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ABSTRACT: The potential of millimeter-wavelength radar-based ice water content (IWC) estimation is demonstrated
using a Ka-band Scanning Polarimetric Radar (KASPR) for the U.S. northeast coast winter storms. Two IWC relations for
Ka-band polarimetric radar measurements are proposed: one that uses a combination of the radar reflectivity Z and the
estimated total number concentration of snow particles Nt and the other based on the joint use of Z, specific differential
phase KDP, and the degree of riming frim. A key element of the algorithms is to obtain the “Rayleigh-equivalent” value of
Z measured at the Ka band, i.e., the corresponding Z at a longer radar wavelength for which Rayleigh scattering takes
place. This is achieved via polarimetric retrieval of the mean volume diameter Dm and incorporating the relationship
between the dual-wavelength ratio DWRS/Ka andDm. Those techniques allow for retrievals from single millimeter-wavelength
radar measurements and do not necessarily require the dual-wavelength ratio (DWR) measurements, if the DWR–Dm

relation and Rayleigh assumption for Ka-band KDP are valid. Comparison between the quasivertical profile product
obtained from KASPR and the columnar vertical profile product generated from the nearby WSR-88D S-band radar meas-
urements demonstrates that the DWRS/Ka can be estimated from the two close radars without the need for collocated radar
beams and synchronized antenna scanning and can be used for determining the Rayleigh-equivalent value of Z. The
performance of the suggested techniques is evaluated for seven winter storms using surface disdrometer and snow accumu-
lation measurements.

SIGNIFICANCE STATEMENT: Ice water content (IWC) estimation using millimeter-wavelength radar measure-
ments has been challenging for decades, because of the complexity of snow particle properties and size, which can cause
complex scattering at the shorter radar wavelengths. The suggested polarimetric techniques overcome this difficulty via
utilizing specific differential phase KDP which is higher at millimeter wavelengths than at centimeter wavelengths. This
study proposes new IWC relationships for Ka-band polarimetric radar measurements and evaluates them using a
Ka-band Scanning Polarimetric Radar (KASPR) and a nearby NEXRAD (S-band) polarimetric radar for the U.S.
northeast coast winter storms. The proposed techniques can be applied to other millimeter-wavelength radars and shed
light on the millimeter-wavelength polarimetric radar IWC estimation.
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1. Introduction

Modern weather radar operational networks provide observ-
ables for quantitative precipitation estimation (QPE) over
broad areas. While significant progress in estimating liquid pre-
cipitation has been achieved recently after the introduction and
widespread utilization of polarimetric radars (e.g., Ryzhkov
et al. 2022), reliable QPE during ice and snow conditions re-
mains a challenge due to the complexity and wide diversity of
the microphysical properties of ice (e.g., Sekhon and Srivastava
1970; Ryzhkov et al. 1998; Matrosov et al. 2019; Szyrmer et al.
2012; Heymsfield et al. 2013; Huang et al. 2015; von Lerber et al.

2017). Weather services are mainly interested in reliable estima-
tion of snow intensity commonly characterized by the snow
water equivalent, whereas robust estimates of ice water content
(IWC), characteristic size of snowflakes (often quantified by
their mean volume diameter Dm), and their total number con-
centration Nt are needed to optimize the performance of
numerical weather prediction (NWP) models. Such estimates
will also be useful for evaluating the representation of Earth’s
hydrological cycle in global circulation and climate models
(Stephens et al. 1990; IPCC 2013).

For the quantification of ice and snow, numerous empirical
equations that are optimized for snow type and location have
been proposed. For instance, for IWC and snow rate S esti-
mates, a power-law form using radar reflectivity has been
commonly utilized, where the coefficients in the relationshipsCorresponding author: Mariko Oue, mariko.oue@stonybrook.ed

DOI: 10.1175/JTECH-D-23-0143.1

Ó 2025 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

O U E E T A L . 75JANUARY 2025

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 06:30 PM UTC

https://orcid.org/0000-0001-8223-0261
https://orcid.org/0000-0003-4816-1375
https://orcid.org/0000-0001-8223-0261
https://orcid.org/0000-0003-4816-1375
http://www.ametsoc.org/PUBSReuseLicenses


significantly vary with snow types and location (e.g., Hogan
et al. 2006; Matrosov and Heymsfield 2017; references listed
in Bukovčić et al. 2018). Quantification of ice and snow can
be significantly improved using polarimetric and/or Doppler
radar measurements, which provide capabilities of accounting
for the snow particle properties and size distribution parame-
ters (e.g., Matrosov et al. 2002; Maahn and Loehnert 2017;
Bukovčić et al. 2018). Bukovčić et al. (2018) proposed a polar-
imetric approach for estimating IWC and snow rate at the S
band, i.e., at the radar wavelengths between 10 and 11 cm.
The polarimetric relations were derived using large datasets
of disdrometer measurements of snow. These relations have
been validated by Bukovčić et al. (2020) using polarimetric ra-
dar measurements for several snowstorms.

Another important development facilitating a better under-
standing of the microphysical processes of snow formation
and its quantification was the introduction of the quasivertical
profile (QVP) methodology for processing and visualization
of the polarimetric radar data collected in storms of predomi-
nantly stratiform nature (Kumjian et al. 2013; Ryzhkov et al.
2016). The QVP technique implies azimuthal averaging of the
radar data at higher elevations and projecting the resulting
averages onto the vertical so that the polarimetric radar data
are represented in a height-versus-time format. Such a format
is similar to the one in the data from the vertically pointing ra-
dars operating at different microwave frequencies that are
traditionally displayed. This makes it very convenient to com-
pare and integrate polarimetric and multifrequency radar
data. The original QVP methodology was further expanded
and modified to obtain the so-called range-defined QVPs
(RD-QVPs) (Tobin and Kumjian 2017) and the columnar ver-
tical profiles (CVPs) (Murphy et al. 2020; Bukovčić et al.
2017}enhanced vertical profiles (EVPs) extended spatially
and rebranded later as CVP). As opposed to QVP (or RD-
QVP) which is a radar-centric domain averaging product, the
CVP represents the polarimetric radar variables within the
vertical column in a smaller horizontal domain compared to
the QVP averaging area which can be at any location with re-
spect to the radar.

Over the last two decades, millimeter-wavelength (cloud)
radar observations of clouds and precipitation have become
routine (e.g., Kollias et al. 2014a,b; Löhnert et al. 2015; Oue
et al. 2018, 2021; Kollias et al. 2020a). Due to their short wave-
length, cloud radars generally have higher sensitivities to
smaller ice particles and higher spatial resolution compared to
the operational surveillance centimeter-wavelength radars
(Kollias et al. 2007). For the cloud radar observations, power-
law relationships between IWC and radar reflectivity Z with
constants a and b, i.e., IWC5 aZb, have been commonly used
(e.g., Hogan et al. 2006; Matrosov and Heymsfield 2017). The
coefficients need to be optimized carefully for snow types and
locations.

Past studies on microphysical snow retrievals using millimeter-
wavelength cloud radars capitalized on the non-Rayleigh scat-
tering characteristics to quantify the snow properties (e.g.,
Aydin and Walsh 1999; Botta et al. 2011). For instance, they
used dual-wavelength ratio (DWR) of radar reflectivities at
two (or three) different wavelengths to obtain particle size

information (e.g., Hogan et al. 2006; Heymsfield et al. 2016;
Matrosov et al. 2019, 2022; Mroz et al. 2021; Tetoni et al.
2022), liquid water content (e.g., Hogan et al. 2005; Huang
et al. 2009; Tridon et al. 2013; Zhu et al. 2019), ice water con-
tent, snowfall rate (e.g., Matrosov 1998; Tetoni et al. 2022),
and identification of particle types (e.g., Kneifel et al. 2015;
Leinonen and Moisseev 2015; Leinonen and Szyrmer 2015;
Moisseev et al. 2015; Sinclair et al. 2016; Matrosov et al.
2020). In addition to DWR, polarimetric capabilities of the
cloud radars can further improve snow quantification (e.g.,
Matrosov et al. 2017; Kollias et al. 2020a; Matrosov 2021;
Oue et al. 2021).

The Stony Brook Radar Observatory (SBRO) has operated
a millimeter-wavelength radar facility since 2017 (40.8908N,
73.1278W; Kollias et al. 2020b; Oue et al. 2021) including a
Ka-band Scanning Polarimetric Radar (KASPR), which is lo-
cated about 22 km away from the National Weather Service
Next Generation Weather Radar (NEXRAD) S-band polari-
metric radar at Upton, New York [Weather Surveillance
Radar-1988 Doppler (WSR-88D); named KOKX, 40.8668N,
72.8648W]. These two radars are sufficiently close for utilizing
their QVP/CVP products and the dual-wavelength ratio to
compare the snow microphysical observations at the S and Ka
bands. In this study, two techniques to estimate IWC from the
Ka-band polarimetric radar measurements are proposed in
conjunction with the dual-wavelength radar measurements us-
ing the NEXRAD S-band radar. Using certain assumptions on
bulk particle shape and size distributions, these techniques
avoid the need for complicated scattering calculations that ac-
count for complex particle habits or densities. The paper is or-
ganized as follows: Section 2 introduces the observation
strategies and data processing; section 3 describes the theory
to derive the equations for the IWC estimates; section 4 dem-
onstrates how the theory is applied to our datasets; section 5
shows and discusses the IWC estimate results, and section 6
summarizes the results of this study.

2. Data

a. KASPR

KASPR is a 35-GHz scanning polarimetric cloud radar with
the alternate transmission of horizontally (h) and vertically (v)
polarized waves and simultaneous reception of copolar and cross-
polar components of the backscattered wave with a beamwidth
of 0.328, capable of measuring a full set of polarimetric radar ob-
servables including radar reflectivity at horizontal polarization
Zhh, differential reflectivity ZDR, differential phase uDP, copolar
correlation coefficient rhv, linear depolarization ratio LDR, and
cross-polar correlation coefficient rhx, along with Doppler veloc-
ity and spectral width. Specific differential phaseKDP is estimated
using an iterative algorithm proposed by Hubbert and Bringi
(1995). The data postprocessing details are described in Oue et al.
(2018). The KASPR was calibrated using a corner reflector tech-
nique. The detailed configurations are also described in Kumjian
et al. (2020) and Kollias et al. (2020b).

KASPR executed a scanning strategy that consisted of plan
position indicator (PPI) scans at 158 (and 208 for the 2018
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case) elevation angle, a zenith pointing PPI, hemispheric
range–height indicator (HSRHI) scans, and a vertically point-
ing (VPT) mode. This pattern was repeated and took approxi-
mately 13–15 min to complete. During a cycle, two 158 PPI
scans were included, so that we had the tilted PPI scans every
;7 min which were used to produce QVP (Kumjian and
Lombardo 2017; Ryzhkov et al. 2016) products. Since the
slant range resolution of the PPI data is 30 m, the correspond-
ing vertical spacing of the QVP data is about 7.8 m. Note that
the actual vertical resolution of QVP is determined by the
vertical size of the radar resolution volume, which increases
with the distance from the radar (Ryzhkov et al. 2016). This
study mainly uses the QVP product using the data collected at
the 158 PPI scans.

All scans in 2017 and 2018 and VPT scans from 2019 to
2021 were operated with a short pulse mode, resulting in the
KASPR maximum observation range of 30 km with the mini-
mum detectable reflectivity of 25 dBZ. The PPI and HSRHI
scans were operated with a pulse compression, resulting in the
maximum range of 29 km with the minimum detectable reflec-
tivity of227 dBZ.

b. WSR-88D radar

We used the data from the NEXRAD WSR-88D radar
multiangle PPI scans at the OKX site (named KOKX). The
KOKX PPI data are used to construct the CVPs as described
in Murphy et al. (2020) to be compared with KASPR QVPs.
The KOKX data were averaged over a 10 km 3 10 km hori-
zontal CVP domain centered around the KASPR location
with a vertical resolution of 50 m. We used data from all ele-
vation angles from each volume coverage pattern every ap-
proximately 5 min. The height–time data from the KOKX
CVP are linearly interpolated into the KASPR QVP height–
time domain to obtain DWRS/Ka. Note that KOKX did not
have higher elevation PPI scans to cover the entire cloud
depths for all cases.

c. Ground-based in situ measurements

An over-the-top (OTT) Parsivel2 optical disdrometer (Par-
sivel hereafter) was collocated with KASPR in SBRO since
2017. It measures the terminal velocity and diameter of individ-
ual precipitation particles passing through a sheet of a 650-nm la-
ser diode light (30 mm wide, 1 mm high, and 180 mm long) with
a power of 3 mW (Löffler-Mang and Blahak 2001). The total
measuring surface has an area of 54 cm2. The measured
particle diameter and velocity are classified into one of
32 diameter bins ranging from 0.062 to 24.5 mm in diameter
and 32 velocity bins ranging from 0.04 to 20.5 m s21 every
1 min. A Parsivel built-in OTT Application Software for Data
Observation (ASDO) software estimates precipitation rate
based on the measured size, number, and fall speeds. We re-
sampled and integrated the number of particles every 5 min to
reduce noisiness.

An OTT Pluvio2 L precipitation weighing gauge (Pluvio
hereafter) was also collocated next to the Parsivel since 2019.
It has a 400-cm2 collecting area with an integrated orifice rim
heater and measures the mass of precipitation every minute.

We resampled and integrated the precipitation data every
5 min.

Snowflake photos from surface cameras were used for qual-
itative evaluation and understanding of the cases. The multi-
angle snowflake camera (MASC; Garrett et al. 2012, Garrett
and Yuter 2014) was located adjacent to the Parsivel disdrom-
eter. The MASC did not work for all cases due to mechanical
issues, and we took complementary photos of snowflakes us-
ing a single-lens reflex (SLR) camera.

d. Soundings and weather station

We used twice-a-day sounding data at 0000 and 1200 UTC
from the nearest NWS site, OKX. In addition to the NWS
soundings, we performed sounding measurements using the
Graw Radiosondes (GRAW) sounding system installed on a
mobile radar truck in 2020 and 2021. The GRAW soundings
were performed to complement the NWS soundings such that
we could have the sounding data approximately every 3 h.
The mobile radar truck was deployed in several locations
near Stony Brook including Cedar Beach (40.9658N,
73.0308W; 18 January 2020) and Stony Brook University
(40.8978N, 73.1278W; on 17 December 2020 and 1 February
2021). A weather station operated by the Stony BrookUniversity
(SBU) School of Marine and Atmospheric Sciences near the
KASPR site (40.8958N, 73.1248W) is used to check the surface
temperature.

3. Theory

a. IWC equations in the Rayleigh scattering regime

1) IWC(NT, Z, m)

Various IWC(Z) relations have been proposed in the past
(e.g., Bukovčić et al. 2018). Delanoë et al. (2014) and
Bukovčić et al. (2018) examined large datasets of in situ
aircraft and surface disdrometer measurements of ice/snow
particle size distribution (PSD) and demonstrated that the
multiplier a in the power-law relation IWC 5 aZb is a strong
function of the intercept N0s if the PSD is fitted to the expo-
nential size distribution N(D)5 N0s exp(2LD).

It can be shown that the multiplier in the IWC(Z) relation
is also a function of the total number concentration of ice par-
ticles Nt. Furthermore, if a gamma-function PSD is assumed,
the relation between IWC, Z, and Nt can be found in Huang
et al. [2021; their Eq. (A16)]:

Z 5 8:17 3 102f (m) IWC2

Nt

, (1)

where

f (m) 5 G(5 1 m)G(1 1 m)
[G(3 1 m)]2 , (2)

where m is the shape parameter of the gamma function
N(D) 5 N0D

me2LD. In Eq. (1), Z is the reflectivity factor
(mm6 m23), IWC is expressed in grams per cubic meter, and
Nt is expressed in per liter (L21 or m23/103). Equation (1) was
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theoretically derived in the Rayleigh scattering approximation
assuming that the bulk density of a snowflake rs is inversely
proportional to its equivolume diameter D (Zawadzki et al.
2005; Ryzhkov and Zrnić 2019) as

rs 5 a0frimD
21, (3)

where a0 is a constant, which is approximately equal to 0.15,
and frim . 1 is the degree of riming, which is equal to 1 for un-
rimed snow. In Eq. (3), rs is expressed in grams per cubic centi-
meter and D is expressed in millimeters. The degree of riming
frim is dimensionless and is related to the rime mass fraction FR
as frim 5 1/(1 2 FR), where FR is the ratio of the rime mass
mrime to the snowflake mass (FR 5 mrime/m) (Moisseev et al.
2017).

The Eq. (1) was derived using integration of Z, IWC, and
Nt over gamma PSD with diameters ranging from 0 to ‘

which results in an analytical solution that is very sensitive to
the value of the shape parameter m. The factor f(m) and the
total concentrationNt become infinite for m 5 21 which is un-
physical. It can be concluded from the previous studies (e.g.,
Tiira et al. 2016; Matrosov and Heymsfield 2017; Duffy and
Posselt 2022) that m is close to zero in the dendritic growth
layer (DGL) centered at T 5 2158C but tends to be negative
reaching values 22 at T 5 08C close to the surface where
snow is more aggregated.

To constrain the value of f(m) for negative m, we performed in-
tegration of Z, IWC, and Nt numerically in the size interval be-
tween 0.1 and 20 mm given the fact that ice particles with sizes
below 0.1 mm contribute very little to Z and IWC. In our simula-
tions, we also cap the snow density rs by the value 0.917 g cm23

to prevent unrealistically high values of rs in Eq. (3) for frim . 1.
Computing the ratio IWC/(ZNt)

1/2 as a function of m and approx-
imating it with a polynomial yield a relation:

IWC(Nt, Z, m) 5 0:0147f0(m)N0:5
t Z0:5, (4)

where

f0(m) 5 1 1 0:33m 2 0:043m2, (5)

if 22 , m , 3. The function f0(m) is much less sensitive to m

compared to f(m) and can be used for m # 21. One of the im-
portant advantages of Eq. (4) is that it is not sensitive to the
variability of the degree of riming frim.

2) IWC(KDP, Z, frim)

Bukovčić et al. (2020) suggested a polarimetric relation for
IWC that uses a combination of Z and KDP. In our study, we
will use the following IWC(KDP, Z, frim) relation originating
from the one in Bukovčić et al. (2020), derived from 16 snow-
storms observed in Oklahoma:

IWC(KDP, Z, frim)
5 17:5 3 1023(FsFo)20:66frim

20:94(KDPl)0:66Z0:28, (6)

where Fs and Fo are the particle shape and orientation factors,
l is the radar wavelength (mm), KDP is expressed in degrees

per kilometer, and Z is expressed in millimeters to the sixth
power per cubic meter. In Eq. (6), a0 5 0.15 g cm23 mm is
used for the snow density relation [Eq. (3)]. Equation (6) is
slightly different from Bukovčić et al. [2020; their Eq. (20)]
with empirically optimized the exponent of frim (originally
21). The frim was estimated from the squared ratio of the dis-
drometer-measured terminal velocity to the empirically pre-
determined terminal velocity value, as described in Bukovčić
et al. (2018) Eq. (7). The adjustment of frim was made based
on the matching of the radar and the Automated Surface
Observing System estimates of IWC for eight dry snow cases.
For an average aspect ratio of snow particles of around
0.6 (e.g., Matrosov et al. 2020), Fs 5 0.214 and Fo 5 0.7 if
the width of the canting angle distribution is equal to 208
(Ryzhkov and Zrnić 2019; Bukovčić et al. 2020). Under these
assumptions,

IWC(KDP, Z, frim) 5 6:13 3 1022f20:94
rim (KDPl)0:66Z0:28: (7)

b. Adaptation of the equations for Rayleigh scattering to
the Ka band

The radar reflectivity factor Z is determined by the largest
particles in the size spectrum; thus, the Rayleigh scattering ap-
proximation generally cannot be used to estimate Z at the
Ka band. In ice/snow conditions, attenuation at the Ka band
from hydrometeors can be neglected, and the dual-wavelength
ratio DWRS/Ka is a function of the snowflake’s characteristic
size and represents the departure of the Ka-band radar reflec-
tivity ZKa from the one for Rayleigh scattering Z which is
identical to the S-band radar reflectivity ZS. In other words,
dBZS 5 dBZKa 1 DWRS/Ka. We use theoretical simulations
for a simple spheroidal model of snowflakes to obtain the
dual-wavelength ratio DWRS/Ka as a function of the characteristic
snowflake size. To obtain the DWRS/Ka as a function of snowflake
size, we assume a particle mass m versus particle maximum di-
mensionDmax relation given by von Lerber et al. (2017):

m 5 3:65 3 1025D2:1
max: (8)

The T-matrix computations of DWRS/Ka with median vol-
ume diameter Dmv up to ;3 mm and assuming a low eleva-
tion angle (158, consistent with the KASPR QVP) yield the
following dependence of the dual-wavelength ratio on the
Dmv for an exponential PSD (see Fig. 1):

DWRS/Ka 5 0:91D1:73
mv : (9)

In Eqs. (8) and (9), m is expressed in grams, Dmax and Dmv

are expressed in millimeters, and DWR is expressed in deci-
bels. In the derivation of Eq. (9), it is assumed that the aspect
ratio of a spheroidal snowflake is 0.6 at an elevation angle of
158. Note that there is about 10% variability in the DWR–Dmv

relation due to assumption about particle aspect ratio between
0.3 and 0.8 at this geometry. Also, note that DWR depends on
particle density rather weakly (e.g., Matrosov 1998). The dual-
wavelength ratio can also be determined from the mean volume
diameter Dm which is the ratio of the fourth and third PSD
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moments. The terms Dm and Dmv are typically very close (e.g.,
Matrosov et al. 2022;Dmv ; 0.917Dm with m 5 0). For simplic-
ity, we assume thatDmv ; 0.917Dm and

DWRS/Ka ’ 0:78D1:73
m : (10)

Note that the coefficient of the Dmv–Dm relation slightly
changes with the m value (approximately 0.01 between m 5 21
and m 5 0), and it changes the IWC estimates by,5%.

To obtain the estimate of Dm, we can utilize an equation
(Ryzhkov and Zrnić 2019):

Dm 5 0:67
Z

KDPl

( )1/3
, (11)

which is applicable in the Rayleigh approximation and can be
used at the S band but not at the Ka band. To deriveDm using
measurements at the Ka band, we have to solve the following
equation using polarimetric radar observables (i.e., KDP):

Dm 5 0:67
100:1(dBZKa10:78D1:73

m )

KDPl

( )1/3
: (12)

In Eq. (12), Dm and l are expressed in millimeters and dBZKa

is the reflectivity (dBZ) at the Ka band. Equation (12) must be
solved numerically for Dm using measured values of Z and KDP

at the Ka band. Once Dm is computed, the values of Z in the
equations for IWC(Nt, Z, m) and IWC(KDP, Z, frim) should be re-
placed using the formula:

Z 5 100:1(dBZKa10:78D1:73
m ), (13)

where dBZKa is the measured radar reflectivity at the Ka
band (dBZ).

The value of Dm can also be used together with Z for a
rough estimation of Nt. In the Rayleigh approximation for
the exponential size distribution and spherical shape of the
snow particles (e.g., Bukovčić et al. 2018; Ryzhkov and Zrnić
2019),

Z 5
|Ki|2
|Kw |2

1
ri

2

�‘

0
r2s (D)D6N(D)dD 5 2:12 3 1022a2

0f
2
rimD

4
mNt,

(14)

where ri is the density of ice, |Ki|
2 5 («i 2 1)2/(«i 1 2)2, and

|Kw|
2 5 («w 2 1)2/(«w 1 2)2, where «i and «w are dielectric

constants of ice and liquid water, respectively. For a0 5 0.15,
Eq. (14) gives

Z 5 0:477 f 2rimNtD
4
m: (15)

Therefore, with Eq. (13),

Nt 5 2:10f22
rim

Z
D4

m
5 2:10f22

rim
100:1(dBZKa10:78D1:73

m )

D4
m

: (16)

In Eq. (16), dBZKa is in decibels, Nt is in per liter (L21 or
m23/103), andDm is in millimeters.

This adaptation for the Ka band suggests that the IWC(Nt,
Z, m) and IWC(KDP, Z, frim) estimates work with the Ka-
band single-radar measurements once Dm is estimated from
the Ka-band measurements using Eq. (13) (i.e., DWRS/Ka

measurements are not necessary). We evaluate this adapta-
tion using the DWRS/Ka measurements (section 4a).

A frequency dependency of KDP should also be considered.
Equations (4), (11), and (16) are valid for Rayleigh scatterers
only; i.e., they are fully applicable at the S band but not at the
Ka band. Because the KDP of snowflakes is proportional to
the first moment of PSD (unless the snow is heavily rimed)
and is dominated by the contribution of smaller ice particles
at the lower end of the size spectrum, KDP at the Ka band is
not much affected by the largest snowflakes at the higher end
of the spectrum and can be estimated in the Rayleigh approxi-
mation. Matrosov (2021) showed that in Ka- and W-band ra-
dar measurements, non-Rayleigh scattering effects in KDP

were not very pronounced even at high radar frequencies for
larger signal-to-noise ratios, and KDP values scaled by the radar
frequency from the two-frequency radars were well matched.
Therefore, KDP at the Ka band is equal to the wavelength-
scaled KDP at the S band: KDPKa 5 lS/lKa 3 KDPS 5 12.3KDPS

for lS 5 10.43 cm and lKa 5 0.85 cm. This means that the prod-
uct KDPl in Eqs. (7) and (12) is approximately the same at the
S and Ka bands. Direct proportionality between KDPKa and
KDPS was demonstrated using the comparison of KDP measured
by the S-band KOKX WSR-88D and Ka-band KASPR radars
in section 4a of this article.

In a nutshell, using Eqs. (12) and (13) and KDP measured at
the Ka band, the Eqs. (4) and (7) for IWC(Nt, Z, m) and
IWC(KDP, Z, frim) can be utilized at the Ka band. We high-
light that those IWC(Nt, Z, m) and IWC(KDP, Z, frim) esti-
mates do not necessarily require DWRS/Ka measurements,
once Dm is estimated from Eq. (12), if the DWR–Dm relation

FIG. 1. DWRS/Ka vsDmv from scattering calculations at an elevation
angle of 158.
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[Eq. (10)] and Rayleigh assumption for Ka-band KDP are
valid, and the values m [for IWC(Nt, Z, m)] and frim [for
IWC(KDP, Z, frim)] are reasonably estimated or assumed.

4. Data processing

We apply the IWC estimates from the Ka-band radar meas-
urements described in the previous section for the selected
seven snowstorm cases from 2017 to 2021 winter observations.
Table 1 lists the cases. We selected four cases where KASPR
QVP, Parsivel, and Pluvio measurements were available for
more than 6 h for each case from the 2019–21 winter seasons.
Three more cases where KASPR QVP and Parsivel measure-
ments were available from the 2017–18 winter season were
added to the dataset. We excluded rain, mixed-phase, sleet, or
frozen rain cases to avoid possible attenuation of the KASPR
radar signal. Table 1 also shows the surface temperatures ob-
served by a meteorological station at the radar site. Herein,
we describe methods of preprocessing observation data that
are applied to the theory.

a. KASPR and KOKX

We use KASPR QVP and KOKX CVP for the IWC re-
trievals in this study. This technique makes the comparisons
of the data collected by two scanning radars located in differ-
ent places easy in the same height-versus-time format. The
KASPR QVPs are also used to estimate Dm(KDP, Z) using
Eq. (12).

Figures 2 and 3 illustrate the comparison of the KASPR
QVP and KOKX CVP in terms of Z and KDP for the heavy
snow event observed on 4 January 2018. The similarity of the
vertical structure and evolution of the storm observed by non-
collocated radars is remarkable. In areas of low Z, the radar
reflectivity factors are very close, whereas substantial differ-
ences are observed where ZS is high. This is also evident in
Fig. 3a where the time series of the KASPR and KOKX val-
ues of Z measured at the height of 1 km is displayed. The two
curves are almost indistinguishable when dBZS , 20 dBZ and
deviate dramatically for higher ZS where the difference be-
tween dBZS and dBZKa (or DWR) reaches almost 20 dB. This
occurs at about 2100 UTC when the size and total concentra-
tion of snowflakes are maximal as is shown in Fig. 3c. This fea-
ture is repetitive as can be seen in Fig. 4a, which is a KASPR

Z versus KOKX Z distribution for all seven cases. The
KASPR Z and KOKX Z are well matched for Z , 20 dBZ,
and their difference starts increasing for KOKX Z . 20 dBZ.
This means that the DWR can be reliably estimated using two
radars with noncollocated beams and completely independent
volume coverage patterns if the radar data are represented in
the QVP/CVP format. The larger DWR is well correlated with
the surface Dm (Fig. 3c) in agreement with Eq. (10). Note that
we used the KASPR data collected at an elevation angle of
158, which could result in approximately 10% variability in
DWR–Dm relation.

Another remarkable feature is an almost perfect equiva-
lence of the frequency-scaled KDP values estimated by the
two radars (Figs. 2c,d and 3b) which proves that the dominant
contribution to KDP is made by Rayleigh scattering size par-
ticles at the two very different radar wavelengths. This also

TABLE 1. Sample size of data used in this study and mean surface temperature. Maximum and minimum surface temperatures are
listed in parentheses.

Case Period

No. of KASPR QVPs

No. of KOKX
CVPs

Parsivel
availability

Pluvio
availability

Mean surface temp
(max, min) (8C)Z only

Polarimetry
available

9 Dec 2017 1400–2130 UTC 58 57 69 Yes No 20.1 (2.2, 21.1)
14 Dec 2017 0530–1530 UTC 73 72 71 Yes No 24.2 (23.2, 25.8)
4 Jan 2018 1000–2359 UTC 113 112 155 Yes No 24.1 (23.2, 25.2)
20 Feb 2019 1730–2305 UTC 43 41 39 Yes Yes 23.3 (22.3, 23.9)
18 Jan 2020 1800–2400 UTC 51 50 48 Yes Yes 23.1 (0.1, 23.7)
16–17 Dec 2020 2030–0300 UTC 57 56 55 Yes Yes 21.9 (1.1, 22.7)
1 Feb 2021 0200–2400 UTC 91 90 187 Yes Yes 22.1 (0, 25.7)

FIG. 2. Height vs time cross sections of the (a) KASPR Z QVP,
(b) KOKX Z CVP, (c) KASPR KDP QVP, and (d) KOKX KDP

CVP scaled by wavelength (multiplied by 12.3) for the case of
4 Jan 2018.
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suggests that the product KDPl which is used in the retrieval
equations discussed in section 3 is invariant with respect to
the radar wavelength. The scatterplot of KASPR KDP versus
KOKX KDP scaled by the wavelength ratio (multiplied by
12.27) generated from the data collected in all seven exam-
ined storms is displayed in Fig. 4b. Most of the data points are
concentrated along the one-to-one line, and the correlation
coefficient is higher than 0.9. The correlation is even higher

if we consider only KASPR reflectivity values exceeding
18 dBZ. This suggests that the KASPR KDP can be used for
the estimation of the microphysical parameters of snow par-
ticles with Rayleigh scattering formulas. On the other hand,
the CVP estimates of KDP at the S band are good enough for
quantification of snow although the magnitude of KDP can be
quite low.

Figure 5 shows examples of the height-versus-time cross
sections of KASPR QVP and DWRS/Ka from the KOKX
CVP and KASPR QVP for three different storms. Note that
KOKX PPI volume coverage patterns did not always cover
the entire cloud depth and are focused on the low levels (e.g.,
2030–2130 UTC 16 December 2020), resulting in DWRS/Ka

being available for regions where KOKX CVPs are available.
KASPR QVPs show distinct KDP fallstreaks originating from
a dendritic-crystal growth layer (around 2158C, dashed lines
in Figs. 5b,g,l), suggesting that the layer was seeded from the
clouds aloft, and those ice particles’ dendritic growth was
facilitated, resulting in enhanced KDP (e.g., Bechini et al. 2013;
Griffin et al. 2018). Large DWRS/Ka at lower levels corre-
sponds to large Dm (.;2 mm) at the surface (e.g., Figs. 5c,d
1430–1530, 2000–2130; Figs. 5h,i 2300–2530; and Figs. 5m,n
1530–1900 UTC). Generally, large DWRS/Ka (.;10 dB)
indicates that large snow aggregates are observed when
KASPR KDP is small (,18 km21) likely due to a low bulk
density of large aggregates (e.g., Fig. 3c 2000–2130; Figs. 5b,c
2000–2130; Figs. 5g,h 2300–2500; and Figs. 5l,m 1000–1230,
1430–1600 UTC).

We found that the estimates ofDm from the Ka-band meas-
urements seem to be more reliable for lowerDm (less than ap-
proximately 4 mm or lower DWRS/Ka) compared to those for
largerDm (Figs. 5d,i,n). We evaluate the adaptation presented
in section 3b. If the measurements from the S-band radar are
available that can be matched with the Ka-band observations,
then the Ka-band Z can be simply replaced with the
S-band measurements, i.e., dBZKa 5 dBZS 2 DWRS/Ka in all

FIG. 3. Time series of (a) KASPR reflectivity (blue), KOKX re-
flectivity (red), and DWRS/Ka (black at 1 km height); (b) KASPR
KDP (blue) and KOKX KDP scaled by wavelength (red) at 1-km
height; and (c) Parsivel-measured PSD (color shade), Dm (black),
and Nt (red) for the case of 4 Jan 2018.

FIG. 4. (a) Frequency distribution of KASPR Z from the KASPR QVP and KOKX Z from the KOKX CVP from
the seven selected cases. (b) KASPR KDP from the KASPR QVP and KOKX KDP from the KOKX CVP at 1-km
height from the seven selected cases. KOKX KDP was scaled by wavelength (multiplied by 12.3). Color shade in (b)
represents the corresponding KASPR reflectivity. The correlation value R is displayed in (b). Black line in each panel
represents a 1:1 line.
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retrieval formulas for IWC(Nt, Z, m) and IWC(KDP, Z, frim).
Our analysis of the joint KASPR and KOKX WSR-88D ob-
servations demonstrates that the use of relations where the
ZKa corrections are made using Dm estimates is consistent
with the ZKa corrections using DWRS/Ka measurements
for the entire range of observed DWRS/Ka in this study
(0 , DWRS/Ka , 16 dB).

This technique can be particularly effective for stratiform,
horizontally uniform precipitation within the QVP/CVP do-
main, which is quite common in the U.S. northeast coast
winter storms. However, smaller-scale features that vary
within the QVP/CVP domain, such as generating cells, con-
vective cells, orographic-enhanced snow, and microphysical
processes associated with those features, may not be ade-
quately represented.

b. Estimation of surface IWC, Dm, Nt, and frim from
Parsivel and Pluvio

The surface IWC (IWCsurf) is estimated using the Parsivel
and Pluvio measurements. The estimation of the IWC re-
quires knowledge of the particle density rs(D) as a function of
the particle diameter D and of the third moment of the PSD,
and it is determined as follows:

IWC 5
p

6

�Dmax

Dmin

rs(D)D3N(D)dD, (17)

where D is the equivolume diameter of the snowflake, rs is its
bulk density, and N(D) is the size distribution of snowflakes.
Here, we assume the inverse dependence of rs on D parame-
terized by the degree of riming frim as specified by Eq. (3).
Furthermore, we will use the Parsivel disdrometer to estimate
the N(D), and thus, the integral is replaced by a summation
where n is the number of bins (n 5 32) in a range from 0.062
to 24.5 mm in diameter as follows:

IWC 5
p

6
a0frim∑

n

i51
D2

i N(Di)DDi: (18)

The degree of riming frim was estimated based on the com-
bined use of the Parsivel N(D) measurements and of the Plu-
vio precipitation flux or snow rate S measurement that is
defined as follows:

S 5 6 3 1024 p

rw
∑
i
rs(Di)V(t)

i D3
i N(Di)DDi

5 6 3 1024 pa0frim
rw

∑
i
D2

i N
(count)
i , (19)

where rw is the density of water, and

N(count)
i 5 V(t)

i N(Di)DDi, (20)

FIG. 5. Time-vs-height cross sections of (a),(f),(k) KASPR QVP reflectivity and (b),(g),(l) KDP, and (c),(h),(m) DWRS/Ka from KASPR
QVP and KOKX CVP; (d),(i),(n) time series of the surface IWCsurf (black line), Nt (red line), and Dm (blue line); and photos of snow-
flakes taken at the surface by (e) the MASC and (j),(o) the SLR camera. Dashed lines in (b), (g), and (l) represent the temperature of
2158C based on the nearest time soundings.
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which is the number of counts and fall velocity Vi for snow
particles in the size bin DDi directly measured by Parsivel.
Therefore, the value of frim can be estimated as

frim 5
Srw

6 3 1024pa0∑
i
D2

i N
(count)
i

: (21)

Here, we should note that Parsivel’s measurable diameter
ranges from 0.062 to 24.5 mm. Battaglia et al. (2010) showed
that Parsivel’s small sampling volume could cause a decrease in
the count of large snowflakes (.10 mm) in favor of smaller par-
ticles. They also showed that the Parsivel-measured particle size
could be underestimated when the particles fell with canting an-
gles . 08. These could cause an error in estimating the inte-
grated parameters in the equations above [Eqs. (16)–(21)].

For the other three cases (9 December 2017, 14 December
2017, and 4 January 2018) where Pluvio measurements were
not available, we estimated the IWCsurf from the Parsivel
measurements only by using frim estimates from the KASPR
Doppler velocity measurements (section 4c). We use the me-
dian value of the frim estimates (1.63 for 9 December 2017,
1.17 for 14 December 2017, and 2.56 for 4 January 2018).

The mean volume diameter Dm was estimated as the ratio of
the fourth and third moments of the particle size distributions.
The total number concentration of snowflakes Nt was estimated
via summation of all N(Di) measured by Parsivel. The esti-
mated values of IWC (IWCsurf) and Nt from the surface meas-
urements are shown in Figs. 5d, 5i, and 5n for the cases on
4 January 2018, 16 December 2020, and 1 February 2021. Our
surface observations of those snowfall events indicate that
IWCsurf is much better correlated with Nt than with Dm. This is
clearly demonstrated in Fig. 6 where the scatterplots of IWCsurf

versus Dm and IWCsurf versus Nt are presented for the cases on
20 February 2019, 18 January 2020, 16 December 2020, and
1 February 2021. The correlation coefficient between IWCsurf

and Nt is 0.90 for the whole dataset, whereas the corresponding
correlation coefficient between IWCsurf andDm is only 0.38.

On the other hand, the ParsivelDm and DWR from KOKX
CVP and KASPR QVP follow Eq. (10) quite well (Fig. 6c).

Moreover, Dm is well correlated with the radar reflectivity
computed from the measured PSDs which is not surprising
and agrees with the results of the study by Matrosov and
Heymsfield (2017). In our dataset, the correlation coefficient
between Z at the S band andDm varies between 0.57 and 0.82
for different cases. We also noticed that the KDP fallstreaks
visible in Fig. 2c and Figs. 5b, 5g, and 5l are closely associated
with high values of Nt and IWCsurf measured at the surface al-
though such streaks most often do not reach the surface. This
gives us a strong clue that the values of KDP measured aloft
may be used to estimate IWC and Nt at the surface.

c. Estimation of frim from the radar measurements

The estimates of Nt and IWC(KDP, Z, frim) are quite sensi-
tive to the riming fraction frim (or rime mass fraction FR). We
estimated FR and frim from the KASPR VPT Doppler veloc-
ity (DV) measurements using an FR–DV relation for the Ka
band suggested by Kneifel and Moisseev (2020). Before the
estimation, the vertical air motion component in DV was re-
moved by estimating the mean DV of snowflakes as a func-
tion of Z using VPT data, following a technique proposed by
Protat and Williams (2011) (details are also described in Oue
et al. 2024). While DV also shows a dependence on reflectiv-
ity (Matrosov 2023), we neglect this dependence for the pur-
pose of this study.

The estimated frim is averaged over 10 min at each height
and then interpolated into the KASPR QVP space. The com-
parison of frim estimated from the KASPR DV and surface
measurements [Eq. (21)] is illustrated in Fig. 7. The median
value of the radar-estimated frim is 1.64 and that of the sur-
face-measured frim is 1.83.

5. Evaluation and discussion

We apply the IWC(Nt, Z, m) and IWC(KDP, Z, frim) esti-
mates for seven snowfall events, but quantitative evaluation is
available for the four cases where both Pluvio and Parsivel
were operational (20 February 2019, 18 January 2020,
16 December 2020, and 1 February 2021). Figure 8 shows the

FIG. 6. (a) IWCsurf vs Parsivel Dm and (b) IWCsurf vs Parsivel Nt for the four snowstorm cases where Parsivel and Pluvio are both avail-
able. The color of the dots represents the dates. The black lines on (a) and (b) represent the linear regression line. (c) DWR from KOKX
CVP and KASPR QVP (at 500 m height) vs ParsivelDm. The black line on (c) represents Eq. (9). Each panel displays the correlation co-
efficient R.
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time series of the retrieved and surface IWCs for the four
cases, and Fig. 9 shows scatterplots for IWC(Nt, Z, m) versus
IWCsurf and IWC(KDP, Z, frim) versus IWCsurf. In Fig. 8, the
retrieved IWC is shifted in time so that the radar-estimated
Dm(KDP, Z) and the Parsivel-measured Dm have the maxi-
mum correlation. Table 2 lists the median values of IWCsurf

and the IWC estimates, their root-mean-square errors
(RMSEs), and optimal m values.

a. Performance of the IWC(Nt, Z, m) relation

In the IWC(Nt, Z, m) estimates, we assume that frim 5 2.0
in Eq. (16) for all cases, which seems to be the average value
of the riming degree for our dataset (see Fig. 7). As men-
tioned in section 3a(1), the proposed IWC(Nt, Z, m) relation
is less sensitive to frim.

The exponential PSD assumption (m 5 0) for IWC(Nt, Z, m)
may not work for examined snow events. We optimized m in
such a way that the radar-estimated IWC(Nt, Z, m) has the
lowest RMSE when compared with the IWCsurf. Table 2 also
lists the optimized m value for each case. For five cases out of
seven, the optimized m is negative. Negative m values are very
common for winter snowstorm cases (e.g., Matrosov and
Heymsfield 2017). Compared to the IWC(Nt, Z, m) estimates
using the different m values, the use of m 5 0 results in 1.3–2.7
times larger IWC(Nt, Z) than the use of the optimized m for the
negative m cases and approximately 0.9 times of IWC(Nt, Z, m)
for the positive m cases. Table 2 also lists the IWC(Nt, Z, m) esti-
mates and the RMSEs with the mean of the optimized m value
(20.6). The average of the difference in the RMSE values
between the use of the mean m and the optimized m ap-
proach is relatively small (0.049 g m23). Figure 9a shows a
comparison of the radar IWC(Nt, Z, m) estimates with the
best m estimates and IWCsurf. Overall, the IWC(Nt, Z, m)
estimates show a better agreement with IWCsurf than
IWC(KDP, Z, frim) (RMSE 5 0.191 g m23, R 5 0.790).

Figure 8 also displays the result for a simple IWC–Z relation
(IWC5 0:038Z0:57

Ka ) proposed by Matrosov and Heymsfield
(2017). This relation was derived from the microphysical sample
data collected during the Global Precipitation Measurement Cold
Season Precipitation Experiment (GCPEX), which was con-
ducted in Canada during January–February of 2012. Fortuitously,
the IWC(Z) estimate shows a good agreement with IWCsurf, sug-
gesting that the snowfall in the GCPEX area (Ontario, Canada,
near the Great Lakes) could be similar to our cases. The good
agreement is particularly evident for IWC, 1 g m23. This is con-
sistent with Matrosov and Heymsfield (2017) who showed that
the IWC(Z) relationship is optimized for IWC , ;0.6 g m23

(their Fig. 4a). It should be mentioned, however, that IWC(Z) re-
lations generally exhibit significant variability depending on the
datasets used to derive these relations (e.g., Matrosov andHeyms-
field 2008). The IWC(Nt, Z, m) estimate from the present study
can improve the retrievals for larger IWC. ;0.5 g m23.

Tiira et al. (2016) reported a wider range of m values
(22, m , 5) than our cases, using surface in situ measurements

FIG. 7. The term frim estimated from the KASPR DV at the
height of 500 m vs frim surface measurements using Eq. (21) for the
four cases. The estimated frim from both KASPR and surface meas-
urements is averaged over 10 min. Black line represents a 1:1 line.

FIG. 8. Time series of IWCsurf (black) and the IWC estimates of
IWC(Nt, Z) with m 5 0 (red), IWC(Nt, Z, m) with best estimates of
m (blue), IWC(KDP, Z, frim) (green), and IWC(Z) from Matrosov
and Heymsfield (2017) (IWC5 0:038Z0:57

Ka , yellow) using the QVP
data at 0.5-km height for (a) 20 Feb 2019, (b) 18 Jan 2020, (c) 16–
17 Dec 2020, and (d) 1 Feb 2021. The retrieved IWC estimates are
shifted in time so that the radar-estimated Dm(KDP, Z) and the
Parsivel-measuredDm have the maximum correlation.
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for 23 snow events in southern Finland. Our cases show m values
around 21 (Table 2) with the surface temperature near 08C
(Table 1), consistent with the previous studies (e.g., Matrosov
and Heymsfield 2017). Those previous observations of m also
suggest a large variety of m over short time intervals depending
on cases and environments. We used a single value of m for each
case; however, instantaneous adjustment of m may be needed for
further improvements of the retrieval. Using better surface in
situ measurements, estimating climatological values of m depend-
ing on snow types would also help to improve the IWC(Nt, Z, m)
radar estimates.

b. Performance of the IWC(KDP, Z, frim) relation

The performance of the IWC(KDP, Z, frim) relation with
frim estimated from the DV is illustrated in Figs. 8 and 9. In
addition to the uncertainty associated with the insufficient
representation of the surface measurements by the QVP and
complex particle shapes as mentioned above, larger RMSE
(0.273 g m23) compared to IWC(Nt, Z, m) could be attributed
to the uncertainty in the frim estimates (Fig. 7). Although
the radar-estimated frim shows a good agreement with the
surface-measured frim (Fig. 7), its variability could cause a

larger error in the IWC estimate compared to the IWC(Nt, Z, m)
relation.

c. Discussion on the performance of the suggested
techniques and possible sources of errors

There are multiple sources of errors that may affect the
performance of the suggested relations for the estimation of
IWC. One of them (and likely the most important) is uncer-
tainty in the degree of riming frim. The frim dependencies are
explicitly formulated in Eq. (16) for Nt and Eq. (7) for
IWC(KDP, Z, frim). Independent estimates of frim using a verti-
cally pointing antenna are not always possible and reliable
(Fig. 7).

The m uncertainty is another important source of error. As
opposed to frim, the value of m cannot be directly estimated by
the radar. Because KDP is used for the estimation of Dm and
IWC, the shape and orientation of ice particles and their natu-
ral variability may also have a prominent impact on the accu-
racy of our suggested methodology. Nevertheless, we believe
that the optimal “climatological” values of such parameters as
frim or m can be obtained by matching the results of radar
retrievals and in situ measurements after varying these

FIG. 9. (a) IWC(Nt, Z, m) vs IWCsurf and (b) IWC(KDP, Z, frim) vs IWCsurf. Color shades in (a) and (b) represent
the Parsivel Dm. Black line in each panel represents a 1:1 line. The m values are optimized for each case as shown in
Table 2.

TABLE 2. The best estimate of m and median values of the radar-estimated IWCsurf and the retrieved IWC(Nt, Z, m) with the
optimized m, IWC(Nt, Z, m) with m 5 0, IWC(Nt, Z, m) with m 5 20.6, and IWC(KDP, Z, frim) (g m23). The values in the
parentheses for the retrieved IWC represent the RMSE based on IWCsurf. The median and RMSE values (g m23) for the retrievals
are calculated using the data at the height of 0.5 km.

Case m
IWCsurf

(g m23)

IWC(Nt, Z,
moptimized)
(g m23)

IWC(Nt, Z,
m 5 0) (g m23)

IWC(Nt, Z,
m 5 20.6)
(g m23)

IWC(KDP, Z, frim)
(g m23)

9 Dec 2017 (no Pluvio) 21.6 0.115 0.072 (0.065) 0.200 (0.257) 0.157 (0.178) 0.256 (0.249)
14 Dec 2017 (no Pluvio) 21.2 0.142 0.105 (0.068) 0.194 (0.131) 0.152 (0.090) 0.345 (0.196)
4 Jan 2018 (no Pluvio) 0.3 0.974 0.530 (1.126) 0.484 (1.129) 0.381 (1.157) 0.398 (1.245)
20 Feb 2019 20.7 0.202 0.166 (0.071) 0.221 (0.100) 0.212 (0.092) 0.310 (0.173)
18 Jan 2020 21.0 0.394 0.307 (0.203) 0.490 (0.295) 0.470 (0.278) 0.568 (0.358)
16–17 Dec 2020 20.7 0.479 0.430 (0.134) 0.575 (0.211) 0.552 (0.191) 0.323 (0.212)
1 Feb 2021 0.6 0.336 0.459 (0.237) 0.388 (0.255) 0.372 (0.263) 0.414 (0.295)
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parameters in the retrieval algorithms. For example, based on
the analysis of observational data, we came to the conclusion
that estimates of IWC with the values of frim 5 2 and slightly
negative m (with an average value of 20.6 for seven cases)
work the best for the examined snow events that represent a
typical snow type in the U.S. Northeast. Of course, these pa-
rameters may not be optimal for different types of snow-
storms in other parts of the country, and a larger statistical
dataset and a more comprehensive evaluation of the method-
ology are needed. Moreover, we evaluated the performance
of our algorithms near the surface and not aloft, and an aver-
age climatological value of m could be higher at lower temper-
atures (e.g., Heymsfield et al. 2013; Matrosov and Heymsfield
2017).

Both IWC(Nt, Z, m) and IWC(KDP, Z, frim) relations rely on
the Dm estimates from KASPR. The radar-retrieved Dm

sometimes does not follow peaks of the ParsivelDm exceeding
4 mm (Figs. 5d,i,n) as discussed in section 4a, but this inconsis-
tency does not seem to contribute to significant errors in the
IWC estimates (e.g., 2330–2600 16 December 2020 and 1100–
1800 UTC 1 February 2021 in Figs. 5 and 7). Overestimations
with large spikes in the retrievals (e.g., 2000 and 2242 UTC 20
February 2019 and 1913 UTC 18 January 2020) are found
when the retrieved Dm and measured DWR are inconsistent
(Dm . 3 mm while DWR , ;1 dB). This may be caused by
the radar sampling volume mismatch between the two radars,
poorer representation of the surface measurements by the
QVP, or complex particle shapes that are not taken into ac-
count in the derivation of the DWR–Dm relation.

6. Summary

The millimeter-wavelength polarimetric radars operating at
the Ka and W microwave bands have been recently used for
high-spatiotemporal-resolution observations of ice precipita-
tion clouds. Much less attention was given to the quantifica-
tion of ice/snow amounts in terms of IWC or precipitation
rate using the millimeter-wavelength radars. Although the
IWC estimates from centimeter-wavelength radars (e.g., oper-
ating at the S band) have been well established and evaluated
in previous studies, those using millimeter-wavelength radars
still have large uncertainties. In addition, many previously
proposed IWC retrieval approaches using millimeter-wave-
length radar measurements commonly utilize sophisticated
scattering calculations that account for complex particle hab-
its and densities; this might not be easily used for practical
purposes. In this study, we propose novel methodologies for
estimating IWC from Ka-band polarimetric radar measure-
ments, which are evaluated using in situ surface measurements
as well as Ka-band and S-band dual-frequency polarimetric ra-
dar observations. One technique prescribes a combined use of
Z and KDP with the degree of riming frim [the IWC(KDP, Z,
frim) relation], and another one implies the utilization of the
IWC(Nt, Z, m) relation, where Nt is polarimetrically retrieved.
A key feature of both techniques is the introduction of a re-
lationship between the DWR and mean volume diameter
Dm (DWRS=Ka 5 0:78D1:73

m ) into the previously established
IWC(KDP, Z, m) and IWC(Nt, Z) relations which implies the

use of the “Rayleigh”-equivalent Z equal to its S-band value
instead of the value of Z measured at the Ka band. Using
the Dm(KDP, Z) estimates, both techniques allow for single
Ka-band radar measurements; i.e., DWRS/Ka measurements
are not necessary.

We evaluated the two techniques via synergistic analysis of
the data collected by the KASPR at Stony Brook, New York,
and the neighboring NEXRAD (S-band) polarimetric radar
at Upton, New York (KOKX), for seven snowstorms along
the U.S. northeast coast. The KASPR polarimetric radar vari-
ables from the PPI measurements at 158 in elevation are con-
verted to the QVPs, and the KOKX PPI measurements are
converted to the CVPs averaged within a column with a
10 km 3 10 km horizontal dimensions centered at the
KASPR site with a vertical resolution of 50 m. The IWC esti-
mates from the KASPR QVP are then evaluated with the sur-
face IWCsurf obtained from the Parsivel and Pluvio weighing
gauge measurements for four of the selected cases. The QVP
and CVP methodologies for processing and displaying the
data from the two neighboring radars allow for estimating
DWR without the need for matching the radar beams and
synchronizing scanning strategies for two noncollocated ra-
dars. The great benefit of utilizing millimeter-wavelength ra-
dars for the quantification of ice and snow is in the fact that
KDP at millimeter wavelengths is much higher than at a centi-
meter wavelength at which it can be quite low, noisy, and er-
ratic in winter precipitation. The important conclusions from
the study are listed herein.

• Significant DWR estimated from the KOKX CVP and
KASPR QVP (DWRS/Ka) indicates the presence of larger
snowflakes (.15 mm in Parsivel-measured maximum di-
mension) and/or large mean volume diameter Dm . 2 mm.
This suggests that the bulk DWRS/Ka retrieved from CVP/
QVP can manifest the presence of larger particles although
their radar beams do not match and such DWR can poten-
tially be used for quantitative retrievals.

• The KOKX specific differential phase KDP shows a good
agreement with KASPR KDP scaled by the wavelength ra-
tio. This suggests that KDP is primarily determined by
smaller size ice particles that behave as Rayleigh scatterers
at the S and Ka bands. On the other hand, it is also sug-
gested that the KOKX KDP has enough sensitivity for the
quantification of small ice particles that are typically de-
tected by the millimeter-wavelength radars which measure
KDP in a much larger dynamic range than the longer-wave-
length radars. Generally, larger KDP values are associated
with low (near-zero) DWR, likely because KDP is more
sensitive to the number concentration of particles, while
DWR is sensitive to larger particles.

• The term IWCsurf estimated from the Parsivel measurements
more strongly depends on the total number concentration of
particles Nt than on Dm. The IWC(Nt, Z, m) relation for the
Ka-band radar measurements is proposed using Nt estimated
from Z, KDP, andDm or DWRS/Ka without the need for com-
plex scattering calculations.

• The two IWC equations work quite well for ice/snow char-
acterized by the mean volume diameter of particles Dm not
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exceeding approximately 6 mm which encompasses a large
majority of the snow events in the U.S. northeast. The
KASPR-retrieved Dm sometimes does not capture peaks of
the Parsivel Dm exceeding 4 mm, but this inconsistency
does not contribute to significant errors in the IWC esti-
mates. This illustrates that both techniques allow for single
Ka-band radar measurements if Dm is reasonably estimated
from the Ka-band radar observations. This works well for the
entire range of observed DWRS/Ka in this study (0, DWRS/Ka

, 16 dB). If snow is dominated by very large aggregates (i.e.,
large DWR), the use of DWR (.;17 dB) obtained from the
measurements by a nearby centimeter-wavelength radar may
be a better choice (if possible).

• The IWC(Nt, Z, m) relation works well when the PSD pa-
rameter m is between 21.6 and 0.6 (RMSE 5 0.19 g m23,
and the average value is 20.6).

• For the estimation using the IWC(KDP, Z, frim) relation
(RMSE 5 0.27 g m23), optimization of the degree of rim-
ing frim is rather important and challenging. The vertically
pointing radar Doppler velocity measurements can be used
to estimate frim, and utilization of the median value of the
estimated frim improves the performance of the IWC(KDP,
Z, frim) relation. The IWC(KDP, Z, frim) could also depend
on m, which we did not take into account. The IWC(Nt, Z, m)
and IWC(KDP, Z, frim) relations in this study may be differ-
ently affected by m. The IWC(KDP, Z, m) can be further im-
proved by incorporating the optimization of m.

• While the IWC(Nt, Z, m) estimates showed better RMSEs,
the advantage of IWC(KDP, Z, frim) technique is that it uti-
lizes direct measurements of KDP and Z, whereas a quite
tricky procedure is needed for polarimetric retrieval of Nt.
This suggests that the IWC(KDP, Z, frim) technique may
have a better potential for operational purposes if the error
related to the frim estimate can be mitigated.

This study sheds light on the millimeter-wavelength polari-
metric radar IWC estimation. Those techniques can be ap-
plied to other millimeter-wavelength radars if the DWR–Dm

relation, which is obtained from a scattering calculation with
simple assumptions about shape (spheroidal with an aspect
ratio of 0.6) and size distribution (shape parameter m 5 0), is
adjusted to the wavelength and the measured KDP is consis-
tent with the Rayleigh assumption. This would be an easy-to-
use technique compared to the techniques that require more
sophisticated scattering calculations to represent complex
snow particle shapes. However, the estimates in this study
show some errors which may be primarily caused by the un-
certainties in the degree of riming and the shape factor of the
PSD approximated by the gamma function. Better surface in
situ measurements (e.g., Precipitation Imaging Package,
Newman et al. 2009; Tiira et al. 2016; Pettersen et al. 2020;
Video In Situ Snowfall Sensor; Maahn et al. 2024) would help
to better optimize m and/or frim depending on the snow type
to improve the IWC estimates. KASPR QVPs show distinct
fallstreaks from a dendritic-crystal growth layer. The fall-
streaks did not necessarily reach the surface but corresponded
to large Nt and IWC at the surface. This suggests that the
IWC(Nt, Z, m) can be further improved by considering the

microphysics (primary/secondary particle growth) and dy-
namics (e.g., wind shear) within the clouds.
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Löffler-Mang, M., and U. Blahak, 2001: Estimation of the equiva-
lent radar reflectivity factor from measured snow size spectra.
J. Appl. Meteor. Climatol., 40, 843–849, https://doi.org/10.
1175/1520-0450(2001)040,0843:EOTERR.2.0.CO;2.
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