (; 18 mm) hail. The
magnitude of the signature (especially inDl ZH) increases

DECEMBER 2018 K U M J I A N E T A L . 2723

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������3�0���8�7�&


















