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ABSTRACT

The United States Weather Surveillance Radar-1988 Doppler (WSR-88D) radar network has been
upgraded to dual-polarization capabilities, providing operational and research meteorologists with a wealth
of new information regarding the types and distributions of hydrometeors within precipitating storms, as well
as a means for improved radar data quality. In addition to the conventional moments of reflectivity factor at
horizontal polarization (Zy), Doppler velocity (V,), and Doppler spectrum width (W), the new variables
available from upgraded radars are the differential reflectivity (Zpgr), differential propagation phase shift
(Ppp), specific differential phase (Kpp), and the co-polar correlation coefficient (py,, or CC). In the first part of
this review series, a description of the polarimetric radar variables available from the newly polarimetric
WSR-88D radars is provided. An emphasis is made on their physical meaning and interpretation in the

context of operational meteorology.

1. Introduction

Polarization diversity radar for use in remote
sensing of precipitation has a rich history, dating back
to its first use in the 1950s by scientists in the United
Kingdom (Browne and Robinson 1952; Hunter 1954),
United States (Newell et al. 1955; Wexler 1955), and
the Soviet Union (e.g., Shupyatsky 1959; Gerzenshon
and Shupyatsky 1961; Shupyatsky and Morgunov
1963; Minervin and Shupyatsky 1963; Morgunov and
Shupyatsky 1964). Beginning with this pioneering
work in the United Kingdom, United States, and the
Soviet Union, the history of developments in the field
can be found in more detail in Seliga et al. (1990).
Considerable contributions by Canadian scientists with
circular polarization radar (e.g., McCormick and
Hendry 1970, 1975; Hendry and McCormick 1974)
furthered remote sensing precipitation studies. The
“modern era” of research with orthogonal linear polar-
ization (i.e., dual-polarization) radar began in the
United States with the papers by Seliga and Bringi
(1976, 1978). Significant contributions by Jameson
(1983a,b, 1985a,b), Sachidananda and Zrni¢ (1985,
1986, 1987), Jameson and Mueller (1985), and

Balakrishnan and Zrni¢ (1990a,b) improved the under-
standing and interpretation of the variables available
with linearly orthogonal polarimetric radars, which are
described herein.

The United States Weather Surveillance Radar-
1988 Doppler (WSR-88D) radar network upgrade to
dual-polarization capabilities is now complete. Now,
all National Weather Service meteorologists have at
their disposal a wealth of new information gained from
these polarimetric radar observations. Additionally,
similar upgrades are occurring worldwide. Thus, radar
polarimetry is an emerging tool that can be applied to
numerous operational situations and used to improve
warnings, short-term forecasts, and quantitative
precipitation estimation. The purpose of this review
series is to provide an overview of radar polarimetry,
and the various applications of polarimetric weather
radar that may be of use to operational meteorologists
and hydrologists.

The organization of this series is as follows. In this
first part, descriptions of the polarimetric radar
variables are provided, with an emphasis on their
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physical interpretation. The intended audience is
operational meteorologists and others that make use of
weather radar data. In the subsections below, each
variable is introduced, general characteristics are
provided, and this is followed by specific discussion of
implications for different types of precipitation
particles. Various applications of dual-polarization
radar observations will be discussed in Part Il
(Kumjian 2013a), with examples of data for each. In
Part Il (Kumjian 2013b), common artifacts of
polarimetric radar measurements will be discussed,
along with a description of how to identify such
artifacts and distinguish them from real, physical
features of precipitating systems.

2. Description of the polarimetric radar variables

Conventional  (single-polarization) WSR-88D
radars operate by transmitting pulses of electro-
magnetic (EM) radiation and "listening" for echoes
returned from various atmospheric targets, including
precipitation, biological, and inorganic (e.g., dust,
chaff, and smoke) scatterers. The energy propagates
through the atmosphere as an EM wave with the
electric field vector oscillating in the horizontal plane
parallel to the ground; therefore, these waves are said
to be horizontally polarized. When a horizontally
polarized wave illuminates a particle in the atmo-
sphere, the particle behaves as a tiny antenna, emitting
radiation in all directions, with the amplitude of this
"scattered" energy related to the size, shape, and
orientation of the target, as well as its physical
composition (e.g., liquid or ice). The particle’s
physical composition affects scattering through the
complex refractive index or complex relative
permittivity*, which can be thought of as how
“reflective” a particle is to EM radiation.

Consider a spherical hydrometeor that is small
compared to the radar wavelength. When the particle
is illuminated by a horizontally polarized radar wave,
the particle behaves like a horizontal dipole antenna
that becomes excited and scatters energy having
horizontal polarization, whereas it behaves like a
vertical dipole antenna and scatters energy with
vertical polarization when excited by a vertically
polarized radar wave. Dual-polarization WSR-88D
radars exploit this fact by transmitting radiation with

! The complex refractive index n is related to the complex relative
permittivity, ¢, as n ~ g2
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horizontal polarization and vertical polarization simul-
Itaneously (Fig. 1). By comparing the signals received
from returns at each polarization, one can glean
information about the size, shape, and orientation of
targets within the radar sampling volume.

A

direction of propagation

Figure 1. Schematic illustrating the simultaneous propagation of
horizontally polarized (blue) and vertically polarized (orange)
electromagnetic waves. The plane made by the axes labeled H and
V is called the “plane of polarization” and is normal to the direc-
tion of wave propagation. Click image for an external version; this
applies to all figures hereafter.

Prior to the upgrade to dual polarization, single-
polarization WSR-88D radars (hereafter referred to as
“conventional”’) measured three moments: radar reflec-
tivity factor (Z), which is proportional to the power of
the received signal, Doppler velocity (V,), which is
determined from the power-weighted mean Doppler
frequency shift of targets within the radar sampling
volume and involves measurements of the received
signal phase, and Doppler spectrum width (W), which
is a measure of the variability of Doppler velocities
within the sampling volume [see Doviak and Zrni¢
(1993) or Rinehart (2004) for more detailed expla-
nations]. Because the conventional radars send and
receive signals at horizontal polarization, all three of
these moments are measured at horizontal polarization,
which will be denoted hereafter by a subscript H (Zy,
Vy, Wy). Dual-polarization radars can measure these
three moments at both horizontal and vertical (V)
polarizations: Zy, Zy, Vi, Vv, Wy, and Wy. Note that
because the conventional (pre-upgraded) WSR-88D
radars transmit and receive signals at only one polar-
ization, they are called single-polarization radars. In
contrast, the upgraded WSR-88Ds (that transmit and
receive radiation at two polarizations) are called dual-
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polarization or polarimetric? radars. Dual-polarization
WSR-88D radars provide the single-polarization mo-
ments Zy, Vi, and Wy of essentially the same quality
as before®,

Meaningful information is obtained by comparing
the amplitudes and phases of the signals returned at H
and V polarizations, providing a suite of new
variables. The difference in logarithmic reflectivity
factors at H and V polarizations (i.e., Zy — Zy, where
Zy and Zy are expressed in dBZ) is called the
differential reflectivity, or Zpgr. Taking the difference
in phase shift between the two polarizations provides
the differential phase shift, or @pp. Taking the
correlation between returned signals at H and V
polarization provides the co-polar correlation coef-
ficient, denoted as py, in the scientific literature and
CC in the operational community. Each of these
variables is introduced below and discussed in the
context of a physical interpretation in different types
of atmospheric scatterers useful for meteorological
applications. Note that values for the polarimetric
variables given apply to S-band radars only unless
otherwise stated. Other reviews of the polarimetric
radar variables can be found in the papers by Herzegh
and Jameson (1992), Hubbert et al. (1998), Zrni¢ and
Ryzhkov (1999), Straka et al. (2000), and Ryzhkov et
al. (2005a). More technical expositions are presented
in the textbooks by Doviak and Zrni¢ (1993) and
Bringi and Chandrasekar (2001).

a) Differential reflectivity, Zpg

The differential reflectivity (Zpr) was first intro-
duced by Seliga and Bringi (1976) for precipitation
measurements. It is the logarithmic ratio of the reflec-
tivity factors at H and V polarizations, and therefore is
a measure of the reflectivity-weighted axis ratio (or
shape) of the targets. Thus, for spherical targets that
return equal power at H and V polarizations, Zpg is 0
dB. For scatterers that are small compared to the radar
wavelength (i.e., “Rayleigh” scatterers, which are most
hydrometeors except for large hail at the S-band

% The term “dual-polarimetric” is redundant, as the word “polari-
metric” implies the use of polarization diversity for measurements;
thus, “dual-polarimetric” should be avoided.

3 Splitting the transmitted power between H and V channels results
in a 3-dB loss in the signal-to-noise ratio compared to conventional
WSR-88D radars. However, improved signal processing tech-
niques (e.g., Ivi¢ et al. 2009) have mitigated adverse effects of this
3-dB loss on signal detection and algorithm performance.
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operating frequency of WSR-88D radars), those with
their major axis aligned in the horizontal plane
produce positive Zpr and those with their major axis
aligned in the vertical direction produce negative Zpg.
Zpr also is affected by the physical composition and/or
density of particles. For a particle of a given size and
shape, Zpr is enhanced as the complex refractive index
increases. The complex refractive index of water is
much greater than that of ice. Thus, the Zpr of an
oblate water drop is larger than the Zpg of an ice pellet
of the same size and shape, which in turn is larger than
the Zpr of a lower-density ice particle (e.g., graupel or
snow aggregate) of the same size and shape. Because
it is a ratio of the backscattered powers at H and V
polarizations, Zpg is independent of particle concen-
tration and is not affected by absolute miscalibration
of the radar transmitter or receiver. However, accuracy
on the order of 0.1-0.2 dB is needed if Zpg is to be
used for quantitative purposes. Thus, biases introduced
in the radar hardware can cause offsets that must be
corrected first before quantitative use of Zpgr measure-
ments (e.g., Zrni¢ et al. 2006a). Zpr can be biased in
the presence of anisotropic beam blockage (i.e., a tall,
skinny tower that blocks more of the V-polarization
wave than the H-polarization wave, causing the down-
radial Zpr to be strongly positively biased). Because
the WSR-88D radars operate in a mode of simultane-
ous transmission of H and V polarization waves, cross
coupling of the waves is possible for depolarizing
media and antenna polarization errors (e.g., Ryzhkov
and Zrni¢ 2007; Hubbert et al. 2010a,b). This will be
described in more detail in Part 11 of this series, which
discusses polarimetric radar data artifacts.

1) RAIN

Larger raindrops become deformed by aerody-
namic drag and thus are more oblate than smaller rain-
drops (e.g., Pruppacher and Beard 1970; Pruppacher
and Pitter 1971; Beard and Chuang 1987; Brandes et
al. 2002; Thurai and Bringi 2005). Therefore, rainfall
characterized by larger drop sizes will have larger
observed Zpg, indicating more power received at H
polarization than at V polarization. In rain, Zpr tends
to increase with increasing Zy, as heavier rainfall is
characterized by larger concentrations of bigger drops.
An exception to this tendency is in the case of size
sorting of raindrops (e.g., Kumjian and Ryzhkov 2009;
2012), whereupon certain parts of storms may be
observed to have large Zpr (indicating big, oblate
drops) and relatively modest Z (indicating those big
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drops are in low concentrations). Such size sorting is
generally localized along the leading edge of precip-
itating systems and/or beneath updrafts. Zpr varies
with raindrop sizes and shapes but is independent of
particle concentration, whereas Zy is directly propor-
tional to particle concentration. Thus, for a given value
of Zy in rain, there is a range of possible Zpr values
that can be observed (Fig. 2) depending on the drop
size distribution (DSD). The DSD is influenced by
many factors, including the storm’s environment and
microphysics. In general, for a given Zy value, more
tropical rainfall is associated with smaller raindrops
(e.g., Maki et al. 2005; Ryzhkov et al. 2005a,c; Bringi
et al. 2006; Tokay et al. 2008; Ryzhkov et al. 2011)
and thus smaller Zpgr values, whereas continental
rainfall tends to have larger Zpgr, signifying bigger
drops.
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Figure 2. Z,; and Zpg calculated from 47144 drop size distributions
observed by a 2D video disdrometer (e.g., Schénhuber et al. 1997;
Schuur et al. 2001) in central Oklahoma. Computations assume
raindrops are 20°C, and are for S band (the operating frequency of
the WSR-88D radars). The dataset includes a broad spectrum of
precipitating systems, including stratiform and convective storms,
as well as “tropical” and “continental” storms.

2) HAIL AND GRAUPEL

The intrinsic Zpr of hail varies dramatically as a
function of hailstone size, shape, and how much liquid
water is located on or within the hailstone. If hail
tumbles chaotically as it falls, the resulting measured
Zpr is close to zero, as the stones appear to be
spherical in the statistical sense (e.g., Aydin et al.
1986; Bringi et al. 1986; Wakimoto and Bringi 1988).
This applies for hailstones of any size. However, small
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nonzero Zpr Values measured in large hail well above
the environmental 0°C level indicate some degree of
alignment (e.g., Kumjian et al. 2010a; Picca and
Ryzhkov 2012). In general, however, the Zpg values of
large hail are much lower than they are for rain of the
same measured Zy, providing the ability to use Z, and
Zpr measurements for the detection of hail (e.g., Aydin
et al. 1986; Bringi et al. 1986; Ryzhkov et al. 2005g;
Heinselman and Ryzhkov 2006).

For particles that are not small compared to the
radar wavelength (Mie scatterers), the shape informa-
tion provided by Zpg can be ambiguous. For example,
very large oblate hail [>5 cm (2 in) in diameter] can
produce negative Zpr values (e.g., Aydin and Zhao
1990; Balakrishnan and Zrni¢ 1990b; Kumjian et al.
2010b; Picca and Ryzhkov 2012). This strange
behavior occurs because the stones are so large that
complex resonance scattering effects become impor-
tant, and the crossed-dipole antenna model of the
particle is no longer valid.

As small hail melts, it acquires a shell or “torus”
of liquid water (e.g., Rasmussen et al. 1984; Rasmus-
sen and Heymsfield 1987). The presence of the liquid
water not only increases the particle’s effective
refractive index, but tends to stabilize its wobbling.
Both of these factors lead to increased Zpg. Indeed,
Zpgr in small melting hail can match or exceed that of
large raindrops (i.e., >3-4 dB). In contrast, larger
hailstones tend to shed much of their excess water.
This prevents the buildup of a torus, causing the water
coating to remain quite thin. This causes the Zpgr of
larger wet stones to be much lower. Again, very large
oblate wet hail can produce negative Zpr values owing
to resonance scattering effects.

Graupel particles are formed by heavy riming of
pre-existing ice particles such as snow crystals or
frozen drops. As such, their density tends to be below
that of solid ice but higher than that of snow
aggregates. Therefore, the complex refractive index of
graupel is larger than that of snow, but smaller than
that of hail. The higher density of these particles
means that Zy is larger than in snow and Zpg is more
sensitive to shapes than it is in snow aggregates,
though far less sensitive than for wet particles. Most
rimed particles are quasi-spherical, thus producing Zpg
near zero. However, conical-shaped graupel particles
—not dissimilar in shape from a NASA Apollo
Command Module—are frequently observed (e.g.,
Holroyd 1964; Magono and Lee 1966; Knight and
Knight 1973). Such particles may produce slightly
negative Zpr (e.g., Aydin and Seliga 1984). Because
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riming is necessary to produce graupel particles, it is
often found in the vicinity of updrafts (or some other
source of supercooled liquid cloud water).

3) SNOW AND ICE CRYSTALS

The observed Zpg in dry snow varies dramatically,
depending on the crystal habits present within the
radar sampling volume. Pristine ice crystals such as
dendrites, plates, and needles are very anisotropic (i.e.,
have aspect ratios that are significantly different from
1.0). Thus, when these pristine ice crystals (which are
usually oriented with their major axis horizontal) are
the dominant contributors to the reflectivity factor
within the radar volume, large positive Zpr is possible.
Note that vertical alignment of ice crystals can occur
in strong electric fields; such vertical alignment
produces negative Zpr values. The exact value of Zpg
depends on the crystal density; solid ice particles such
as hexagonal plates can have intrinsic Zpgr Vvalues
larger than 6 dB, in some cases even approaching 10
dB (e.g., Hogan et al. 2002), whereas the Zpg in
dendrites generally remains below about 4-5 dB.
However, because of particle wobbling, imperfect
shapes, and a mixture of crystal types usually present
in clouds, observed Zpr values in ice crystals usually
do not exceed about 4-5 dB.

In contrast to the pristine ice crystals, large
aggregates are observed to have very low Zpg (<0.5
dB). This is primarily attributable to their very low
density (usually <0.2 g cm ™, compared to the density
of solid ice of 0.92 g cm™®), which makes their exact
shape less important from the radar’s perspective.
Additionally, increased fluttering of aggregates tends
to keep Zpr quite low. Note that, because of their large
sizes compared to pristine crystals, snow aggregates
tend to have larger Z, values. Observations of Zy
increasing towards the ground coincident with Zpg
decreasing towards the ground are consistent with
ongoing aggregation. In general, in dry snow, Zy and
Zpr are anticorrelated; higher Zpg values typically are
collocated with smaller Z, values (Fig. 3).

As snow begins to melt, the accumulation of liquid
water produces a larger refractive index, which causes
both Z, and Zpg to increase. The well-known “bright
band” signature associated with the melting layer is
primarily because of this effect. For example, small,
pristine crystals that begin to melt can produce very
large Zpr values (>6 dB; Schuur et al. 2012). Because
Zpg is independent of particle concentration, large Zpg
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values in the melting layer are possible even with
rather low Z,. In such situations, Zpgr can be more
efficient at detecting the melting layer than Z,.

4) NONMETEOROLOGICAL ECHOES

Nonmeteorological scatterers are any targets with-
in the radar sampling volume that are not precipitation
particles. This can include biological scatterers (e.g.,
birds, insects, and bats), smoke and ash from fires or
volcanoes, military chaff, ground and sea clutter, and
tornadic debris, among others. Biological targets tend
to have elongated bodies, so the measured Zpg in birds
and insects is often quite high (e.g., Zrni¢ and
Ryzhkov 1998)—usually larger than most meteoro-
logical targets. Insects especially can be observed to
have Zpr values in excess of 6—7 dB. In the case of
bird migrations, there may be an azimuthal depen-
dence of the measured Zpr that corresponds to the
different viewing angles of the bird’s geometry.

Observed Zpr Vvalues in smoke and ash are
variable, but can be very large (>6 dB; see Melnikov et
al. 2008, 2009). Similarly, military chaff, ground
clutter, and sea clutter can have variable Zpg, but can
have positive or negative values that exceed the range
of values for most hydrometeors. For example, sea
clutter has been observed to have large negative Zpg
values (e.g., Long 2001; Ryzhkov et al. 2002). The
sign of Zpg in sea clutter depends on the radar viewing
angle of the water waves.

Tornadic debris tends to be irregularly shaped, but
often tumbles. This causes Zpr to have near-zero
values. However, there are some observations of
negative Zpr in tornadic debris (e.g., Ryzhkov et al.
2005b; Kumjian and Ryzhkov 2008; Bodine et al.
2013). It is unclear what type of debris causes such
large negative values, but the fact that values are
nonzero indicates some degree of alignment (i.e.,
random orientation would produce Zpr of 0 dB). Note
that large pieces of debris (hon-Rayleigh scatterers) do
not have to be prolate in shape and/or vertically
aligned to produce negative values, owing the com-
plexity of resonance scattering off such large particles.

b. Differential propagation phase shift, ®pp, and spe-
cific differential phase, Kpp

As EM radiation propagates through precipitation,
it acquires an additional phase shift compared to EM
radiation traveling the same distance through air. If the
precipitation is nonspherical, such as oblate raindrops,
then the amount of phase shift acquired is different
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between H and V polarizations. For oblate particles,
this can be thought of as the H-polarization wave
slowing relative to the V-polarization wave because it
is encountering more of the drops, which are larger in
their horizontal dimension. The resulting difference in
phase shift between H and V polarizations is known as
the differential propagation’ phase shift, ®pp.

®pp Is proportional to the number concentration of
particles and tends to increase with increasing particle
size. Because &pp is a phase measurement, it is not
affected by attenuation, partial beam blockage, or
radar miscalibration, and is not biased by noise. For
these reasons, it is an attractive variable to use for
attenuation correction and quantitative precipitation
estimation. Often more useful for meteorologists is
half> the range derivative of ®ps, known as the

* The actual measured differential phase shift is a combination of
the differential propagation phase, the radar system differential
phase offset, and any differential phase imparted by backscatter
from non-Rayleigh scatterers. For simplicity, herein we consider
just the propagation component.

® Because the differential propagation phase shift accumulates over
the two-way path through the precipitation and back, only half is
taken for Kpp to characterize the precipitation properties along the
propagation path.
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Figure 3. Display of (a) Z, and (b) Zpg, from a winter storm in central OK at 1423 UTC 9 February 2011, taken by the polarimetric WSR-

specific differential phase (Kpp). This provides a
measure of the amount of differential phase shift per
unit distance (usually given in units of degrees per km)
along the radial direction. Thus, it is useful for locating
regions of heavy precipitation (Fig. 4). Regions of
high Kpp often overlap regions of high Zy; however,
the main difference between enhancements in Zy and
enhancements in Kpp is that Z, is affected by liquid
and frozen particles, whereas Kpp is mainly affected by
the presence of liquid water (more on this below).
However, Kpp can be difficult to estimate in light rain,
as well as in the presence of nonuniform beam filling
(Ryzhkov and Zrni¢ 1998; Gossett 2004; Ryzhkov
2007; see Part I11) and in the presence of non-Rayleigh
scatterers such as very large hail.

1) RAIN

The use of Kpp for quantitative precipitation esti-
mation was proposed by Seliga and Bringi (1978),
Jameson et al. (1985a), and Sachidananda and Zrni¢
(1986, 1987). Kpp is positive in rain because raindrops
are oblate, causing the H-polarization wave to acquire
more of a phase shift than the V-polarization wave.
Kpp is particularly useful for rainfall estimation in
cases when hail is mixed with rain (e.g., Balakrishnan
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Figure 4. Schematic illustrating the range profile of &pp (top
panel), which increases dramatically in an area of heavy rain
(highlighted in yellow). The bottom panel corresponds to the Kpp,
which is maximized in the heavy rain.

and Zrni¢ 1990a; Giangrande and Ryzhkov 2008).
This is because Kpp is not affected by tumbling
particles, for which the H- and V-polarization waves
acquire the same amount of phase shift. In addition,
Kop is nearly linearly related to rainfall rate (e.g.,
Sachidananda and Zrni¢ 1987), and can be considered
a good measure of the amount of liquid water in the
radar sampling volume in warm-season precipitation.
Though estimates of Kpp can be noisy in light rain, use
of Kpp for estimates of long-term accumulations of
light rain have proven accurate (Borowska et al. 2011),
because the noisy, statistical fluctuations average out
to zero for longer time periods. This is analogous to
the results of Ryzhkov et al. (2005c), who found that
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rainfall estimates with Kpp show larger improvements
over conventional algorithms when averaged over
larger spatial regions.

2) HAIL AND GRAUPEL

Kpp is zero in spherical or tumbling particles, such
as dry hail. However, not all hailstones are randomly
tumbling, and thus nonzero differential phase shifts are
possible in nonspherical hailstones. In fact, negative
Kpp Values are possible in very large hail; however,
because these stones are non-Rayleigh scatterers, they
may produce a significant component of differential
phase shift upon backscatter. Such backscatter
differential phase shift, denoted as J, is superposed on
the propagation differential phase shift, and thus
estimating Kpp becomes very difficult. Some tech-
nigques have been developed to separate 6 and the
propagation phase shift component (e.g., Hubbert and
Bringi 1995). Kpp can be enhanced when there is a
significant addition of liquid water on melting hail-
stones. However, again owing to the difficulty in
estimating Kpp for non-Rayleigh scatterers, Kpp values
may not be reliable in large melting hail. Large values
of Kpp are possible in small melting hail mixed with
rain, as the smaller melting hailstones acquire
significant liquid water coats (e.g., Rasmussen et al.
1984). Such substantial liquid water shells cause the
small melting hailstones to be sensed as “giant rain-
drops” by radar. When found in large concentrations,
small melting hail mixed with rain can produce very
large Kop values (>6-8 deg km™).

Because dry graupel has such a low complex
refractive index (compared to liquid water), the contri-
bution of dry graupel particles to Kpp is negligible.
Similar to melting hail, melting graupel can exhibit
positive Kpp values.

3) SNOW AND ICE CRYSTALS

Large dry snow aggregates have nearly zero
intrinsic Kpp. In other words, aggregates are nearly
“invisible” to the propagation differential phase shift.
Because of the low radial slope of @&pp through snow
aggregates, Kpp estimates from measurements may be
very noisy in dry snow. However, pristine ice crystals
such as hexagonal plates, dendrites, and needles in
sufficiently high concentrations may produce positive
Kop Vvalues as large as 0.5 deg km™ or more (e.g.,
Kennedy and Rutledge 2011; Andri¢ et al. 2013;
Bechini et al. 2013; Schneebeli et al. 2013). Whereas
Zy is affected by the presence of snow aggregates, Kpp
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can still be used to detect the presence of the pristine
ice crystals mixed with aggregates. Strong electric
fields in the ice portions of convective clouds can align
small ice crystals in the horizontal or vertical, pro-
ducing positive or negative Kpp values aloft (e.g.,
Caylor and Chandrasekar 1996; Zmi¢ and Ryzhkov
1999; Ryzhkov and Zrni¢ 2007).

Much like melting hail, melting snowflakes can
produce an enhancement of Kpp. However, the
presence of larger wet aggregates can cause nonzero
backscatter differential phase shift 6 (Zrni¢ et al. 1993;
Tromel et al. 2013), that with the associated reductions
in the correlation coefficient py, (CC), make it difficult
to estimate Kpp reliably in the melting layer.

4) NONMETEOROLOGICAL ECHOES

Nonmeteorological targets often exhibit noisy Kpp,
as the low p, (CC) associated with such targets
increases the variability or fluctuations of the propa-
gation differential phase &pp. In addition, some
biological scatterers such as birds produce substantial
differential phase shift upon backscatter ¢. Thus, low
prv (CC) and wild fluctuations in the measured
differential phase shift make Kpp estimates unreliable
in “clear air” returns. For this reason, Kpp is not
computed in regions of substantially reduced py, (CC)
in operational displays.

c. Co-polar correlation coefficient, pp, (0r CC)

The co-polar correlation coefficient between H-
and V-polarization waves is known as pn, in the
scientific literature, or CC in the operational Advanced
Weather Interactive Processing System (AWIPS)
displays (they are used interchangeably herein). It was
introduced in the 1980s by Sachidananda and Zrni¢
(1985) and Jameson and Mueller (1985b). CC or py is
a measure of the diversity of how each scatterer in the
sampling volume contributes to the overall H- and V-
polarization signals. This diversity includes any phys-
ical characteristic of the scatterers that affects the
returned signal amplitude and phase. Thus, when there
exists a large variety in the types, shapes, and/or
orientations of particles within the radar sampling
volume, CC is decreased. Note that a diversity of sizes
does not affect pn, (CC) unless the shape of the
particles varies across the size spectrum. In addition to
reduced values with increased diversity of the physical
characteristics of particles, CC can be significantly
reduced in the presence of non-Rayleigh scatterers,
owing to variability in the backscattered differential
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phase® within the sampling volume. Imperfections in
the radar hardware can produce reductions in CC as
well.

In contrast, more uniform scatterers tend to
produce CC near 1.0. Spherical particles of any size
will produce CC = 1.0 because they each contribute
identically to the signals at H and V polarizations.
Values of CC >1.0 are sometimes observed at the
periphery of precipitation echoes. These values are not
physical and are a result of improper correction for
low signal-to-noise ratio. They are retained in AWIPS
displays to alert meteorologists that at the edges of
some echoes, the data quality is reduced. Other regions
where the measured CC can be reduced below its
intrinsic value include those affected by nonuniform
beam filling (Ryzhkov 2007; see Part IIl). CC is
independent of particle concentration and is immune to
radar miscalibration, attenuation or differential attenu-
ation, and beam blockage.

1) RAIN

At the operating frequency of WSR-88D radars (S
band), pure rain produces very high values of CC
(>0.98). It is slightly <1.0 because the shape of rain-
drops changes across the spectrum (larger drops are
more oblate than smaller drops), and because rain-
drops exhibit some slight wobbling as they fall. Heavy
rain tends to have slightly lower CC than light rain, but
very light rain and drizzle should have CC near 1.0
(because all drops are small and thus close to spherical
in shape).

2) HAIL AND GRAUPEL

Pure dry hail aloft can produce very high CC,
similar to what is expected in pure rain or pure dry
snow aggregates. However, wet hail can produce low
CC (<0.95) both aloft and at low levels, making it
useful to distinguish between pure rain and areas of
hail mixed with rain. Very large hail can produce
dramatic decreases in CC (<0.85), especially in the
prime wet-growth region between about —-10 and
—20°C (e.g., Dennis and Musil 1973; Nelson 1983;
Picca and Ryzhkov 2012), as well as near the surface.
This may be because of irregular shapes (such as lobes
or spikes) that can lead to substantially reduced CC

6 Rayleigh scatterers have negligible backscatter differential phase,
whereas resonance scatterers can have appreciable nonzero values.
Thus, resonance scatterers add to the diversity of differential phase
within the radar sampling volume, reducing CC.
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(e.g., Balakrishnan and Zrni¢ 1990b). Such irregular-
ities are produced in wet growth, which is very
efficient at producing the larger hailstones. It is impor-
tant to note that reduced CC values at low levels and
hail size do not exhibit a direct relation, as the size of
particles alone does not affect CC.

Dry graupel particles, because they tend to be
fairly uniform in shape, produce relatively large CC
values. Analogous to melting hail, melting or wet
graupel can produce reductions in CC.

3) SNOW AND ICE CRYSTALS

In general, dry snow aggregates produce very high
values of CC (>0.97). This is because their very low
density tends to counteract their irregular shapes and
increased wobbling. In some cases, a tangible reduc-
tion in CC (values < 0.96) is possible in pristine ice
crystals such as needles and plates (Fig. 5). This is
because of their highly nonspherical shapes, that when
combined with no preferred azimuthal orientation and
slight wobbling, lead to a diversity of “apparent”
particle shapes from the perspective of the radar.

Melting of snowflakes leads to a reduction of CC
values (<0.90). The addition of liquid meltwater on the
particles accentuates the pre-existing variability in
particle shapes and orientations by giving them a
larger complex relative permittivity. Additionally,
aggregation of melting snowflakes may be large
enough to produce Mie scattering effects (Zrni¢ et al.
1993; Tromel et al. 2013). Because of these factors,
the melting layer “bright band” signature is often most
evident in CC (Fig. 6). Brandes and Ikeda (2004) and
Giangrande et al. (2005, 2008) have exploited this type
of signature for automated melting layer detection
algorithms, including the one implemented in the
WSR-88D radar algorithm suite (see Part I1).

4) NONMETEOROLOGICAL ECHOES

Nonmeteorological scatterers generally produce
very low CC, much lower (<0.80) than expected in
precipitation. This makes CC especially useful for
discriminating between precipitation particles and
other scatterers. Such nonmeteorological scatterers
include military chaff (Zri¢ and Ryzhkov 2004),
smoke and ash from fires or volcanoes (e.g., Melnikov
et al. 2008, 2009; Jones et al. 2009; see Fig. 7),
biological scatterers such as insects, birds, and bats
(Zmi¢ and Ryzhkov 1998; Ryzhkov et al. 2005a;
Bachmann and Zrni¢ 2007, 2008), sea clutter
(Ryzhkov et al. 2002), dust, and tornadic debris
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Figure 5. 0.5° elevation angle PPI scan from the polarimetric
WSR-88D radar near Binghamton, NY (KBGM). Data were
collected at 0941 UTC 28 January 2013. Fields shown are (a) Zy,
(b) Zpg, and (c) pny or CC. Note the collocated regions of high Zpg
and reduced CC (py,), indicative of pristine nonspherical crystals.
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Figure 6. Example of the melting layer bright band in (a) Z and (b) CC or py,. Data are from 0856 UTC 19 August 2007, collected by the
polarimetric prototype WSR-88D radar in Norman, OK (KOUN), at 8.0° elevation.
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Figure 7. Display of (a) Zy and (b) pny (CC) from the polarimetric WSR-88D radar near Melbourne, FL (KMLB), taken at 2114 UTC 31
January 2012 from the 0.5° elevation scan. The smoke and ash from the grassfire north of the radar are clearly identified by very low py,
(CC) values (< 0.50). The centroid of the grassfire echo is located at approximately x = -5 km, y = 50 km.

(Ryzhkov et al. 2005b; Bodine et al. 2013). The latter
is especially important for operational meteorologists,
as will be discussed in Part 1l. Note that man-made
clutter targets such as buildings, water towers, and
wind turbines can produce low CC values, though the
distribution of observed values exhibits some overlap

with the high values that are characteristic of precip-
itation (e.g., Zrni¢ et al. 2006b).

3. Summary

In this first part of the review series, the polar-
imetric radar variables have been introduced and de-
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scribed. These variables are now available to meteor-
ologists following the upgrade of the WSR-88D radar
network and include the differential reflectivity Zpg,
the differential propagation phase shift @pp and half its
range derivative, specific differential phase Kpp, and
the co-polar correlation coefficient CC (py,). Emphasis
was placed on the physical meaning of these new
variables in precipitation and nonmeteorological ech-
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oes, as well as on providing a review of some of the
scientific literature of interest. Appendix A provides a
summary of the range of S-band values possible for
different precipitation and nonprecip-itation echoes.
Table 1 provides a summary of each polarimetric
variable and whether they are impacted by various
factors such as attenuation, particle density, size distri-
bution variability, etc.

Table 1. Summary of dual-polarization moments and variables and whether they are affected by a number of factors. Listed variables are
horizontal polarization reflectivity Z,,, Doppler velocity V,, Doppler spectrum width W, differential reflectivity Zpg, specific differential

phase Kpp, and co-polar correlation coefficient CC (py).

A_ffected_by attenuat_ion/ Affected by partial Requires calibration? Affected b_y particle | Affected by resonance
differential attenuation? beam blockage? density? scattering?
Zu Yes Yes Yes Yes Yes
' No No No No No
W No No No No No
Zor Yes Yes Yes Yes Yes
Kpp No No No Yes Yes
CC (pn) No No No Yes* Yes
Affected by depolarization? Affected by NBF? Depce:r?:ennttggﬁrg:]rgber Aff/e::f;jbmtgs') Esel SD%S;J;SE e
Zy No** Yes Yes Yes Yes
V: No No No No No
w No No No No Yes
Zpr Yes Yes No Yes Yes
Kop Yes Yes Yes Yes No
CC (pnv) No Yes No Yes Yes

* For a given set of particles in the sampling volume, increasing their density (and/or relative permittivity) amplifies the diversity present, decreasing pny

(CC).

** Strictly speaking, Zy can be biased by depolarization, though the effect is negligible compared to the effects on Zpr and Kpp (e.9., Ryzhkov 2007).

Armed with a sufficient understanding of the
physical meaning of the different polarimetric radar
variables, Part Il of this series will review and explore
the meteorological applications of polarimetric radar
measurements in warm- and cold-season precipitation.
Part Il reviews the most common artifacts observed in
dual-polarization radar data.
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APPENDIX A

Ranges of the Polarimetric Radar Variables for
Different Scatterers

Figures A1-A4 demonstrate approximate ranges of S-
band values for each polarimetric radar variable in different
types of precipitation (rain, hail/graupel, and snow/ice) and
nonmeteorological scatterers. Note that these are not meant
to be firm boundaries; rather, they simply exhibit the ap-
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Figure Al. Approximate ranges of S-band values of each polarimetric variable (Zn, Zpg, pn Or CC, and Kpp) for rain. Here, the “rain”
category includes rainfall of any intensity, from drizzle to intense convective rain, as well as the “big drops” category.
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Figure A2. Approximate ranges of S-band values of each polarimetric variable (Zy, Zpg, pny Or CC, and Kpp) for hail and graupel. Here, we
consider both dry and melting particles.
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Figure A3. Approximate ranges of S-band values of each polarimetric variable (Zy, Zpg, pnv Or CC, and Kpp) for snow and ice crystals.
Here, the values include dry and wet snow, and pristine crystals of any habit.
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Figure A4. Approximate range of S-band values of each polarimetric variable (Zy, Zpg, pry OF CC, and Kpp) for nonmeteorological echoes.
Here, we include all types of nonmeteorological scatterers (e.g., biological, clutter, tornadic debris, etc.).
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proximate ranges that may be observed by S-band
polarimetric WSR-88D radars. Additionally, the categories
are inclusive of a range of categories for each hydrometeor
type (e.g., rain includes all intensities and “big drops”; hail
and graupel include all sizes as well as dry and wet
particles). For more specific values for the individual
categories of the hydrometeor classification algorithm, see
the WDTB training “flipchart” (available online from the
Warning Decision Training Branch at www.wdtb.noaa.gov/
courses/dualpol/Outreach/DualPol-Flipchart.pdf). The color
scales used here are representative of those used in graphical
displays, notably the National Climatic Data Center
Weather and Climate Toolkit.
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