JuLy 2017 SNYDER ET AL. 1977

Simulations of Polarimetric, X-Band Radar Signatures in Supercells. Part I:
Description of Experiment and Simulated pp,, Rings

JEFFREY C. SNYDER

Cooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma, and NOAA/OAR/National
Severe Storms Laboratory, and School of Meteorology, University of Oklahoma, Norman, Oklahoma

HOWARD B. BLUESTEIN
School of Meteorology, University of Oklahoma, Norman, Oklahoma

DANIEL T. DAWSON II

Purdue University, West Lafayette, Indiana

YOUNGSUN JUNG

Center for Analysis and Prediction of Storms, Norman, Oklahoma

(Manuscript received 5 April 2016, in final form 26 April 2017)

ABSTRACT

With the development of multimoment bulk microphysical schemes and polarimetric radar forward op-
erators, one can better examine convective storms simulated in high-resolution numerical models from a
simulated polarimetric radar perspective. Subsequently, relationships between observable and unobservable
quantities can be examined that may provide useful information about storm intensity and organization that
otherwise would be difficult to obtain. This paper, Part I of a two-part sequence, describes the bulk micro-
physics scheme, polarimetric radar forward operator, and numerical model configuration used to simulate
supercells in eight idealized, horizontally homogenous environments with different wind profiles. The mi-
crophysical structure and evolution of copolar cross-correlation coefficient (py,) rings associated with sim-
ulated supercells are examined in Part I, whereas Part Il examines Zpg columns, Zpg rings, and Kpp columns.
In both papers, some systematic differences between the signature seen at X and S bands are discussed. The
presence of hail is found to affect p,, much more at X band than at S band (and is found to affect Zpr more at
S band than at X band), which corroborates observations. The py,, half ring is found to be associated with the
presence of large, sometimes wet, hail aloft, with an ~20-min time lag between increases in the size of the py,,
ring aloft and the occurrence of a large amount of hail near the ground in some simulations.

1. Introduction kinematic, thermodynamic, dynamic, and microphysical
perspective, but validating model microphysics in par-
ticular has been hampered by the relative dearth of
observations. Obtaining detailed in situ observations
of the thermodynamic and microphysical structure of
convective storms, particularly above 2-10m AGL, has
proven difficult owing to the limited number of instru-
ments capable of collecting such data and the danger of
data collection near and within intense convective storms
such as supercells. Polarimetric radars, however, can sam-
ple convective storms with much higher spatiotemporal
coverage than can many in situ platforms. Since the
Corresponding author: Jeffrey Snyder, jeffrey.snyder@noaa.gov  types and distributions of hydrometeors directly affect

Substantial knowledge of the structure and evolution
of severe convective storms has been gained from the
results of early numerical simulations by Klemp and
Wilhelmson (1978), Rotunno (1981), Klemp et al.
(1981), Weisman and Klemp (1982), Klemp and
Rotunno (1983), and many others. Most of the previous
work (e.g., Wicker and Wilhelmson 1995; Adlerman and
Droegemeier 2002, 2005; Van Den Broeke et al. 2010),
however, examined simulated convective storms from a
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polarimetric radar quantities, the structure and evolution
of the radar fields can provide important insight into the
underlying microphysical and dynamical processes that
are otherwise difficult to observe in supercells (e.g.,
Kumjian and Ryzhkov 2008, hereinafter KROS; Picca
and Ryzhkov 2012; Snyder et al. 2013). For example,
regions of very low copolar cross-correlation coefficient
(pny)" above the environmental 0°C level may be asso-
ciated with large hail growth. Subsequently, the structure
and evolution of this feature may provide insight into the
potential for large hail falling to the ground (e.g., Picca
and Ryzhkov 2012). Similarly, changes in the height of a
differential reflectivity (Zpgr) column (an upward ex-
tension of positive Zpg associated with the updrafts of
convective storms that has been observed to extend
substantially above the 0°C level) may be an indication of
updraft intensity changes (e.g., KR08; Kumjian et al.
2014; Snyder et al. 2015).

Despite the fact that most microphysics schemes do
not provide all of the necessary information required to
calculate scattering amplitudes and polarimetric quan-
tities precisely (nearly all schemes do not allow hydro-
meteor densities to vary, predict hydrometeor shape,
predict liquid water fraction, predict water distribution
within mixed-phase hydrometeors, etc.), recent at-
tempts to simulate the polarimetric structure of con-
vective storms have provided realistic-looking radar
fields (e.g., Jung et al. 2010; Ryzhkov et al. 2011; Dawson
et al. 2014; Johnson et al. 2016). Modeling of micro-
physical processes that occur within convective storms
has improved with the development of multimoment
bulk microphysical schemes (e.g., Milbrandt and Yau
2005a,b; Morrison et al. 2005; Mansell et al. 2010), and
the emergence of polarimetric radar forward operators
(PRFOs; e.g., Pfeifer et al. 2008; Jung et al. 2008, 2010;
Ryzhkov et al. 2011; Dawson et al. 2014; Posselt et al.
2015) lets us examine simulated convective storms using
quantities that are readily observable by radar. Since
operational meteorologists use information from weather
radars when assessing threats associated with severe
convective storms, it is beneficial to be able to diagnose
(and predict) unobservable storm characteristics using
observed radar data. Fully acknowledging the short-
comings of bulk microphysical schemes, the motivation
of this study is to examine, using a PRFO, the relationship
between polarimetric structures and their microphysical
characterizations within simulated supercells. This study
builds upon the results of Jung et al. (2010), who focused

' In common meteorological usage, the relevant quantity is ac-
tually the magnitude of py,y at lag 0 [i.e., |pny(0)|]. For simplicity, this
quantity will be referred to solely as ppy.
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primarily on comparing simulated polarimetric signatures
produced with a double-moment microphysics scheme
with those from a single-moment microphysics scheme.
Herein, we use a three-moment microphysics scheme on a
higher-resolution grid to examine several of the signatures
in more detail using multiple simulations.

There are three primary sets of questions examined in
this two-part series:

1) Can the model and forward operator reproduce
previously identified polarimetric signatures such as
Py rings and Kpp and Zpg columns?

2) What is the microphysical composition of forward-
simulated py, rings, Zpgr columns and rings, and Kpp
columns? How is the appearance of these signatures
affected by radar wavelength?

3) What correlations exist between the radar variables
and underlying processes that can allow us to infer
storm characteristics from radar data? Are there
prognostic tendencies to indicate that changes in
the structure or evolution of the simulated polari-
metric signatures can be used to infer changes to
supercell structure?

The majority of the results presented herein and the
accompanying discussion will address the polarimetric
representation as seen by a radar operating at X band
(i.e., radar wavelength A =~ 3.2cm). Despite there being
an increasing number of polarimetric X-band radars in
use (e.g., Anagnostou et al. 2006; Bluestein et al. 2007a,b;
Pereira Filho et al. 2007; Maki et al. 2008; McLaughlin
et al. 2009; Asefi-Najafabady et al. 2010; Burgess et al.
2010; Bharadwaj et al. 2011; Bechini et al. 2013; Junyent
et al. 2013; Pazmany et al. 2013; Wurman et al. 2014), the
majority of previous studies of the polarimetric structure
of supercells used data collected at S band; specific at-
tention to X-band radar signatures in supercells is war-
ranted owing to the increasing popularity of X-band
radars. Although attenuation at X band is typically much
greater than it is at S band, X-band radars have several
advantages over those that operate at longer wave-
lengths. For example, X-band radars can use smaller
antennas for a desired half-power beamwidth (which
aids deployment and transportability and reduces costs).
In addition, at least one very relevant polarimetric
quantity (specific differential phase Kpp) is generally
much more useful (particularly in areas of low rainwater
content) at X band than it is at S and C bands.

Where possible, observations collected by polarimet-
ric, X-band, mobile radars to which the authors have
access will be shown. Unfortunately, most of the data
that the authors have collected do not extend high
enough into the convective storms to sample the signa-
tures examined herein adequately because the focus of
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data collection frequently was on the low-level mesocy-
clone and any tornado that may be occurring. In addition,
there are often complicating artifacts that detrimentally
impact data analysis for those datasets that do contain
these signatures. Artifacts that are commonly observed
to degrade py, include nonuniform beamfilling (e.g.,
Ryzhkov 2007), low signal-to-noise ratio bias, and three-
body scatter signatures (or ‘‘hail spikes”; e.g., Zrni¢ 1987,
Wilson and Reum 1988; Hubbert and Bringi 2000).
Highly anomalous attenuation and different attenuation
are also often seen, as are biases owing to cross coupling
that occurs in regions of ice with nonzero mean canting
angles (e.g., Ryzhkov and Zrni¢ 2007; Hubbert et al.
2010a,b, 2014). Many of these artifacts are present in
S- and C-band data as well, though some artifacts may be
more evident at X band. Regardless, they can complicate
analysis unless they are accounted for.

The scattering properties of hydrometeors can vary by
radar wavelength on account of resonance effects asso-
ciated with non-Rayleigh scattering. The scattering
characteristics of hail, in particular, can vary widely
depending upon radar frequency. It is important to
consider these differences if one is familiar only with
radar characteristics of precipitation at a particular
wavelength. In addition, these differences themselves
provide some of the motivation to study polarimetric
signatures at X band because their appearances can, at
times, be quite different at two different radar wave-
lengths. An example of how the appearance of hail
varies by radar wavelength using polarimetric radar data
collected at S and X bands is provided in Fig. 1. The hail
core of a supercell that occurred on the afternoon of
17 April 2013 in southwestern Oklahoma was sampled
well by the Frederick, Oklahoma, “KFDR” S-band
Weather Surveillance Radar-1988 Doppler (WSR-
88D), at a range of approximately 45-50km, and the
mobile rapid-scan X-band polarimetric radar known as
“RaXPol” (Pazmany et al. 2013), at a range of ap-
proximately 15-20km (Fig. 1). Several minutes before
these data were collected, hail of ~4.5 cm in diameter was
reported (National Climatic Data Center 2013). As seen
in Fig. 1, attenuation-corrected Z is considerably lower,
Zpr is considerably higher, and py,, is considerably lower
in the RaXPol observations relative to the KFDR ob-
servations. Most polarimetric attenuation estimation
methods (e.g., Bringi et al. 1990, 2001; Zrni¢ and Ryzhkov
1996; Smyth and Illingworth 1998; Testud et al. 2000;
Anagnostou et al. 2004; Gorgucci and Chandrasekar 2005;
Park et al. 2005a,b; Ryzhkov et al. 2007; Snyder et al.
2010) rely upon some sort of relationship between
specific attenuation (Ay), specific differential attenu-
ation (App), and Kpp, and nearly all have been de-
veloped for attenuation through rain. In this case, Kpp in
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the hail region (not shown) is ~0°km™'; one can infer
the presence of hydrometeors other than raindrops (e.g.,
hail) where this anomalously strong differential atten-
uation is undercorrected. Whereas evidence of the hail
in pyy from KFDR is less distinct, there is a large re-
duction in Zpp, a tendency that is nearly opposite that
seen in the RaXPol observations. The differences be-
tween the S- and X-band data are consistent with ex-
pectations based upon scattering simulations (e.g.,
Dolan and Rutledge 2009).

Part I of this paper presents details of the numerical
model, bulk microphysics scheme, and PRFO used in
this study. Subsequent to such details, one prominent
polarimetric signature identified in previous observa-
tions of supercells—the py,, ring—is examined. These py,
rings are circular or semicircular areas of reduced ppy
observed in the midlevels of supercells. In the cases
where the reduced py,, appears only as a half ring, it is
located along or near the north and east (i.e., down-
shear) sides of the midlevel updraft (KROS8; Payne et al.
2010). KR0S and Kumjian (2013b) speculate that the py,,
ring consists of mixed-phase hydrometeors of varying
size, shape, and dielectric constant falling in or along the
periphery of the updraft. In observations analyzed by
Payne et al. (2010), a py,, ring in a supercell was located
in proximity to the vertical vorticity maximum within
the mesocyclone, leading them to hypothesize that the
flow around the mesocyclone affected the trajectories of
mixed-phase hydrometeors such that a ring or half ring
appeared. This feature is worthy of study because it may
provide some insight into mesocyclone evolution and
may aid the identification of large hail (and its growth)
aloft. Regarding the latter, Picca and Ryzhkov (2012)
found that large reductions in py, were observed before
very large hail was observed at the surface; observations
from two polarimetric radars indicated that the amount
of reduction in py, may be directly related to hail size.
The microphysical composition of py, rings simulated
and reported on in this paper will be examined to assess
the degree to which these high-resolution numerical
simulations corroborate the previous discussions of this
feature. In addition, although this paper will focus pri-
marily on signatures at X band, we will point out where
there are substantial differences in the appearance of
particular signatures (especially py,, rings, which seem to
be the most sensitive to radar wavelength) at X and
S bands. Again, since most of the existing literature
addressing polarimetric signatures such as py,, rings used
data from S-band radars, we feel it is important to make
special note where simulated polarimetric signatures
differ substantially at X band.

Snyder et al. (2017, hereinafter Part 1I) examine ad-
ditional polarimetric signatures that have been observed
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RaXPol (X Band) KFDR (S Band)

FI1G. 1. Images of (a),(b) Zy, (¢),(d) Zpr, and (e),(f) pny from (left) RaXPol (X band) and (right) KFDR (S band)
from 2217 UTC 17 Apr 2013. This supercell produced hail of at least 44 mm in diameter near this time. The white
outlines in all panels mark areas of RaXPol py,, < 0.8. The hail signature is seen most prominently in Z; and Zpg at S
band and in py,, at X band. Local roads are show in light gray, and most areas feature roads on a grid with a spacing of
approximately 1.6 km. The scale of all panels is the same. The effects of attenuation through rainfall have been
estimated and compensated for in (a) using the ZPHI method (Testud et al. 2000; Snyder et al. 2010); differential
attenuation has been estimated and compensated for in (c) using a relation between attenuation and differential
attenuation valid in rain. Anomalous differential attenuation is evident to the northeast of the black outline in (b).

in supercells. In particular, Part II examines the struc- 2. Methods and tools
ture and evolution of simulated Zpgr and Kpp columns

and Zpg rings. An example of these ‘“‘midstorm” po- a. Multimoment bulk microphysics

larimetric signatures associated with the simulated su- Hydrometeor particle size distributions (PSDs) often
percells that are examined in the two parts of this paper are well fit by a gamma distribution (e.g., Ulbrich 1983;
is shown in Fig. 2. Mallet and Barthes 2009). As in Ulbrich (1983) and
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FIG. 2. Plots of (a) Z;; (dBZ), (b) Zpr (dB), (¢) pny, and (d) Kpp (° km™1) at ~5400m AGL from the 15q10
simulation valid at r = 4800 s at X band. In (b), a Zpg half ring and a part of a Zpgr column are marked by a dotted
and a solid black arrow, respectively. A py, half ring is identified by the white arrow in (c) and a dark-gray arrow

identifies part of a Kpp column in (d).

Milbrandt and Yau (2005a), the gamma distribution can
be written as

n (D)= N, D% exp(—A D),

where subscript x denotes a hydrometeor class (r for
rain, g for graupel, / for hail, s for snow, i for ice crystals,
and c¢ for cloud water), D is particle equivolume di-
ameter, N, is the concentration or intercept parameter,
A, is the slope parameter, and «, is a shape parameter.

The Oth, 3rd, and 6th moment of a gamma distribution
are proportional to the total number concentration
(N7y), hydrometeor mixing ratio (¢q,), and radar re-
flectivity factor (z.), respectively. Using this in-
formation, the mean mass diameter of rain, hail, and
graupel (i.e., D,,y, D, and D,,,,, respectively) can be
calculated. Derivations of relevant quantities, and rep-
resentations of other distributions, are provided in
Straka (2009).
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The ability of a numerical model to produce realistic
microphysical distributions depends, in part, on the num-
ber of moments predicted. Single-moment microphysics
schemes (e.g., Kessler 1969; Lin et al. 1983) generally are the
most basic in terms of capturing the effects of microphysical
processes on size distributions. Multimoment schemes can
simulate more complex PSDs by more completely model-
ing different microphysical processes (e.g., Ziegler 1985;
Ferrier et al. 1995; Meyers et al. 1997; Reisner et al. 1998;
Morrison et al. 2005; Milbrandt and Yau 2005a,b) and, thus,
can result in more accurate depictions of hydrometeor dis-
tributions (e.g., Jung et al. 2012). For example, computing
fall speeds weighted separately by multiple moments allows
multimoment schemes to simulate sedimentation more ac-
curately by providing a size sorting mechanism (e.g., Seifert
and Beheng 2006; Milbrandt and Yau 2005a; Dawson et al.
2010, 2014) although not without potential issues when the
shape parameter is fixed (Milbrandt and McTaggart-Cowan
2010). The triple-moment scheme presented in Milbrandt
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TABLE 1. A summary of the relevant parameters used by the PRFO. The fractional water f,, of hail (%), graupel (g), and snow (s) is
represented by f,,, five, and f,,, respectively. Dry hail, dry graupel, and dry snow are represented by subscripts dh, dg, and ds, respectively.

In the equations for the dielectric constant &, £

represents the dielectric constant, calculated using the Maxwell Garnett (1904) mixing

formula, of a hydrometeor in which a is the matrix and b is the inclusion species. The PRFO does not include cloud water and ice crystals.

Parameter Rain (r) Hail (h) Graupel (g) Snow (s)
Aspect ratio (r,) T Tgg.an = Knight (1986) fit rs =0.75 = £,5(0.75 = r,)
Brandes et al.
(2002) fwg.wh re+ (1 _fwg.wh)rdg,dh Dwg,wh <9mm

Ten = fwg,whrr(Qmm) + (1 - fwg,wh)rdgAdh

0.75

Canting angle (°) ¢, =0
mean (¢,) and

9=D,g;, =20mm
D, n >20mm

¢ =0 ¢, =0

standard _ _ 60 X (1 - 2fwg$wh) fwgﬁwh =05 —

deviation (o) o, =0 Teh = { 0 Fogan >0.5 s =20
Dielectric & e ~ e g ~ £0) = gl¥(0)] 8, ~ ()

constant (g,) 1

Cole and Bus =5 [(1+ 7)™ + (1 — 7)et]
Cole (1941)
21— ws
7=Erf{7( f’)—l}

Density (py) pr = 1000 pan = 910 pag = 400 pas = 100

(kgm ™)

Puwx =

pax(1 = f2) + p,.f2., where x is h, g, or s

and Yau (2005b; hereinafter MY3) predicts N7y, q,, and z,
for all hydrometeors except cloud droplets (which are
handled using two moments). Predicting the three moments
lets one independently retrieve the three parameters of the
gamma distribution, generally improves the depiction of
size sorting relative to double-moment schemes (e.g.,
Milbrandt and Yau 2005a; Dawson et al. 2014), and can
produce more realistic forecasts (e.g., Dawson et al. 2010,
2015, 2016). The MY3 scheme predicts six hydrometeor
classes—rainwater (p, = 1000kgm ), ice crystals (p; =
500kgm?), snow (p, 100kgm3), hail (p, =
910kgm ), graupel (p, = 400kgm ), and cloud water
(pe = 1000kgm ). With the exception of ice, hydrome-
teor species in the MY3 scheme are spherical. Ice crystals
are modeled as bullet rosettes.

b. PRFO

The framework for the PRFO used in this study is
based upon that described by Jung et al. (2008, 2010) and
Dawson et al. (2014). The PRFO calculates several
common radar quantities, including equivalent radar
reflectivity factor at horizontal (Zy), differential re-
flectivity (Zpr), specific differential phase (Kpp), and
copolar correlation coefficient (py). The reader is re-
ferred to available textbooks (e.g., Doviak and Zrnié
1993; Bringi and Chandrasekar 2001) and manuscripts
(e.g., Zrni¢ and Ryzhkov 1999; Straka et al. 2000;
Kumjian 2013a,b,c) for more details on these quantities.
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The PRFO uses the distributions of rain, snow, grau-
pel, and hail from MY3 to calculate relevant polari-
metric fields. Pristine ice crystals and cloud water are not
included in the PRFO because their contribution to the
total radar return in severe convective storms is typically
much smaller than that from hail, rain, graupel, and
snow at common weather radar frequencies (e.g., below
~10 GHz). Details of the relevant characteristics of the
PRFO are provided in Table 1.

Proper handling of mixed-phase hydrometeors such
as wet hail is important when calculating polarimetric
quantities. Unfortunately, this is not a straightforward
task since most bulk schemes (including MY3) do not
explicitly predict mixed-phased hydrometeors; the mass
water fraction on a given frozen species x (f,,,) is not
explicitly prognosed. Consequently, water fractions
must be diagnosed separately. In the simulations pre-
sented herein, hail, snow, and graupel are assumed to be
“wet” if they occur with rainwater at a given grid point;
some (or all) of the rainwater mass is then redistributed
onto the ice species to simulate mixed-phased hydro-
meteors following Dawson et al. (2014). This new di-
agnostic fractional water method allows the amount of
water on hail and graupel to vary with the size of the
particle as it works on discretized particle size ranges
(e.g., bins) from the gamma PSDs; the diagnosed mass
water fraction for a particle of a given size cannot exceed
the critical water mass described in Rasmussen and
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Heymsfield (1987). For example, whereas small hail can
be associated with very high f,, given sufficient
amounts of rainwater, very large hail can only support
limited f,,;, since excess water is shed; rainwater that is
not “‘reapportioned” onto ice that is present is kept as
rain. This may end up removing too much rain (as in
the case of a lot of hail and little rain), but since the
microphysics scheme does not track liquid water
fraction, it is difficult to know when rain and ice coexist
as distinctly separate distributions and when they
should be combined in some way to simulate water-
coated ice (as in the case of melting hail or hail un-
dergoing wet growth).

The method described in Dawson et al. (2014) and
used in Johnson et al. (2016) has been developed to al-
low meltwater to soak graupel particles, increasing their
density until it matches that of hail, after which point it is
assumed that a water shell develops. Wet snow is han-
dled essentially as in Jung et al. (2010) by comparing the
amount of total snow mass with total rainwater mass—
where rain and snow coexist, enough rain is moved into
the snow category (equally for each size) that the re-
sulting bulk fractional water for snow (f,) does not
exceed 75%. In the figures and discussion of f,,, f,,.¢, and
fws in this paper, we will use a “‘bulk’ mass water frac-
tion, which is the mass-weighted mean water fraction
integrated over the distribution.

The mean canting angle ¢, is assumed to be 0° for all
hydrometeors. The ratio of the minor to major axes
(i.e., aspect ratio)? is important because polarimetric
variables are often very sensitive to hydrometeor
shape. Although the microphysics scheme assumes
that rain, hail, graupel, and snow are spheres, we
follow a more realistic approach in the PRFO by al-
lowing aspect ratios to vary by hydrometeor size. The
aspect ratio for rain decreases with increasing drop
size (i.e., Brandes et al. 2002). Observations show that
the shape of hail and graupel can vary (e.g., Macklin
1963; Browning 1966; Carte and Kidder 1966; Knight
and Knight 1970a,b) according to size (e.g., Knight
1986; Giammanco et al. 2014) and water fraction (e.g.,
Browning and Beimers 1967). Here, the aspect ratios
for hail and graupel vary linearly between that of a
liquid raindrop of equivalent equivolume diameter
and that given by a fit to the Oklahoma hailstones in
Knight (1986) for particles less than ~9mm. The

2 There seem to be differing uses of the term “aspect ratio” (e.g.,
Ryzhkov et al. 2011) and ““axis ratio” (Jung et al. 2010) to describe
the shape of hydrometeors on orthogonal planes prescribed in
forward operators. In this case, since the mean canting angle is
0° for all species, and the simulated radar elevation angle is also 0°,
we use the terms interchangeably.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 07:17 PM UTC

SNYDER ET AL.

1983

aspect ratios vary linearly between that of an ~9-mm
raindrop and that of the Knight (1986) fit for particles
between ~9 and 20mm; they are fixed at 0.75 for
particles larger than 20 mm (Table 1). The aspect ratio
of snow varies between 0.75 if dry and that of an
equivalent-sized raindrop if melted, not to be less than
the aspect ratio of an ~9-mm raindrop. The practical
effects of uncertainties and errors in the relationships
between the aspect ratio, particle size, and fractional
water are muted somewhat by the observation that
those hydrometeors with arguably the most un-
certainty in their size—aspect ratio relationship (e.g.,
hail, graupel, and snow) fall with varying canting an-
gles (defined as the deviation of the minor or symmetry
axis from vertical; e.g., hailstones may tumble or gy-
rate). A distribution of canting angles (denoted as o,—
see Table 1) increases the “effective” aspect ratio toward
unity and makes the hydrometeors appear more spherical/
isotropic (thereby tending to reduce the magnitudes of
ZDR and KDP).

The forward and backward scattering amplitudes of
hydrometeors used in this study are calculated using the
“transition matrix” (T matrix) code from Vivekanandan
et al. (1991) as done in Jung et al. (2010); the values are
calculated a priori, and a lookup table is used to speed
calculations. The T-matrix code used for this project
simulates mixed-phased hydrometeors as homogeneous
mixtures of one species (i.e., the inclusion) embedded
within a background species (i.e., the matrix); the
Maxwell Garnett (1904) mixing formula is used for
calculating the effective relative dielectric constant for
mixed-phase hydrometeors. The calculated effective
dielectric constant varies between that calculated using
water inclusion with ice matrix and using ice inclusion
with water matrix depending upon f, as in Ryzhkov
et al. (2011).

Scattering amplitudes are calculated for particles with
equivolume diameters of 0-8 mm split into 100 bins for
rain, 0-20 mm split into 250 bins for graupel, 0-70 mm
split into 875 bins for hail, and 0-30 mm split into 112
bins for snow. The resultant bin sizes are 0.08 mm for
rain, hail, and graupel and 0.27 mm for snow. As im-
plemented by Jung et al. (2010), the PRFO assumes that
the elevation angle is always 0°. Since the largest impacts
of canting angle variability tend to be for that compo-
nent of canting angle that is projected onto the polari-
zation plane, the PRFO used in this study assumes that
canting occurs only in the polarization plane; a more
complete treatment of two-dimensional canting as in
Ryzhkov et al. (2011) will be implemented in future
versions of the PRFO. Varying the elevation angle of
the simulated radar data would add further complexity
to the analyses since there would be additional
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TABLE 2. Selected parameters used in all numerical simulations performed for this paper.

Model configuration

Model

Horizontal grid spacing
Vertical grid spacing
Domain size

Time steps
Computational mixing
Microphysics

Fixed—200 m

ARPS version 5.3.3 (Xue et al. 2000, 2001)

Stretched, ~85 m near the surface and ~375 m near model top

753 X 753 X 83 (150km X 150 km X 20km)

Large: 1.0s; small: 0.2's

Fourth order in horizontal and vertical

Three moments (N7, g, z) for rain, hail, graupel, snow, and ice crystals; two moments (N, q)

for cloud water (Milbrandt and Yau 2005a,b)

Turbulence parameterization
Boundary conditions
Initial perturbation

Anisotropic 1.5-order turbulent kinetic energy (TKE)
Lateral: radiation; bottom: rigid, free-slip; top: rigid, Rayleigh damping
Magnitude: 4 K; shape: 10km X 10 km X 1.5 km; elliptical bubble centered 1.5 km AGL

dependencies on the location of the radar relative to the
simulated convective storm and on the specific elevation
angle assumed.

In general, attenuation by rain at X band can be an
order of magnitude greater than that at S band (e.g.,
Bringi et al. 1990; Park et al. 2005a; Snyder et al. 2010),
although the behavior of attenuation in (wet) hail as a
function of radar wavelength is more complicated (e.g.,
Aydin and Zhao 1990; Vivekanandan et al. 1990;
Borowska et al. 2011; Ryzhkov et al. 2013a,b). The ef-
fects of attenuation, however, are not included in the
simulations presented in this paper primarily for two
reasons. First, attenuation at X band can be estimated
and its effects removed or reduced; the quantitative use
of X-band radar data often requires attenuation cor-
rection, anyway. Second, since the appearance of pre-
cipitation sampled by an X-band radar depends upon
the cumulative effects of attenuation, including attenu-
ation herein would greatly add to the complexity of
analyses since some of the radar fields would change
substantially depending upon the ““viewing angle” of the
radar relative to the simulated supercells. So as not to
expand further the dimensionality of the parameter
space, the effects of attenuation will not be included in
the results presented herein; when comparing with real
X-band data, attenuation-corrected observations will
be shown.

c¢. Numerical simulations

Since supercells occur in a wide range of environ-
ments, we have performed eight different simulations
using different background wind profiles; varying the
wind profiles in the different simulations provides
us with more robust aggregate statistics by expanding
the sample size beyond just one or two simulations.
Where necessary, substantial similarities or differences
in the results as a function of wind profile characteris-
tics will be noted, but this work is not intended to in-
tensively focus on the specific role of different wind
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profiles on the polarimetric structure of the simulated
supercells.

Version 5.3.3 of the Advanced Regional Prediction
System (ARPS; Xue et al. 2000, 2001, 2003) is used for
this study. Simulations are performed on a 151km X
151km X 20km grid. The horizontal grid spacing of
200 m was chosen as a compromise between computa-
tional efficiency and the desire to resolve as much detail
of relevant storm-scale [~O(1km)] structures as possi-
ble (e.g., Bryan et al. 2003; Petch 2006). The initial up-
draft is developed from an ellipsoidal warm bubble [a la
Klemp and Wilhelmson (1978) and many others]. The
grid for each simulation is translated so as to keep the
primary convective cell as near as possible to the center
of the domain, although this was not always possible
since grid translation was fixed while storm motion was
sometimes unsteady. Model fields are saved every 120s,
and each simulation is run for 10800s. Several simula-
tions develop unrealistically strong low-level inflow
toward the end of the simulation period resulting from
boundary issues that arise when the updraft approaches
a lateral boundary. Additionally, many simulations pro-
duce more widespread convection near the location of
the primary cyclonic supercell after ~9000s, which leads
to increasing storm interactions. To minimize the impact
these have on the analyses, this study focuses primarily on
the 1800-9000-s period. A summary of the model config-
uration can be found in Table 2. The thermodynamic
sounding for all simulations (Fig. 3a) is based on the
analytic sounding of Weisman and Klemp (1982,
hereinafter WK82) with sufficient convective avail-
able potential energy (CAPE; ~2000Jkg ') to sup-
port severe convective storms.

Changes in supercell organization and intensity result-
ing from differences in the background flow field (e.g.,
WK&82; Weisman and Klemp 1984; Rotunno and Klemp
1982, 1985; Rasmussen and Blanchard 1998; Rasmussen
2003; Thompson et al. 2003; Craven and Brooks 2004) are
likely to be associated with corresponding changes in the
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FIG. 3. (a) A skew-T, log-P plot of the idealized sounding used for the eight primary simulations examined in this study. The sounding is
based on the analytical sounding presented in Weisman and Klemp (1982); the long and short dashed lines highlight the environmental
and surface parcel freezing (0°C) levels, respectively. The four hodograph shapes examined in this study: (b) half circle with constant
veering between the surface and 10 km AGL (15110 and 25r10), (c) half circle with decreasing shear and veering between the surface and
10km AGL (15r10_057 and 25r10_057), (d) quarter circle with 90° of turning from the surface to 3 km AGL with constant, “‘straight” shear
from 3 to 10 km AGL (15q10 and 25q10), and (e) straight-line hodograph with constant shear between the surface and 10 km AGL (15str
and 25str). The blue curves represent the weak shear cases (mean 0-10-km shear ~ 4.7 X 10 s~ !); the red curves represent the strong
shear cases (mean 0-10-km shear ~ 7.9 X 10™>s™1). All hodographs of the same color are the same length. Sounding heights are marked
every 1 km by circles along each hodograph, with the 0-, 5-, and 10-km heights marked in numbers. Red and blue stars in each panel

represent an estimated storm motion based on peak updraft motion between 4800 and 8400 s. The wind speeds (labeled from 0 to 50) are in
meters per second, and winds above 10 km are constant.
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polarimetric signatures, but this has been largely un-
explored in the context of polarimetric signatures in
idealized numerical simulations. In this study, eight
idealized simulations are performed that differ only in
the initial vertical wind profile. Note that the primary
reason for using different wind profiles is to increase the
sample size for the analysis of the signatures, although
some relevant differences in the radar fields as a func-
tion of wind profile will be pointed out where appro-
priate. These different vertical wind profiles have been
created by systematically modifying the shape, length,
and “‘distribution” of the shear; the hodographs, to
varying extents, have been found to support severe
convective storms and supercells (e.g., Brooks and
Wilhelmson 1993). The eight hodographs used in this
study are designed as follows (Figs. 3b-e):

e We use two half-circle hodographs of radius § =
15ms™' and § = 25ms~ ! with constant veering of
winds between the surface and 10km AGL; the wind
direction changes 180° at a constant rate in the 0-10-km
layer. These simulations are referred to as experiments
15r10 and 25r10.

e We use two half-circle hodographs of radius § =
15ms~ ' and § = 25ms ™! with wind shear maximized
near the surface and decreasing to a height of 10km;
the wind direction changes 90° in the 0-3-km layer and
another 90° in the 3-10-km layer (i.e., the wind veers
exponentially less with increasing height). These sim-
ulations are referred to as experiments 15r10_057> and
25r10_057.

o We use two hodographs characterized by a quarter-
circle shape with radius § = 15ms™ ' and S = 25ms™!
in the 0-3-km AGL layer with constant shear on a
straight-line hodograph from 3 to 10km AGL. These
simulations are referred to as experiments 15q10
and 25q10.

e We use two straight-line hodographs with constant
shear (along a straight hodograph) between 0 and
10km. These simulations are referred to as experi-
ments 15str and 25str.

In all environments, there is no wind shear above
10km. The lengths of the ‘“weak” shear hodographs
(i.e., 15110, 15r10_057, 15910, and 15str) are the same
with 0-10-km layer mean shear of 4.7 X 107 3s™!; the
lengths of all “strong” shear hodographs (i.e., 25r10,
25r10_057,25q10, and 25str) are the same with 0-10-km
mean shear of 7.9 X 10 s,

3The “_057” comes from the exponent used in the equations
for the u and v components of the horizontal wind: u(z) = § X
cos[7(1 —z°°737/10000)] and v(z) = S X sin[mw(1 —z"">"/10 000)].
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3. Simulated py,, rings

Resonance effects associated with scattering by hail-
stones can result in large differences between X-band
and S-band polarimetric fields (e.g., Figs. 1-2). Simula-
tions performed herein produce polarimetric radar
fields in hail-bearing regions that are consistent with
observations. For example, Fig. 4 shows Zy, Zpr, phv,
and Kpp at S band and X band from one time in the
25r10_057 simulation; several relevant microphysical
fields are shown in Fig. 5. Where ¢, exceeds approxi-
mately 1gkg™! (Fig. 5b) and D,,, exceeds ~10mm
(Fig. 5d) in region of the forward-flank hail signature
(e.g., KRO8), Zy at S band is generally 5-10 dBZ greater
than it is at X band. In these same areas, Zpgr is
~(1.5-2) dB at S band but is generally greater than 2.5dB
at X band. In addition, py, at X band drops below 0.90
(and even below 0.7 near the tip of the hook echo where
D, exceeds 40 mm), whereas it is generally greater than
0.90 at S band. The relationship between Kpp at S band
and that at X band is less consistent in areas with g; >
1gkg ', but the ratio of X-band to S-band Kpp in areas
of rain is as expected based upon the wavelength dif-
ference. In addition, a feature resembling a Zpg arc
(e.g., KRO8; Dawson et al. 2014) is also evident in both
D, and Zpr. Again, in general, the differences ob-
served in the radar fields at X band versus those at
S band in areas with nonnegligible amounts of hail (e.g.,
gn > 1gkg ') agree with the observations presented
earlier.

a. Kinematic and microphysical composition

A band of reduced py,, thought to encircle, partially or
completely, the periphery of a supercell’s updraft has
been observed in previous studies (e.g., KRO8; Payne
et al. 2010; Snyder et al. 2013). The so-called py,, ring is
seen as a ring or half ring along the eastern (downshear)
periphery of the updraft. Throughout this section, no
distinction will be made between a half ring and a full
ring; the feature will be referred to simply as a “ppy
ring.” In addition, unless otherwise explicitly stated, all
references to radar quantities in this section pertain to
those calculated at X band.

All simulations that were part of this study produced
Py Tings associated with the primary cyclonic supercell,
although the simulations with straight hodographs (i.e.,
15str and 25str) produced much less prominent py,, rings
than the other simulations. A representative example
of a pyy ring as seen at a height above the environmental
0°C level but below the updraft-perturbed 0°C level is
shown from the 25r10 simulation in Fig. 6. In this case,
the pyy ring is nearly a complete ring located along the
periphery of the updraft where vertical velocity w is
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FIG. 4. Polarimetric fields from the 25r10_057 simulation at (top) S and (bottom) X bands for (left) Z, (dBZ), (left center) Zpgr (dB),
(right center) ppy, and (right) Kpp (° km_l). The area of low Zpg and relatively low py, at S band is caused by hail (see g, Fig. 5, below)
with relatively high f,,;, which, apparently, is masking the low-level hail signature at X band. Data are valid at a height of 120 m.

generally 10-30ms~ ! (Fig. 6a). Some evidence of a
weak echo region is seen in the eastern half of the up-
draft, and the py, ring is nearly collocated with a Zpg
ring (Fig. 6b). The eastern side of the py, ring is char-
acterized by a relatively small amount (g, < 0.5gkg ')
of moderately sized (D, ~ 5-13 mm), wet (f,,;, ~ 20%—
60%) hail (Figs. 6¢,d); graupel in this area is drier and
even more limited in amount and size (Figs. 6e,f). The
western side of the py, ring is similar except that there is
more hail (ie., g, > 2.5gkg ") and graupel (g >
2gkg ™). On the far northern periphery of the updraft,
there is another local minimum in py,, that is the result of
moderately sized (D,,,, ~ 7-10mm), dry hail.

Some of these characterizations are seen in observa-
tions of a supercell that occurred in central Oklahoma in
2013 and was sampled by RaXPol (Pazmany et al. 2013).
Unfortunately, the radar was quite close to the storm
and did not scan at a sufficiently high elevation angle to
sample above ~5km AGL; an ongoing intense tornado
drew the attention of the radar operators at this time.
The quantities Zy, Zpr, Kpp, and pp, on a ~4.0km
AGL constant-altitude plan position indicator (CAPPI)
are shown in Fig. 7. A zone of reduced py, akin to a py,
ring is apparent to the immediate exterior of an area of
enhanced Zpg that is marked by the solid white curve in
all panels. Differences between the east and west sec-
tions of this py,, ring are akin to those associated with the
simulated py, ring shown in Fig. 6. For example, the
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eastern part of this py, ring is generally characterized by,
relative to the western part, lower Zg (i.e., 30-40dBZ vs
40-50dBZ) and lower Kpp (i.e., 0°-1°km™"' s
1°-4°km ). The Zpg in most of this observed py, ring is
near 0dB, which is dissimilar to the one example shown
in Fig. 6. However, py, is still reduced (i.e., 0.9-0.4)
within primarily the northern and western region of
enhanced Zpr and Kpp (i.e., within the solid white
curve). Of course, the simulation in Fig. 6 and observa-
tions in Fig. 7 are different storms in different environ-
ments, so it is difficult to know how much of the
differences is the result of differences in environmental
characteristics and storm structure as compared with
those caused by legitimate discrepancies between the
model/microphysics/PRFO and the natural world.

In contrast to the analysis at ~4600m AGL shown in
Fig. 6, the py,, ring above the updraft-perturbed 0°C level
(i.e., ~5600m AGL as in Fig. 8) is only seen along the
eastern and northeastern periphery of the updraft near
the gradient between the updraft and downdraft. The
area of reduced py,, and the magnitude of the minimum
Py are strongly associated with D,,,;, such that the lowest
Pny is found in the area of largest D,,;,. Within the py,
ring, q,, qn, and g, are relatively low (i.e., <lg kg™ '). The
pny Ting is immediately east (i.e., downshear) of an arcing
area of reduced Z that represents the weak echo region.
The bulk (i.e., mass-weighted mean integrated over the
distribution) water fraction of hail ranges from ~30% on
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contoured in black.

the southern end to <5% on the northern end; there is
very little graupel present at this level within the py, ring,
but what little is there is wet (e.g., f,,, of 20%-70%).

In general, a similar evolution of the py, ring with
height is seen in the other simulations as well. A pseudo-
volumetric perspective of the py, ring from the 25q10
simulation details the structure of the py, ring (Fig. 9).
As viewed from the top looking downward, several
areas of pp, < 0.95 can be seen—an arcing band on the
east side of the updraft, a quasi-circular area north of the
updraft, and an oval area to the west of the updraft.
When viewed from the west looking toward the east, it is
apparent that the first area noted above is the py, ring
that extends to altitudes above the updraft-perturbed
0°C level, and the ring tilts downward along the north-
eastern periphery of the updraft. The short (<2km
AGL), quasi-circular zone of reduced py, is essentially
connected to the py, ring; the area of reduced py, to the
west of the updraft is only primarily evident only within
several kilometers of the ground. All areas of reduced
phv are associated with local maxima in hail size, with the
largest hail near the ground occurring along the south-
west side of the storm (near the inside part of the hook
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echo). For as yet unknown reasons, this location is
commonly found to have the largest D,,, in the simu-
lations performed in this study.

To further illustrate this, we show a south-to-north
vertical cross section through the updraft in the 25r10
simulation at 7320s (Fig. 10) and point out three areas
of reduced py,. The first area of lowered py, is along
the north side of the updraft (e.g., 75-80km along the
abscissa) below ~5700m AGL and is associated with
D,,;, ~ 12-15mm and f,,;, ~ 20%-40%:; this local maxi-
mum in hail size appears to be the result of size sorting
within the updraft (color shaded in Fig. 10d). The values of
pny associated with this hail are lower at X band (i.e., 0.91-
0.95) than they are at S band (i.e., 0.94-0.97), implying yet
again that py,, at X band may be more useful than it is at
S band for detecting large (wet) hail, at least as long as
signal quality is sufficient (e.g., the signal is not very se-
verely attenuated such that low signal-to-noise results in
pny biases) and other radar artifacts are not detrimentally
and disproportionately affecting the X-band radar. The
second area of reduced py, is found near the top of the
Zpr column between 4500 and 5600 m AGL, where large
amounts of rain and very wet hail (f,,, > 80%) and
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(gkg™!; colors) and pj, (contoured at 0.95), (f) D, (mm; colors) and bulk f,,, (contoured every 20%). All radar

quantities are calculated at X band.

graupel exist. The third area of interest (at 81-82 km along
the abscissa) is characterized by a narrow column of py,
that decreases from ~0.97 near 7km AGL to ~0.86 near
2km AGL and is only apparent at X band; S-band py,, in
this area is 0.990-0.995. This column of lowered py, is
associated with a vertically oriented zone of locally larger
hail (D,,,, ~ 7-10mm). When looking at all simulations,
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Py at X band is generally lower than it is at S band where
mixed-phased hydrometeors are present, particularly in
areas of large, wet hail. The area of reduced py,, at X band
above the 0°C level near the 80-82-km area along the
abscissa is along the eastern periphery of the updraft and
is associated with a local maximum in D,,,;,, low but non-
zero q,, and gy, of generally 4-10gkg ™.
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FI1G. 7. CAPPI data collected by RaXPol as a supercell was producing a significant tornado northeast of Okla-
homa City, Oklahoma, on 19 May 2013: (a) Zy (dBZ), (b) Zpg (dB), (c) Kpp (° km™ "), and (d) py, data, valid at
~4.0 km above radar level, which is approximately the height of the environmental 0°C level as sampled by an
1800 UTC sounding launched from Norman, Oklahoma. The white outline marks the approximate edge of Zpg >
2 dB; the white dashed curve separates two regions of the area of enhanced Zpg that have distinctly difference

polarimetric characteristics.

The magnitude of py, above the 0°C height within py,,
rings observed at X band as reported in Snyder et al.
(2013) sometimes dropped below 0.50, which is less than
that associated with previously published py, rings at
S band (e.g., KRO8; Payne et al. 2010; Picca and Ryzhkov
2012). The simulations support the observation that py,
at X band tends to be less than that at S band, although
the minimum py,, in these simulations (~0.80) does not
get as low as that observed in Snyder et al. (2013). For
example, from the 25q10 simulation, the minimum value
of py,, along the eastern periphery of the updraft at 4080 s
and ~5600m AGL is 0.95 and 0.88 at S and X bands,
respectively (Fig. 11). We suspect that the simulated py,y
is not as low as seen in some observations because we
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assume hailstones are oblate spheroids with a prescribed
density, aspect ratio, and canting angle variability; the
diversity of hailstone shapes, densities, and dielectric
properties is likely much more complex in nature than
what we can prescribe at this time. Regardless, it is quite
apparent that not only is py, within the ring lower at
X band than it is at S band, the py, ring is also consid-
erably larger at X band.

b. Bulk correlations

The py, rings observed in the weak shear simulations
tend to be less steady than those observed in the strong
shear simulations. In general, the weak shear simula-
tions tended to produce py,, rings that were considerably
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FIG. 8. A py, ring in the 25r10 simulation at ¢ = 4800 s and ~5600 m AGL, as shown by (a) pj,, (colors) and D,
(contoured every 5 mm), (b) T (colors; K) and py,, (contoured at 0.95), (c) g, (colors; g kg ") and w (contoured every
10ms™"), (d) f, (colors) and g, (contoured every 2 gkg™ '), (e) g (colors) and g, (contoured every 2 gkg ™), and
(f) Zy (colors; dBZ) and Zpg (contoured every 1 dB). All radar quantities are calculated at X band. All contoured
data have been filtered by a 3 X 3 (i.e., 600 m X 600 m) averaging filter to enhance clarity. The white arrow in
(a) points to the py, ring. As a reminder, the bulk f,,, and f,,, values shown are mass-weight mean values over the
distribution.

smaller and had weaker minima than those produced in  py, rings east of the updraft through much of the first
the strong shear simulations (e.g., as quantified as the ~7000s of the simulation. The two simulations that
area in which py,, < 0.95). There were two exceptions to  used a straight-line hodograph tended to have weaker
this. First, the 25str simulation, like the 15str simulation, storm-relative winds directed toward the updraft in the
only produced very intermittent, ill-defined, and weak 4-6-km layer where the py,, rings in the other simulations
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were most often found. In addition, 15str and 25str
tended to have smaller hail (and smaller areas of mod-
erate and large hail) aloft; a more complete hydrome-
teor trajectory analysis would be required to assess
whether the flow within and near the updraft was un-
favorable for the development of larger hail. The second
exception to the general weak shear—small py, rings/
strong shear-large pp, rings relation was the 15q10
simulation, which produced particularly robust and
large pyy rings relative to the other weak shear cases.
Relative to the other weak shear simulations, the 15q10
simulation tended to have stronger storm-relative,
midlevel winds, particularly in the component directed
toward the updraft on the downshear side of the updraft.
The 15r10, 15r10_057, 15str, and 15q10 simulations had
Py rings that averaged 0.45, 0.92, 0.18, and 11.89 km? in
horizontal extent at ~5350m AGL; py, rings in the
25110, 25r10_057, 25str, and 25q10 averaged 6.71, 12.95,
0.04, and 17.2km”. The largest py, rings, at least at
~5350m AGL, were produced by the 15q10, 15r10_057,
and 25q10 simulations. The smallest py,, rings occurred
in the 15str and 25str simulations

The areal extent of the py, rings at a given altitude
was, in general, well correlated with the areal extent of
hail at that altitude. For example, the trends between the
area of pp, < 0.95 and the area of D,,;, > Smm at
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~5350m AGL in the 15q10 and 25r10 simulations are
very similar (Fig. 12); values of the (linear) Pearson
correlation coefficient (hereinafter r) between the size
of the py, ring and the spatial extent of D,,;, > 5Smm in
this simulation are 0.78 and 0.91 at S and X bands, re-
spectively. As can be inferred in Fig. 13, the minimum
value of py, at ~5350m AGL from all simulations was
strongly negatively correlated (i.e., r < —0.5) with the
maximum value of D,,;,, the area of D,,;, > Smm, and
the areal extent of the py, ring at 5350 m. The size of the
Py ring was positively correlated with maximum updraft
intensity, the horizontal area where D,,;, > 5mm, and
the maximum D,,,;, at 5650 m AGL.

4. Conclusions

To study the microphysical structure of several com-
monly observed polarimetric signatures within super-
cells, we performed eight high-resolution simulations
using the MY3 scheme and a PRFO. To increase the
sample size and better establish relationships between
the signatures and the microphysical and kinematic
structure of simulated supercells, eight simulations were
carried out using eight hodographs of four “‘shapes’ and
two lengths. These simulations still yielded a small
sample size, but the decision to modify only the vertical
shear profile was made to limit the parameter space and
degrees of freedom while still allowing us to look at
supercells in a variety of different environments with
hodographs commonly associated with convective
storms and supercells. Given current thoughts and evi-
dence of the effect of vertical wind shear on supercell
morphology and evolution, we should expect there to be
repeatable and systematic changes in the polarimetric
structure as shear changes; it is difficult to identify sys-
tematic changes, though, without a large sample size,
robust microphysics, and an advanced PRFO.

Past research has focused on the structure of micro-
physical parameters within simulated supercells, but
there has been comparatively little examination of
simulated polarimetric signatures in three-dimensional,
high-resolution supercell simulations. A PRFO can be a
valuable tool for examining how well bulk microphysics
schemes capture microphysical distributions and pro-
cesses occurring within convective storms by allowing
for more direct comparisons with radar observations. In
the two parts of this paper, we aimed to examine if the
MY3 scheme used in a high-resolution numerical model
can reproduce several commonly seen polarimetric sig-
natures. The appearance of the signatures examined in
this paper—specifically, pyy rings and, as shown in Part
II, Zpr and Kpp columns—were examined primarily at
X band, though notable differences were highlighted
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where particular sensitivities to radar wavelength
appeared.

We now revisit the three main foci, at least as they
pertain to py, rings, outlined at the beginning of this
paper. Many of the simulations do indeed produce
structures that look like py, rings; these rings were larger
in size and had lower py,, minima at X band than they did
at S band. Particularly evident in the 15q10, 25q10,
25r10_057, and 25r10 simulations, the rings generally
became less ‘“‘complete’” with increasing height above
the environmental 0°Clevel. They tended to be found on
the west, north, and east sides of the updraft at altitudes
of 4500-5000 m AGL but only on the southeast through
northeast sides of the updraft at higher altitudes. At
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lower heights, g,, g5, and g, were largest in the western
part of the py, rings where a wet hail and rain mixture
seemingly contributed to the reduction in py,, whereas
they were all more limited in the eastern sections and at
higher altitudes (e.g., near and above the updraft-
perturbed 0°C level). The simulated py, rings were
highly correlated with, among other quantities, the area
of D,,;, > 5 mm aloft, and the magnitude of py,, tended to
be inversely correlated with the magnitude of D,
These associations occurred where py, rings were ob-
served at temperatures between —5° and —20°C. The
simulated py,, rings marked areas of large hail, where it
appeared that sedimentation along the periphery of the
updraft increased D,,, through size sorting. The
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simulations that produced the most intense updrafts and
largest area of large hail also were associated with the
largest and most robust py, rings. Similar to Jung et al.
(2010), at heights close to the melting level, a reduction
in ppy, was found in areas of mixed-phase precipitation
(e.g., wet hail) owing to the diverse scattering behavior
associated with a mixture of rain and wet hail.

Opverall, the general location and structure of the
simulated py, rings are similar to observed py, rings re-
ported in the literature. For example, where the simu-
lated rings are incomplete, they are located on the
eastern (i.e., downshear) side of the updraft, similar to
observations (e.g., Payne et al. 2010; KR08). In addition,
there is a tendency for the magnitude of the depression
in pny to be proportional to maximum hail size, with
some simulations indicating a time lag in maximum
correlation, again similar to observations (e.g., Picca and
Ryzhkov 2012).

In simulations presented herein, py, is lower in mag-
nitude than Jung et al. (2010) reported but higher in
magnitude than seen in some X-band observations (e.g.,
Snyder et al. 2013). The former is primarily the result of
scattering characteristics of hail at S band versus those at
X band, whereas the latter is likely the result of more
complicated scattering behaviors in nature that result
from more exotic hydrometeor shapes, densities, and
size distributions. The addition of two-layer T-matrix
scattering calculations (e.g., Ryzhkov et al. 2011, 2013a,b)
would be expected to improve the accuracy of the for-
ward operator since it would better capture the scattering
characteristics of mixed-phase hydrometeors that have a
two-layer structure [such as hail undergoing wet growth
or melting (e.g., Rasmussen et al. 1984)].

More high-quality, high-resolution observations of the
midlevels of supercells are needed so that we can better
compare these simulations with real-world observations.
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FIG. 12. Time series of the area of py,, < 0.95 (blue line) and the area of D,,,;, > 5 mm (red line) in the (a) 15q10 and
(b) 25r10 simulations. All data are valid at ~5350 m AGL and at X band.
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Many of the X-band radar observations of supercells
have been collected by mobile radar deployed in field
campaigns; such field campaigns often tended to priori-
tize the collection of low-level data. As such, there are
relatively few datasets with high-quality, high-resolution
polarimetric radar observations that have thorough
coverage of the midlevels and upper levels (e.g.,4-12km
AGL) of supercells. Having such data with estimates of
vertical velocity (as obtained, for example, through dual-
Doppler wind synthesis) would greatly improve valida-
tion; with few exceptions (e.g., Jensen et al. 2016), such
complete datasets do not exist. In addition, implement-
ing more advanced attenuation estimation methods to
mitigate the anomalously strong differential attenuation
seen in the limited observations we do have would im-
prove our ability to quantify the characteristics of these
signatures at X band.

Despite the general observation that the polarimetric
signatures examined in this paper and seen in supercells
are captured by the model, more accurate representa-
tions of the signatures likely require microphysics that
are more sophisticated than MY3. Bulk schemes, al-
though more computationally efficient than spectral bin
schemes, tend to be prone to error where a multimodal
distribution would naturally occur, which can occur
where different microphysical processes produce rain
with distributions that are quite dissimilar. For example,
rain resulting from shedding of hail undergoing wet
growth tends to have different bulk characteristics than
rain resulting from melting hail and from collision and
coalescence, and the inability to capture this has ramifi-
cations for the accurate prediction of rain near the ground
(e.g., Straka and Gilmore 2010; Van Den Broeke 2014;
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Kumjian et al. 2015). The MY3 scheme only predicts a
single rain category, and the densities for all hydrome-
teors are fixed; both of these are limitations that affect
the representativeness of the simulated supercells with
respect to those observed in nature. In addition, whereas
MY3 predicts ice with fixed properties, at least one more
recent scheme [predicted particle properties (P3);
Morrison and Milbrandt 2015; Morrison et al. 2015;
Milbrandt and Morrison 2016] predicts ice properties to
allow for a more natural evolution of ice hydrometeors.
Moreover, the liquid water fraction carried by graupel
or hail that is undergoing wet growth or that is melting is
not explicitly predicted in the MY3 scheme. Instead, this
water fraction must be diagnosed, as is done in the
PRFO used in this study. Future work may examine the
impact of predicting water fraction within the micro-
physics scheme as compared with the diagnostic method
used herein. Regardless, further development of the
PRFO to handle more sophisticated scattering configu-
rations is also warranted; for example, modeling wet hail
as a water shell around an ice core as in Ryzhkov et al.
(2011) is likely to improve the accuracy of simulated
radar fields in areas of melting hail.
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