
1.  Introduction
Weather radars are among the most important meteorological tools available to observe large-scale microphys-
ical and macrophysical precipitation characteristics. Typically, radars have been used to estimate, or retrieve, a 
number of key ice microphysical parameters including ice water content (IWC) (Chase et al., 2021; Dunnavan 
et al., 2022; Murphy et al., 2020; Ryzhkov et al., 1998), precipitation rate (Bukovčić et al., 2018, 2020; Le & 
Chandrasekar, 2019; Skofronick-Jackson et al., 2019), particle shape (Matrosov et al., 2017; Myagkov et al., 2016), 
number concentration (Nt), mean volume diameter (Dmv) (Dunnavan et  al.,  2022; Murphy et  al.,  2020), and 
mass-weighted mean diameter (Dm) (Chase et al., 2020). The accuracy and fidelity of these retrievals are contin-
gent upon a number of factors including the platform on which the radar operates (i.e., ground-based, airborne, or 
spaceborne), the radar frequency, the variables used, and the underlying physical assumptions.

Because of the additional independent information they provide, multi-parameter radar measurements are 
well-suited for performing retrievals by constraining microphysical uncertainty. The two primary multi-parameter 
retrieval approaches use either multi-frequency or dual-polarization radar measurements. Multi-frequency 
retrievals of microphysical variables such as Dmv and Dm capitalize on different scattering regimes between 

Abstract  Many studies have performed microphysical retrievals using radars of different frequencies, 
platforms, and methodologies. However, little is known about the consistency of retrievals derived from 
different radar platforms (i.e., airborne or spaceborne vs. ground-based) and their methodologies. This study 
is the first to directly compare snow mass-weighted mean diameter (Dm) retrievals from both nadir-pointing 
airborne multi-frequency radars and ground-based polarimetric range-height indicator radar scans along the 
same airborne flight track with a resolution of 𝐴𝐴 (10m) . Dm retrievals between each method produced mean 
absolute errors of 0.49, 0.74, and 0.93 mm where the largest differences were between the ground and aircraft 
retrievals. A triple-frequency analysis suggests the possibility that snow aggregates were generally composed 
of needles. These results can be used as a benchmark for comparing retrieval methodologies and highlight the 
continued uncertainty regarding the optimal approach for ice microphysical retrievals.

Plain Language Summary  Both airborne and ground-based weather radar measurements can 
be used to estimate snowflake characteristics such as their mean size. However, it is difficult to compare the 
radar-estimated mean sizes between these platforms because of the vast methodological differences in how 
these sizes are estimated and the spatial and temporal differences resulting from each radar's geographical 
location. This study is the first to directly compare snowflake size retrievals using ground-based mobile radar 
scans that collected data along the same path as an overhead-passing aircraft, thus directly minimizing any 
error resulting from matching values between radars aboard the aircraft and the ground radar. We also used the 
aircraft radars' multiple frequencies to investigate what types of particles were dominant throughout the storm. 
Through this multi-frequency analysis, we found that it is possible that snow particles were aggregates of thin 
needles that were stuck together. These results can be used by other researchers and forecasters to understand 
how snowflake size estimates can vary between different platforms and methodologies.
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frequencies and have been shown to have utility (Liao et al., 1997, 2005; Matrosov, 1992), with state-of-the-
art methods yielding average root mean square errors of 0.8–1.0 mm with respect to in-situ aircraft measure-
ments (Chase et al., 2021; Matrosov et al., 2022). However, with the exception of a few long-term ground-based 
multi-frequency data collection sites (e.g., Kollias et al., 2020; Löhnert et al., 2015; National Centre for Atmos-
pheric Science, 2023), most ground-based and airborne multi-frequency data sets have thus far been limited to 
specific research field campaigns (e.g., Dias Neto et al., 2019; Nguyen et al., 2022; Petäjä et al., 2016). Similarly, 
continuously operating multi-frequency spaceborne platforms with global coverage [e.g., the Global Precipitation 
Mission's Dual-frequency Precipitation Radar (GPM–DPR)] have limited vertical resolution.

Polarimetric retrieval methods of Dmv (Dunnavan et al., 2022; Ryzhkov & Zrnić, 2019) have received increasing 
attention and are operationally viable given the ubiquitous nature of available ground-based polarimetric radars 
such as the NEXRAD network (Zrnić & Ryzhkov, 1999). However, polarimetric variables such as specific differ-
ential phase (Kdp) require spatial averaging to accurately compute, and all multi-parameter approaches rely to 
varying degrees on uncertain assumptions regarding the microphysical characteristics of the ice particles and 
their size distributions. Due to the difficulty of spatially and temporally collocating data from different platforms 
and the inability to meaningfully utilize polarimetric variables from nadir- and zenith-pointing platforms, we 
are unaware of any existing multi-frequency and polarimetric microphysical retrieval comparisons. While some 
spatiotemporal uncertainties in matching retrievals from different platforms can be quantified with statistical 
methods such as bootstrap sampling (Dunnavan et al., 2022), it can be difficult to quantify the intrinsic consist-
ency and accuracy among various retrieval methodologies. As a result, there is a strong need for a reliable bench-
mark to aid in reporting the performance of different retrieval methodologies from various platforms and how 
consistent they are with one another.

This study is unique in that we utilize high-resolution airborne radars and coincident ground-based Range Height 
Indicator (RHI) scans along an aircraft flight track. This allows us to provide a much better comparison of 
cross-platform radar retrieval performance that is more than two orders of magnitude higher resolution than 
even the most advanced and current inter-platform retrieval studies such as Skofronick-Jackson et al. (2019) and 
Chase et al. (2021). For simplicity, we focus on retrieving only one microphysical quantity: Dm. By evaluating the 
statistics of coincident multi-frequency and dual-polarization Dm retrievals over entire range and height profiles, 
we are able to assess the consistency of retrievals between each platform and method with much higher spatial 

𝐴𝐴 [(10m)] and temporal 𝐴𝐴 [(1 s)] resolutions than other evaluation efforts.

2.  Case Overview and Methodology
On 25 February 2022, the NASA-led Investigation of Microphysics and Precipitation for Atlantic Coast-Threatening 
Snowstorms (IMPACTS) field campaign (McMurdie et  al.,  2022) conducted an intensive observation period 
(IOP) in upstate New York with a variety of instrumentation. This snowstorm was a part of a large warm frontal 
system that passed through the northeast United States. The NASA ER-2 aircraft performed north–south and 
south–north passes over the Advanced Radar Research Center's (ARRC) Rapid-scanning X-band Polarimetric 
(RaXPol) mobile radar (Pazmany et al., 2013) stationed in Albany, New York (Figure 1). Each overpass came 
within ≈100 m of RaXPol, with five overpasses coming within 50 m. The ER-2 aircraft housed a number of 
nadir-pointing radars including the X-band EXRAD radar (9.6 GHz; Heymsfield et al., 2020), the W-band CRS 
radar (94 GHz; McLinden et al., 2020), and the Ku- (13.91 GHz) and Ka-band (35.56 GHz) radars from the 
HIWRAP instrument (Li et  al.,  2020). Ground instruments including a zenith-pointing Micro Rain Radar 2 
(MRR-2) and a Parsivel 2 disdrometer (Löffler-Mang & Joss, 2000) were located in the Emerging Technology 
& Entrepreneurship Complex (ETEC) building yard of the State University of New York at Albany (SUNY 
Albany), just 0.8 km northwest of RaXPol as shown in Figure 1.

Figure 2 shows the MRR-2 measurements of reflectivity Z, mean Doppler velocity (MDV), and spectral width 
from the nearby ETEC yard (Figure 1) for the times of these overpasses. The ER-2 aircraft performed a total of 
10 overpasses (shown as colored, shaded bars on Figure 2) directly above the RaXPol radar. Each overpass period 
denotes when the ER-2 was within ±45 km of RaXPol along its flight line. Of these 10 overpass periods, 8 were 
during periods when the RaXPol was collecting 0–90° RHIs (green bars). For six of these periods, synthetic 
full-hemispheric RHIs were reconstructed by compositing successive RHI scans closest in time to the overpass 
in either direction. Throughout most of the event, the precipitation structure was fairly smooth and consistent 
with time, with clear and gradual increases of Z and MDV toward the surface likely indicative of aggregation 
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(Schrom & Kumjian, 2016). Toward the last of the overpass periods, the Z field becomes more sporadic, with 
more discrete and transient fallstreaks and an increase in the magnitude of the MDV and spectral width enhance-
ments around 2.0 km MSL. The spectral width enhancement coincides with a region of enhanced saturation, thus 
indicating likely vapor growth and the possibility of riming at temperatures of about −5°C.

We performed a number of corrections and calibration adjustments to both the ER-2 and RaXPol radar data. 
First, radar variables from both platforms were linearly interpolated onto a common 50 m × 50 m Cartesian 
grid. Next, attenuation correction following Finlon et al. (2022) was implemented. The International Telecom-
munication Union (2013) recommendations were used to correct the RaXPol data and all four frequencies of the 
ER-2 data for gaseous attenuation. Next, the methodology of Meneghini and Kozu (1990) was used to correct 
the ER-2 W-, Ka-, and Ku-band data for attenuation due to supercooled liquid water using the High-Resolution 
Rapid Refresh (HRRR) model (Benjamin et al., 2016) analysis profiles nearest in time and space to RaXPol's 
location; attenuation due to supercooled liquid water was assumed to be negligible for the ER-2 and RaXPol 
X-band data. Additional attenuation correction was performed for ice absorption for the CRS W-band data using 
the mean ZKu–W-band specific attenuation (AW) relation of Kulie et al. (2014) (their Figure 7). Note that W-band 
attenuation due to ice absorption can be appreciable, and its correction remains a source of uncertainty due to its 
sensitivity to the assumed ice particle characteristics (Tridon et al., 2019); prior work addressing this issue has 
ranged from neglecting it entirely to finding AW rates of up to 4 dB km −1 (Protat et al., 2019). Once the attenuation 
correction was complete, absolute calibration was performed for each overpass and frequency. The HIWRAP 
Ku-band Z (ZKu) served as our reference profile for the other airborne radar data as it undergoes minimal attenu-
ation and is believed to be the best calibrated due to the legacy of Ku-band calibration from TRMM (Kummerow 
et al., 1998) and the GPM–DPR. The mean EXRAD X-band (CRS W-band) Z offset was found by comparing 
regions where 10 < ZKu < 20 dBZ (5 < ZKu < 15 dBZ) between 4.5 and 5.5 km (6.5–7.5 km) MSL, with overall 
mean offsets from ZKu of +4.08 and −0.74 dB, respectively. The HIWRAP Ka-band radar was found to have a 
constant offset of +0.77 dB. This approach resulted in ≈0 dB DWRs between the various radar frequencies for 
the Rayleigh ice scatterers at cloud top, with differences growing downward between contiguous radar bands due 
to attenuation and non-Rayleigh scattering in accordance with theoretical expectations. The RaXPol Z was cali-
brated against the adjusted EXRAD X-band data using the mean difference at zenith between 0 and 7 km MSL 
at each time; a mean adjustment of −6.25 dB was determined. RaXPol Kdp was calculated using the Py-ART 

Figure 1.  NASA ER-2 aircraft flight track overpasses with the locations of RaXPol and the SUNY Albany ETEC Yard. 
The satellite image is from the New York State Maxar (Copyright Maxar). Solid lines indicate N-S passes and dashed lines 
indicate S-N passes.
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(Helmus & Collis, 2016) implementation of the Vulpiani et al. (2012, 2015) method with a 10-gate window and 
11 iterations and was limited to regions with signal-to-noise ratios (SNR) greater than 7 dB (e.g., Schvartzman 
et al., 2020). The Kdp was corrected for elevation angle (θ) by dividing Kdp by cos 2(θ) (Ryzhkov & Zrnić, 2019). 
Only the lowest 45° of RaXPol's elevation angles are used to eliminate large errors in the Kdp correction that stem 
from a singularity as θ approaches 90°. The computed Kdp was similarly interpolated onto a matching Cartesian 
grid.

Figure 3 shows example comparisons between the ER-2 and RaXPol measurements for three of the overpasses. 
With the calibration adjustments made to each radar, the ER-2 EXRAD and RaXPol X-band reflectivities provide 
a nearly visually identical field for two of these overpass events (0926 UTC and 1251 UTC) whereas 1042 UTC 
shows slightly lower RaXPol Z values than the ER-2 EXRAD. In particular, both the ER-2 EXRAD and RaXPol 
radars are able to capture the same sub-kilometer Z features such as the layered precipitation apparent at 1042 
UTC and the discrete fallstreak features at 1251 UTC which appear in Figure 2. Other variables, such as the 

Figure 2.  MRR-2 timeseries (UTC) of Z (top), mean Doppler velocity (middle), and spectral width of the most significant 
peak (bottom). Green bars represent periods of ER-2 flyover coincident (i.e., within 45 km, horizontal) with the RaXPol. 
Red bars indicate flyover periods when RaXPol was not scanning Range Height Indictors. Contours of temperature (black 
contours; °C) and relative humidity with respect to liquid water (white contours; %) from the HRRR model are also shown.
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Figure 3.  Comparison of (top to bottom): RaXPol Kdp, RaXPol Z, ER-2 EXRAD X-band Z, ER-2 DWRX−W, and ER-2 𝐴𝐴 DWRK𝑢𝑢−K𝑎𝑎
 for select full-hemispheric-Range 

Height Indictor (RHI) overpass events of the RaXPol. Transparencies in the ER-2 plots are used to highlight the outline of the RaXPol RHI.
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RaXPol Kdp, show decreasing values from 4.0 km toward the surface, likely indicating the presence of aggregates 
(Dunnavan et al., 2022; Finlon et al., 2022; Kennedy & Rutledge, 2011). Both sets of DWR measurements from 
the ER-2 aircraft show various regions of enhancements in approximately the same locations as the EXRAD Z, 
thus also indicating the presence of large aggregates (Barrett et al., 2019).

We explore the use of three state-of-the-art methods that can be used to retrieve Dm in terms of maximum 
diameter:

1.	 �The X–W DWR empirical third-order polynomial fit from Matrosov et al. (2022) for nadir-pointing radar data 
(their Figure 6b) applied to the EXRAD and CRS radar data (hereafter, DWRX−W Poly):

𝐷𝐷𝑚𝑚𝑚𝑚 = 1.31 + 0.146DWRX−W + 0.0209DWR
2

X−W
− 0.000427DWR

3

X−W
.� (1)

�In order to convert from Dmv to Dm, we follow the same general power-law transformation approach outlined 
in Matrosov et al. (2022) and derive a power-law fit between each variable from the six ICICLE datasets. The 
resulting power-law transformation is: 𝐴𝐴 𝐴𝐴𝑚𝑚 = 0.84𝐷𝐷

0.959
𝑚𝑚𝑚𝑚  .

2.	 �The Ku–Ka neural network approach developed by Chase et al. (2021) for snow mass-weighted mean diame-
ter applied to the HIWRAP radar data (hereafter, DWRKu−Ka NN), and

3.	 �The empirically optimized Z–Kdp bivariate power-law polarimetric retrieval from Dunnavan et al. (2022) (see 
their Table 1) applied to the RaXPol data (hereafter, RaXPol). We use a spheroidal aspect ratio of 𝐴𝐴 𝜑𝜑 = 0.25 and 
parameter values α = 0.178 g cm −3⋅ mm, and σ = 0 suggested by Figures 12 and 13 in Dunnavan et al. (2022) 
with μ = 0 for simplicity. At RaXPol's wavelength, this results in the bivariate power-law equation:

𝐷𝐷𝑚𝑚𝑚𝑚𝑚eq = 0.336𝑍𝑍
1∕3

h
𝐾𝐾

−1∕3

dp
,� (2)

�where Zh is in linear units of mm 6 m −3 and Dmv,eq is Dmv in terms of an equivolume diameter. To convert from 
Dmv,eq to Dm (in terms of maximum dimension), we first convert from Dmv,eq to Dmv with Dmv = φ −1/3Dmv,eq. 
We then convert from Dmv to Dm through analytical integration of the assumed gamma PSD. This results in: 
Dm = Dmv(μ + βm + 1)/(μ + 4) = 0.75Dmv, using a mass-dimensional power-law exponent of βm = 2 and μ = 0.

In order to correctly utilize the third-order polynomial retrieval equation of Matrosov et  al.  (2022), we only 
consider retrievals for DWRX−W values between 0 and 20 dB as indicated in their Figures 4 and 6. Retrieved Dm 
values are only compared at points where valid data exist from all three approaches; a total of 226,545 points met 
this criterion and were used in the subsequent analysis.

3.  Results and Discussion
Figure 4 compares each Dm retrieval method using joint probability density distributions for all eight overpasses 
as well as the Pearson correlation coefficient (r), bias, and mean absolute error (MAE) for each combination 
of methods. The highest correlation and lowest bias magnitude and MAE occurred between the two ER-2 
DWR retrievals (Figure 4b). Meanwhile, the largest bias magnitude and MAE exists between the RaXPol and 
DWRKu−Ka NN Dm estimates, with RaXPol consistently having larger estimates; this discrepancy is aligned with 
the conclusions of Chase et al. (2021), who report a mean DWRKu−Ka NN Dm retrieval error of −23% compared to 
in situ data. Figures 4a and 4c show that the large Dm bias from RaXPol mainly comes from the largest Dm sizes 
(6 mm ≤ Dm ≤ 10 mm). This large bias in RaXPol could result from very low and potentially noisy values of Kdp 
in Equation 2 as shown in Figure 3. The most spread in Dm values exists between RaXPol and DWRX−W Poly Dm, 
although overall the estimates are not appreciably biased, particularly for smaller (i.e., Dm < 4 mm) values. In 
addition, the large variability in RaXPol retrievals compared to the DWR methods could be due to the presence of 
multiple particle populations of various sizes. While DWR is not directly sensitive to number concentration, the 
RaXPol polarimetric relation Equation 2, in particular Kdp, is quite sensitive to number concentration (Dunnavan 
et al., 2022).

Boxplots of each Dm retrieval method are shown in Figure  4d for each overpass. These results reiterate the 
statistics from the joint distributions shown in Figures  4a and  4c where DWRX−W Poly and RaXPol median 
retrievals are universally larger than the DWRKu−Ka NN retrievals. The DWRX−W Poly and RaXPol distributions 
agree quite well for early time periods (i.e., 09:26 UTC and 09:50 UTC) but later time periods show more disa-
greement such as 11:33 UTC and 12:51 UTC where the median Dm values differ by nearly 1 mm. There are also 
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significant differences between the spread of retrieval values for each method where both DWRX−W Poly and 
RaXPol exhibit larger interquartile ranges than DWRKu−Ka NN retrievals for most overpasses. Some overpass 
periods, such as 12:51 UTC, show interquartile ranges of RaXPol and DWRX−W Poly that are more than twice 
as large as DWRKu−Ka NN. While the median retrieved Dm for DWRX−W and RaXPol/DWRKu−Ka NN stay near 3 
and 2 mm for most of the event, respectively, the median values increase for all methods to 3–5 mm by the 12:51 
UTC overpass.

Because the ER-2 aircraft has radars with four different frequencies, we are able to generate triple-frequency 
diagrams for each overpass event. These diagrams illustrate DWR values for two different frequency combina-
tions which can be used to distinguish between various types of particles and microphysical processes such as 
riming and aggregation (Kneifel et al., 2011, 2015; Kulie et al., 2014; Leinonen & Moisseev, 2015; Leinonen & 
Szyrmer, 2015; Mason et al., 2019). Figure 5 shows triple-frequency joint probability distributions of DWRKu−Ka 
and DWRKa−W for each overpass period as well as for all overpasses. Overlaid on these joint distributions are 
discrete dipole approximation scattering simulation results from Leinonen and Moisseev  (2015) for synthetic 
aggregates comprised of plates and needles. Each line corresponds to boundary regions for aggregate distribu-
tions characterized by 0.5 mm ≤ Dmv ≤ 8.0 mm and constituent crystal sizes of 0.3, 0.449, 0.716, 0.976, and 
1.211 mm.

As shown in Figure 2, the atmosphere was approximately isothermal with T ≈ −5°C from 0.5 km MSL to 3.5 km 
MSL. Therefore, much of the lowest part of the atmosphere was conducive to the growth of plates, columns, 
and needles (Bailey & Hallett, 2009). For most overpass periods, the scattering simulations of needle aggregates 
appear to better resemble the observed “hook” shape of the observations. This is best seen for the composite 
of  all overpass periods in Figure 5. However, the joint probability distributions do appear to change from period 
to period. At early time periods (i.e., 09:26 UTC and 09:50 UTC) both plate and needle aggregates can plausibly 
explain the observed distributions. Thereafter, needle aggregates better describe the observed hook behavior. 

Figure 4.  Joint probability density comparison of Dm retrievals for all flyover events for (a) DWRX−W Poly and RaXPol, (b) DWRX−W Poly and DWRKu−Ka NN, and (c) 
DWRKu−Ka NN and RaXPol. Statistics in each subpanel correspond to Pearson correlation coefficient (r), bias (ordinate retrieval minus abscissa retrieval), and mean 
absolute error (MAE) between each retrieval method. (d) Boxplots of Dm retrievals for each overpass period and retrieval method. Medians are indicated by horizontal 
white lines, whereas the interquartile range represents the top and bottom of each box. Whiskers represent the 10th to 90th percentiles with outliers excluded.
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Lower values of μ can also better explain the observations. This is best seen for all overpasses where μ = −2 shifts 
both boundary regions toward lower DWR values for the largest size particles. This impact of μ has been noted in 
previous studies such as Mason et al. (2019).

By the later times (i.e., 12:24 UTC and 12:51 UTC), there is also a noteworthy increase in spread within the 
triple-frequency plot coincident with the increase spread in retrieved Dm values from Figure 4. This overall shift 
could be partially explained by a transition in microphysics where rime splintering and the secondary production 
of needles could be active at later times. The local increase in supersaturation at lower levels and the increase in 
low-level MDV and spectral width as shown in Figure 2 could indicate either the local growth of needles and/or 

Figure 5.  (Shaded, color) Triple-frequency joint probability distribution for (top) all eight overpasses and the composite of all overpasses (bottom). Boundary lines 
enclose the aggregate scattering database of simulations of Leinonen and Moisseev (2015) for their range of aggregate sizes with constituent crystals that are plates 
(green) and needles (orange) and μ = 0 (solid, bottom left) or μ = −2 (dashed, bottom right).
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riming and the attendant generation of rime splinters. These later time periods could therefore indicate the pres-
ence of aggregates composed of needles or splinters. The possibility of needle aggregates is quite important given 
that each retrieval method was optimized or trained on different data sets. For example, Matrosov et al. (2022) 
specifically mentions that “it is worth noting that for the ICICLE data set the occurrence of aggregates of needles 
was quite low.” Similarly, the crystals in the IMPACTS 2022 data set in Dunnavan et al. (2022) that was used to 
optimize the RaXPol Dm retrievals were generally irregular or polycrystalline (see their Figure 6).

4.  Summary and Conclusions
In this study, we successfully aligned RHI scans from a ground-based polarimetric radar along the path of concur-
rent overpasses of nadir-pointing aircraft radars. As shown in Figure 3, the matching of the X-band reflectivities 
between each platform, when corrected for calibration, was quite accurate and even capable of capturing the 
same kilometer and even sub-kilometer reflectivity features. Typically, validation and evaluation studies of radar 
retrievals utilize point measurements (e.g., gauge data or in-situ data) in order to determine some truth for various 
microphysical variable retrievals such as Dm. While we are not able to utilize these sorts of ground measurements 
to provide a known truth for our retrieval analysis, we can instead report on the consistency of Dm retrieval values 
from multiple platforms and methodologies as originally proposed. This analysis can therefore be used as a way 
to report known biases between different retrievals and their mean differences from each other (in terms of MAE).

We found that comparisons of the retrieval methods examined here produced appreciably different estimates 
of Dm, with the DWRKu−Ka NN estimates consistently the smallest and most constrained, and with the RaXPol 
estimates the least constrained and generally equal to or larger than the DWRX−W Poly estimates. While the 
signs of these discrepancies were consistent in time, their magnitudes varied. These conclusions rely on the 
uniqueness of  this study and data set, as the resolution and collocation achieved between platforms allowed us 
to largely alleviate uncertainty in the comparisons due to spatiotemporal differences between methods. Some 
of the discrepancy between the ER-2 methods could have resulted from undercorrecting W-band attenuation 
which could artificially inflate DWRX−W and Dm through the Matrosov et al. (2022) polynomial retrieval equation 
(Equation 1). However, sensitivity tests using larger reported values of AW (not shown) could still not resolve 
these biases, and the DWRKa−W shown in Figure 5 agreed well with simulated values, providing some confidence 
in the employed W-band attenuation correction. Additional uncertainty beyond the originally proposed retrieval 
methodologies exists due to the additional transformations and assumptions required to achieve a common char-
acteristic size metric (i.e., the mass-weighted mean diameter in terms of particle maximum dimension), as well 
as assumptions in the computation of Kdp (e.g., how much spatial smoothing to employ). In particular, there is 
uncertainty that results from the assumed mass-dimensional relationship employed for each retrieval.

Triple-frequency plots (Figure 5) provide some indication of the microphysical properties of the snowflakes for 
each period. Each probability density plot resembles the well-known “hook” shape in DWRKu−Ka/DWRKa−W space. 
Scattering simulations of aggregates based on Leinonen and Moisseev (2015) indicate that both snow aggregates 
composed of plates and needles can explain each time period. However, most time periods are better represented 
by needle aggregates rather than plate aggregates. Moreover, μ = −2 values further align the scattering simula-
tions of Leinonen and Moisseev (2015) with the observed values. These simulations suggest that assumptions and 
particles that were present in the original retrieval studies (Chase et al., 2021; Dunnavan et al., 2022; Matrosov 
et al., 2022) might not be consistent with the 25 February 2022 IMPACTS IOP aggregates. Scattering simulations 
of other habits such as dendrite, column, rosette, or spheroid aggregates (not shown) do not better represent the 
ER-2 measurements than either plate or needle aggregates.

The findings here highlight that, despite progress being made, significant outstanding uncertainties still exist 
regarding optimizing microphysical remote sensing retrievals of ice quantities. More cases exploring multiple 
retrieval methods with collocated in situ observations, such as those obtained onboard the accompanying NASA 
P-3 aircraft during IMPACTS IOPs, will be essential for resolving these uncertainties and discrepancies moving 
forward.

Data Availability Statement
The 2022 IMPACTS field catalog including the ER-2, RaXPol and ground instrument data is available at http://
dx.doi.org/10.5067/IMPACTS/DATA101 (McMurdie et al., 2019). The ICICLE field catalog is publicly avail-
able at http://catalog.eol.ucar.edu/icicle. The Neural Network model of Chase et al. (2021) used in this work is 
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available at https://github.com/dopplerchase/Chase_et_al_2021_NN. HRRR model data is available at https://
rapidrefresh.noaa.gov/hrrr/. Data for the triple-frequency aggregate scattering simulations of Leinonen and 
Moisseev (2015) are available in their Supporting Information section.
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