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ABSTRACT

This study implements a new quasi-vertical profile (QVP) methodology to investigate the microphysical
evolution and significance of intriguing winter polarimetric signatures and their statistical correlations. QVPs
of transitional stratiform and pure snow precipitation are analyzed using WSR-88D S-band data, alongside
their corresponding environmental thermodynamic High-Resolution Rapid Refresh model analyses. QVPs
of Kpp and Zpg are implemented to demonstrate their value in interpreting elevated ice processes. Several
fascinating and repetitive signatures are observed in the QVPs for differential reflectivity Zpr and specific
differential phase Kpp, in the dendritic growth layer (DGL), and at the tops of clouds. The most striking
feature is maximum Zpg (up to 6 dB) in the DGL occurring near the —10-dBZ Z; contour within low Kpp
and during shallower and warmer cloud tops. Conversely, maximum Kpp (up to 0.3°km ') in the DGL occurs
within low Zpgr and during taller and colder cloud tops. Essentially, Zpr and Kpp in the DGL are anti-
correlated and strongly depend on cloud-top temperature. Analyses also show correlations indicating larger
Zpr within lower Zj; in the DGL and larger Kpp within greater Zy; in the DGL. The high-Zpg regions are
likely dominated by growth of a mixture of highly oblate dendrites and/or hexagonal plates, or prolate
needles. Regions of high Kpp are expected to be overwhelmed with snow aggregates and crystals with ir-
regular or nearly spherical shapes, seeded at cloud tops. Furthermore, QVP indications of hexagonal plate
crystals within the DGL are verified using in situ microphysical measurements, demonstrating the reliability
of QVPs in evaluating ice microphysics in upper regions of winter clouds.

1. Introduction observing the microphysical properties of winter pre-
cipitation in regions of the country never before sampled
by polarimetric radar. Since polarimetric precipitation
observations provide valuable information on the size,
shape, orientation, and phase of hydrometeors (e.g.,
Herzegh and Jameson 1992; Doviak and Zrni¢ 1993;
Zrni¢ and Ryzhkov 1999; Straka et al. 2000; Kumjian
2013a,b,c), these data will advance the understanding of
microphysical processes and the life cycle of ice particles
as they nucleate, evolve, and fall through a cloud. In
turn, this will improve the representation of ice crystal
properties including size, shape, density, and tempera-
ture dependence in future cloud microphysical models.
This is important, since ice crystal habits are particularly
sensitive to even slight changes in thermodynamic con-
Corresponding author: Erica M. Griffin, erica.griffin@noaa.gov  ditions and ice supersaturation (e.g., Bailey and Hallett

Winter precipitation events, particularly transitional
storms and heavy snow, are difficult to accurately forecast
and nowcast, largely because of poor parameterization of
ice microphysical processes in numerical weather pre-
diction models. Given that snow properties (e.g., aspect
ratios and bulk densities) vary significantly both tem-
porally and spatially within clouds and also that ice par-
ticles are nonspherical, polarimetry is a valuable means to
estimate bulk properties of snowstorms (Ryzhkov et al.
1998). With the recent polarimetric upgrade to the U.S.
Weather Surveillance Radar-1988 Doppler (WSR-88D)
network, dual-polarization data are now available for
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2009), which can influence precipitation rates at the
surface.

Specific differential phase (Kpp) observations in
winter precipitation are particularly valuable for as-
sessing ice content in the upper levels of clouds (e.g.,
Vivekanandan et al. 1994; Ryzhkov et al. 1998; Kennedy
and Rutledge 2011). The most pronounced polarimetric
radar signatures occur in the dendritic growth layer
(DGL;i.e., between —10° and —20°C) and at the tops of
clouds, while aggregation and riming processes dissolve
prominent differential reflectivity (Zpr) signatures be-
low. Intriguing Zpr and Kpp signatures above the
melting layer (ML) have been documented in previous
studies, demonstrating polarimetric indications of den-
drites and plate-like ice crystals in the DGL (e.g.,
Ryzhkov and Zrni¢ 1998; Ryzhkov et al. 1998; Wolde
and Vali 2001; Kennedy and Rutledge 2011; Bechini
et al. 2013; Andri¢ et al. 2013; Griffin et al. 2014;
Williams et al. 2015; Schrom et al. 2015; Kumjian and
Lombardo 2017), and a variety of ice habits generated as
primary ice at the top of clouds, for example, in gener-
ating cells (e.g., Kumjian et al. 2014).

Ryzhkov et al. (1998) documented a pronounced el-
evated region of high Kpp, centered at a height of 6 km,
within a trailing precipitation region of a squall line,
and Ryzhkov and Zrni¢ (1998) found peak Kpp of
0.35°km ™! at S band at 5 km, in a warm snow storm that
contained heavily aggregated snow. Later, Kennedy and
Rutledge (2011) reported on S-band measurements of
an elevated layer of Kpp in four Colorado winter storms
that had local maxima of ~0.15°-04°km ' near the
—15°C isotherm. They further showed that the passage
of these regions was associated with an increase in sur-
face precipitation. Calculations using an electromag-
netic scattering model indicated that highly oblate
spheroidal particles with diameters between ~0.8 and
1.2mm in range and moderate ice densities produced
Kpp values that were consistent with radar observations.
Their calculations were unable to reproduce Zpg,
however. They further concluded that the persistent
collocation of this signature with the —15°C isotherm
was an indication that rapidly growing dendrites likely
played a significant role in producing the elevated Kpp
signature. In another study of winter storms, Andri¢
et al. (2013) reported on isolated pockets of enhanced
Kpp and Zpg that were collocated with reduced cross-
correlation coefficient (ppy). These signatures were also
found to be located at temperatures between —10°
and —15°C, and were coincident with a zone of large
radar reflectivity vertical gradient, with reflectivity
factor Zj increasing toward the ground. Using a
simple kinematical, one-dimensional, two-moment
bulk microphysical model that was coupled with an
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electromagnetic scattering model, Andric et al. (2013)
were able to approximately reproduce the correct
profile types of vertical dependencies and magnitudes
of Zand py,, and the correct profiles (but not magnitudes)
of Zpr and Kpp. They concluded that their inability to
reproduce the correct profiles and magnitudes of all of the
signatures indicated that microphysical processes not in-
cluded in the model, such as secondary ice production,
were likely important factors in producing the observed
signature. Bechini et al. (2013) also documented enhanced
Zpr and Kpp values near the model-indicated —15°C
isotherm in the ice region of precipitating clouds, using
C- and X-band radars in northwestern Italy. They found
that these regions of enhancement (Kpp values peaked at
around 2.0°km " at C band) were likely associated with
dendritic growth and were correlated with the Z;; below.
Furthermore, Griffin et al. (2014) observed that DGLs
near the model-predicted —15°C isotherm were corre-
lated with increased snowfall and large Zy near the sur-
face in a historic northeastern blizzard, bolstering the
results of Bechini et al. (2013), Andri€ et al. (2013), and
Kennedy and Rutledge (2011).

In a more recent study, Schrom et al. (2015) docu-
mented X-band observations of these enhanced Kpp
signatures near —15°C, with Zpgr decreasing and Zy
increasing toward the ground (indicating aggregation
or riming), within several Colorado winter storms. They
retrieved particle size distributions of dendrites and
plates, demonstrating that enhancements in Zpgr can
likely indicate both plates and dendrites. Similarly,
Wolde and Vali (2001) reported hexagonal plates, stel-
lars, and dendrites occurring within large Zpr near
the —15°C isotherm. To help identify regions of likely
icing hazards, Williams et al. (2015) identified two cate-
gories of enhanced Zpg in winter and summer stratiform
systems. In one category, Zpgr between 0 and 3 dB occur
in larger Z (i.e., 10-30 dBZ) when dendrites are present
among supercooled water and water-saturated environ-
ments, at temperatures between —10° and —20°C. They
described how this region can potentially produce haz-
ardous icing conditions for aircraft. In their second cate-
gory, flat-plate and dendritic crystals are associated with
Zpr between 3 and 7dB, in areas of lower Zy (ie.,
from —10 to 10 dBZ) near the tops of clouds. In this region,
they found evidence of diffusional growth of the high-
aspect-ratio ice crystals, within minimal or absent amounts
of supercooled water, therefore posing no icing hazards.

From a different perspective, Moisseev et al. (2015)
suggested that layers of Kpp near the —15°C isotherm
can rather be attributed to the onset of aggregation,
occurring within high concentrations of ice, because of a
seeder—feeder process. They also proposed that when
layers of enhanced Zpgr occur near the —15°C isotherm
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within minimal Kpp, and within low concentrations of
ice, crystal growth is likely to be the main microphysical
process, explaining why layers of maximum Kpp and
Zpr may not always be temporally collocated. Addi-
tionally, Kumjian and Lombardo (2017) documented
that layers of enhanced Kpp are correlated with greater
radar-inferred ascent near the —15°C isotherm, and
that enhanced Kpp occurs more often in regions of
greater supersaturations, with increased Zy and heavier
snowfall near the surface. Overall, these studies have
established important building blocks toward a more
thorough understanding of these polarimetric signatures
and their implications, however, more polarimetric and
in situ analyses are needed to better diagnose the ice
processes that govern the evolution of winter clouds and
precipitation.

Recently, a new method of processing and displaying
polarimetric radar data has been developed, providing an
opportunity to better elucidate ice microphysical pro-
cesses and their temporal evolution. Ryzhkov et al. (2016)
introduced a quasi-vertical profile (QVP) methodology in
which Zy, Zpg, puv, and differential phase ®pp from
weather surveillance radars are azimuthally averaged at
relatively high antenna elevation angles exceeding
10°-20°. Use of these high elevation angles reduces the
effects of beam broadening and horizontal inhomogeneity
(Ryzhkov et al. 2016). The resulting QVPs display the
polarimetric variables in a convenient time-versus-height
format, which allows for efficient investigation of key cloud
microphysical processes. Ryzhkov et al. (2016) docu-
mented QVP examples to demonstrate advantages of the
QVP technique, including the ability to compare polari-
metric WSR-88D data with data from vertically looking
remote sensors (e.g., wind profilers, lidars, and cloud ra-
dars), to continuously monitor the ML and DGL with high
vertical resolution, and to potentially discriminate between
rimed and aggregated snow. The QVP methodology has
quickly become popular and has now been implemented
by Kumjian and Lombardo (2017), who demonstrate the
value of QVPs for providing knowledge on the micro-
physical and kinematic structures of Northeast winter
storms. They are also the first to directly relate kinematic
and microphysical information in winter storms, using
WSR-88D QVPs of Doppler velocity and polarimetric
variables, including Kpp, to infer regions of mesoscale
ascent.

Since January of 2013, we have compiled a database
that consists of thousands of hours of polarimetric WSR-
88D observations in a wide variety of winter pre-
cipitation events. Many of those datasets exhibit several
intriguing, repetitive, and previously undocumented
polarimetric signatures. In this study, we use QVPs
produced from a few select events obtained from that
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database to investigate the microphysical evolution and
significance of some of those. Radar data and their mi-
crophysical interpretation are presented in context of
the thermodynamic environment provided by a nu-
merical model with data extracted from the QVPs, to
document statistical correlations between cloud-top
temperature (CTT) and Kpp and Zpgr in the DGL
between —10° and —20°C.

2. QVP methodology

QVPs provide an unprecedented look into the micro-
physical processes within winter storms and are an efficient
way to process and analyze polarimetric WSR-88D data.
This investigation builds on the work of Ryzhkov et al.
(2016) by demonstrating the value of using QVPs of Kpp
and Zpgr to examine the temporal evolution of ice mi-
crophysical processes in winter clouds and precipitation.
The Kpp signatures contain important information about
ice microphysics aloft and are particularly useful for the
quantification of ice. Ryzhkov et al. (1998) documented
two methods of ice water content (IWC) estimation that
define IWC either as a function of Kpp and Zpg, or as a
function of Kpp. The IWC-Kpp—Zpr algorithm is partic-
ularly useful when estimating IWC in DGLs, where Zpr
can be large, and the IWC-Kpp algorithm is applicable for
regions of low Zpg. They found the polarimetric methods
outperform the conventional IWC-Z, methods. Ac-
cordingly, there is ample potential for Kpp and Zpgr
measurements to improve upon existing radar-based
techniques to estimate IWC in snow.

The QVP methodology, described in Ryzhkov et al.
(2016), assumes a certain degree of horizontal homo-
geneity of the atmosphere, particularly at higher alti-
tudes (Table 1). Kaltenboeck and Ryzhkov (2017)
demonstrated that the horizontal resolution of QVPs
retrieved from data collected at antenna tilts of 10°-20°
is sufficient to monitor the passage of mesoscale frontal
boundaries associated with cold season transitional
events. It should also be noted that in the QVP meth-
odology, the averaging does not include azimuths that
contain no data.

The procedure for generating QVPs of Kpp, however,
was not specified in Ryzhkov et al. (2016) and requires
explanation herein. Radial profiles of ®pp at each azi-
muth are used to generate radial profiles of Kpp as de-
scribed elsewhere (e.g., Ryzhkov et al. 2005). Then,
QVPs of Kpp are obtained by azimuthal averaging of
radial Kpp profiles produced at each azimuth. The es-
timation of Kpp does not pose any problem for pure
snow events but requires special processing in stratiform
rain with bright bands because of strong contribution
of the backscatter differential phase 6 to the total
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TABLE 1. Horizontal and vertical resolutions of QVPs at two different antenna elevations (i.e., 10° and 20°) and two heights above ground
(H), indicating resolutions near the ML (H = 3 km) and near the top of the cloud (H = 8km).

Horizontal resolution

Vertical resolution

Elev H =3km H = 8km H =3km H = 8km Min height
10° 34km 91 km 0.30km 0.79km 0.35km
20° 16.5km 44 km 0.14km 0.38km 0.68 km
differential phase ®pp in the ML (Tromel et al. 2014). 7 _ Z,.(0) d 1
Large & (up to 80° at S band) is clearly exhibited in the ar®)~ [Z12(0) sin’0 + cos?0]* an )
QVP of ®pp (Ryzhkov et al. 2016; Fig. 1a) and has to be ' )

taken into account in the processing of Kpp in each in- Kpp(6) ~ Kppp(0) cos™6. @)

dividual radial. We use the following routine to avoid
& contamination in the estimation of Kpp. A radial profile
of ®pp along a single ray is characterized by enhanced
noisiness at range gates corresponding to the ML due to a
sharp drop in py, (Fig. 1b). Two criteria are used to rec-
ognize these range gates: py, is less than 0.9 and the tex-
ture parameter of ®pp [SD(Ppp)] is higher than 10°.
Noisy values of ®pp associated with the ML are removed
from the raw ®pp data and replaced by an interpolation
line connecting valid (i.e., noncontaminated) values of
®pp between the gates below and above the ML, as
shown in Fig. 1b. The modified profile of ®pp is then used
to compute Kpp that is not contaminated by the contri-
bution from the backscatter differential phase. This
method also allows for roughly estimating ‘“‘net” Kpp
within the ML as a slope of the interpolation line in Fig. 1.

QVP results are dependent on the choice of antenna
elevation angle. Theoretical dependencies of Zpr and
Kpp on elevation angle 6 for oblate spheroidal hydro-
meteors are represented by the formulas

In Eq. (1), Z4(0) and Z4.(0) represent linear scale
differential reflectivities at elevation angles 0° and 6°,
respectively (Ryzhkov et al. 2005, 2016). In Eq. (2),
Kpp(0) and Kpp(6) represent Kpp at elevation angles
0° and 6°, respectively. According to Egs. (1) and (2), the
elevation dependencies of Zpr and Kpp are relatively
weak in the range of elevation angles between 10° and
20°, as illustrated in Fig. 2 where QVPs generated at el-
evations 9.9° and 19.5° are compared. The differences
between Figs. 2a—d and Figs. 2e-h are likely more related
to differences in the averaging areas at the two elevations,
rather than elevation dependencies of Zpr and Kpp.

3. Data analysis

In this section, QVPs of polarimetric WSR-88D var-
iables at high elevation angles (i.e., 9.9°-19.5°) are
presented with their corresponding environmental
thermodynamic analyses from the operational 3-km

Differential Phase (deg)

0 10 20

30 40 50
Slantrange (km)

FI1G. 1. Slant range vs (a) QVP of ®pp and (b) Ppp along the 220° radial, for KDGX QVP
data from 0252 through 0257 UTC 12 Feb 2014, at 10° elevation. The blue-highlighted line
represents the interpolated values of ®pp between the gates below and above the ML.
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FIG. 2. Time-vs-height QVP of (a),(e) Zy, (b),(f) Zpr, (¢),(g) pny, and (d),(h) Kpp from KLVX from 1600

through 2328 UTC 4 Mar 2015 at (left) 9.9° and (right) 19.5° elevation angles. Contours of HRRR model wet-bulb
temperature (°C) are overlaid in each plot. Also, in each QVP, Z is contoured at 10, 20, 30, and 40 dBZ.

High-Resolution Rapid Refresh (HRRR; Smith et al. ultimately helping to elucidate the relationship between
2008; Benjamin et al. 2016) model overlaid. The selection  the polarimetric signatures and ice microphysical pro-
of QVPs at varying elevation angles illustrates that data  cesses within winter precipitation. Surface precipitation
at 9.9° are just as valuable as those at 19.5°. The model type observations from 5-min augmented Automated
output are used to interpret the polarimetric signatures Surface Observing System (ASOS) sites and Meteoro-
of ice crystal habits that form at different temperatures, logical Phenomena Identification Near the Ground
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(mPING; Elmore et al. 2014) are also used to aid in the
interpretation of the approximate 5-min radar observa-
tions and provide verification of radar-indicated transi-
tions in precipitation type at the surface.

Here, we present QVPs for five winter precipitation
events to explore the evolution and significance of key
ice microphysical processes in the upper levels of winter
storms. The cases include one pure snow event and four
transitional events, three of which occur within the same
winter system over the southeastern United States.
Though several repetitive signatures are observed, par-
ticularly in the Zpr and Kpp profiles, this analysis
focuses on a newly discovered recurring correlation
between CTT (defined as the wet-bulb temperature at
the uppermost level for which Z; = —10dBZ is en-
countered) with Zpr and Kpp signatures in DGLs.

a. KEAX I February 2014 winter storm

On 1 February 2014, a transitional winter storm passed
over the KEAX WSR-88D (Pleasant Hill, Missouri)
producing surface precipitation types that included ice
pellets, freezing rain, and snow (mPING and ASOS ob-
servations). Figures 3a—d depict polarimetric QVPs of
Zu, ZpbRr, Pry, and Kpp, at 12.5° elevation from 0353
through 1630 UTC during this event. A distinct ML bright
band, as is particularly evident in the py, profile, is in-
dicated from 0546 through 1029 UTC. The most prom-
inent feature in the QVPs, however, is a fascinating layer
of enhanced Zpr from 1029 through 1630 UTC that
ranges from 1 to >3.5dB (maximum Zpg of 5.1dB at
~1600 UTC) between heights of approximately 3 and
Skm. This layer of enhanced Zpr occurs during a period
that follows the largest Z; near the surface, within low
Zy from —10to —12dBZ, py,y as low as 0.92, and a period
during which the cloud-top height drops from approxi-
mately 8km to 5km. During this period, we believe ice
crystals falling out of the upper cloud layer completely
sublimate within a midlevel layer of dry air that lies im-
mediately above the layer of high Zpg.

In this study, CTT is defined at the first occurrence
of —10dBZ, beginning at the top of the grid and using a
top-down methodology. It should be noted that, because
of the presence of the dry layer, this event requires ad-
ditional criteria for defining cloud top. To extract CTTs
for this event (with respect to microphysical analysis of
the QVPs), we use a methodology that seeks to find the
cloud top that falls immediately below the midlevel layer
of dry air. The top-down methodology therefore begins in
the midlevel dry layer where Z;; < —10dBZ and requires
that at least three consecutive (in order to eliminate false
tops that might result from additional gaps in the data)
levels of Z;; = —10dBZ are encountered before a sec-
ondary, lower-level cloud top can be defined. Below the
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dry layer, ice condensation nuclei are likely activated at
temperatures between —15° and —20°C in a layer that is
saturated with respect to ice, and nearly saturated with
respect to water, resulting in the generation of either
hexagonal plate crystals or pristine dendrites, depending
on humidity, that account for the high Zpg signature.

To better understand the thermodynamic environ-
ment responsible for the observed signatures, we pres-
ent the 1200 UTC 1 February 2014 thermodynamic
sounding from Topeka, Kansas (Fig. 4), which is located
~120km west of the KEAX radar. In agreement
with the interpretation presented above, this sounding
reveals a layer of dry air at temperatures < —20°C and
heights between approximately 5 and 7km. This ex-
plains the absence of echo above the DGL in Fig. 3
during the period of high Zpgr. Immediately below the
dry layer, the sounding also indicates a layer that is
slightly below water saturation with a mean DGL (in-
dicated by the blue line between the —10° and —20°C
isotherms in Fig. 4) relative humidity of 88%. Though
subsaturated with respect to water, calculations using a
first approximation for the saturation vapor pressure
of ice e(T) = Ae ®'" with A = 3.41 X 10°kPa and
B = 6.13 X 10°K (Rogers and Yau 1989) indicate that
this moist layer was supersaturated with respect to ice by
as much as 10%. This supports the QVP results and
provides quantitative validation that activation and
growth of hexagonal plates or dendrites is likely in these
ambient conditions.

Another prominent feature in the QVPs in Fig. 3 is an
anticorrelation between maximum Kpp and maximum
Zpr in the DGL. Maximum Kpp in the DGL peaks at
0.24°km ™! just after 0800 UTC, within Z;; between —10
and 20dBZ and above the largest Z; near the surface.
Itis important to note that the Kpp maximum occurs during
the period of lowest Zpg in the DGL, and when cloud tops
are tallest and coldest (approximately —40°C). Conversely,
maximum Zpg in the DGL occurs during the periods of
lowest Kpp in the DGL and when cloud tops are shallower
and warmer (from approximately —15° to —20°C). The low
Kpp is a result of small ice concentrations, while the Zpg of
the rapidly growing particles does not depend on concen-
tration. Anisotropic particles must have a sufficient con-
centration to result in larger Kpp. There is also a notable
decrease of py, in areas of the DGL where Zpy, is partic-
ularly high. This interdependence of Zpg and py,y in ice
clouds is well known and reported in a number of
studies (e.g., Melnikov and Straka 2013). The py, of
very anisotropic crystals (such as pristine dendrites,
plates, and needles) is usually lower than that of quasi-
spherical hydrometeors.

It is important to note that low reflectivities (<0 or
even —10dBZ) do not indicate low signal-to-noise ratio
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FIG. 3. QVPs of (a) Zy, (b) Zpr, (¢) prv, and (d) Kpp, for KEAX from 0353 through 1630 UTC 1 Feb 2014, at 12.5° elevation. Contours of
HRRR model wet-bulb temperature (°C) are overlaid in each plot. Also, Z is contoured at 10, 20, 30, and 40 dBZ.

(SNR), which affects the accuracy of Zpgr estimates.
Indeed, the WSR-88D is a sensitive radar with minimal
Z; from approximately —10 to —11dBZ (correspond-
ing to SNR = 0 dB) reliably measured at the distance of
50km from the radar. Because of the use of high ele-
vation angles (between 10° and 20°) for generating
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QVPs, slant ranges at which most important polari-
metric radar signatures within the DGL are observed
are significantly smaller than 50 km, which means the
SNR values are well above 0dB. Additionally, noise
powers in the orthogonal H and V channels are mea-
sured very accurately at each individual radial following
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FIG. 4. SHARPpy thermodynamic sounding (Blumberg et al.
2017) for Topeka at 1200 UTC 1 Feb 2014, located approximately
120 km from KEAX. The red line represents temperature (°C), the
green line represents dewpoint temperature (°C), and the blue solid
lines indicate the location of the interpreted DGL (km).

the methodology of Ivic et al. (2013), which allows ac-
curate estimates of Zpgr and py,, at low SNR.

b. KOKX winter storm (pure snow case): 23 January
2016

Strong Kpp signatures are also found in pure snow
cases. As an example, we present 19.5°-elevation QVPs
from the KOKX (Upton, New York) radar for the
Northeast U.S. winter event on 23 January 2016, which
produced heavy snow with accumulations up to 50.8 cm
(NWS 2016). The precipitation structure of this pure
snow case exhibits a different appearance than the
transitional event structures. For example, Z contours
appear more slanted (Fig. 5a) and, as expected, there is
an absence of a ML signature (e.g., Fig. 5¢). As with the
KEAX event, maximum Kpp in the DGL occurs during
the periods of tallest and coldest cloud tops, more spe-
cifically from 1020 through 1320 UTC and from 1845
through 2130 UTC, with cloud top up to 10 and 8km
(at —50° and —40°C, respectively; Figs. 5a,d). From
approximately 1320 through 1830 UTC, cloud tops are
shallowest and warmest, at about 6 km and from —20°
to —25°C. Moreover, there is no pronounced enhance-
ment of Zpr within the cloud (Fig. 5b), while Kpp in the
DGL is expectedly well pronounced, reaching magni-
tudes up to 0.29°km ™' within the deep snow layer
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(Fig. 5d). These signatures suggest nucleation of pristine
ice crystals at cloud top, and a resulting increase in ice
concentration below. Although the increase of Zpg in
the DGL is not well pronounced during the period of
low cloud top from 1320 until 1830 UTC, the drop of pyy
in the DGL is quite noticeable (Fig. 5c¢), which indicates
the presence of very anisotropic ice particles.

c. Southern U.S. winter storm: 11-12 February 2014

This section presents polarimetric QVP results from
the perspective of three radars located in the south-
eastern United States (KGWX, Columbus Air Force
Base, Mississippi; KDGX, Jackson, Mississippi; KBMX,
Birmingham, Alabama), during a transitional winter
storm on 11-12 February 2014 that produced maximum
ice and snow accumulations of 2 and 12.7cm (NWS
2014a), respectively. The system subsequently pro-
gressed northeastward up the eastern coast, where it
produced further historic ice, snow, and sleet accumu-
lations over the Carolinas. In agreement with previously
presented events, each of the three radars exhibit nu-
merous examples of the correlation between CTT with
maximum Zpgr and Kpp in the DGL, thereby providing
an example that demonstrates spatial consistency of the
polarimetric signatures over a large area within a single
winter storm.

1) KGWX 11 FEBRUARY 2014

QVPs for the KGWX radar at 19.5° elevation from
0102 through 1555 UTC 11 February 2014 are presented
in Fig. 6. A notable excursion of the ML to the surface
(Figs. 6b,c) from approximately 1000 through 1320
UTC is indicated by enhanced Zpg (as large as 2dB)
and reduced pypy (as low as 0.8). The Zpgr profile
(Fig. 6b) illustrates the most dramatic polarimetric sig-
nature during this period. From approximately 0700
through 0800 UTC and from 1220 through 1555 UTC,
enhanced Zpgr from 1 to >3.5dB is seen in the DGL
near the —10°C isotherm, with Zpr maxima of as much
as 4.9 dB occurring just after 0700 and 1500 UTC during
the periods of warmest and shallowest (as warm as
approximately —15°C at 5km) cloud top (i.e., at
Zp = —10dBZ). The enhanced values are also located
within Z; around —10dBZ, along the periphery of the
detected radar echo. During the periods of maximum
DGL Zpg, Kpp in the DGL is generally < 0.06° km ™1,
suggesting low concentrations of ice crystals. This is
consistent with relatively low cloud tops, which were
mostly below the —30°C isotherm. Also, pyy in the
DGL ranges from 0.85 to 0.95 (Fig. 6¢). The common
notion that the depression of the cross-correlation co-
efficient is associated with the diversity of hydrometeor
types within the radar resolution volume may not be
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FIG. 5. As in Fig. 3, but for KOKX from 0600 through 2359 UTC 23 Jan 2016, at 19.5° elevation.

necessarily applicable to the case of very anisotropic
crystals with high Zpg that are characterized by low py,y,
although it might be only a single habit of ice particles
(Melnikov and Straka 2013). The lowest values of py,
in DGLs are always associated with the highest values
of Zpr.
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2) KBMX 12 FEBRUARY 2014

Figure 7 presents another example from the same
winter system using 14.6°-elevation QVPs from the
KBMX radar from 0119 through 2325 UTC 12 February
2014. Heavy snow and freezing rain were the pre-
dominant precipitation types observed at the surface,
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FIG. 6. As in Fig. 3, but for KGWX from 0102 through 1555 UTC 11 Feb 2014, at 19.5° elevation.

with significant snow and ice accumulation up to 15.24
and 0.64cm, respectively (NWS 2014b). The QVPs
provide another prominent example of the anti-
correlation of maximum Kpp and maximum Zpy in the
DGL, as well as the correlation of those features with
CTT. Maximum Kpp in the DGL (up to 0.23°km ')
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occurs from approximately 0430 through 0940 UTC in a
layer from 3.5 to 7km, within Z; between 10 and
20dBZ, and above the largest Z; near the surface. The
Kpp maximum also occurs during the period of lowest
Zpr in the DGL, when cloud top is tallest (10km)
and coldest (<—40°C). Note that this event requires
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FIG. 7. As in Fig. 3, but for KBMX from 0119 through 2325 UTC 12 Feb 2014, at 14.6° elevation.

additional criteria for defining cloud top because of
minimal echoes above the main cloud top. To extract
CTTs (with respect to microphysical analysis of the
QVPs) for this event, the KBMX plots were processed
in a similar manner to those of the KEAX event in
section 3a, but with cloud top after 1231 UTC defined as
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the top of the echo beneath the midlevel layer of dry air,
at approximately 5 km.

After 1200 UTC, cloud top decreases in height to
approximately Skm, near the —15°C model-indicated
isotherm, while Z; never exceeds 20dBZ near the
surface. During this period of shallower cloud top
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(i.e., from 1200 through 2325 UTC), Kpp in the DGL is
very low, while Zpgr is enhanced and remains high
within a layer between cloud top and the ML (i.e., be-
tween approximately 2 and 5 km), with maximum values
up to 4.3dB within the DGL. The layer of enhanced
ZpR, low Kpp, and low Z between cloud top and the
ML indicates a low concentration of crystals that are
generated in the DGL and fall into the ML without
being aggregated, so that Zpgr remains high (Fig. 7b).
Anisotropic, high-density ice crystals acquire water
coating while falling through the ML and produce very
high Zpr combined with almost nonexistent brightband
enhancement of Z because of low concentration of ice
particles and their small sizes.

3) KDGX 12 FEBRUARY 2014

A final example from the same southeastern U.S.
winter storm event is from the KDGX radar, which
produced a variety of precipitation types at the surface,
including rain and freezing rain (ASOS). Figure 8 il-
lustrates the 10° elevation KDGX QVPs from 0006
through 1500 UTC 12 February 2014. As with the other
radars presented for this system, these plots provide an
exceptional example of anticorrelated maximum Kpp
and maximum Zpgr in the DGL, as well as the correla-
tion of those features with CTT. One of the most dra-
matic signatures is found in the Kpp profile (Fig. 8d).
Maximum Kpp in the DGL reaches 0.3°km ™' from ap-
proximately 0200 through 0320 UTC in a layer from
approximately 4 to 7km, within Z; between approxi-
mately 10 and 20 dBZ, and above the largest Z; near the
surface. The Kpp maximum also occurs during the pe-
riod of lowest Zpg in the DGL, when cloud tops are
tallest and coldest (at approximately 10km and
<—40°C, respectively; Figs. 8b,d). During this period,
enhanced Zpg of approximately 1-1.75 dB and pyv near
unity in the upper region of the cloud indicates nucle-
ation of pristine crystals within the coldest temperatures
aloft, with maximum Kpp suggesting a resultant increase
in ice concentration in the DGL.

After the period of tallest cloud-top height and larg-
est Zy near the surface, cloud-top height drops to ap-
proximately Skm, near the —15°C isotherm, after
approximately 1150 UTC. From 1150 through 1500
UTC, cloud-top height is the shallowest during the
event, while Kpp in the DGL is reduced to approxi-
mately 0°km ™' and Zpgr is noticeably enhanced
between 3 and 5km, between the —7° and —15°C iso-
therms. Reflectivity Zpg within this layer reaches a
maximum of 4.3 dB, within pyyy from 0.9 to 0.95 and Z
from —10 to 0dBZ, suggesting the generation of pris-
tine ice crystals in this region. The layer of enhanced
ZpR, low Kpp, and low Zj; between cloud top and the
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ML indicates the crystals grow quickly and fall toward
the surface and into the ML, without being aggregated.
The Zpgr is noticeably enhanced in the ML directly
below this layer, indicating water-coating of the crystals
as they begin to melt. Overall, this event further ex-
hibits the consistency of the polarimetric features ob-
served in the previous winter cases.

4. Statistical analysis

To quantify the above QVP results, 90th-percentile
maximum Zpgr in the DGL (i.e., between —10°
and —20°C), 90th-percentile maximum Kpp in the DGL,
and 90th-percentile maximum Zy in the DGL are
computed (in this section referred to as maximum Zpg,
Kpp, and Zp, respectively). Scatterplots are then gen-
erated to compare the relationships between these var-
iables, as well as between the polarimetric variables and
CTT. Using values within the 90th percentile ensures a
good representation of the largest values in the layer,
without being skewed by any extreme values.

Figure 9 depicts a composite of each of the scatter-
plots from the winter event QVPs described in section 3.
Overall, the datasets for each event in each of the
scatterplots align well, with particularly close agree-
ment in the CTT versus maximum Zpgr in the DGL
(Fig. 9a), maximum Zpg in the DGL versus maximum
Kpp in the DGL (Fig. 9¢), and maximum Zg in the
DGL versus maximum Kpp in the DGL (Fig. 9d) plots.
The plot of CTT versus maximum Zpg in the DGL
(Fig. 9a) reveals two distinct clusters of values in-
dicating moderate-to-high Zpr (up to 6dB) during
warmer CTT between approximately —25° and —10°C,
and low Zpg (approximately 0-2 dB) during colder CTT
of approximately <—25°C. Conversely, CTT versus
maximum Kpp in the DGL (Fig. 9b) demonstrates two
clusters of data indicating generally larger Kpp (ap-
proximately 0°-0.3°km ') during colder CTT from
approximately —30° to —55°C, and lower Kpp (from
approximately —0.1° to 0.1°km ') during warmer CTT
from approximately —30° to —10°C.

Additionally, Fig. 9c demonstrates that larger maxi-
mum Zpp in the DGL occurs within lower Z, with larger
Zpr of approximately 1-5.5 dB within Z; between —10
and 10dBZ, and Zpr between approximately 0 and
1.5dB within Zy of approximately 0-30dBZ. Figure 9d
demonstrates a tight cluster of data points, distinctly in-
dicating that for each of the QVP events, larger maximum
Kpp occurs within greater Z in the DGL (strong positive
correlation), with Kpp of approximately 0.05°-0.3°km !
corresponding to Zy between approximately 10 and
30dBZ, and Kpp from —0.05°t0 0.1°km ' corresponding
to Z between —10 and 10dBZ. In other words, larger
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FIG. 8. As in Fig. 3, but for KDGX from 0006 through 1500 UTC 12 Feb 2014, at 10° elevation.

maximum Zpgr occurs within lower Zy, while larger
maximum Kpp occurs within greater Z, in the DGL.
Furthermore, Fig. 9¢ illustrates distinct anticorrelation of
maximum Zpg in the DGL versus maximum Kpp in the
DGL, with larger Kpp from approximately —0.05° to
0.3°km™! corresponding to Zpgr of approximately
0-1.5dB, and larger Zpr of approximately 1-5dB
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corresponding to Kpp between approximately —0.05°
and 0.05°km ™.

Overall, the data from the winter events reveal several
trends. There is ample evidence of the repetitiveness of
anticorrelation of Zpr and Kpp in the DGL, with the
polarimetric variables strongly correlated with CTT.
The Zpg in the DGL is most pronounced and Kpp in the
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DGL is least pronounced during the shallowest and
warmest cloud tops, while the opposite is true during the
tallest and coldest cloud tops. These events also dem-
onstrate that larger Zpg in the DGL generally occurs
within lower Zj, while larger Kpp typically occurs
within greater Zy in the DGL.

5. Discussion

a. Interpretation of ice microphysical processes

The results of the observations can be tentatively
explained using the concept of two primary habits of ice
particles with distinct polarimetric radar characteristics.
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The first includes a broad category of snow aggregates
and ice crystals with irregular or nearly spherical shapes.
This category comprises an overwhelming majority of
ice particles in stratiform clouds, according to the ob-
servations of Korolev et al. (2000, 2003). Another cate-
gory includes pristine dendrites, hexagonal plates, and
needles, which have very anisotropic shape and higher
density than ice particles in the first category. Schrom
and Kumjian (2016) distinguish these two classes of ice
particles as “‘isometric” (I type) and ‘“‘dendritic” (D
type) and we will use similar names for these two cate-
gories, although they are not completely accurate. In-
deed, “‘isometric” ice cannot be considered purely
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spherical or isometric because its aspect ratio is usually
close to 0.6, as claimed by Korolev and Isaac (2003),
Matrosov et al. (2005a), and Hogan et al. (2012). This
means that I-type ice can produce moderate Zpr and
quite significant Kpp (if the concentration of I-type ice is
sufficiently high). The “dendrite” class includes highly
oblate (dendrites or hexagonal plates) or prolate (nee-
dles) hydrometeors with aspect ratios as low as 0.01 or as
high as 10. These ice crystals can have extremely large
Zpr (up to 10dB) and tangible Kpp (if their concen-
tration is sufficiently high). As opposed to the I-type
crystals, which can be generated at any level in the full
depth of a cloud, the D-type crystals are generated only
in certain temperature ranges: from —20° to —10°C for
dendrites and hexagonal plates and between —3°
and —8°C for needles.

We suggest that the areas of high Zpg are dominated
by D-type ice, whereas the areas of high Kpp are over-
whelmed with the I-type ice, which does not exclude the
presence of D-type ice crystals as well. If the cloud top is
high and cold, then a variety of ice habits can be gen-
erated as primary ice at the cloud tops, for example, in
generating cells (Kumjian et al. 2014). Initial concen-
tration of primary ice is determined by the concentra-
tions of ice nuclei that strongly depend on temperature
(DeMott et al. 2010; Bailey and Hallett 2009) or super-
cooled cloud droplets that undergo homogeneous ice
nucleation for 7' < —37°C. In the latter case, the con-
centration of primary ice is particularly high. The I-type
ice particles may grow slowly via deposition or aggre-
gation (if their concentration and size are large enough)
while they fall down to the top of the DGL at
about —20°C. Within the DGL, their growth by de-
position intensifies because of the increasing difference
between the water vapor saturation pressures with re-
spect to water and ice. This is a dominant process in the
upper half of the DGL (Lo and Passarelli 1982). When a
sufficient number of I-type particles reach larger size,
then the aggregation process quickly takes over the
deposition growth and becomes a dominant growth
process in the lower part of the DGL (below the —15°C
level) and at lower altitudes down to the ML (Moisseev
et al. 2015).

Once large isometric crystals/snowflakes fall through
the DGL, they continue to grow as I-type ice without
much change in their shape. However, small I-type
crystals may serve as embryos of rapidly growing den-
drites or plates (depending on the supersaturation with
respect to ice) with very anisotropic shape (Chen and
Lamb 1994; Sheridan et al. 2009). These D-type crystals
grow much faster in the DGL than the isometric ones,
because of their higher capacitance. In addition, they
can grow to very large sizes because their residence time
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within the DGL is longer than that of the isometric
crystals because of the difference in their terminal ve-
locities (Schrom and Kumjian 2016). Chen and Lamb
(1994) demonstrate that D-type crystals become more
anisotropic during their growth and acquire extremely
low aspect ratios, leading to very high values of Zpr (up
to 10dB, e.g., as supported by observations of Zpg up to
5.5dB in Figs. 3 and 11).

Polarimetric radar variables depend on the relative
contributions of the I-type and D-type ice particles in
the mixture. In the situations when the DGL is not
heavily seeded by I-type crystals falling from above, the
contribution of the D-type ice is not masked by the
contribution of I-type ice to Zpgr and the resulting Zpr
is very high. This explains strong dependence of Zpg in
the DGL on the temperature at the cloud top, which
determines the concentration and size of I-type ice. The
Kpp is usually quite low there because the total con-
centration of ice is low. There is also a notable decrease
of pyy in areas of the DGL where Zpg is particularly
high, since the py, of very anisotropic crystals is usually
lower than that of quasi-spherical hydrometeors.

If the cloud is deep and the amount of isometric ice
seeding the DGL is large, the contribution of I-type ice
dominates the contribution from D-type crystals gen-
erated locally. This is why Zpr may not show any en-
hancement in the DGL and the overwhelming majority
of ice particles have aspect ratios close to 0.6, which is
enough to produce very high values of Kpp (because of
high overall concentration of ice) combined with very
modest Zpg that does not depend on the concentration.
Moreover, the dominance of large-sized I-type ice may
inhibit dendritic growth in the DGL completely because
of strong competition of the D-type and I-type crystals
for available water vapor.

Below the DGL, Zy rapidly increases and Zpgr and
Kpp tend to decrease toward the ground as a result of
aggregation. The decrease of Kpp is likely caused by 1)
the decrease of the snowflake density in the process of
aggregation, 2) more chaotic orientation of large-sized
snowflakes (e.g., Hendry et al. 1976, 1987; Matrosov
et al. 2005b; Melnikov and Straka 2013), and 3) the de-
crease of the contribution of the pristine, nonaggregated
D-type crystals. Zpr usually remains high at the alti-
tudes between —10° and 0°C, if Zpg in the DGL is high
and the cloud above the DGL is shallow (e.g., Figs. 3b,
6b, and 7b). This is attributed to very low concentration
of ice, which inhibits aggregation.

Specific differential phase Kpp may exhibit a secondary
maximum in the temperature interval between —3° and
—8°C, where secondary ice production is possibly driven
by the Hallett-Mossop process. This requires some
presence of riming and results in a large number of
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splinters that rapidly grow as needles in this interval of
temperatures. Although the present study did not ob-
serve this, the corresponding increase of Kpp and,
sometimes, Zpg is documented by Sinclair et al. (2016)
and Giangrande et al. (2016).

b. In situ verification of polarimetric QVP
observations of hexagonal plates in the DGL

Williams et al. (2013) recently documented airborne
in situ microphysical measurements of a winter snowstorm
that occurred on 28 February 2013 over the KBUF WSR-
88D in Buffalo, New York. During their flight, they dis-
covered rare evidence of hexagonal flat-plate crystals in
horizontally expansive layers of low, mainly negative Z;
and high Zpr of 4-8dB, near the —11°C isotherm
(Williams et al. 2013). Figure 10 displays a selection of
their in situ observations, taken from 1835 through 1839
UTC. During this period, they document a region of
predominantly hexagonal plates in a positive Zpg region
with values between 0 and 6 dB, with low Z; from —15 to
7dBZ, and indications of riming on the plates due to
rounded corners on several of the crystals.

To look into the same cloud from the QVP perspec-
tive, and to determine whether the polarimetric QVP
methodology reveals the presence of these crystals, data
were obtained for this case and used to generate the
associated QVPs. Unfortunately, because of the volume
coverage pattern (VCP) used during this event, radar
data are only available at as high as the 4.5° elevation
angle. Nevertheless, even at 4.5° we see a prominent
display of high Zpg in the layer the aircraft was flying in
during this period. Figure 11 shows the KBUF QVPs for
Zy and Zpg at 4.5° elevation from 1600 through 2020
UTC 28 February 2013, for comparison with the Zpr
and in situ observations in Fig. 10. The Zpr QVP indeed
displays values in the range of 0-5.5dB in the DGL,
between the —10° and —15°C isotherms and during ap-
proximately 1800-1945 UTC. After inspection of the
raw data, maximum values of up to 5.5 dB occurred near
the —11°C isotherm, during approximately 1837-1923
UTC (Fig. 11), which is consistent with Zpgr associated
with hexagonal plates. Furthermore, the maximum Zpg
values occur near the edge of the —10-dBZ Z, thresh-
old. Overall, the KBUF QVP data support the findings
of hexagonal plates in the DGL by Williams et al. (2013),
and also support our interpretation of the QVP results of
the five winter events in the previous sections.

6. Summary

Investigating the polarimetric and thermodynamic
characteristics of winter precipitation is necessary
to further our understanding of the microphysical
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processes within winter storms, as well as to improve
their representation in numerical models. This study
implements a new QVP methodology to investigate the
microphysical evolution and significance of intriguing
polarimetric signatures and their statistical correlations,
observed in a selection of winter events. QVPs of tran-
sitional stratiform and pure snow precipitation are an-
alyzed at high elevation angles (i.e., 9.9°-19.5°) using
data from S-band WSR-88Ds, alongside their corre-
sponding environmental thermodynamic HRRR model
analyses. In particular, QVPs of Kpp are implemented
to demonstrate their value in interpreting ice processes
in the upper levels of storms. The radar data are exam-
ined in light of the thermodynamic environment within
which they developed, to help deduce their relation to
cloud-top temperature and to identify the types of
crystals potentially present throughout the depth of
the cloud.

Several fascinating and repetitive polarimetric signa-
tures are observed in the Zpr and Kpp QVPs, in the
DGL and at the tops of clouds. The most striking feature
is maximum Zpg (up to 6 dB) in the DGL that occurs
near the edge of the —10-dBZ Z, contour within low
Kpp and during shallower and warmer cloud tops, while
maximum Kpp (up to 0.3°km ') in the DGL occurs
within low Zpr and during taller and colder cloud tops.
Essentially, Zpr and Kpp in the DGL are anticorrelated
and depend on the temperature at the top of the cloud.

To quantify the QVP observations, 90th-percentile
maximum Zpg in the DGL, 90th-percentile maximum
Kpp in the DGL, and 90th-percentile maximum Z in
the DGL were computed to analyze the relationships
between these variables, as well as between the polari-
metric variables and CTT. The data demonstrate the
distinct correlations of CTT with Zpgr and Kpp signa-
tures in DGLs. The statistics also show that larger Zpr
occurs within lower Z; in the DGL, while larger Kpp
occurs within greater Z in the DGL. QVP data are also
analyzed and compared to in situ microphysical mea-
surements collected by Williams et al. (2013). These
datasets verify the ability of the QVP to detect the
presence of hexagonal plate crystals within the DGL,
demonstrating the veracity of using QVPs to evaluate
ice microphysics in the upper regions of winter clouds.

The QVP results can be attributed to distinct polari-
metric radar characteristics of isometric (I type) and
dendritic (D type) ice particles. I-type particles include a
broad category of snow aggregates and ice crystals with
irregular or nearly spherical shapes and can result in
moderate Zpgr and significant Kpp (if the concentra-
tion of isometric ice is sufficiently high). The D-type
crystals are composed of highly oblate (dendrites or
hexagonal plates) or prolate (needles) hydrometeors
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FIG. 10. (a) Reflectivity Zpgr at 2.5° elevation angle with range ring labels spaced every 10 n mi
(18.52 km). The white arrow indicates a segment of the aircraft trajectory during this period. (b) Ice-
particle PMS 2DC imagery, with 25-um pixel resolution and 800-um spacing between vertical lines.
During 1835-1839 UTC, hexagonal flat-plate crystals were found to be the predominant hydrometeor
type, with corresponding Zpg values of 0-6 dB. The figure is adapted from Williams et al. (2013).
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FIG. 11. QVPs of (a) Zy and (b) Zpg for KBUF from 1600 through 2020 UTC 28 Feb 2013, at 4.5° elevation. Contours of HRRR model
wet-bulb temperature (°C) are overlaid in each plot. Also, Z; is contoured at 10, 20, 30, and 40 dBZ. The vertical black lines indicate the
flight time of the Williams et al. (2013) observations between approximately 1.5 and 2 km, from 1835 through 1839 UTC. Note that the
Zpr scale is expanded to illustrate the maximum Zpg values in this event and is different than the Zpg scale used in the other figures.

that have very anisotropic shape and higher density
than I-type ice particles. These ice crystals can exhibit
extremely large Zpgr and tangible Kpp (if their con-
centration is sufficiently high; e.g., Fig. 5 illustrates
enhanced Zpr and Kpp between 1800 and 2100 UTC at
approximately 5 km). As opposed to the I-type crystals,
which can be generated at any level in the full depth
of a cloud, the D-type crystals are generated only in
certain temperature ranges, with dendrites and hex-
agonal plates between —20° and —10°C and needles
between —3° and —8°C. We advocate that the regions
of high Zpr are dominated by D-type ice, whereas
the regions of high Kpp are overwhelmed with the
I-type ice, which does not exclude the presence of
D-type ice crystals as well. Overall, the results of our
analysis provide a next step toward advancing un-
derstanding of microphysical processes within winter
clouds and precipitation, and demonstrate the value of
QVPs in detecting key features in the upper regions
of clouds.
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