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ABSTRACT: Quasi-vertical profiles (QVPs) of polarimetric radar data have emerged as a powerful tool for studying pre-
cipitation microphysics. Various studies have found enhancements in specific differential phase Ky, in regions of suspected
secondary ice production (SIP) due to rime splintering. Similar K4, enhancements have also been found in regions of subli-
mating snow, another proposed SIP process. This work explores these K, signatures for two cases of sublimating snow us-ing
nearly collocated S- and Ka-band radars. The presence of the signature was inconsistent between the radars, prompting
exploration of alternative causes. Idealized simulations are performed using a radar beam-broadening model to explore the
impact of nonuniform beam filling (NBF) on the observed reflectivity Z and Kg, within the sublimation layer. Rather than
an intrinsic increase in ice concentration, the observed K4, enhancements can instead be explained by NBF in the presence
of sharp vertical gradients of Z and K4, within the sublimation zone, which results in a K, bias dipole. The sever-ity of the bias
is sensitive to the Z gradient and radar beamwidth and elevation angle, which explains its appearance at only one radar. In
addition, differences in scanning strategies and range thresholds during QVP processing can constructively enhance these
positive Kg, biases by excluding the negative portion of the dipole. These results highlight the need to con-sider NBF effects
in regions not traditionally considered (e.g., in pure snow) due to the increased Ky, fidelity afforded by QVPs and the
subsequent ramifications this has on the observability of sublimational SIP.

SIGNIFICANCE STATEMENT: Many different processes can cause snowflakes to break apart into numerous tiny
pieces, including when they evaporate into dry air. Purported evidence of this phenomenon has been seen in data from
some weather radars, but we noticed it was not seen in data from others. In this work we use case studies and models to
show that this signature may actually be an artifact from the radar beam becoming too big and there being too much
variability of the precipitation within it. While this breakup process may actually be occurring in reality, these results
suggest we may have trouble observing it with typical weather radars.

KEYWORDS: Snow; Cloud microphysics; Secondary ice production; Sublimation; Radars/Radar observations;
Idealized models

1. Introduction themselves. Multiple SIP mechanisms have been proposed,
including rime splintering (Hallett and Mossop 1974), colli-
sional breakup (Phillips et al. 2017), and drop shattering
upon freezing (Phillips et al. 2018). For full reviews of pro-
posed SIP mechanisms see Field et al. (2017) and Korolev
and Leisner (2020).

Polarimetric weather radars have emerged as a powerful re-
mote sensing tool for studying and characterizing a wide
range of precipitation microphysical processes (e.g., Kumjian
2013a,b). A number of recent studies have observed enhanced
specific differential phase Kq4, in regions believed to be

Precipitation microphysics constitute a primary source of
uncertainty in the global climate system and its modeling
(Zhao et al. 2016; Bodas-Salcedo et al. 2019; Morrison et al.
2020). These uncertainties are protracted by relatively scarce
in situ observations and the necessarily simplified treatment
of precipitation microphysics in numerical weather prediction
models owing to the intractable number of variables and
range of spatial scales across which these processes occur.
One of the largest known deficiencies in current microphysi-
cal parameterization schemes concerns the established ob-
servation that ice concentrations often exceed that of
available primary ice-nucleating particles by several orders
of magnitude. As such, much attention has been devoted to
so-called secondary ice production (SIP), where parent ice
particles emit small fragments that can rapidly increase ice
concentrations and go on to serve as parent ice particles

experiencing SIP by rime splintering (Grazioli et al. 2015;
Sinclair et al. 2016; Kumjian et al. 2016; Kumjian and
Lombardo 2017), a primary source of SIP (Hallett and
Mossop 1974). In contrast with reflectivity Z and differential
reflectivity Zpr, which are dominated by the electromagnetic
backscattering amplitudes of the largest hydrometeors,
Kapldefined as one-half the range derivative of the differen-
tial phase Fpp between the horizontal and vertical polariza-
tion channels}is more sensitive to small, anisotropic
Corresponding author: Jacob T. Carlin, jacob.carlin@noaa.gov hydrometeors (e.g., Ryzhkov et al. 1998), and is thus well-suited
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to detect large increases in the concentration of small particles
due to SIP in the presence of larger particles.

Carlin et al. (2021) reported similar regions of enhanced
Kgp within the snow sublimation zone of numerous stratiform
precipitation cases. The Ky, in these regions often exceeded
0.28 km?! at S band and were collocated with sharp gradients
of Z and relative humidity with respect to ice (RH;). Lacking in
situ data, the authors conjectured these enhancements
were evidence of SIP due to sublimation. While compara-
tively less studied, sublimational SIP has been observed for in-
dividual particles in laboratory studies and was found to occur
for sublimating graupel and dendritic crystals (Schaefer and
Cheng 1971; Oraltay and Hallett 1989; Dong et al. 1994; Bacon
et al. 1998), with fragment emission rates dependent on the
shape and size of the parent particle and the ambient tempera-
ture and RHj; plates and columns did not undergo sublima-
tional SIP (Oraltay and Hallett 1989). Korolev and Leisner
(2020) questioned the importance of SIP due to sublimation,
as the emitted fragments would rapidly sublimate in air dry
enough to promote SIP unless they were recirculated into su-
persaturated regions, but Phillips et al. (2021) challenged this
as the continual emission of fragments and their sublimation
should result in a quasi equilibrium of enhanced ice concentra-
tions. The scarce observational data on sublimational SIP were
synthesized into a parameterization scheme by Deshmukh et al.
(2022), who showed equilibrium “ice-enhancement ratios” of
5-10 times the parent ice particle concentrations were possible.
Despite this, Patade et al. (2022) found only marginally enhanced
Kgp when simulating stratiform precipitation with this scheme
coupled to a forward polarimetric radar operator (Ryzhkov et al.
2011), although such calculations are sensitive to the presumed
size, shape, and density of the emitted fragments.

In the time since it was first reported in Carlin et al. (2021),
the authors noted that the proposed sublimational SIP K,
signature was not observed at other research radars they ex-
amined. Absent any comprehensive in situ observations from
naturally occurring sublimation events to help contextualize
the radar signatures, this study seeks to further explore the
possible causes of the observed Ky, enhancements in sublima-
tion regions by considering an alternate hypothesis: that data
quality issues pertaining to nonuniform beam filling (NBF)
may instead be responsible. To accomplish this, multifrequency
data from independent operational and research radars for two
sublimation events observed in southeastern New York are ex-
plored to further investigate the sublimational SIP hypotheses
of Carlin et al. (2021) in section 2, and simulations employing a
beam-broadening model to study the impacts of NBF on the
observed Kq, are performed in section 3. A summary and dis-
cussion of the implications of these findings for the observability
of sublimational SIP using the NEXRAD WSR-88D network
are discussed in section 4.

2. Radar observations of potential sublimational SIP

a. KOKX and KASPR details

This study uses data from two radars: The NEXRAD
WSR-88D network KOKX radar site in Upton, New York,
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and the Stony Brook University Ka-band Scanning Polarimetric
cloud Radar (KASPR; Kollias and Oue 2020) in Stony Brook,
New York. KOKX collects PPI scans at various elevation an-
gles depending on the volume coverage pattern (VCP) selected
depending on operational forecasters’ contemporaneous needs.
In this study, two VCPs are included: the so-called clear-air
mode VCP 32 (with 5 elevation angles ranging from approxi-
mately 0.58 to 4.58 every 1.08 and volume scans completed every
"10 min), and a “precipitation mode” VCP 215 (with 15 eleva-
tion angles ranging from approximately 0.58 to 19.58 and volume
scans completed every ' 6 min). WSR-88D radars will often use
VCP 32 when precipitation is far from the radar, the precipita-
tion is evolving slowly, and/or Z values are low, and hence it is
often in place during the gradual onset of snow during sublima-
tion events before switching over to a precipitation-mode VCP.
Therefore, WSR-88D radars will observe regions of strong sub-
limation predominantly with low elevation angles. In contrast,
KASPR operates as a research radar with three separate scan-
ning strategies: A vertically pointing (VPT) mode, a PPI mode,
and a range-height indicator (RHI) mode. This study uses
KASPR data exclusively from the VPT and PPI scans. In partic-
ular, all KASPR PPI scans are performed with a fixed elevation
angle of 158. Unlike the WSR-88D radars which simultaneously
transmit and receive horizontally and vertically polarized waves
(SHV mode), KASPR is “fully polarimetric” which allows for
the additional computation of linear depolarization ratio
(LDR) and other cross-polarimetric variables. Additional
details of each radar are provided in Table 1.

Figure 1 shows the locations of KOKX and KASPR as well
as their PPI ranges for two constant heights AGL. The radars
are very close to one another (22.4 km separation distance)
which allows for overlap of their viewing domains even at a
height of 2.0 km and the typical highest elevation angle. This
overlap in sampling volumes between KOKX and KASPR at
low levels is important for comparing apparent sublimational
radar signatures occurring within the lowest few km of the
atmosphere. Unlike KOKX, the VPT scanning mode of
KASPR additionally allows for investigation of possible
sublimational SIP signatures using Doppler power and LDR
spectra. Previous studies have used the presence of bimodal
VPT Doppler power spectra as a way to infer the existence of
multiple distinct particle populations, such as the coexistence of
ice and supercooled liquid water (e.g., Zawadzki et al. 2001; Li et
al. 2021) or parent ice particles and fragments produced by SIP
(e.g., Zawadzki et al. 2001; Oue et al. 2015), as SIP frag-ments
are expected to have much slower fall speeds than their parent
particles. With no supercooled liquid water expected in
subsaturated regions, a lack of bimodality in the Doppler spec-
tra within observed sublimation regions can help rule out the
possibility of sublimational SIP causing any K4, enhancement.
Additionally, LDR is a power-weighted quantity that is related
to particle density, nonsphericity, and orientation, with denser,
nonspherical canted particles exhibiting enhanced LDR values
[e.g., Eq. (5.40) of Ryzhkov and Zrni¢ 2019; Kumjian et al.
2020]. As such, LDR spectra are useful for identifying the pres-
ence of prolate ice columns, which fall in the slow part of the
Doppler spectrum and feature distinctly high LDR values
near 215 dB (e.g., Oue et al. 2015; Li and Moisseev 2020;
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TaBLE 1. KOKX and KASPR radar attributes.

Variable KOKX KASPR
Latitude 40.86568N 40.89028N
Longitude 272.86398E 273.12808E
Altitude 56 m MSL 48 m MSL
Wavelength lkokx 5 1043 cm lkaspr 5 0.849 cm
Peak transmit power 700 kW 2.2 kW typical
Pulse repetition frequency (PRF) Short: 318-1304 Hz; long: 318-452 Hz Staggered PRF: max 15 kHz
Pulse width 1.57-4.71 mm 0.1-13 mm
Range resolution 250 m 15-200 m
Elevation scanning angles 0.58-19.58, VCP dependent 15.08
Antenna diameter 853 m 1.8 m
Antenna gain 45.5 dB 53.3 dB
Antenna beamwidth 1.08 0.328
Cross-polarization isolation } 227 dB

Li et al. 2021), much higher than the LDR of low-density snow
aggregates and oblate spheroidal plates.

To compare the KOKX and KASPR observations, we
transform PPI data from each radar into quasi-vertical pro-
files (QVPs; Ryzhkov et al. 2016). QVPs are azimuthal aver-
ages of the PPI scans at a particular elevation angle and
displayed as a function of height derived from range. We cal-
culate the corresponding heights of each elevation angle as-
suming standard atmospheric refraction. Because KASPR
and KOKX are at comparable altitudes of 48 and 56 m MSL,
respectively, all subsequent radar beam heights are with re-
spect to radar level. To minimize the production of unrepre-
sentative profiles, data were excluded from each QVP profile if
fewer than 10% of the gates at a given elevation angle and
range had valid data. When multiple elevation angles are
available, such as from KOKX, each individual QVP can be
interpolated onto a common height grid and further averaged
into range-defined quasi-vertical profiles (RDQVP; Tobin
and Kumjian 2017). The use of multiple elevation angles al-
lows more data to be used for each RDQVP profile. Because
RDQVPs use multiple QVP elevation angles, the height of
each QVP corresponds to a different range. To try to limit

41.5°N

41°N

40.5°N

74°W 73°W 72°W

FiG. 1. Map displaying the locations of KOKX and KASPR.
Range rings are included for heights of 5 km AGL (solid) and 2
km AGL (dashed) at what is often the highest elevation angle
available (15.08 at KASPR, 4.58 at KOKX when in clear-air mode).

the data to be most representative of near the radar site,
RDQVPs impose a range threshold past which the weights
given to each QVP drop off exponentially (often 50 km; Tobin
and Kumjian 2017). This distance weighting function is impor-
tant when considering how radar elevation angles can affect
RDQVP profiles. RDQVPs that use larger distance thresholds
will naturally incorporate more data from lower elevation an-
gle QVPs than smaller distance thresholds. Unless otherwise
stated, all KOKX RDQVPs in this study use a 25-km range
threshold.

KASPR Ky, is calculated using the iterative approach of
Hubbert and Bringi (1995), with processing details provided
in Oue et al. (2018). KOKX Ky, is calculated according to
Vulpiani et al. (2012, 2015) using the Py-ART radar process-
ing package (Helmus and Collis 2016). To help with noise re-
duction, we exclude gates with Z, 215 dBZ orry,, 0.9 and
included prefiltering of the Fpp field by removing stretches of
data with fewer than 5 consecutive valid gates and applying a
7-gate median filter to each Fpp profile (i.e., the default Py-
ART Fpp prefiltering parameters). Based on the findings of
Reimel and Kumjian (2021) and knowledge that K4, peaks in
snow are generally wide and low amplitude compared to
those in convective rain, we chose a 12-gate processing win-
dow with 11 iterations. Sensitivity to the number of iterations
was found to be quite low, and the 12-gate window was
deemed sufficient for retaining minor peaks while having suf-
ficient data for an accurate calculation. Even with these con-
siderations, some amount of uncertainty remains regarding
the absolute values of Kg, in regions of such low intrinsic val-
ues where relative errors may be large; the optimal technique
and parameters for calculating K4, in snow deserve further
exploration. As shown in Ryzhkov et al. (2011), Kg, in the
Rayleigh scattering regime is inversely proportional to |.
Therefore, throughout this study we scale the KASPR K, by
Ikaspr/lkokx (i.e., compute an equivalent S-band Ky, esti-
mate) in order to more easily compare it with the KOKX Kgp.
No attenuation correction or Zpr bias correction is per-
formed, nor are any adjustments made to Zpg and Ky, to ac-
count for the radar elevation angle; these impacts are minimal
at the elevation angles examined herein (Ryzhkov et al. 1998,
2016; Griffin et al. 2018).
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F1G. 2. (a) Observed sounding from KOKX nominally at 0000 UTC 1 Feb 2021 (plotted using MetPy; May et al.
2022). (b)~(d) RDQVPs of (b) Z, (¢) Zpr, and (d) Kg, from KOKX using a 25-km averaging radius. The vertical line in

(b)—(d) denotes the approximate sounding launch time.

b. Cases

To find suitable cases of sublimation to examine, we
searched the KOKX sounding archive for cases during the
KASPR observing period (i.e., December-February during
the 2019/20 and 2020/21 winter seasons) that indicated a
layer of substantially dry air underlying a deep, precipitation-
generating saturated layer. KASPR data were collected as
part of the Investigation of Microphysics and Precipitation for
Atlantic Coast-Threatening Snowstorms (IMPACTS) cam-
paign (McMurdie et al. 2022). Two cases were selected that
had KASPR data available for the duration of the sublimation
period prior to snow reaching the surface: 31 January-1 February
2021 (“Case 1”) and 12—-13 February 2020 (“Case 2”).

1) CASE 1: 31 JANUARY-1 FEBRUARY 2021

The first period we examine is from 2100 UTC 31 January
2021 to 0300 UTC the following day. This case is character-
ized by a low-level dry air mass where strong sublimation
moistens the environment (cf. Carlin et al. 2021) until precipi-
tation reaches the surface around 0300 UTC 1 February 2021.
Figure 2a shows the nominal 0000 UTC 1 February 2021
sounding (with a launch time of approximately 2300 UTC 31
January 2021) from the KOKX site. A deep saturated layer
exists up to 350 hPa that overlays a layer of dry air, where
dewpoint depressions maximize at ‘308C within the lowest
1.0 km MSL. Figures 2b, 2c, and 2d show the corresponding
KOKX RDQVP time-height plots during this period. The Z
field is initially elevated as snow sublimates below 2 km. This
layer gradually descends toward the surface as the dry air un-
derlying this precipitation is progressively moistened. In con-
cert with this Z gradient, Fig. 2d shows a coherent layer of

enhanced Kg, around the top of the sublimation layer with
maximal values approaching 028 km?' that descends with the
sublimation zone until approximately 0100 UTC. Elevated val-
ues of Zpr and Z above this Ky, enhancement indicate the
presence of small to moderately sized, anisotropic ice particles.
With the exception of the very end of the 2100-0300 UTC pe-
riod, KOKX was operating in VCP 32 (clear-air mode).

Figure 3 shows PPI scans of Z, Fpp, and Kg, at the 4.58 ele-
vation angle from KOKX and additionally LDR from
KASPR at approximately 2200 UTC 31 January 2021, as well
as the corresponding QVPs. While the QVPs shown in Fig. 3
include all azimuths, an examination of the KOKX sector av-
erage over the approximate KASPR domain showed nearly
indistinguishable results, highlighting the high degree of ho-
mogeneity in the precipitation field. The Z profiles between
both radars are quite consistent (Figs. 3a—c), with Z increasing
to 10 dBZ just below 2 km before rapidly decreasing to less
than 210 dBZ within a '250-m-deep layer. However, there
are noticeable discrepancies between KOKX and KASPR for
Fpp and Kg4,. While the (scaled) KASPR Ky, profile is rela-
tively constant and ranges from approximately 08-0.058 km?'
throughout the entire precipitation layer, the KOKX K, pro-
file clearly exhibits a very large Kq, peak well above 0.18 km?'
within the sublimation region (Fig. 3i) that is quite concentric
and occurs at most azimuths (Fig. 3g). This K4, discrepancy
between KOKX and KASPR is quite suspicious considering
the close proximity of KOKX and KASPR (Fig. 1). The lack of
enhancement in the KASPR data also cannot be attributed to
its more oblique viewing angle of oblate spheroidal par-ticles;
Kgp should be diminished by only 7% compared to a
broadside viewing angle [see Eq. (2) of Griffin et al. 2018].
This K4, enhancement also does not appear to be due to the
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F1G. 3. PPIs of (a),(b) Z, (d),(e) Fpp, (g),(h) Kqp, and (j) LDR from (a),(d),(g) KOKX from 2207:08 UTC 31 Jan 2021 at the 4.58
elevation angle and (b),(e),(h),(j) KASPR from 2201:34 UTC 31 Jan 2021 at the 15.08 elevation angle. (c),(f),(i),(k) Azi-muthal
averages as a function of height from each radar are shown. KASPR Kg, in (h) and (i) has been scaled by a factor of
lkaspr/lkokx and KOKX (KASPR) F pp has been shifted by 2568 (268) for a normalized comparison.
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Kgp processing method or data boundary effects, as a clear in-
crease in the raw Fpp values is apparent at KOKX (Figs. 3d.f).
LDR values at KASPR are low and remain below 225 dB, typ-
ical of snow aggregates (Kumjian et al. 2020), which likely dom-
inate the overall LDR signal in the Rayleigh scattering regime.
A small region of locally enhanced LDR is seen to the north-
east of the radar with values up to 222 dB (Fig. 3j). However,
this is immediately above, rather than within, the sublimation
layer, and with no enhancement in K, accompanying this mod-
est increase in LDR it is unlikely that this signature indicates
appreciable sublimational SIP.

Figure 4 shows mean KASPR VPT spectral data for two
separate time periods during Case 1. The RH; was calculated
from the observed sounding using the equations for saturation
vapor pressure with respect to water and ice provided by Buck
(1981, 1996). Interestingly, there is a bimodal spectra apparent
at 2208 UTC above the sublimation layer ('1.5-2.5 km AGL;
Fig. 4a), with a secondary mode centered around 20.4 m s?'.
However, the spectral LDR remains very low across both
modes and near the detection limit of KASPR (228 to 230 dB;
Fig. 4b), making it unlikely this represents a distinct population
of column-like crystals. Within the sublimation layer, the spec-
tra is unimodal, with Doppler velocities that rapidly increase as
particles sublimate and their terminal velocities decrease. An
hour later, the spectra is unimodal through its depth, with the
addition of a layer with broadened Doppler spectra and rap-
idly changing velocities near the top of the sublimation layer
(Fig. 4c). These type of rapid changes of Doppler velocity with
height are likely explained by turbulence generated from dia-
batic cooling in the sublimation layer (e.g., Kudo 2013). The
LDR at this time show enhanced LDR values up to 220 dB
for the faster-falling velocity bins entering the sublimation
layer. These fall speeds and LDR values may be indicative of
an increase in density due to riming, or simply the existence of
large aggregates with diameters greater than 10 mm, which the
scattering calculations of Tyynela et al. (2011) show can pro-
duce values of LDR . 220 dB at Ka band. Additionally, the
enhanced LDR at the edges of the spectra in Figs. 4b and 4d
are due to low SNR and the contribution of noise spectral den-
sity at very low values of copolar spectral power. Regardless,
within the sublimation layer, an increase in the Doppler veloci-
ties, a narrowing and weakening of the unimodal spectra, and
values of LDR well below those of column-like crystals sug-
gest no indication of SIP within the sublimation layer. Other
time periods (not shown) also do not indicate bimodal Doppler
spectra in the sublimation layer.

2) CASE 2: 12-13 FEBRUARY 2020

Unlike Case 1, Case 2 does not exhibit a consistent layer of
enhanced Kg, within the sublimation layer but does have two
Kqp enhancement periods at approximately 2200 UTC 12
February and 0000 and 0045 UTC 13 February 2020 (Fig. 5d).
The low-level air for this case is even drier than in Case 1,
with dewpoint depressions maximizing at more than 408C.
Also, the height of the sublimation layer for the shown period is
higher than Case 1, beginning at approximately 3.0 km
above radar level (ARL) and descending to 2.0 km ARL by

VOLUME 40

0030-0100 UTC. The brief period of enhanced Z and Zpr at
0130 UTC is due to the intrusion of the melting layer. During
this period, KOKX was operating in VCP 215 (precipitation
mode).

Figure 6 shows the corresponding 5.08 PPIs and QVPs at
approximately 0050 UTC. While VCP 215 includes higher ele-
vation angles, the 5.08 elevation scan is shown for consistency
with Fig. 3. The decrease of Z through the sublimation layer
is a bit more gradual for this case than Case 1, occurring over
a ’500-m-deep layer, although initial values at the top of the
sublimation layer were larger (20 dBZ compared to 10 dBZ;
Fig. 6¢). However, similar to Fig. 3i, Fig. 6i shows a K4, peak
at the top of the sublimation layer for KOKX but no such en-
hancement for KASPR, although it is less azimuthally homo-
geneous than Case | (Fig. 3g). As in Case 1, this is visually
apparent even in the raw Fpp QVP (Fig. 6f). This behavior is
consistent in the Doppler spectra as well, where there is an
apparent turbulent layer around 2.0-2.3 km and a subsequent
rapid decrease in the unimodal Doppler velocities (Fig. 7a)
and no marked increase in the LDR in the slower-falling ve-
locity bins (Fig. 4b). For this case, 0045:47 UTC was the ear-
liest spectra data available from KASPR; the apparent
sublimation zone in the Doppler spectra is well below the
strong RH; gradient because the sounding was launched
roughly 2 h previous before additional moistening had occurred.

Figures 2 and 5 confirm that KOKX observes K4, enhance-
ments for both of these cases, consistent with the sublimation
RDQVPs of Carlin et al. (2021), whereas KASPR does not
show these enhancements. Moreover, KASPR spectra are not
bimodal in the sublimation region (Figs. 4 and 7) unlike what
might be expected if the associated K4, enhancements re-
sulted from appreciable SIP processes, nor does the examined
spectral LDR data support the existence of dense, aniso-
tropic, canted particles resulting from SIP within the sublima-
tion layer. Instead, we now explore a different hypothesis:
that the emergence of the KOKX Ky, signal is instead a result
of NBF.

Figure 8 shows an example set of the QVPs that comprise
the RDQVPs in Figs. 2 and 5. The time chosen for Case 2
matches the PPIs shown in Fig. 6, while the time chosen for
Case 1 coincides with the radiosonde launch and the spectral
data shown in Fig. 4b. When viewed separately at each indi-
vidual elevation angle, the effects of beam broadening in the
KOKX data are apparent and pronounced. While there is
good agreement with the maximum Z value entering the sub-
limation layer, which is known with high confidence from the
KASPR VPT scans, the Z gradients within the sublimation
layer from KOKX become progressively less sharp at lower
elevation angles and appear increasingly far below where they
are actually located (Figs. 8a,d). This is especially obvious for
Case 2 (Fig. 8d), where the sublimation-layer Z gradient mea-
sured at low elevation angles appears up to '1.0 km below
the gradient height indicated by the VPT data. These effects
become more muted for sublimation regions at lower alti-
tudes (e.g., Fig. 8a). The attendant profiles of Fpp and Ky,
also exhibit interesting characteristics. The Fpp profiles reveal
a relatively large increase at low levels, followed by a lessen-
ing of the slope before assuming a near-constant slope above
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FiG. 4. (a),(c) Copolar spectral power (dB; blue shading) and (b),(d) LDR (dB; red shading) from zenith-pointing
KASPR scans at (top) 2208:00 and (bottom) 2305:32 UTC 31 Jan 2021. The corresponding RH; profile from the

0000 UTC 1 Feb 2021 KOKX sounding is shown in all panels in gray shading. Doppler velocities are defined with
negative being downward and LDR is calculated where Zyy; . 270 dBmand Zyy . 287 dBm.

the sublimation layer. This is reflected in Kg, as a localized the mean is quite coherent (e.g., Figs. 2 and 5), it is clear that
peak within the sublimation layer, as discussed in section 2b, the height of the K4, enhancement within the sublimation
above which there is very good correspondence between layer increases with elevation angle when viewed separately,
the KASPR and KOKX Ky,. While the K4, enhancement in ~ with gradually smaller peak magnitudes at higher elevation
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FI1G. 5. As in Fig. 2, but for 12-13 Feb 2020.

angles. These observations serve as the basis for initializing
and validating the model presented in section 3.

3. Idealized beam-broadening model simulations

To investigate whether NBF can explain the observed dis-
crepancy in Kg, between KOKX and KASPR, we attempt to
realistically simulate the KOKX observations by incorporating
the effects of beam broadening and subsequent NBF using an
adaptation of the Ryzhkov and Zrnit (1998) beam-broadening
model. This model operates on so-called intrinsic profiles
(abbreviated with the subscript “int”) of Z, Fpp, and Ky,
which represent what would be observed with a theoretically
perfect radar (e.g., no calibration errors, an infinite number of
samples) with an infinitely narrow beamwidth, and produces
so-called observed profiles (abbreviated with the subscript
“obs”) that would be measured by a realistic, imperfect radar
when taking the impact of beam broadening on the intrinsic
profiles into account. The observed differential phase mea-
sured by a radar, Fpp,obs, can be fundamentally expressed as
[Ryzhkov 2007, adapted from their Eq. (A13)]
int

FDP,obs 5 arg VZ. thl,/irzltlrhv,intlexplzz(Ah 1 Av)]

3 expli(Fppn 1 dip)1l(u,c) drdude, (1)
where Ziy and Zg in¢ are the intrinsic reflectivity at horizontal
polarization and differential reflectivity in linear units, respec-
tively, |rhy.ine| 1S the magnitude of the intrinsic cross-correlation
coefficient, Ay is the attenuation at horizontal and vertical
polarizations, Fpp in¢ is the intrinsic differential phase upon
propagation, din is the intrinsic backscatter differential phase,
I(u, c) is the beam illumination function, and the integral is
evaluated for the radar resolution volume V in range (r),

azimuth (u), and elevation (c). Following Ryzhkov and
Zrni¢ (1998), we make a number of simplifying assumptions:
1) that Zg.int is close to 1 (in linear units) and does not vary
appreciably within the radar resolution volume, 2) that ryy in is
close to 1 and does not vary appreciably within the radar res-
olution volume, that 3) attenuation and 4) di, are negligible,
5) that the change in the range direction within the radar reso-
lution volume is negligible, and by 6) assuming azimuthal
homogeneity. Assumptions 1-4 are based on observed charac-
teristics of dry aggregated snow above and within the sublima-
tion layer (e.g., Carlin et al. 2021), and assumption 5 is
predicated on the fact that the range resolution (e.g., 250 m) is
much smaller than the resolution in the transverse direction
(i.e., in azimuth and elevation). Assumption 6 is also based on
the observed characteristics of sublimating snow [i.e., the
“donuts” on radar discussed in Carlin et al. (2021) and seen in
Figs. 3 and 6] and is used for both Zi, and Fpp,in; this is a con-
servative assumption that will underestimate the broadening
of azimuthally averaged profiles in the vertical, such as QVPs.
With these assumptions, Eq. (1) can be expressed as

FDP,obs(r, cy) 5 arg Z; (r,c)I(c, cO)exp[jFDP’im(r,c)]dc,
)

where cy is the elevation angle at the center of the beam. Sim-
ilarly, the observed reflectivity Z,s is found according to

Zs(r,cy) 5 Z;, (r,c)I(c,cy)dc: 3)

In Egs. (2) and (3), the integrals are calculated using Simpson’s
rule, and I(c, c¢) is approximated by an axisymmetric Gaussian
two-way antenna pattern (Doviak and Zrnié 1993):
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F1G. 7. As in Fig. 4, but for 0045:47 UTC 13 Feb 2020 and with the corresponding RH; profile from the 0000 UTC 13

Feb 2020 KOKX sounding (gray shading). LDR is calculated where Z yy .

1(c72 cg)i

1
I(c,cy) 5 2p76xp 22 5 s (€))

s
where s 5 V/4In(2) and V is the one-way 3-dB antenna
beamwidth following Ryzhkov (2007). We define V to be 1.08
to emulate the WSR-88D beam pattern (Table 1). Because we
assume the precipitation is azimuthally homogeneous, we pre-
scribe uniform intrinsic profiles of Zi, and Kup i that character-
ize a slab of precipitation of infinite length over the radar site.
Then, for each simulated radar gate at range r we calculate the
heights that all points within I(c, c¢) intersect the intrinsic pro-
files. The Fpp,inc at r along each elevation angle within I(c, co) is
found by integrating the Ky i along the ray according to

T
Fopine(r;€) 5 2 w0 Kp ine(r)dr: )
iy

Here, a Dr of 250 m is used to mimic the NEXRAD range
gate spacing. We then integrate across I(c, co) to find Fpp obs
and Zn ops centered at co according to Egs. (2) and (3). For
practical purposes, Eqgs. (2) and (3) are evaluated between
Co 2 208 and co 1 2.08 to ensure we encompass the entire
beam pattern. Finally, the observed Kgp 005 for a given ele-
vation angle is found by one-half the range derivative of
Fpp,obs:

| Authenticated

270 dBmand Zvyy . 290 dBm.

1dFg,.obs(T5€0)
Kipos (1 €g) 55— (6)
As before, we exclude differential phase upon transmission as
well as potential contributions to Fpp_obs from d, which can ex-
ist in regions of non-Rayleigh scattering but which should be
minimal in dry aggregated snow even at Ka band. Addition-
ally, Kg, is calculated from Fpp locally; a multigate averaging
window is not needed as for observations due to the absence of
measurement noise.

We performed a control run simulation to demonstrate the
basic behavior of the model using intrinsic profiles of Z and
Kgp informed from Fig. 8. These profiles were not found by ex-
plicitly computing the electromagnetic scattering of hydrome-
teors with assumed characteristics (e.g., density, shape) but are
simply defined to exist inherently. Similar to Case 2, the Ziy,
profile is prescribed to be 20 dBZ from the top of the model
(assumed to be 6000 m) down to the top of the sublimation
layer at 2000 m, and then rapidly decrease to 220 dBZ over
the 500-m-deep layer. This decrease is modeled using a modi-
fied Gauss error function given by

Zint(z) 5 Zim,min 1 %(Z

2 Z )11 erf(z)],

Q)

int,max int,min

where Zing.min and Zinmax are 220 and 20 dBZ, respectively,
and erf(z) is given by
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Case 1: 31 Jan 2021 - 01 Feb 2021
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F1G. 8. Observed QVPs of (a),(d) Z (reds; dBZ), (b),(e) prefiltered Fpp (greens; 8), and (c),(f) Kq, (blues; 8km?")
from KOKX for (a)~(c) Case 1 at all elevation angles and (d)—~(f) Case 2 at select elevation angles. The KASPR profiles
(black) in (a) and (d) are from the KASPR VPT scans while in (b), (¢), (¢), and (f) KASPR PPI data are used. The
KOKZX, KASPR VPT, and KASPR PPI scan times for Case 1 are 2257:46, 2305:32, and 2259:06 UTC, while for Case 2
they are 0050:00, 0045:47, and 0050:08 UTC, respectively. The sublimation layer is denoted by the dashed horizontal lines.

erf(z) 5 y.zz 2% dx (8) to the top of the sublimation layer and decrease to 0.08 km?!
p 0 using an analogous modified Gauss error function. A VCP 32
(clear-air mode) scanning strategy is assumed.
to simulate a smooth transition into the sublimation layer. The simulated profiles of Z,s and Kap,obs for these control

Similarly, Kgj, ;n is assumed to be constant at 0.18 km?! down  run intrinsic profiles are shown in Fig. 9. The impacts of beam
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FiG. 9. Simulated vertical profiles of Ky, (8 km” '; blue) and Z
(dBZ; red) for a hypothetical NEXRAD VCP 32 (clear-air mode)
scanning strategy using the NBF model of Ryzhkov and Zrnic
(1998) described in text. Lines increase in darkness as the elevation
angle increases.

broadening on the depiction of Z within the sublimation layer
are immediately apparent, with the sharpness of the transition
into the sublimation layer progressively more smeared at
lower elevation angles and with Z,s up to 1000 m closer to
the ground than Z;,, for the 0.58 elevation angle. However, the
effects are much more negligible by even the 4.58 elevation an-
gle, which depicts a sharper transition into the sublimation
layer and a fairly comparable height and slope of the Z gradi-
ent within it as Zi,. There is also a small negative bias of Z
above the sublimation layer that is worse at lower elevation
angles than higher ones. Both of these findings are in very
good agreement with the observations in Fig. 8d for a sublima-
tion layer around 2 km AGL, which shows Z observed up to
1000 m lower than the VPT KASPR data indicate, smeared
transition zones, and negatively biased Z values above the sub-
limation layer that is worse for low elevation angles and dimin-
ishes for higher elevation angles.

In contrast, the simulated Kup,obs profiles exhibit pro-
nounced impacts from NBF at all of the simulated elevation
angles that resemble the observed Kq, QVPs in Figs. 8c and 8&f.
Compared to Kgp ini, a clear dipole bias exists, with a thin
200-300-m-deep layer of appreciably higher Ky, obs values
up to 0.078 km?' beneath the sublimation layer (where
Kp.int is 0.08 km?") underneath a layer of gradually decreas-
ing negative biases in Kgp obs. This sort of NBF-induced di-
pole is reminiscent of the melting-layer simulations of
Ryzhkov and Zrni¢ (1998), where they observed a positive
Kgp bias below the melting level, negative bias within it, and
another positive bias above it associated with the inverse Z
gradient in the upper half of the radar brightband. The posi-
tive K4, biases are quite peaked compared to the negative
biases, which are more gradual and exist through a greater
depth. In addition, unlike the impacts of beam broadening

VOLUME 40

on Z, which suppressed the height of the Z,,s gradient to
decidedly below that of Z;,,, the Kgp,0bs profiles still feature
an overall (weakened) gradient at the correct height, with
the addition of the spike of erroneously high K, o5 beneath
the main sublimation-layer gradient. The height of the posi-
tively biased Kap obs ascends and converges toward Kap,int
with increasing elevation angle while the overall depth of
the bias dipole decreases slightly. However, even for the
4.58 elevation scan with reduced beam broadening impacts
on Z, the induced positive Kqp obs bias remains comparable to
those from lower elevation angles. The simulated positive
Kdp,obs peaks are narrower than those observed, although this
discrepancy is expected due to both Ky, processing within a
multigate window and additional smearing due to azimuthal
averaging of heterogeneities. With independent remote sens-
ing evidence suggesting that the observed sublimation-layer
K4, enhancements at KOKX are not due to SIP (see section 2b)
and the marked agreement with the QVP observations in Fig. 8,

these simulation results strongly suggest that these enhance-
ments are an artifact due to NBF.

We explored the impact of the intrinsic precipitation char-
acteristics by systematically modifying the Zi, and Kgp,int pro-
files from the control run. In Fig. 10a, the sublimation layer
was extended to a depth of 1000 m instead of the 500-m de-
fault depth. The sublimation layer was also shifted upward by
250 m to keep the center of the sublimation layer at the same
height as the control run. The resultant Kg, o»s biases show a
stronger sensitivity to elevation angle than the control run.
The profiles from lower elevation angles look very similar to
the control run due to saturation of the beamwidth with re-
spect to the sublimation layer. For example, at the 0.58 eleva-
tion angle, once the lower edge of the 1.08-wide beam reaches
1500 m (i.e., the bottom of the sublimation layer), the top of
the beam has already reached nearly 4300 m, putting the
entire sublimation layer within the beam in both the control
and this modified profile. In contrast, at higher elevation
angles, the induced positive Kgp obs bias is noticeably smaller
than in the control run. The corresponding beamwidth at the
4.58 elevation angle is just 368 m. This finding is intuitive, as a
weaker Z gradient results in lesser diversity within the radar
beam of a given size. However, this finding also hints at the
nature of how these NBF effects may obfuscate any (likely
small) true enhancements of Kq, due to SIP, as drier air that
results in stronger sublimation, sharper Z gradients, and more
potential for snow to make it into sufficiently dry air to subli-
mate and undergo SIP (e.g., relative humidity with respect to
ice # 70%; Oraltay and Hallett 1989) will also contribute to
stronger artificial K4, enhancements.

The impact of the sublimation-layer height is examined in
Fig. 10b, where the sublimation layer has been shifted down to 1
km AGL. In this case, the biases at all but the lowest elevation
angles are minimal compared to when the sublimation layer
was higher. These results again clearly demonstrate the relation
between the degree of beam broadening and the severity of the
NBF impacts. While the corresponding 0.58-elevation-angle
beamwidth is 1600 m by the time the bottom of the beam has
reached the sublimation layer (at a range of ‘92 km), and
we see similar Ky, 00s €enhancements as the control run, the
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F1G. 10. As in Fig. 9, but for (a) a deeper sublimation-layer depth, (b) a lower subli-
mation-layer height, (c) a weaker Fpp gradient, (d) a weaker Z gradient, (¢) VCP
215, (f) a narrower beamwidth of 0.328, (g) an offset of the Kg, gradient, and (h)
a 25-km RDQVP using the VCP 215 scanning strategy.

Brought to you by SUNY AT STONY BROOK (3315) | Authenticated mariko.oue@stonybrook.edu | Downloaded 07/19/23 05:58 PM UTC



Brought to you by SUNY AT STONY BROOK (3315)

78 JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

4.58-elevation-angle beamwidth is just 128 m (at a range of
’7 km), minimizing the degree of variability within the
beam. This likely explains, at least in part, the consistent ap-
pearance of the enhanced K¢, in the sublimation layer at al-
titudes higher than ‘1-2 km AGL in both Carlin et al.
(2021) and Figs. 2 and 5. Finally, the magnitudes of the
Kp,int and Zi, above the sublimation layer also affect the
resultant biases due to NBF. The Kgp int Was halved in Fig. 10c,
with the attendant K, ops biases below the sublimation layer
maintaining their shape but with their magnitudes proportion-
ately smaller. A halving of Z;, above the sublimation layer
(and subsequently the magnitude of the gradient within it)
also diminishes the impacts of NBF, but primarily minimizes
the peak magnitude and prominence of the positive Kqp,obs
biases while maintaining the overall higher values compared
to Kgp,int below the sublimation layer. Taken together, these
results speak to the overwhelming impact of the radar’s eleva-
tion angles on determining the impacts of NBF, as the ob-
served biases are worse in Fig. 8c despite Fig. 8f having a
sharper Z gradient and higher sublimation layer, both of which
otherwise worsen NBF effects.

We also performed sensitivity tests regarding radar charac-
teristics and scanning and processing strategies. Figure 10e
shows the default intrinsic profiles but scanned with VCP 215
(precipitation mode). For the sake of clarity only five select
elevation angles are shown. Unsurprisingly, the amount of
broadening of the sublimation layer in Z,,s and NBF impacts
on Kap,obs are strongly diminished at higher elevation angles,
as the beams are still relatively narrow when intersecting the
intrinsic profiles and do so at a more oblique angle, diminish-
ing the variability of the intrinsic variables within the beam.
This, in part, likely explains why Kq, enhancements in the
sublimation layer were never apparent in the KASPR data, as
the PPI scanning angle was fixed at 15.08; the comparable
16.78 elevation angle profile from KOKX shows only a slight
negative bias in the upper portion of the sublimation layer
with no positive Kap,obs peak beneath it. However, an even
more dramatic effect is seen for a modified beamwidth.
Figure 10f shows the default profile but for KASPR'’s
beamwidth of 0.328. While there is still a pronounced Kyj, ops
bias at the 0.58 elevation angle, this rapidly diminishes and be-
comes quite minor for elevation angles greater than 2.58 as the
beamwidth is narrower by approximately a factor of 1.0/0.32.
Rather than the chosen Ky, processing routine or any differ-
ence in precipitation characteristics between the two sites, it is
very likely that the combination of KASPR’s narrow beam-
width and its fixed elevation angle at 15.08 eliminated any im-
pacts of beam broadening and NBF on the observed Fpp and
explains the consistent lack of any Kg4, enhancement in the
sublimation layer from KASPR despite its shorter wavelength
that should, all else being equal, make NBF effects much
worse.

While the simulations presented in Figs. 9 and 10 bear an
overall close resemblance to the observed Z and Ky, profiles
(e.g., Fig. 8), the magnitude of the observed K, enhancements
is bigger than the simulated ones (roughly 0.108-0.158 km?'
versus 0.078 km?!, respectively). An additional sensitivity test
where the Kgpine gradient is located in the lower half of the
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sublimation layer was performed and is shown in Fig. 10g. The
effect of this change on the resultant positive Kqp o5 biases is
striking and dwarfs the impact of all other sensitivity tests thus
far, with the peak magnitudes more than doubling to over
0.158 km?'. This can be understood using the vectors in
Fig. Al in the appendix, as larger Ky in: coincident with a
Zin gradient causes more dramatic rotation of the vectors
and subsequent NBF effects. While it is reasonable to expect
the majority of small particles that contribute to the bulk of
Kgp to sublimate quickly in the upper portions of the sublima-
tion layer, remaining uncertainty associated with defining a
representative Kgp,ine profile and the observed variability on a
radial-by-radial basis that contributes to the azimuthally aver-
aged profile may explain the remaining gap between the mag-
nitudes of the simulations and observed profiles.

Another apparent curiosity arises that concerns the clarity
of the K4, enhancement when averaging the various elevation
angles together during RDQVP processing. Due to the dipole
nature of the Ky, bias at each elevation angle, it seems intui-
tive that there would be appreciable destructive interference
between the elevation angles that would minimize the overall
extent of the NBF impacts. Ryzhkov and Zrnic (1998) ob-
served a similar negation of biases for isolated rain cells,
where little overall bias was observed in the total areal rain-
fall. However, Fig. 10h shows the default profile when lim-
ited to what would be included in the averaging for an
RDQVP with a 25-km cutoff radius (applied to VCP 215 el-
evation angles). Because the lower elevation angles do not
reach sufficient heights to be affected by NBF before exiting
the 25-km-range threshold, their negative bias region coin-
ciding with the positive biases from higher elevation angles
(e.g., Fig. 9) are excluded from the averaged profile. In addi-
tion, the height of the peak Kap obs enhancement gradually
converges with increasing elevation angle. Therefore, such a
cutoff allows for the enhancement regions from intermedi-
ate elevation angles to constructively reinforce each other
and produce a clear signal.

This is further examined in Fig. 11, which shows the aver-
aged RDQVP for the enhanced K, bias case (i.e., Fig. 10g) as
a function of RDQVP cutoff range. The artificial Kq, en-
hancement peaks at intermediate but fairly short averaging
radii [e.g., roughly 20-25 km for VCP 32 (clear-air mode) and
at 13 km for VCP 215 (precipitation mode)]. At very short av-
eraging radii, the lower elevation angles that experience the
most severe NBF effects get cut off before those effects can
be incorporated into the average profile, and at larger averag-
ing radii more of the lower elevation angles’ negative dipole
regions are incorporated into the averaging that reduces the
magnitude of the overall bias. In contrast to this, the effects of
beam broadening on Z are maximized for the largest averag-
ing radii for both VCPs, as more influence from the most-
smeared lowest elevation angles are able to be incorporated
into the average profile at the sublimation-layer height. As
stated before, this example should be considered conserva-
tive, as deeper and more prominent enhancements due to
azimuthal heterogeneity and the use of multigate averaging
windows would result in more constructive interference and
clearer K g, biases in real RDQVPs.
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Fig. 11. Simulated RDQVPs of (a),(c) Z and (b),(d) K4, as a function of RDQVP averaging radius for
(a),(b) clear-air mode (VCP 32) and (c¢),(d) precipitation mode (VCP 215) taking into account beam-broadening and
NBEF effects. The profiles at a range of 0 km are the intrinsic profiles.

4. Discussion and conclusions

In this study, we explored two cases of sublimating snow ex-
hibiting a layer of enhanced Kgyp. These enhancements have
previously been hypothesized to result from SIP (Carlin et al.
2021) and thus were examined in more detail using a collo-
cated S-band WSR-88D radar and a Ka-band research radar.
The signature has been frequently observed at S band but not
at Ka band, where any K4, enhancement within the Rayleigh
scattering regime should be much more apparent. The ab-
sence of a distinct population of particles produced through
sublimational SIP was confirmed via vertically pointing
Doppler spectra and spectral LDR observations as well as
through PPIs and QVPs of other polarimetric variables. Using
the beam-broadening model of Ryzhkov and Zrnic (1998), we
showed that the observed Ky, enhancements likely result
from the effects of NBF in the presence of a very strong
Z gradient within the sublimating snow. This NBF results in a
K4, bias dipole in the vertical; constructive interference of
these profiles from different elevation angles was shown to be
possible due to range thresholds used in RDQVP processing.
Sensitivity tests revealed a response of this NBF artifact to
the strength of the Z gradient (which is related to the de-
gree of subsaturation in the dry layer), the height at which it
occurs, the radar’s elevation angles, the aforementioned
range cutoff during RDQVP processing, and the radar
beamwidth. It is believed that the relatively high (158) ele-
vation angle together with the narrow beamwidth of the
Ka-band radar nearly eliminated the impact of NBF com-
pared to the S-band radar, despite it having an intrinsic Kg,
over 12 times larger and NBF effects being more severe at
shorter wavelengths.

This presumed misinterpretation of polarimetric evidence
of SIP due to sublimation put forth in Carlin et al. (2021) may
serve as a cautionary tale regarding the importance of con-
sidering the effects of beam broadening when interpreting
polarimetric signatures, especially when presented in an az-
imuthally averaged time-height format where such effects
may be obfuscated. Case studies of SIP due to sublimation
are particularly ripe for misinterpretation because the factors
believed to contribute to and be evidence of SIP}sufficiently
large Z entering the sublimation layer indicative of large ag-
gregates and sufficiently dry air to rapidly sublimate the snow
within a confined layer}are the same factors that directly con-
tribute to stronger Ky, enhancements due to the impacts of
NBF on Fpp. Paradoxically, any genuine K4, enhancements
within the sublimation layer (e.g., caused by SIP due to sub-
limation or turbulence-enhanced collisional breakup) will
worsen these NBF impacts, further obscuring the enhance-
ment. Similarly, some of the observation-based assumptions
made in the beam broadening model}namely, the unifor-
mity of Z4, and |ryy| within the sublimation layer}may not
strictly hold, as the variability in the supporting observa-
tions could be muted due to beam broadening as well. The
bands of enhanced Ky, remain perfectly coincident with the
Z gradient as it descends and occur low enough into the sub-
limation layer so as to be collocated with very low RH;, a
necessary condition for prolific SIP (e.g., Oraltay and Hallett
1989). The cohesion of this band and its maximum values,
along with its appearance and demise now believed to be due
to the geometry of the VCP and the RDQVP processing, were
consistent with the interpretation Kg, enhancements believed
to be due to other SIP mechanisms.
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Even as Ky, is increasingly shown to be a crucial element of
polarimetric microphysical retrievals in snow (Ryzhkov et al.
1998; Bukov¢i¢ et al. 2018, 2020; Ryzhkov and Zrnic 2019; Hu
and Ryzhkov 2022; Dunnavan et al. 2022; Blanke et al. 2022),
the development of methods for accurately calculating K, re-
mains an active area of research, with no single best agreed-
upon approach for all circumstances (Reimel and Kumjian
2021). Herein, we also explored calculating K4, using the
method employed operationally by the U.S. National Weather
Service (Ryzhkov et al. 2005); the overall qualitative conclu-
sions remained the same, but quantitative differences in the
magnitude of the K4, enhancements and agreement with the
KASPR observations were observed. Separate from areas of
NBEF, regions of nonnegligible d, ground clutter, nonmeteoro-
logical scatterers, and measurement noise all contribute to the
need for robust filtering of Fpp prior to computing Kg,. Filter-
ing techniques proposed to calculate K4, from Fpp that rely
on constraints of Fpp increasing monotonically along the ra-
dial, such as linear programming (Giangrande et al. 2013),
have cited areas of NBF as regions where such approaches
should not be used. However, examples of such instances have
historically been regions of sharp azimuthal Z gradients (such
as occurs in squall lines oriented parallel to the radar beam) or
in sharp vertical Z gradients within stratiform precipitation
melting layers (Giangrande et al. 2013). While the values of Z
within snow sublimation layers are typically low with noisy
Fpp that make the accurate computation of K, inherently dif-
ficult, the increasingly widespread adoption of radar process-
ing techniques that azimuthally or spatially average radar data
to obtain estimates of the polarimetric variables with reduced
noise has revealed other scenarios of prohibitive impacts of
vertical NBF in snow, which have not historically received at-
tention. Because the scale of the impacts of NBF are quite
small compared to that seen in intense convection, we did not
observe the characteristic drop of r,, down-radial from the
NBF (e.g., Ryzhkov 2007). Despite this, we have demon-
strated that the impact on Fpp is significant enough to impact
the calculation of the small values of Ky, in snow that be-
come robust enough to use with azimuthal averaging.

Despite the new interpretation of the enhanced K4, regions
reported in Carlin et al. (2021), we do not mean to imply that
SIP due to sublimation never occurs in these layers of pro-
nounced snow sublimation but rather that our ability to
observe it using typical operational radars and scanning
strategies may be limited due to the contamination by
NBF. There remains robust, if limited, laboratory evidence
of SIP due to sublimation of both dendritic snow crystals
and rimed graupel particles, and the results herein do not
necessarily support either side of the debate regarding the
ultimate importance of sublimational SIP. Future work
should explore applying the beam broadening model pre-
sented here to explicit simulations of SIP due to sublima-
tion [e.g., using the scheme of Deshmukh et al. (2022)
coupled to a polarimetric radar forward operator] that may
alleviate some of the assumptions made in deriving Eq. (2).
Additionally, more in situ data collected in regions of
strong sublimation similar to the cases studied here will
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help address the remaining ambiguities regarding SIP due
to sublimation.
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APPENDIX

Physical Explanation of Nonuniform Beam
Filling Effects

Herein, we provide a physical explanation of the NBF ef-
fect. We define a precipitation slab located at height H with
stepwise vertical profiles of Z and Ky, (i.e., Z and Ky, are
constant above height H and zero below H; Fig. Ala), with
no explicit sublimation-layer gradients for simplicity. Con-
sider three narrow subbeams within the antenna pattern
that approach and intersect the precipitation layer at height
H at different ranges and, correspondingly, at different
times. One of them corresponds to the beam center at ele-
vation angle c( and the others near the top and the bottom of
the beam at elevation angles co 1Dc and co 2Dc, re-
spectively. The total Fpp is a function of the contributions
from each of these subbeams. In this simplified example
and as defined in Eq. (2), the total Fpp is equal to the
phase of the sum of the three complex vectors (or phasors)
representing the central subbeam (ac) and the two off-center
subbeams at the top (a;) and bottom (ay) of the beam. The
expressions for these phasors can be written as

a, 5 Aelfor() 5 A eKelr2r) (A
and
a5 A or 5 AP (A2)
where the phasor amplitudes are defined as
A5 ZI(cy, o), (A3)
whenr. r.and
Ay 5 ZI{cy 1 De,cy), (A4)
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Fi1G. Al. Graphical representation of the effects of nonuniform beam filling. (a) Cartoon representing the radar
beam intersecting a slab precipitation layer that begins at height H. The shading represents uniform Z and Ky, fields
while 1, r., and 1, represent the ranges at which the top, center, and bottom of the beam intersect the precipitation
layer, respectively. The beam center is at elevation angle ¢, with off-center locations within the beam pattern located at
co 6 Dc, and phasors ay, a., and a, as described in text. (b),(c) Phasor diagrams showing representative vectors as-
sociated with the denoted locations within the beam pattern at (b) intermediate ranges before the entire beam has en-
tered the precipitation layer and (c) ranges once the entire beam is within the precipitation layer compared to the

overall measured vector integrated across the beamwidth.

when r . 1. In Egs. (A3) and (A4), I is the Gaussian
beam pattern weighting function given by Eq. (4). Because Z
is uniform above H but the beam power is maximized at co,
A.. Ay, once the respective range thresholds are met.

It can be inferred from Egs. (Al) and (A2) that, due to
the assumption of a constant K4, in the precipitation layer,
the phase difference between the three phasors is constant at
all ranges r. This means that the phasors rotate synchro-
nously with increasing r. However, at distances r., r, 1,

the phasor a; adds to the phasor a. in such a way that the
total differential phase becomes larger than the one associ-
ated with the phase of a., which alone represents the case of
an infinitesimally narrow antenna beam with no NBF im-
pacts (Fig. Alb). At longer distances (i.e.,, r . 1) where all
three subbeams are within the precipitation layer, all three
phasors are summed up and the direction of the overall re-
sultant phasor coincides with the direction of a., eliminating
the impact of NBF (Fig. Alc). This simple scheme explains
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F16. A2. Asin Fig. Alc, but in the presence of Z and K, increas-
ing upward within the sublimation layer.

the measured bump in the radial profile of the Fpp from
Eq. (2) (i.e., at ranges prior to the entire beam being
within the homogeneous precipitation layer), which causes a
“dipole” bias K4, signature compared to the intrinsic K,
profile.

It is clear that the NBF effect is dependent on the an-
tenna beamwidth and on the value of the incidence angle of
the electromagnetic wave entering the precipitation slab. For
the extreme case of normal incidence (i.e., a zenith-
pointing angle), the contributions from the vectors a, and a;
are equal at all distances from the radar and there is no
NBF impact on the radial profile of Fpp. The magnitude of
the NBF effect depends on the degree of asymmetry be-
tween the contributions of the off-center subbeams a; and a,
to the vector sum. Such an asymmetry becomes larger as the
range differences r, 2 r; and 1, 2 r. increase, which
happens for broader beams and lower incidence angles. It
also becomes larger with vertical gradients of Z and Kg, as
seen in sublimation layers. Kq, increasing upward increases
the angle difference between a; and a, when r . r. and be-
tween a. and a, when r .
ing upward makes the magnitude of a; larger relative to a.
and causes further rotation of the overall measured phasor,
as well as increasing the asymmetry between the two off-
center subbeams. As such, vertical gradients of the radar
variables within sublimation layers further magnifies the ef-
fects of NBF to observable levels, even in snow.

rp (Fig. A2). Similarly, Z increas-
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