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ABSTRACT: Properties of frozen hydrometeors in clouds remain difficult to sense remotely. Estimates of number con-
centration, distribution shape, ice particle density, and ice water content are essential for connecting cloud processes to sur-
face precipitation. Progress has been made with dual-frequency radars, but validation has been difficult because of lack
of particle imaging and sizing observations collocated with the radar measurements. Here, data are used from two air-
borne profiling (up and down) radars, the W-band Wyoming Cloud Radar and the Ka-band Profiling Radar, allowing
for Ka—W-band dual-wavelength ratio (DWR) profiles. The aircraft (the University of Wyoming King Air) also carried a
suite of in situ cloud and precipitation probes. This arrangement is optimal for relating the “flight-level” DWR (an average
from radar gates below and above flight level) to ice particle size distributions measured by in situ optical array probes, as
well as bulk properties such as minimum snow particle density and ice water content. This comparison reveals a strong rela-
tionship between DWR and the ice particle median-volume diameter. An optimal range of DWR values ensures the highest
retrieval confidence, bounded by the radars’ relative calibration and DWR saturation, found here to be about 2.5-7.5 dB.
The DWR-defined size distribution shape is used with a Mie scattering model and an experimental mass—diameter relation-
ship to test retrievals of ice particle concentration and ice water content. Comparison with flight-level cloud-probe data indi-
cate good performance, allowing microphysical interpretations for the rest of the vertical radar transects.

KEYWORDS: Complex terrain; Cloud microphysics; Drop size distribution; Aircraft observations;
Radars/Radar observations; Remote sensing

1. Introduction lost in transition zones or volumes with multiple hydrometeor
types. In addition, they require additional hardware and space,
which is often not available on airborne, spaceborne, or other
agile platforms (Rauber and Nesbitt 2018, chapter 2.3).

Dual-wavelength radars can use an alternate approach to
estimate characteristics of hydrometeors. Dual- or multiple-
wavelength equivalent reflectivity factor (hereafter, reflectivity)
does not provide information on the type of scatterers (e.g., in-
sects, rain, snow, graupel), but provides insights into particle size
distribution and, in some situations, cloud liquid water content
(e.g., Hogan et al. 2005). These applications are possible using a
few short-wavelength radars, which can be made quite small
and installed on an aircraft or a satellite. The focus here is on
mm-wave radars.

The difference in reflectivity between the different-
wavelength radars is called the dual-wavelength ratio (DWR,;
or dual-frequency ratio, expressed in dB units), which be-
comes larger in magnitude as scattering and absorption
(or attenuation) affects one radar wavelength more than
the other one (Rauber and Nesbitt 2018, chapter 17.2). For

The use of remote sensing to diagnose cloud microphysics
and, ultimately, quantify parameters such as cloud radiative
transfer or surface precipitation, may be improved through
proper identification of hydrometeor phase, size, shape, and
concentration. Ice hydrometeors are particularly difficult to
characterize due to additional variations of shape and effec-
tive density, which may vary across cloud types and even
within a single cloud (Field 1999; Heymsfield et al. 2004;
McFarquhar et al. 2007). Such variability makes relationships
between mass and size unreliable because a single mass—
diameter relationship cannot be applied consistently when
crystal habit is constantly evolving (Finlon et al. 2019). For
this reason, the ability to derive a scatterers’ mass, size, and or
density characteristics along the radar beam is especially use-
ful. Differences in the power and phase of the returned radar
signal at multiple polarizations can help identify different
populations of hydrometeors based on intrinsic properties
such as shape and mass (e.g., Thompson et al. 2014). Dual-
pol measurements allow improved particle identification and
quantitative precipitation estimation (e.g., Kumjian 2013). clouds that are composed primarily of ice, like those investi-
This led to widespread use, including for operational radars gated in this study, liquid attenuation is small such that the
such as the S-band NEXRAD network (e.g., Ryzhkov et al. DWR can be related to the scattering properties of particles
2005). However, dual-pol hydrometeor identification schemes within the same contributing volume. When particles are
determine discrete, best-guess hydrometeor types, but not ~much smaller than both wavelengths, Rayleigh scattering oc-

their size distribution. This approach causes information to be ~ curs and the microwave scattering by the particles is expected
to be similar for both wavelengths. If the contributing volume

contains particles whose equivalent diameter becomes a sig-
nificant fraction of the transmitted wavelengths, reflectivity
Corresponding author: Coltin Grasmick, cgrasmic@Quwyo.edu no longer increases exponentially with particle diameter but

DOI: 10.1175/JTECH-D-21-0147.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by University of Illinois Urbana-Champaign Library | Unauthenticated | Downloaded 08/12/23 03:12 PM UTC


mailto:cgrasmic@uwyo.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1816

Reflectivity (dBz)

DWR (db)

0.1 1.0

D, (mm)

10.0

FIG. 1. (a) Theoretical reflectivity for W- and Ka-band radars
[blue and green lines, respectively, in (a)] and (b) the resulting
DWR as a function of the median-volume diameter (D). Mie cal-
culations assume spherical snow particles with density 0.1 g m™>
and concentrations of 3 L', Dashed lines are for a monodisperse
particle population. Solid lines are for a gamma size distribution
defined by its median-volume diameter and an exponential distri-

bution (shape parameter = 0).

oscillates with further increases of particle diameter (Fig. 1).
Within this Mie regime, radars of different wavelengths will
produce different reflectivity values. This difference can be
exploited to estimate size of particles producing the observed
backscatter (e.g., Matrosov 1992, 1998; Vivekanandan et al.
2001; Liao et al. 2005).

The viability of dual, or triple, wavelength algorithms for
ice microphysics retrievals is becoming more apparent thanks
to recent observational experiments (e.g., Wang et al. 2005;
Kneifel et al. 2015; Grecu et al. 2018; Duffy et al. 2021) and
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theoretical/modeling work (e.g., Kneifel et al. 2011; Hogan
et al. 2012; Leinonen et al. 2013). In most applications, one or
more DWRs are related to a scattering population’s effective
crystal size and/or bulk density, both of which are associated
with crystal habit. The effective crystal size provides informa-
tion about the particle size distribution (PSD), specifically
about the number of larger (Mie regime) particles. After as-
suming a shape to the PSD (typically an exponential or
gamma distribution), a forward calculation of reflectivity us-
ing a scattering model can provide an estimate of number
concentration. The greatest limitation seems to be in ice scat-
tering models; various models and approximations exist,
but none consistently reproduce all the observed double- or
triple-wavelength signatures (Kneifel et al. 2015; Tridon et al.
2019).

Most ground-based and spaceborne dual- and triple-
frequency studies have been hampered by lack of representa-
tive in situ observations of hydrometeor properties. Achieving
collocated radar and microphysics observations (collected
aboard two separate vertically stacked aircraft) often requires
nearest-neighbor algorithms with disparity in time and space on
the order of minutes and kilometers (e.g., Wang et al. 2005;
Dufty et al. 2021). Here, we use the W-band (94.9 GHz-3.2 mm
wavelength) Wyoming Cloud Radar (WCR) and the Ka-band
(35.6 GHz-8.4 mm wavelength) Precipitation Radar (KPR)
aboard the University of Wyoming King Air (UWKA). Both
radars are profiling, above and below the aircraft. An averag-
ing or interpolation of reflectivity values in the first gate(s)
starting at about 120 m above and below flight level provides a
“flight-level” estimation (i.e., centered at flight level), for com-
parison against in situ sizing and imaging probes. Because the
microphysical and DWR observations are from the same plat-
form, the disparity in time and space are small. Collocated
data are matched in time to the nearest second and the flight-
level estimation improves upon the true distance, which is on
the order of 100 m.

Previous studies using the Ka- and W-band radars have
shown a direct relationship between mass- (or volume-)
weighted ice diameter and the Ka-W DWR (Hogan et al.
2005; Kneifel et al. 2015; Chase et al. 2018). There are some in-
consistencies for the relationship between this DWR and bulk
ice density, possibly caused by the amount of riming. Kneifel
et al. (2015) observed greater ice density for increases in
Ka-W DWR and modeling by Leinonen and Szyrmer (2015)
attribute this to additional non-Rayleigh scattering from rim-
ing of aggregates. Chase et al. (2018) observed one case where
bulk density clearly covaried with Ka-W DWR. Hogan et al.
(2000) used the Ka-W DWR to estimate crystal size and ice
water content (IWC) in cirrus clouds using a scattering model.
While ice crystals in cirrus clouds are typically small, they
demonstrated the DWR’s potential for sizing crystals down to
around 200 wm although they lacked aircraft measurements
for validation and showed that variations in density could bias
the results. Mason et al. (2018) made progress toward retriev-
ing bulk snow density by using a ground-based Ka-W DWR
within an optimal estimation framework. Their experiments
comparing retrievals to surface observations showed that both
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Doppler velocity and the dual-wavelength measurements im-
prove estimations of PSD parameters and bulk ice density.

NASA recognized the value of dual-wavelength measure-
ments and launched the Global Precipitation Measurement
(GPM) satellite, with overlapping Ku- and Ka-band (22.1 and
8.5 mm wavelength) radars in 2014 (Hou et al. 2014). The
goals of the GPM Dual-Frequency Precipitation Radar (DPR)
are to provide better PSD estimates, improve phase identifica-
tion capabilities, estimate column water content, and correct for
attenuation—all ultimately intending to better measure surface
precipitation (Hou et al. 2014). Similar applications may be pos-
sible using the two radars on the UWKA.

The goal of this study is to investigate the potential for a
Ka-W DWR microphysics retrieval algorithm by comparing
near-flight-level DWR with airborne in situ observations and
the DWR predicted by a simple Mie model. The comparison
with observed PSDs will show the range of DWR values sen-
sitive to microphysical changes and the Mie model will reveal
whether the variation in DWR is predictable and if further al-
gorithm development is warranted. Section 2 describes the
data and observational methods including the matching of ra-
dar contributing volumes, aircraft in situ measurements, and
the scattering model used to estimate number concentration.
Section 3 presents the flight-level comparison between the
DWR and hydrometeor properties, followed by the results
for a 2D cross section. Section 4 tests the results using a differ-
ent dataset, then sections 5 and 6 contain the discussion and
conclusions.

2. Data and observational methods
a. The Wyoming Cloud Radar and Ka-band probe radar

The dataset used in this project is from the Seeded and Nat-
ural Orographic Wintertime Clouds: The Idaho Experiment
(SNOWIE) campaign (Tessendorf et al. 2019), in which both
airborne radars were operational aboard the UWKA for
12 flights in orographic clouds. For the purposes of this pro-
ject, we use data from two intensive observation periods
(IOPs): one for algorithm development (IOP 14) and the
other for algorithm testing (IOP 16). SNOWIE IOPs typically
lasted about four hours. These IOPs are chosen for their lack
of supercooled liquid water and for the quality of in situ meas-
urements of size distributions. Using high-quality PSD data is
of the utmost importance in algorithm development and it
was deemed better to have a smaller sample size that is ro-
bustly quality controlled than a large sample of data with less
certain quality. Furthermore, the KPR’s Ka-band low noise
amplifier had to be repaired two times during the campaign,
each time requiring a new calibration. Any resulting shifts in
measured reflectivity are unfavorable for our analysis, so we
limit our range of IOPs used in this study to a period with no
repair of the low noise amplifier.

The WCR is a W-band pulsed Doppler radar with beams
pointing above and below the aircraft (Wang et al. 2012). The
KPR is a Ka-band Doppler radar, also with up and down
pointing beams (Haimov et al. 2018). Reflectivity measured
by the longer-wavelength KPR is frequently greater than that
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from the shorter wavelength WCR, caused by, primarily, two
different situations. First, scattering by hydrometeors is simi-
lar for both radars as long as particle size constitutes Rayleigh
scattering. This includes particles less than about 0.6 mm
(<1.5 mm for the KPR but <0.6 mm for the WCR; Fig. 1).
When particles exceed 0.6 mm, the power scattered back to
the radar no longer increases exponentially with increasing di-
ameter for the WCR. For cases with ice, hydrometeors are
generally larger than 0.6 mm, resulting in at least partial Mie
scattering at W band, yet in some size range (~0.6-1.5 mm)
still Rayleigh scattering at Ka band. Because of this, large par-
ticles will increase the DWR magnitude.

Second, the WCR and KPR signals can experience differ-
ent amounts of absorption. Absorption by gases occurs pri-
marily from water vapor and oxygen (Rauber and Nesbitt
2018, chapter 9.2). Water vapor and oxygen absorption both
increase rapidly near 95 GHz (W band), and absorption is sig-
nificantly less at Ka band. Absorption is generally small over
short distances for the atmospheric conditions in this study,
about 0.7 dB km ™! for W band and 0.1 dB km ™! for Ka band
(Ulaby et al. 1981, chapter 5.4). Absorption can also occur
from the hydrometeors themselves. While KPR experiences
minimal absorption due to hydrometeors, except in extreme
precipitation events, the WCR signal is susceptible to absorp-
tion from liquid drops. This can be useful for estimating the
distribution of liquid water content in liquid-only clouds but
reduces the DWR and introduces error during the retrieval of
ice properties. To correct for liquid attenuation, the average
profile of liquid water during the IOP is estimated from a
combination of flight-level data and the nearest passive micro-
wave radiometer deployed in SNOWIE (located near the up-
wind edge of the flight track). The five-channel radiometer
data were quality controlled as described in Tessendorf et al.
(2020). The vertical distribution of liquid water (Fig. 2) is
from a neural network trained by sounding data, and is more
uncertain than the integrated path (Weeks 2017); this explains
why the profiles are similar on different days. This liquid wa-
ter profile is used to determine W-band absorption using coef-
ficients in Eq. (12) in Liebe et al. (1989), which has been
shown to agree well with observations (Vali and Haimov
2001). Since this study emphasizes close-range DWR esti-
mates (<200 m from the aircraft), the attenuation correction
shown in Fig. 2, and their uncertainties, are minimal. When
DWR is used at greater range (section 3e), larger uncertainty
exists and local enhancements (or reductions) in liquid water
cause deviations from the radiometer measured liquid water.

b. Beam matching

Both WCR and KPR have the same airborne vantage point
of a vertically profiling radar, their footprints overlap and
have the same geometry. For the cases considered in this pa-
per, both radars utilize the same range resolution and the
same range sampling. Unfortunately, the two radars have sig-
nificant differences in both beamwidth and along-track resolu-
tion. The narrower WCR beam (~0.7°) samples substantially
less volume than the KPR beam (~4.2°), especially at large
range. The effects of this are further complicated by the
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FIG. 2. Radiometer average liquid water profile (black) from the
hour preceding IOP 14 (solid) and IOP 16 (dotted) when condi-
tions are similar to the observations by the UWKA. The two-way
liquid attenuation applied to the WCR reflectivity is in green and
flight level is marked by the dashed horizontal line.

different dwell times of the WCR and KPR (0.045 and 0.20 s,
respectively). While reflectivity is an inherent property of par-
ticles and normalized by a radar’s contributing volume, the
presence of additional scatterers within the KPR contributing
volume adds uncertainty when comparing the two reflectivity
values.

For the most part, this can be corrected for in the along-
track dimension by Gaussian-weighted averaging of the WCR
reflectivity down to the KPR resolution. Gaussian averaging
weights the center WCR profiles more in order to match the
Gaussian shaped KPR volume. This is accomplished by cen-
tered averaging of WCR reflectivity, in linear units, surround-
ing the center of each KPR profile. The weights depend on
the number of WCR profiles that fall within the KPR beam
diameter at each range gate and a Gaussian kernel with a
standard deviation of one. The beam mismatch in the cross-
track dimension cannot be corrected for. Assuming optimal
averaging is performed in the along-track dimension, the
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quality of the beam match is limited by the fraction of KPR
power that is returned from within the WCR contributing vol-
ume, assuming a uniform field of distributed targets. For a
Gaussian shaped main lobe pattern, this value is approxi-
mately 22%.

At the range used in the following analysis, the KPR beam
diameter is about 10 m. The amount of nonuniform beam fill-
ing at this scale, and scatterers that differ substantially from
what the WCR observed, is likely to be small.

c¢. In situ microphysics observations

A unique strength of the UWKA configuration is the prox-
imity of in situ particle sizing and imaging probes to the DWR
values above and below the aircraft. This advantage is used to
examine the DWR relationship with snow/ice properties with-
out having to determine adequate proximity in both space
and time when the radars and microphysics instruments are
on different platforms. Thus, by using SNOWIE data, the
only requirement for matching microphysics observations
with the radar DWR measurements is to interpolate radar re-
flectivity across the blind zone near the aircraft by averaging
the second gate above and below flight level (i.e., linearly in-
terpolating). The second gate is used because of transmitter
leakage affecting the first gate (Fig. 3). The center of this gate
is at a range of 120 m for the WCR and 136 m for the KPR,
above and below the aircraft. First, we determine “flight-
level” reflectivity by linear interpolation between the two
range gates, thereby assuming reflectivity varies linearly
across flight level. Second, “flight-level]” DWR is the differ-
ence between KPR and WCR flight-level reflectivity esti-
mates. The flight-level DWR can then be compared to in situ
optical array probes (OAP) and IWC probes. Because the ra-
dar observations occur a significant distance above and below
the in situ particle measurements, some uncertainty is intro-
duced due to vertically nonlinear changes related to wind and
ice particles within the radar blind zone.

The Nevzorov hotwire (Korolev et al. 1998) and heated
cone (Korolev et al. 2013) are used for estimating liquid water
content (LWC) and total water content (TWC). IWC is the
difference between the two measurements (TWC — LWC).
Both TWC and LWC were manually corrected using observa-
tions of liquid and ice from other instruments (French and
Behringer 2021). Primarily, this removed liquid bias caused
by ice colliding with the hotwire LWC probe. Other uncer-
tainties like the underestimation of TWC due to ice shattering
or flowing around the probe remain uncorrected.

Two OAPs are combined to characterize the PSD for diam-
eters between 100 and 1600 wm (French and Majewksi 2017).
The 2D-Stereo Probe (2DS; Lawson et al. 2006) counts par-
ticles from about 10 to 1280 wm with 10 wm bin resolution
while the legacy 2D Precipitation Probe (2DP) counts par-
ticles from about 400 to 1600 wm with 200 wm bin resolution.
The University of Illinois OAP Processing Software (Jackson
and McFarquhar 2014; Finlon et al. 2016) removes image arti-
facts and applies dimensional corrections before the PSDs
from the two probes are combined at 1200 wm. By using parti-
cle sizes greater than 100 wm, contamination from liquid
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FI1G. 3. Average profiles of WCR (blue) and KPR (green) reflectiv-
ity from the IOP 14 cross section discussed below.

drops is reduced and the resulting total number concentration
(N7.100) is close to the ice number concentration. Although
the PSD has a time resolution of 1 s, a moving average of 20 s
is applied to allow for a sufficient number of the larger par-
ticles to be included in the distribution. Other averaging tech-
niques were tested, such as using different moving average
lengths and increasing bin widths. There were no significant
differences from the 20 s average, which had a good balance
between detail and low noise. The same 20 s moving average
is applied to the flight-level estimate of reflectivity when it is
compared to PSD data.

The median-volume diameter (Dy) is used as the represen-
tative particle size for a distribution, which is defined as the
nearest particle diameter in the PSD that separates the total
solid sphere volume in half. For any particle, its 2DS or 2DP
reported diameter is the maximum particle dimension.
Clearly the assumption of a sphere of that diameter may
vastly overestimate the actual ice particle volume, especially
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for pristine ice crystals. Similar to reflectivity, which is propor-
tional to particle diameter to the sixth power in the Rayleigh
regime, the volume diameter is weighted by the largest particles,
but only to the third power. Additionally, D, is proportional to
a mass-weighted diameter without the added assumption of an
effective density.

d. Methodology for Mie—Lorenz calculations

The equivalent reflectivity factor retrieved from each radar
is primarily a function of the particle size distribution N(D)
and the backscattering cross section a(D, \) and can be writ-
ten as

NN

Z, 71-5|Kw|2 L N(D)o(D,N)dD, (1)
where A is the wavelength and K,, is related to the complex
refractive index for water and is a function of the radar fre-
quency and temperature. To estimate N(D), o(D, \) is calcu-
lated by assuming that ice particles are homogeneous spheres
with some snow density (p,) that is less than the density of
pure ice (p; = 0.9168 g cm™>). First, the complex permittivity
of pure ice (g;) is estimated using Hufford (1991) considering
the radar frequency and average flight-level temperature.
Next, the permittivity of a snow particle (mixture of ice and
air) is calculated as described by Meneghini and Liao (2000)
where

pi t 2Kip,
e T @)
Pi iPs
_& 1
K; g +2 ®)

Last, the resulting refractive index of the snow particle
(Ri; = /g,), radar wavelength, and particle radii are used to
determine the radar cross section of each particle by the process
developed by Bohren and Huffman (1983). The results of a snow
particle with a density p, of 0.1 gcm > and 0.1 < Dy < 10 mm is
shown in Fig. 1. The lower density of an ice particle reduces the
reflectivity factor when compared to the Rayleigh assumption.
The Mie oscillations of radar reflectivity (Fig. 1a) match what has
been calculated by others using different methods (e.g., Fig. 3 in
Wang et al. 2005).

e. WCR and KPR calibration

The DWR uncertainty is dependent on the relative calibra-
tions of the WCR and KPR while the scattering calculations
and other single reflectivity comparisons are dependent on
their absolute calibrations. The WCR reflectivity is calibrated
by measuring the return from a trihedral corner reflector with
a known scattering cross section. Error associated with this
calibration is estimated to be less than 2.5 dB (Wendisch and
Brenquier 2013, 509-517). KPR calibration was completed off
the aircraft by using a signal with known power and fine-
tuned by cross calibrating with WCR in regions of drizzle
drops smaller than 400 wm (Tripp et al. 2017; Haimov et al.
2018). Due to the cross calibration, the relative calibration
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FIG. 4. Histograms of DWR for regions with 0 < Z, <8dBZ
expected to be dominated by Rayleigh scattering. The black line in-
cludes about 3.5 million points, which are also separated into histo-
grams by range from flight level identified by colors in the figure.
The distributions’ standard deviations (o) are used to estimate the
relative calibration and KPR absolute calibration listed in Table 1.

between the two radars is quite good, estimated here by inves-
tigating the difference between the WCR and KPR (i.e., the
DWR) where they are expected to be the same (e.g., where
scattering is dominated by Rayleigh scattering). Figure 3
shows an example of WCR and KPR profiles averaged during
a period of relative homogeneity (between 60 and 80 km in
the Fig. 11 cross section discussed later) and provides insight
into reflectivity values when Rayleigh scattering is dominant.
The region of expected Rayleigh scattering occurs above
4.5 km where the KPR profile (green) is a close match to the
WCR profile (blue). Their difference shrinks rapidly between
5 and 8 dBZ at Ka band. Mie scattering is responsible for the
mismatch between 2 and 4.5 km MSL and is the region where
retrieving bulk microphysical properties is possible. In Fig. 4,
we look at near-cloud-top echoes throughout IOP 14 where
KPR reflectivity is between 0 and 8 dB. In these regions of
low reflectivity and small ice particles, the DWR is close to
0 dB but has a near-Gaussian spread expected from random
error. The standard deviation shows a slight dependence with
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range; the standard deviation of the DWR within 0.5 km from
the aircraft is about 0.8 dB while the distribution narrows at
greater range (o ~ 0.6 dB between 2 and 2.5 km), likely im-
proved by the additional averaging. Because of the difficulty in
separating random error from systematic error in the WCR
calibration, values mentioned here and summarized in Table 1
are a total error, assumed to be random in our calculations.
The right side of the distributions (with increasing DWR) have
additional bias from increasing Mie scattering, preventing a
symmetrical curve; thus, symmetry with the left side of the dis-
tribution is assumed when calculating standard deviation. Last,
the WCR and DWR uncertainties are used to estimate the ab-
solute calibration of the KPR.

3. Comparisons between the DWR and ice median-
volume diameter

a. DWR versus median volume diameter

For a population of monodisperse ice particles, the ex-
pected radar reflectivity is not monotonic, resulting in multi-
ple possible size solutions for a given DWR (Fig. 1b). A
natural cloud parcel typically contains a distribution of ice
particle sizes. This distribution of particle sizes reduces the os-
cillatory nature of scattering within the Mie regime so that the
radar reflectivity, relative to a particle size representative of
the distribution, can be considered monotonic (Fig. 1, solid
lines). Given the relationships between D, of a population of
droplets and radar reflectivity for both W band and Ka band
shown in Fig. 1a, the expectation is for the DWR (Ka-W) to
increase as the distribution’s Dy increases (Fig. 1b). Further-
more, given sufficiently accurate Mie calculations, it should be
possible to relate a measured DWR directly to an expected
Dy between 0.3 and 15 mm (with the assumptions about snow
density and shape of the PSD). However, due to the complex-
ities with estimating backscattering cross sections from ice
crystal shapes/orientations, we forgo this approach in ex-
change for comparing the flight-level D, directly with the
measured flight-level DWR.

Comparison between observed flight-level Dy and DWR
reveals a near exponential relationship for DWR values be-
low ~7.5 dB (Fig. 5). Each 1-s average value of DWR is
placed in a bin between 0.0 and 9.5 with bin width of 0.5 dB.

TABLE 1. Summary of the sources of uncertainty and their effects on DWR, D, N9, and IWC valid where DWR is less than
7.5 dB, in ice-dominated clouds such as IOP 14 (LWC < 0.1 g m™>). Italicized values in the last three rows are determined by
perturbing DWR and the model by their respective uncertainties in the algorithm.

Uncertainty source

Uncertainty at flight level

Uncertainty away from flight level

WCR calibration (dB)

KPR calibration (dB)

Relative calibration (includes 22% beam match) (dB)
Path-integrated water (liquid) attenuation (dB)
Scattering model uncertainty (dB)

Total DWR uncertainty (dB)
Total Dy uncertainty (mm)
Total N7100 uncertainty (em ™)
Total IWC uncertainty (g m ™)

~25 ~2.5
~33 ~3.3
~0.8 ~0.6
Minimal <1.0(case dependent)
~3 ~3
~0.8 ~2.3
~0.5 <2
~0.004 <0.012
~0.05 <0.25
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FI1G. 5. Flight-level distribution of median volume diameter (D) for a range of binned DWR
values. Mean values (X symbols) have been fitted with an exponential distribution (red line) ex-
cluding the last four bins. Boxplots indicate the range of the data (excluding outliers) and the
boxed interquartile range. The black line is the theoretical relation from the scattering model af-

ter bias (identified in section 3c) is removed.

To be included in the model, flight-level values from IOP 14
(18 February 2017) must have a KPR reflectivity greater than
0 dBZ, which is above the minimum detectible signal at this
range (prior to this, KPR data are filtered to exclude points
within three standard deviations of the noise). Additionally,
the difference between the radar gate above and below flight
level must not exceed 5 dB. These requirements ensure that
the measured reflectivity is above the noise and that the pre-
cipitation structure is rather uniform across flight level.

The center of each DWR bin is fitted to the average D
(X within each boxplot) by least squares assuming an exponen-
tial relationship (Fig. 5). The last four bins are not included in
this fit; large ice particles encountered are difficult to size by
the 2DP because a majority of the particle’s cross section likely
falls outside the 6.4 mm diode array. The resulting exponential
function has the form D (DWR) = C,CPWR + C;, where the
coefficients [Cy, C,, C5] = [0.895, 1.267, —0.120], DWR is in
decibels, and Dy is in millimeters. Compared to theoretical cal-
culations (black line in Fig. 5), the observed DWR (red line in
Fig. 5) changes over a larger range of D,. The Mie theory cal-
culations predict the largest DWR sensitivity for small Dy, es-
pecially sizes less than 2 mm. Observations show that the
DWR increases in this region, but not as quickly. Both the
modeled and observed DWR stop increasing with increasing
Dy between 7 and 8 dB and between 4 and 5 mm. Discrepancy
is likely, in part, caused by the limitations of the Mie theory in
predicting the backscattering cross sections of ice but may also
be caused by changes to the shape of the distribution (exam-
ined in the next section) that occur in tandem with changes in
Dy. The modeled DWR in Fig. 5 assumes a constant distribu-
tion shape while the actual distribution shape likely changes as
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the number of larger particles increases (explored in the next
section). This DWR-D, relationship is similar to those in
Dufty et al. (2021), although theirs is based on mass-weighted
mean diameter.

b. Estimating the PSD from DWR and reflectivity

Hydrometeor size distributions can be described using a
gamma distribution (e.g., Fig. 6a), which is directly related to
the hydrometeor number density (Np), the snow diameter
(D), the median volume diameter (Dg), and the shape param-
eter (w) in this modified form described by (Liao et al. 2005):

N(D) = NOD“eXp[—(3.67 + [.L)DB , %)
0
_ NTGH+1
N, = P )
367+

0

Because of the direct relationship between Z,, N(D), and
Ny, and the definition of the dual-wavelength ratio
[DWR = 101og(Z,/Z,)], the DWR is independent of ice number
concentration and N (Liao et al. 2005). However, there remains
some dependence on p and snow density (p;), in addition to Dy,
due to the dependence of the dielectric constant on density
(Liao and Meneghini 2000). In Eq. (5), N7 (the total number
concentration) is replaced with Nz.100 (N7.100 = Nr > 100 pum;
units: m~>) and T'(x) indicates the gamma function of x.
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FIG. 6. (a) Observed size distribution (black) and fitted gamma distribution (red) for an example DWR of 5.5 corre-
sponding to a Dy of 3.2 and the shape parameter w from the relationship shown in (b) the distribution of best-fit u for the
observed range of DWR values at flight level. The solid black line is an exponential fit to the mean values (X symbols) in

each bin.

The gamma shape parameter u is the greatest contributor
to uncertainty when estimating the number concentration
from the Mie scattering model. After testing various mea-
sured size distributions from IOP 14, each representing 20 s of
2DP data, it appears that u = 0 is well-suited for representing
observed size distributions when the KPR reflectivity and
DWR are large (DWR > 3.5), signifying many large particles
(Fig. 6a). A shape parameter of 0 reduces the modified
gamma distribution to an exponential distribution. Other
studies have also found u = 0 to work well (e.g., Tridon et al.
2019). For smaller KPR reflectivities (and smaller values of
DWR), where there are fewer large particles, we found that a
larger shape parameter w is needed to fit the observed PSD.
Using all flight level data from IOP 14, each PSD was matched
with the best w using the Kolmogorov-Smirnov method; i.e., mini-
mizing the difference between the two cumulative distribution
functions. As expected, the results show that a larger p fits a PSD
better for smaller DWR values (Fig. 6b) and that, overall, small u
values match best for the flight-level observations for this case.
The mean p of each bin in Fig. 6b fits an exponentially decreasing
function of the form w(DWR) = C,CP%R + C, where the coef-
ficients [Cy, Cs, Cg] = [0.917, 0.678, —0.0388]. Applying this func-
tion allows both D, and w to vary as a function of DWR. This
function could vary for different cases and cloud dynamics, for ex-
ample, when there are fewer large hydrometeors and the distribu-
tion is more gamma-like with larger values of .

c. Estimating ice number concentration Nt,;99 and
particle density p;

Provided a measurement of DWR (centered at flight level,
or elsewhere), the equivalent size distribution can be created
by first estimating the D, from the flight-level relationship de-
rived in section 3a, and then using Egs. (4)-(6), with a DWR-
dependent shape parameter u. The values of Ny and Nz100
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can be determined by forward modeling of the backscattering
cross section within the three-dimensional space of Dy, N7.1¢0,
and p, (see section 2d) by matching observed and calculated
WCR and KPR reflectivity. Single-particle snow density p; is
defined as the mass of the particle divided by the volume that
envelopes it (Heymsfield et al. 2004)—a sphere with an effective
diameter (w.r.t. its scattering properties) in the case of the
model. Accurately estimating these ice characteristics relies on
the ability of the model to match the observed reflectivity when
given the true distribution. To test this, the model is used with a
gamma distribution derived from the D, observed at flight level.
The calculated reflectivity is then compared to the measured
“flight-level” reflectivity for both Ka band and W band (Fig. 7).
For a perfect scattering model, the calculated and observed re-
flectivity should be close, within the uncertainties discussed in
section 2e; however, error from assuming ice particles are homo-
geneous and spherical causes a bias that is seen in Fig. 7b.

For IOP 14, there is a mean bias of 7.5 dB between the WCR
and KPR reflectivity values: when the p; is adjusted so that the
WCR calculated reflectivity matches the observed (the optimal
model density is close to 0.1 g cm ™ for IOP 14), then the KPR is
typically off by 7.5 dB (Fig. 7), confirming the limitations of the
Mie model. Raising (lowering) p, increases (decreases) the calcu-
lated reflectivity so that it is possible to find the optimal density
for one radar while an offset may remain for the other. Because
ice particles or aggregates can rarely be classified as homogeneous
spheres, the calculated snow density is unlikely to match observed
value. The observed value, the minimum bulk snow density pmin
is determined by dividing the Nevzorov probe estimated IWC by
the total solid sphere volume (Heymsfield et al. 2004). It is ex-
pected to be a minimum because particles are characterized by
their maximum diameter. Conversely, the snow density within
the scattering model (py) is larger because the effective diameter
is smaller than the maximum diameter reported by the OAPs.
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Fi1G. 7. Comparison between flight-level-centered radar reflectivity and the Mie calculated reflectivity using the

observed size distribution for the (a) WCR and (b) KPR. Ice particles are assumed to have a density of 0.1 g cm™".

Following this discussion, the bias is always removed from
the KPR calculated reflectivity. This subtraction shifts the calcu-
lated KPR reflectivity down to the red line in Fig. 7b and also
reduces the modeled DWR (e.g., Fig. 1b). As a result, it seems
that very small Dy may have a negative DWRs in the model;
however, such small Dy are not observed (partially because
small particles contribute very little to Dy, and partially because
particles less than 0.1 mm are not included in the distributions).
About 0.8 dB of this 7.5 dB bias may be attributed to uncer-
tainty in radar cross calibration (Table 1), but the difference is
otherwise attributed to limitations in the Mie calculations.
Some of this may arise from the observations where the particle
counts and diameters measured by the OAPs differ from what
the radar would observe, due to the small sampling volume of
the OAP and ice crystal orientations. The smaller OAP sam-
pling volume (compared to the radars) results in an underesti-
mate, while the use of the reported maximum diameter results
in an overestimate of the OAP-calculated reflectivity. Once the
bias is removed, the expected DWR from the model is typically
within the range of observations (black line in Fig. 5).

When this methodology is applied, the Mie model is used
with the size distribution (defined by the DWR estimated D,
and p in Figs. 5 and 6), to model WCR and KPR reflectivity
in the space of p; and N7.190. The chosen solution is the p; and
Nr100 pair that produces the minimum reflectivity difference
for both radar wavelengths.

The resulting N7190 values are compared with the flight-level
observations in Figs. 8a and 8b. These figures show that a major-
ity of the error in Nz;;00 occurs when the DWR is below about
2.5 dB. For DWR values below 2.5 dB (and the associated Dy of
1.50 mm) the PSD quickly deviates from an exponential distribu-
tion and is only partially compensated for by the shape parame-
ter’s dependence on DWR in Fig. 6b. To match the observed
reflectivity, the algorithm compensates for the poor match by er-
roneously increasing (or decreasing) N7.109, Which is especially
noticeable for DWRs below 2.5 dB. The results from this analysis
are that Ny and IWC (and p,) cannot be reliably retrieved
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when DWR is less than about 2.8 dB (gray points in Fig. 8b).
Although this still allows error up to 100%, a majority of points
with DWR < 2.8 dB have errors less than 46% for N0

The effective snow density that results from the calculation
of N7100 does not match with observed psmin (shown in the
next section) for reasons already discussed. In fact, the range
of density values used in the algorithm (0.1-0.5 g cm ), while
physically possible being less than the density of ice particles,
are about an order of magnitude larger than the observed
Ps.min (0.01-0.04 g cm ™). Although they are larger than what
is estimated from observations, these density values produce
backscattering cross sections that match those used in other
studies (Wang et al. 2005; Liao et al. 2005). As a result, the
large density values produce overestimates of IWC.

In an effort to retrieve a better estimate of IWC we explore
ice mass—diameter (m-D) relationships that have been devel-
oped by observational and modeling studies that have the form
m = aD?. IWC amounts are derived from the observed PSDs
by integrating over size bins greater than 100 wm and then are
compared to the observed Nevzorov IWC in Fig. 9. Lacking a
satisfactory choice of an m-D relationship from those in Fig. 9
(Heymsfield et al. 2004; Brown and Francis 1995; Leinonen and
Szyrmer 2015), we test a custom power law with coefficients
a = 0.025 and b = 2.07 (solid green line). While this relationship
works well with the observed PSD, it tends to underestimate
IWC when applied to the DWR-derived PSD (dashed green
line). After testing various power laws, it was found that a simple
linear m—D relationship actually worked best for the DWR-
derived PSD (@ = 5 X 107> and b = 1, orange lines) and
resulted in the smallest root-mean-square error (Fig. 8c). For
DWRs greater than 2.8 dB, error is less than 60% with a
majority of points having errors less than 17% (Fig. 8d).

d. Microphysical properties inferred from the DWR-Ka
reflectivity space

It is useful to explore how microphysical characteristics
vary in DWR-Z space (e.g., Liao and Meneghini 2016; Kneifel
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FIG. 8. Observed vs DWR estimated (a) Nz1q at flight level and (b) the N7.100 percent error vs DWR. (¢),(d) As in
(a) and (b), but for IWC. Gray dots indicate regions of large error where the DWR is low (<2.8 dB).

et al. 2015; Chase et al. 2018). Here, Z is the reflectivity of one
of the two radars (usually the longer wavelength one, KPR in
our case), an independent variable. Such an analysis is espe-
cially promising here because of the nearly collocated radar
and in situ measurements on a single aircraft. Bin-average
Ps.min» Do, and IWC are plotted in DWR-Z, space for the en-
tire flight-level dataset from IOP 14 (Fig. 10). Generally,
DWR increases with KPR reflectivity Z, and the flight-level
DWR maximum is around 9 dB (Fig. 10a), although larger val-
ues exist below flight level. Upholding the earlier analysis
shown in Fig. 5, Dy is primarily a function of DWR as shown
by most its variation existing in the vertical, along the DWR
axis (Fig. 10b). The value of pymin, Which is related to ice crys-
tal habit and aggregation, varies along both axes (Fig. 10c).
The least dense particles include the largest particles that may
include aggregates (large DWR and D) but extend to smaller
particles with small KPR reflectivity (upper-left regions) and
can be associated with more pristine crystals. The highest den-
sity is found among the smallest particles for each KPR
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reflectivity bin (lower-right region). It is expected that these
particles experienced little growth, little or no aggregation,
and possibly slight riming. Chase et al. (2018) showed a similar
inverse behavior between effective density and the Ka-W
DWR in their second case. Other studies (Kneifel et al. 2015;
Leinonen and Szyrmer 2015) suggest the opposite relationship
but focus on riming, of which there is little in IOP 14. Last,
IWC appears strongly related to KPR reflectivity. Being a
combination of the density and size of particles, small dense
particles do not contribute much to IWC and neither do large,
low-density particles. The most IWC is found when medium-
sized, medium-density particles are present.

e. Algorithm utilization away from flight level (2D
cross sections)

The preceding discussions used flight-level comparisons to
establish that the DWR is a strong indicator of particle me-
dian size Dy. We used this relation to further estimate total
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PSDs. The black dashed line is the one-to-one line. Solid green
and orange lines use the observed PSD, and dashed green and
orange lines indicate the mass—diameter relationship with the
DWR-predicted PSD.

number concentration, and IWC, and snow density. These re-
lationships obviously are most useful away from flight level
where in situ measurements of cloud microphysics do not ex-
ist. Here, we continue using IOP 14 to demonstrate how these
derived variables vary away from flight level, with the caveat
that retrieved properties have uncertainties, as demonstrated
above. An additional caveat is that these relations apply only
in ice clouds, with very little cloud liquid water, since the
W-band attenuation by droplets is quite high (the two-way
path-integrated attenuation is ~10 dBZ km™' g™' m™3)
(section 2a), and since the LWC profile is unknown, retrieval
uncertainty increases with range to values above those stated
in Table 1. Also, imperfect beam matching, which was ex-
pected to have a negligible impact on the near-flight-level
analysis, has a greater chance of influencing our results at far-
ther range because there is a greater chance of heterogeneity
within the larger KPR volume.

In general, our retrieval process is the same as what is de-
scribed for flight level except for two distinctions. First, no av-
eraging across range gates is performed (unlike flight-level
radar products, which are interpolations across the radar blind
zone); instead, the only averaging applied is what is described
in section 2b for beam matching. This process reduces the
DWR resolution with distance from the UWKA. Second,
temperature and humidity profiles from a nearby sounding
are used to correct for water vapor attenuation following Vali
and Haimov (2001). Third, the liquid water profile from a
nearby passive microwave radiometer is used to correct for
liquid attenuation at W band, following Liebe et al. (1989).
Given that the radiometer was on the upstream end of the
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UWKA transect, the liquid water profile was averaged over
the hour preceding the IOP. Assuming that this LWC profile
is correct, the maximum path-integrated attenuation is around
1.1 dB at a range corresponding to the subcloud layer just
above the ground (Fig. 2). These corrections impact the
shorter wavelength WCR reflectivity much more than KPR
reflectivity. Given the underlying complex terrain, and the
likely occurrence of pockets of higher LWC in the low-
level air currents ascending terrain slopes compared to the
radiometer site some 50 km upstream (e.g., Rauber and
Grant 1987; Xue et al. 2022), the two-way correction can
increase the DWR by a few decibels for range gates near
the ground, rendering our retrieval less suitable in this
environment.

The cross section in Fig. 11 was chosen for the range of
DWR values at flight level (0-7 dB) and in the rest of the
cross section (up to 10 dB). While there is much variability in
KPR (Fig. 11a) and WCR reflectivity (Fig. 11b), the DWR
(Fig. 11c) and Dy (Fig. 11e) generally increases toward the
surface as expected from growing/aggregating ice particles.
Cross sections and profiles of retrieved variables in Mason
et al. (2018) also find that the median diameter of ice in-
creases toward the surface. Because most ice particles fall in
the Mie regime at W band, WCR reflectivity is only weakly
sensitive to changes in ice particle size. Although the regions
between 30 and 60 km and between 70 and 90 km have similar
reflectivity values, the DWR reveals that the upstream region
(30-60 km) has much larger particles. These large particles
are beneath a region of Kelvin—-Helmholtz waves analyzed in
Grasmick and Geerts (2020) and Grasmick et al. (2021). The
reflectivity cross sections also feature a melting layer near
1.7 km MSL where the presence of liquid dictates that the as-
sumptions made in the DWR analysis are no longer valid, so
we focus our attention above the melting level and regions be-
low are blackened out. For the range of DWR at flight level,
the predicted Dy closely follows the observed value, deviating
slightly where there is large vertical variability across flight
level. Some regions of DWR have increased uncertainty and
are either marked or removed. First, DWR uncertainty away
from flight level may exceed 2 dB (Table 1) so any retrieved
variables where DWR is less than 3 dB is removed (e.g., black
region near cloud top in Fig. 11d). Additionally, the D
expected from large DWR values (DWR > 7.5) go beyond
the exponential relationship observed by the in situ probes
(Fig. 5). These Dy values cannot be verified at flight level so
are contoured in the cross sections (Figs. 11c,d) to identify the
uncertainty.

Additional microphysical insight may be retrieved by the
forward modeling of Mie scattering. Ice concentration and
IWC are estimated for the cross section where the DWR
is greater than 2.8 dB. Ice concentrations vary from 0.001
to 0.1 cm™? (Fig. 12a), which agrees with flight-level data
(Fig. 12¢). IWC (Fig. 12b) also shows reasonable values,
typically below 0.5 g m~> but a few regions close to the
ground reach values greater than 2 g m >, This may be an
overestimate, on account of excessive DWR values, due to an
underestimation of low-level LWC and insufficient W-band
attenuation correction. In fact, the pockets of very high IWC
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FIG. 10. (a) 2D histogram of point density within DWR-KPR reflectivity space at flight level during IOP 14. Bin
average values of (b) D, (c) ice particle density, and (d) IWC for the same space, all based on in situ probes.

in Fig. 12b may be markers of pockets of high LWC (located
just above). In any event, flight-level observed and modeled
IWC are generally in close agreement where DWR > 2.8
(Fig. 8d), even in the contoured regions where Dy is uncer-
tain. Retrieved IWC has little sensitivity to the shape parame-
ter (Delanog et al. 2005) but large uncertainty in N7190 and py
for small DWRs drive the error. Within/beneath the KH
wave fallstreaks, N7 oo is slightly larger and there is a plume
of enhanced IWC descending to the surface (although within
the contoured region). Also note the retrieved high ice parti-
cle concentrations near cloud top in the region with KH bil-
lows (marked in Fig. 11).

While an m-D relationship is used in place of snow density
to estimate IWC in Fig. 12, the forward modeling of Mie scat-
tering also produces an independent estimate of snow density
(see section 2d) within the same transect (Fig. 13a). Com-
pared to the flight-level estimate of psmin, the Mie estimate is
more than an order of magnitude too large, as mentioned ear-
lier (Fig. 13b). Even so, the variation in the resulting snow
densities appear within expected values; the trends in the esti-
mated density match the trends in the flight-level observations
(Fig. 13b). Furthermore, this transect shows that snow density
decreases toward the ground as expected from aggregating
snow with increasing maximum diameters and more spherical
volumes (Heymsfield et al. 2004). Although the density values
are too large, the realistic variations in density show that the
model is sensitive to changes in snow density and add confi-
dence to our results. In contrast to these results, Mason et al.
(2018) typically show density increasing toward the surface.
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This difference may be caused by our conditions being domi-
nated by aggregation instead of riming. Also, Mason et al.
(2018) used a different definition of density in their retrievals
(see their density factor).

4. Algorithm testing on separate data (IOP 16)

The results of the DWR algorithm presented in Figs. 7 and
9-12 are based on the combined in situ and radar data the al-
gorithm was developed from. To test the sensitivity of the al-
gorithm to this data, and whether it can be extended to other
environmental conditions, we use the same process on a dif-
ferent dataset, IOP 16 (20 February 2017). The conditions
during IOP 16 (Fig. 14) were similar to IOP 14 (only 2 days
later) but were more unstable/convective, had less homoge-
nous cloud depths, and contained slightly more supercooled
liquid (Fig. 2). Like IOP 14, there is an apparent melting layer
just below 2 km MSL and there is substantial shear between
5.5 and 7.5 km MSL. The wind speed increases from 27 to
64 m s~ in this layer resulting in a critical Richardson number
and Kelvin—-Helmholtz instability that can be seen in vertical
velocity (not shown). IOP 16 also has larger flight-level DWR
values, exceeding 10 dB (Fig. 14c), while the maximum flight-
level values in IOP 14 are about 7 dB. The resulting D, field
suggests that the exponential relationship developed from IOP
14 can be extended to the larger DWR values here; the pre-
dicted and observed flight-level D, both reach about 7 mm for
the largest DWR near x = 60 km. Note that there is some dis-
agreement at flight level due to difficulties estimating flight-level
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FIG. 11. 2D cross section from IOP 14 over complex terrain, showing (a) KPR reflectivity,
(b) WCR reflectivity, (c) KPR-WCR DWR, (d) estimated D, using the relationship in Fig. 5,
and (e) observed (black) and DWR-estimated (green) flight-level D,. The dashed line in
(a)—(c) is the flight level. The black contour in (c) and (d) indicate where the DWR is greater
than 7.5 dB and D, is more uncertain. The storm motion is from left to right. Data where DWR

is less than 3 dB are covered in (d) as are data below the melting layer.

DWR where large cross flight-level variability exists (e.g.,
64 < x< 72 km). Additionally, near-flight-level shear causes a
displacement with in situ observations (seen best in Fig. 15d).
The DWR derived ice concentration and IWC cross sec-
tions show unique, small-scale structure within the low-level
cloud (Fig. 15). Where convective plumes exist, the ice con-
centrations near cloud top are large, likely indicative of ice
initiation (black boxes in Fig. 15a), and similar to examples in
Mason et al. (2018). The temperature at 5 km MSL is about
—17°C. These large values are diminished below cloud top as
aggregation occurs. Compared at flight level, derived and ob-
served ice concentrations agree quite well, especially when
flying in the deepest part of the cloud where the largest DWR
exists. The high ice concentrations above the terrain may be
the result of ice multiplication processes (the temperature at
2.5 km MSL is about —3°C), although they may be spurious,
on account of underestimated LWC. The latter concern
applies to the pockets of very high retrieved IWC as well
(Fig. 15b). In most of the cloud, the IWC is less than 0.5 g m ™,
similar to the previous case. However, within the deepest plume,
fall-streaks of high IWC are observed above flight level (around
60 km). These high IWC plumes are confirmed by flight-level
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observations although slightly displaced from the DWR obser-
vation (Fig. 14d).

Similar to the first case, when the variables of interest are
averaged within 2D bins, they are sorted into distinctive re-
gions (Figs. 16a—d). Due to increased flight-level liquid water
in this case, IOP 16 had locations of instrument icing and, af-
ter identifying and removing the affected data, there were
fewer good-quality flight-level data segments. Nevertheless,
the patterns remain similar to IOP 14. The distribution of Dy
and IWC are nearly identical to what was observed in IOP 14
(Figs. 10b,d): Dy increases with DWR, and IWC increases
with Z,. (Figs. 16b,d). The distribution of pmin (Fig. 16c) is
not as distinct as other variables or the previous case but still
tends to increase toward the bottom right (large Z,, small
DWR). The range of density values in this case is about twice
that in IOP 14. This is probably related to the higher amounts
of liquid water and more frequent riming.

5. Discussion

Multifrequency profiling radar reflectivity can be used to
characterize cloud and precipitation throughout the depth of
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FIG. 12. As in Figs. 11c and 11d, but for the results from the Mie model including (a) ice con-
centration for particles >0.1 mm and (b) IWC using orange relationship in Fig. 9. (c),(d) Flight-
level observed (black) and modeled (green) (c) concentration of ice particles larger than 0.1 mm
and (d) IWC. The lack of data near cloud top in (a) and (b) is a result of DWR dropping below

3.0dB.

a cloud, particularly in mixed-phase clouds. Vertical transects
of retrieved microphysical information such as Dy, N7.100, and
IWC, combined with hydrometeor vertical motion, are essen-
tial for understanding mixed-phase precipitation processes.
Here, we use two airborne profiling radars, one at W band
and one at Ka band, to examine the relationship between
DWR and ice particle properties documented with in situ
probes. By assuming a shape for the size distribution, a model
of ice backscattering cross sections was used to test retrievals
of N7,100 and, by extension, IWC. In this application, both re-
flectivity values are used to allow snow density to vary in the
scattering model. Instead of using density, a mass—diameter
relationship suitable for the small liquid water path conditions

I0P-14 | 18 Feb 2017 | 22:39:20-22:58:00

is used to estimate the IWC. Like with Dy, estimates of N7.1qo
and IWC match reasonably well with flight-level measure-
ments. Additional information is available via retrieved ice
density although there is greater uncertainty because the mea-
surement-derived density and modeled density are not equiv-
alent estimates. The two density estimates behave similarly
but differ by about an order of magnitude (Fig. 13b), the ob-
served psmin being smaller. Even so, using both WCR and
KPR to solve for ice density produced much better results
than holding ice density constant.

Two cases were presented here for the purpose of demon-
strating the development of the DWR algorithm. They pro-
vide insight into the usefulness and limitations of such an
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FIG. 13. Ice density output from the Mie model for (a) the cross section presented in Figs. 10 and
11 and (b) retrieved flight-level ice density (green) compared to observed p; min (black).
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analysis. In the first case (IOP 14), elevated values of N71g0
and IWC in a stratiform cloud can be tracked back to a train
of Kelvin-Helmholtz waves known to increase supercooled
liquid and riming (e.g., Barnes et al. 2018; Grasmick et al.
2021). In the second case (IOP 16), convective plumes close
to cloud top contain dramatic gradients of ice particle concen-
tration likely related to ice nucleation. In both cases, ice parti-
cle concentration generally increases toward the surface
(Figs. 12a, 15a) in a temperature range between about —10°
and 0°C. This may be evidence for secondary ice production,
which often occurs in this temperature range in the presence
of liquid water (Field et al. 2017).

Flight-level comparisons provide a range of uncertainty
when estimating ice particle characteristics using the DWR
algorithm. Contributions to this uncertainty come from
assumptions made in the retrieval and uncertainty in the
measurements (including beam mismatch). D, has the
smallest uncertainty, which is less than 0.5 mm for a DWR
less than ~4 dB but it can increase to around 2 mm for
larger DWR (Fig. 5, Table 1). Any uncertainty for DWR
larger than 7.5 dB is poorly quantified because of limitations
measuring large particles and the rarity with which large
DWR values occur at flight level, which in IOP 14 was
mostly in the upper cloud region. While a small DWR
reduces uncertainty in Dy, it increases uncertainty for
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variables retrieved with the Mie scattering model, especially
Nr100 and pg; when particles are small (DWR < 2.5), the
backscattering cross sections for the two wavelengths are
less sensitive to snow density and there is not a unique
(N7100, ps) solution. Excluding these regions, a majority of
Nr100 estimates have error less than 46% and a majority of
IWC estimates have error less than 17% (rmse = 0.05 g m >,
Fig. 8c).

The uncertainty for retrieved variables away from flight
level is difficult to fully quantify (Table 1, second column).
We estimate it by perturbing the DWR and the scattering
model reflectivity by their respective uncertainties. The results,
when compared with flight level, give the range of possible er-
rors. This does not quantify the error in the large (>7.5 dB)
DWR regions. The uncertainty given in Table 1 is specific to
IOP 14. Range-dependent uncertainty is larger in mixed-phase
clouds with significant (but unquantifiable) amounts of liquid
water. In general, uncertainty away from flight level can be
large and additional work is needed to reduce it. Improve-
ments to this DWR retrieval application are achievable,
mainly, through improvements to the ice backscattering model
but also through additional observations of snow characteris-
tics in large DWR regions, closer to the ground. Alternately,
the addition of a third radar wavelength, X band, may help dis-
tinguish snow characteristics when the Ka—W DWR saturates.
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Coincident in situ and airborne triple-frequency observations
during the Radar Snow Experiment show that, for large par-
ticles, the X-Ka DWR is more useful for distinguishing Dy
and p; (Nguyen et al. 2022).

More advanced scattering models with fewer limitations
and more realistic assumptions in regard to hydrometeor
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shape have been developed. For example, the snowScatt tool,
based on the self-similar Rayleigh—Gans approximation, can
estimate the scattering properties of various snowflake aggre-
gates with different monomer compositions and different
amounts of riming (Ori et al. 2021). This makes scattering
properties of complex shapes and densities more accessible
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FIG. 16. As in Fig. 10, but for IOP 16.
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than previous T-matrix solutions and discrete dipole approxima-
tions, which require high computational resources. In this paper,
the spherical assumption used in the Mie calculations limits our
degrees of freedom, which makes computation simple but can
introduce larger errors for aggregates or other crystals with com-
plex shapes that deviate significantly from sphericity.

6. Conclusions

This study uses two airborne profiling radars, one at W
band and one at Ka band, in combination with in situ parti-
cle sizing probes and a bulk IWC probe, to examine the re-
lationship between the dual-wavelength ratio (DWR) and
an ice distributions median-volume diameter. The DWR is
also compared with in situ measurements of bulk snow
density and IWC. Experimental gamma size distribution
and a bulk mass—diameter relations are assumed for the
ice particles. These are used with a Mie scattering model
to estimate snow density, ice particle number concentra-
tion, and IWC from DWR. The main conclusions from the
analysis of two flights through ice-dominated clouds are as
follows:

e The combination of “flight-level” DWR (an average using
radar gates ~140 m below and above flight level) with in
situ cloud probes is a powerful tool to refine multifre-
quency-based precipitation characterization. When placed
in the 2D bins, observations of D, bulk snow density,
Nrt100, and IWC have consistent, replicable patterns that
could be used in future retrieval methods.

e The relationship between Dy of an ice PSD and the
Ka-W DWR appears well-behaved. A larger DWR cor-
responds to a greater number of large, Mie-scattering
particles and a larger Dy for a PSD. This is useful for
identifying locations of large ice particles where pro-
cesses such as aggregation or rapid deposition or accre-
tion are occurring.

e Forward modeling of backscattering cross sections, in
conjunction with the radars’ reflectivity and DWR-
estimated PSD, can be used to estimate N300, IWC, and
potentially ice density. Model limitations, PSD shape er-
ror, and the undocumented presence of LW can cause
large uncertainties when retrieving these variables, espe-
cially at far ranges. However, the overall success, shown
by comparisons with flight-level data, support further algo-
rithm development and the incorporation of more sophis-
ticated scattering models that will reduce the current
limitations.
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