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We thank the reviewers for their constructive feedback on the manuscript. A recurring suggestion was that we
apply the retrieval to more data than the 25-minute case study from 21 February 2014 originally used. We
agree that this is desirable, reiterating that while the colocated remotely-sensed and in situ measurements of
snow from BAECC 2014 are extremely valuable and of a high quality, the number of cases are limited. A
related comment was that we should more clearly acknowledge the limited measurement period to which our
retrieval was applied. In addressing both of these suggestions, we have both included an additional case study
and de-emphasised the retrieval of the PSD shape parameter in discussing the results.

During the snow experiment intensive observation period of BAECC there were three cases in which all
three radars were zenith-pointing during a snow event, and where the snowfall at the surface was not affected by
melting (the cases shown in Kneifel et al. 2015). The snowfall at the surface during one of these cases (7 February
2014) was insufficient for the in situ snow retrieval of von Lerber et al. (2015). We have therefore expanded
our study to include 60 minutes of snowfall from the 16 February 2014 case. This case also includes riming, but
is notable for the presence of secondary ice production due to rime splintering (the Hallett-Mossop process).
These secondary needles rapidly aggregate, such that the radar measurements in this case are dominated by
large aggregate snowflakes with a very open structure, while the in situ measurements include a mixture of
graupel, large aggregates, and needles.

In applying our retrieval to this case, it was evident from PIP measurements that the PSD shape was nearly
constant, but that significant changes in the triple-frequency radar signature could be attributed to the presence
of large aggregates of needles, consistent with the findings of Leinonen and Moisseev (2015). We have therefore
expanded the scope of the study to include the effects of variations in the internal structure of aggregates, which
are represented within the SSRGA. We hope the reviewers agree that expanding the study to address both the
PSD shape parameter and the internal structure of aggregates strengthens this effort to better understand and
interpret the parameters affecting triple-frequency radar measurements.

To summarise, we have made the following changes:

e The title is now, “The importance of particle size distribution and internal structure for triple-frequency
radar retrievals of the morphology of snow”

e We added a coauthor, Leonie von Terzi at the University of Cologne.

e We expanded our discussion of the coefficients of the SSRGA, especially those relating to the internal
structure of aggregate particles, in Sections 2.1 and 3. L. von Terzi’s contribution to the study was to
perform simulations of aggregation of various monomers and their SSRGA coefficients; we use this to
identify aggregates of needles as having triple-frequency radar signatures with especially low values of
DWR35_95 compared to aggregates of other monomers.

e Section 5 now uses the 16 February case study to explore triple-frequency radar measurements and re-
trievals from a case featuring rime splintering. This is a very distinct situation from the first case study,

and combined the two cases cover the wide range of triple-frequency radar measurements from during
BAECC 2014.

e The discussion and conclusions (Section 6) have been substantially re-written to be more concise, while
addressing the expanded scope of the paper.

Reviewer #1

Specific comments

This may be personal preference, but throughout the paper “PSD shape” is used to refer to the
parameter p—while I understand in the normalized distribution space i does modify the actual



shape (width) of the distribution, when talking about p I think it may be clearer to refer to this
as the “PSD shape factor” or “PSD shape parameter”, as done on P4 L9.
We agree that this is most consistent and clear, and now refer everywhere to “PSD shape parameter”.

P2 L30-L32: Are triple-frequency measurements always at precisely 95 GHz, 35GHz, and a
third frequency below 15 GHz? Or is that just what is used in this study? I would consider
modifying this sentence to say something like “Typically,...” or “In this study,...”.

Good point. In the literature on triple-frequency signatures of snow this configuration of radars is typical.
However, it’s true that the lowest frequency radar have been any of C, X or Ku-bands radars. The sentence
now reads:

The triple-frequency radar ‘signature’ consists of radar measurements at three fre uencies spannin,
the millimeter wavelength range, the two dual-wavelength ratios (DWRs) derivedfror

of which reveal information about non-Rayleigh scattering from larger snowflakes. T 1call radars
at 95, 35-GH#-35 and a third frequency belew15-GHzand-provides-between 3 and 15 GHz are used

[e.g. Kneifel et al., 2015; Leinonen and Szyrmer, 2015; Barrett et al., 2019

P3 L13-L14: This sentence needs some clarification, as numerous studies have already been
described that employ triple-frequency radar retrievals. Can the exact novel aspect of this study’s
triple-frequency radar retrieval be stated more clearly here?

Indeed, the novelty is that both the triple-frequency radar reflectivity factors and mean Doppler velocity
measurements are assimilated in order to estimate different aspects of the particle morphology. This sentence
now reads,

To our knowledge +—a—a retrieval assimilating both triple-frequency Deppler—retrieval-ofiee-radar
reflectivity factors and mean Doppler velocity to estimate the properties of snow has not yet
been eleserﬁaed—thﬁ—ﬁwdescrlbed This approach should have the advantages of estimating

; > y—constraining particle density with Doppler velocity [as in Mason
et al 2018]% Whlle using triple-frequency radar signatures to constrain some parameters—of

pztrtre}eﬂﬂefphe}ewaddrtlonal arameter affecting the microphysical properties or size distribution
of precipitating ice particles.

P4 L16-17: This sentence is a bit confusing. Given the description of the assumptions on how
each particle is treated (e.g., as a homogenous spheroid) when calculating the radar backscatter
cross-sections, it might be clearer to state something along the lines of, “Approximations of
the microphysical structure are used to calculate the radar backscatter cross-section”, or, “The
microphysical structure is represented through an approximation when calculating the radar
backscatter cross-section”.

We agree. The sentence now reads,

The morphology of the-ice particles is represented by threeparameters controlhng their mlcrophysmal
structure, density, and shape. 3

to—Approximations to the microph srcal structure of ice drtrclee are used to calculate the radar
backscatter cross-section e{P)-(g) of each particle.

Figure 2: There should be boxes around the legends, particularly in panel (b) to differentiate
it from actual data points. It should also be clarified that the y-axis units in(a) are in linear
units (or convert them to log units) since it was previously stated DWR would be expressed in
dB. Finally, the y-axis labels have no context — what is f? For(a), either explain in the caption
or just convert it to dB, since DWR has already been explained in the text, and for (b) perhaps
just state “Volume-Weighted Concentration”.

We have modified the titles and y-axis labels of both subplots to make the quantities clearer, and have added
an equation to define the dual-backscatter ratio (DBR) consistent with Kneifel et al. 2016, and which is now
shown in dB. Boxes have been also added to the legends in plot (b).

P9 L29: “... The many narrow features of the backscatter cross-section ratio spectra are
smoothed out” should have “when integrated across the PSD” added to it.
This is indeed clearer. We’ve made the change.



P14 L1-L4: 1 was initially confused with how this differed from the analysis presented in
Figure 1, but gathered later that the PSD shape factor and density factor used were informed
by the observed precipitation. I suggest making that fact more explicit and putting it earlier in
the section.

Thank you, this was helpful feedback. To better highlight the important information in each figure, we no
longer overlay the triple-frequency signatures with triple-frequency radar measurements in the first figure. This
makes it easier in this figure to interpret how the triple-frequency radar signatures for different particle types
change with the physical parameters, and leaves the comparison with measurements to the case studies (Figs.
7 & 12).

P14 L10: It looks to me like the frontal snow regime has DWR10-35 exceeding 10dB?
Thank you, we’ve made this change.

P16 L24: The sentence “the state vector is linearly interpolating between the retrieved state
vectors at the retrieved value of PSD shape...” is unclear to me. Once the optimal p value is
found, which state vectors is the “retrieved” state vector interpolated between? Also, should
“found by” be before “linearly interpolating”?

This sentence was not only unclear, but incorrect: we simply take the retrieved state vector from the retrieval
that minimises the errors in DWR. This is now explained in the text.

We carry out a pseudo-retrieval by running multiple Z1¢ 35,95 V35 retrievals in which PSD-shape
%%@%&@Mn@g@gmteger values from p = —2 to = 10. The

‘ de—by—seleeti aktie hat-retrieved value is that which
minimises the error in forward-modelled DWR35 95 and DWRw 35 between 400 and 600m above
ground level (Flg 10a & b): - we :

1e The forward modelled DWRs for a range of PSD bhape %w
g/gvt\gvéld—a%dB with the range de endm on the medlan Volume dlameter To reduce noise in the

pseudo-retrieval the minimisation is carried out at a smoothed temporal resolution of 15s.

Technical Corrections:

Thank you for your thorough reading. We have gratefully made all of the suggested changes.
P1 L1: “cloud” should be “clouds”

P2 L26; P12 L8; P12 L20: “remote-sensed” should be “remotely-sensed”

P2 L26-L28: This sentence should be modified to be, “... in-situ measurements of snow events
(Kneifel et al., 2015), but more detail of how the parameters... remains to be explored.”

P2 L31-L32: No hyphens are needed between the frequency and unit as they are not acting as
compound descriptors in this context. 95 should also have a ‘GHz’ after it, and I'd add a
comma after “35 GHz”.

P3 L10-13: These sentences should be reworked avoid three separate clauses strung together
with semicolons. Consider making the third clause its own sentence.

P4 L16: “in” should be “as”.

P6 L6: “95-GHz” should be “95 GHz”.

P6 L20: “assumptions to” should be “assumptions of”.

P7 L8: “(Kneifel et al., 2015)” should be “Kneifel et al. (2015)”.
P7 L25: 1 believe this semicolon should be a comma.

P9 L14-L15: I would be consistent and just refer to “the ratios between radar backscatter cross-
sections at 10-35-GHz and 35-95-GHz” as the DWR10-35 and DWR35-95 as already done
in the text. This applies to the legend and caption of Figure 2 as well.

P16 L27: “The retrieved timeseries of PSD...” should be “The retrieved timeseries of PSD
shape...”



P16 L29: “...the retrieved PSD noisy...” should be “... the retrieved PSD shape [factor] is
noisy...”

P17 L24: “mixed-phase cloud” should be “mixed-phase clouds”.
P17 L25: Should “distribution” be “relation”?
P18 L5: A space is needed after “surface”.

P19 L1: “case comprised compact graupel...” should be “case was comprised of compact grau-
pel...”

Referee #2

Specific comments:

The greatest concern is about the representativeness of the measurements obtained from the
10 minutes of rimed and 15 minutes of aggregated snow from the case study. This may not be
sufficient to draw generalized conclusions about how this approach and overall novel methodology
works. Slightly different environmental conditions could potentially produce altered results.
The recommendation is to increase the number of cases for your radar analysis, perhaps 4-5
should suffice. Measurements from different geographical/climatological regions could also help
to solidify your findings. If there is not much difference between the updated and the findings
from the current version of the manuscript, add few paragraphs and/or table describing the
statistics of the new dataset and retain the rest of the current analysis. If large discrepancies
occur, the suggestion is to present a case with the statistics close to the one obtained from all
available measurements. In this way, the generalization of the results would be justified.

As addressed in our general comments above, unfortunately a further 4 or 5 suitable snow events were not
measured during BAECC 2014, but we have expanded the study to include a second, longer case study in which
the snowfall differs significantly from the 21 February case. We take the broader point that our results for these
case studies are not necessarily generalizable: the two contrasting case studies help to demonstrate this, and we
have substantially re-written our discussion and conclusions to better represent the remaining uncertainties.

Technical corrections

We have gratefully made the following changes:

P7 L8: (Kneifel et al., 2015) should be Kneifel et al. (2015)

Figure 4: Add the temperature contours to the image if available.
Figure 9: “PSD shape 1 should be “PSD shape parameter p”

P21 L10-14: This sentence is a bit hard to follow, perhaps split it in two.

Referee #3

General comments

Why do you use the mean Doppler velocity at 35 GHz in the retrieval? I was unable to find why
this frequency is optimal for the retrieval methodology. Please add some information.

We now note in both Section 2.2 and in the case study and retrieval (Section 4) that the 95 GHz radar had
a mispointing error during BAECC 2014 that makes it difficult to use the mean Doppler velocity. We therefore
use the Doppler velocity from the most sensitive available instrument, the 35 GHz. In practice for snow near
the surface, the 10 GHz mean Doppler velocity could also have been used.

PIP PSDs and other products are available at 1 min resolution. Why do you choose 5 min? If
it is for better statistics through averaging, please make that point. Also, if you are using these
values during the 25 minutes of the event, this essentially leaves 5 points for comparison with the
retrieval. Could you expand on why you feel this is enough in situ data for assessment of aspects
of the retrieval?

We are not using the PIP data directly, but rather the retrieval of von Lerber et al. (2016), which includes
an estimate of the snow bulk density. This method requires a sufficient sample of ice particles, hence the use of
a b minute resolution. We have now added this explanation to Section 2.2:



In situ measurements of the-snow at the surface are pr0v1ded by the Partlcle Imaging Package (PIP)
video disdrometer [Newman et al., 2009]. s-While the temporal

mw&%nm%mof parameters of the PSD and bﬂﬂeprrmele

density-at-particle properties are made over 5 minute tex
in—Tira—et-ak—20461-intervals in order to increase the stamstlcal sampling during BAEC whlle stlll

resolving changes in the properties of snowfall at the surface, as described in von Lerber et al. [2017
[also Moisseev et al., 2017; won—Ferber-—et-al20+7Tiira et al., 2016]. The method of moments is

used to estimate the parameters of the Gamma distribution from the measured PSD [Moisseev and
Chandrasekar, 2007].

How did the prefrontal versus frontal period get defined? Is it purely from radar features?
Maybe something more rigorous or not from the radar would be more appropriate (since you are
using the radar to evaluate the method). Is there collocated met equipment that can be used to
determine the onset of the front? You have collocated radiosondes — are those used to determine
the timing of the front? Or maybe could help justify the time chosen.

We agree that the definition of the front was not clear, and in fact was probably not necessary to make the
analysis, which is more focused on comparing the rimed and unrimed snow. We now refer to the two regimes
in this case as “rimed” and “unrimed”, rather than “prefrontal” and “frontal”, based on the transition in radar
and particle imaging measurements (Figs. 6 & 7).

Since one event is being used to test the efficacy of this method, I think this needs to be
emphasized. Also, would be good to argue why this one event may be applicable to other similar
particles or events in different locations.

We agree. We now more strongly stress that the limited cases from BAECC 2014 help to demonstrate the
effects of the PSD shape parameter and internal structure of aggregates on triple-frequency radar measurements,
but that longer and more diverse measurements are needed to better understand their relative importance to
global snowfall.

Specific comments

Unless responded to directly, we have appreciatively made the following changes.
Page 2, Lines 7 — 11: Split into two sentences

Page 2, Lines 26 — 27: “but it remains to explore...” does not make sense

G

Page 2, Line 31: Be consistent with your
or should be 35 GHz

or not for frequencies (either all should be 35-GHz

Page 3, Line 12: replace the “measurements;” with “measurements.”

Page 3, Line 14: “advantages” should be “advantage”

Page 4, Line 1: Define CAPTIVATE

Page 4, Line 23: Make mass-size equation on own line with equation number

Page 4, Line 27: “AR” should be in parentheses. Also, the author goes between saying AR, axial
ratio, and aspect ratio throughout the document. Be consistent (I recommend “AR” since
you define it)

Page 5, Line 5: Should measurement vectors be numbered as well?
Page 7, Line 28: aspect ratio “AR”

Page 7, Line 34: “The range of radar signatures is overlaid with the measured triple-frequency
radar data from Hyytiili...” You already talk about the shape of the data (the hook feature)
earlier. I think you should introduce the overlaying of this data before getting into the
description above.

In response to this and other comments, we have removed the overlaid radar measurements from these
figures (as well as adding a second kind of aggregate snowflake model). This makes the main focus of this
figure the sensitivity to the different parameters, and also shows more clearly the fit to observations when
we show the case studies. The discussion has been modified accordingly, and is hopefully now more linear.



Page 9, Line 2: 3mm for the spheroids but maybe more like 4mm for the fractal particles?

We now just say “around 3mm”.

Page 9, Lines 10 - 11: Reference needed.

This was the result shown in the figure. To better link the earlier result, we now write,

We have shown that, based on simulated radar backscatter cross-sections, the PSD shape pa-
rameter has a greater influence on the simulated triple-frequency radar signature than the
well-known effect of particle density.

Page 9, Line 34: “We may therefore...”

Page 12, Lines 3 - 5: Please add some details about the frontal passage — i.e., met data or ob-
servations that are not radar or particle focused. This will justify better your distinction
of the two regimes (since you are using radar and in situ particle obs to test and assess the
retrieval).

As stated above: we have chosen to de-emphasise the frontal passage in this case, as it is not strictly
necessary for interrogating the snow microphysics. We have added a reference to the more detailed
dicussion in Kneifel et al. 2015.

Page 12, Lines 20 - 22: Reference needed

Page 14, Lines 2 - 3: “...suggesting that some rimed particles persist after 23:03 UTC.” Could it
be the choice of timing of the prefrontal versus frontal is off? Would using collocated met
data clarify this?

As discussed earlier, we now simply distinguish between rimed and unrimed snow regimes. In this context,
it doesn’t seem especially problematic that there would be a mixture of rimed and unrimed snow in the
transition between the regimes.

Page 14, Line 7: ”...in situ measurements at the surface.” Please specify what this is from—I
assume the PIP measurements?

Page 18, Lines 12 —13: I do not understand “A significant difference between the frontal and
the prefrontal profiles is that all retrievals are able to represent the observed profile of mean
Doppler velocity below about 1.5 km,” as I am not see this. Could you please add some
details as to what you are referring?

We agree that this was unclear. This sentence now reads,

A significant difference between the frontal-and—the—prefrontal—profiles is that all-retrievals

in the unrimed regime retrievals that do not assimilate Do ler velocity are able to Tepre-
sent the observed profile of mean Doppler velocity ' -
) makes

densityfaetor-of—: this is because the a priori density factor (7’ = Omakes :
a reasonable estimate of the terminal fallspeed of unrimed aggregate partlcles provided that
thelr size is well-constrained by dual frequency radar #

Page 19, Lines 9 — 11: The truncation you refer to here — are you talking about the PIP or
the method? Both have lower limits. And technically snow is always dominated by small
particles — just less so or more so depending on the shape of the PSD. So I do not think
this is the correct sentiment here (i.e., even when a PSD is quite broad with lots of large
aggregates, there still tends to be 1 to 2 orders of magnitude more small particles. When
the PSD is quite narrow that is more like a factor of 3 to 4 orders of mag... but still lots of
small particles in a broad distribution).

We now cite Moisseev and Chandresekhar (2007) regarding the effects of disdrometer truncation on the
method of moments.

Pages 19 — 23: This section almost feels a bit out of order. It is like there are conclusions at the
beginning and the discussion of application shown in Fig. 9 further into the section. It may
help potential readers to move the discussion of the Fig. 9 to earlier in this section and
move the verbiage in the beginning of the section to later — as a transition to conclusions.

Thank you for this—we agree, and hope that the discussion and conclusions have benefited from a sig-
nificant re-write. We have opted to remove Fig.9 after introducing additional figures for the second case
study, while still briefly discussing that it is unknown how closely related the PSD shape parameter is
with riming. Hopefully the flow of the discussion and conclusions is now clearer and more concise.
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Abstract. The accurate representation of ice particles is essential for both remotely-sensed estimates of eloud-clouds and
precipitation and numerical models of the atmosphere. As it is typical in radar retrievals to assume that all snow is composed
of unrimed-aggregate snowflakes, both denser rimed snow and the mixed-phase cloud in which riming occurs may be under-

diagnosed in retrievals, and therefore difficult to evaluate in weather and climate models. Recent experimental and numerical

studies have yielded methods for using triple-frequency radar measurements to distinguish-fractal-ageregate-snowflakesfrom
interrogate the internal structure of aggregate snowflakes, and to distinguish more dense and homogeneous rimed particles
from aggregates.

In this study we investigate which parameters of the particle-size-distribution(PSD)-and-merphelegy-morphology and size
distribution of ice particles are-mestimpeortant-to-most affect the triple-frequency radar signature efsnow;-and must therefore
be accounted for in order to carry out an-optimal-estimationretrieval-using-triple-frequency Pepplerradar-observations—We
represent-a-radar retrievals of snow. A range of ice particle morphologies are represented, using a fractal medel-for-aggregate
snowflakesrepresentation for the internal structure of aggregate snowflakes, and homogeneous spheroids to represent rimed

)

graupel-like particles;—and-modulate—the—prefactor-and-exponent-of-the—pa es—mass-size—relations—with—; the mass- and

area-size relations are modulated by a density factor. We find that fer-beth-fractal-particles-and-homogeneous—spheroids-the
PSD shape has-a-greaterinfluence-on-the-parameter and the parameters controlling the internal structure of aggregate snowflakes
both have significant influences of triple-frequency radar signaturethan-the-density-factor;-and-show-that the PSD-shape-must,

and are at least as important as that of the density factor. We explore how these parameters may be allowed to vary te-adequately
eonstrain-a-in order to prevent triple-frequency radar retrieval-of-snow—We-then-demonstrate-a-novel-triple-frequeney-Dopple

density-compare-well-againstin-situ-observations-at-the-surfaceretrievals of snow from being over-constrained, using two case

studies from the Biogenic Aerosols—Effects of Clouds and Climate (BAECC) 2014 field campaign at Hyytiil4, Finland. In a
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case ¢ trhed-snow; including heavily rimed snow followed by large aggregate snowflakes, we show
that triple-frequency radar measurements provide a strong constraint on the estimation-of PSD-shape-but-arelatively-weak

Astrais atti Sitys-whi ket i stimated-from-the vetoeity PSD shape parameter,
which can be estimated from an ensemble of retrievals; however, resolving variations in the PSD shape parameter has a limited
impact on estimates of snowfall rate from radar. Particle density is more effectively constrained by the Doppler velocity than

ORStra oh—Ppa d Y5~ W W a<an»o O € y—C& ated

trong dependence of particle fallspeed on density.
Due to the characteristic signatures of aggregate snowflakes, a third radar frequency is essential to effectively constraining the
size of large aggregates. In a case featuring rime splintering, differences in the internal structures of ageregate snowflakes

are revealed in the triple-frequency

radar measurements. We compare retrievals

assuming different aggregate snowflake models against in situ measurements at the surface, and show significant uncertainties
in radar retrievals of snow rate from-radardue to changes in the internal structure of aggregates. The importance of the PSD

shape parameter and snowflake internal structure to triple-frequency radar retrievals of snow suggests—that-further—work—is
needed-to-aceountfor—variations—inPSD-shape-highlights that the processes by which ice particles interact may need to be
better understood and parameterised before triple-frequency radar measurements can be used to better-constrain—constrain

retrievals of ice particle morphology.

Copyright statement. Author(s) 2019. CC BY 4.0 License.

1 Introduction

Remotely-sensed estimates of ice clouds and snow from spaceborne radars inform our understanding of key components of the
global water and energy cycles. Both retrieval algorithms and numerical weather and climate models rely on a representation
of the ice particle size distribution (PSD) and morphology, which are functions of the microphysical processes by which ice
particles form, interact and grow. The processes of deposition, aggregation and riming may all contribute to the formation of
a snowflake, and this growth history is encoded in the morphology of an ice particle. As riming requires the interaction of
precipitating ice with supercooled liquid droplets in mixed-phase cloud layers which are difficult to diagnose, it has long been
assumed that the majority of snow falls as unrimed pristine-er-aggregate snowflakes [Langleben, 1954];-hewever, However,
recent global active remote-sensing suggests that mixed-phase clouds are frequently associated with snow, especially over the
ocean [Battaglia and Delanoé, 2013]. Nevertheless, it has been typical to assume a fixed representation of the morphology and
size distribution of ice particles, usually derived from measurements of unrimed aggregates [e.g. Delanoé, 2008; Hogan et al.,

2012]. This means that many radar retrievals of snow do not represent particles which have grown by riming, a process which
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can contribute a significant fraction of the mass of snow [Mosimann, 1995; Grazioli et al., 2015; Tiira et al., 2016; Moisseev
etal.,2017; von Lerber et al., 2017].

Radar retrievals that allow variation in the morphology of ice particles are therefore of significant interest, and the devel-
opment of novel retrieval methods has been facilitated by measurement campaigns combining multiple-frequency radars and
other remote-sensing instruments with in situ measurements of snow particle properties [e.g. Szyrmer and Zawadzki, 2014a;
Petd, 2016]. Doppler velocity measurements of the-terminal-fallspeed-of-snow have been used to constrain variations in particle
density by which rimingefsnew, and the mixed-phase cloud in which it occurs, can be diagnosed [Mosimann, 1995; Szyrmer
and Zawadzki, 2014a, b; Mason et al., 2018]. Variations in the density of ice particles are also related to changes in their
shape and structure—whether due to aggregation, riming or a combination of processes—which are reflected in their radar
backscatter cross-sections [Leinonen and Szyrmer, 2015]. Mason et al. [2018] formulated a single parameter modulating the
density, shape and structure of ice particles, which was retrieved in single- and dual-frequency Doppler radar retrievals, and
was chiefly constrained by the mean Doppler velocity. This representation was based on a large database of ice particle mass-
and area-size relations and insights from remete-sensed-remotely-sensed and in-situ measurements of snow events [Kneifel
et al., 2015], but itremains-te-explore-in-mere-detail-how the parameters controlling the size distribution and morphology of
snow particles relate to one another and their radar scattering characteristics is not yet fully understood.

The relation between ice particle morphology and triple-frequency radar measurements emerges in a comparison of mod-
els for the radar backscatter cross-sections of ice particles [Kneifel et al., 2011]. The triple-frequency radar ‘signature’ con-
sists of radar measurements at three frequencies spanning the millimeter wavelength range, the two dual-wavelength ratios
(DWRs) derived-from-radar-measurements-of which reveal information about non-Rayleigh scattering from larger snowflakes.
Typically radars at 95, 35-GHz-35 and a third frequency below—15-GHz-and-provides-between 3 and 15 GHz are used [e.g.

cinct means of evaluating the applicability of spheroidal particles as models for fractal aggregate snowflakes [Leinonen et al.,
2012], revealing the fractal dimension of observed aggregates [Stein et al., 2015], and exploring their microphysical struc-
ture [Leinonen and Moisseev, 2015]. Triple-frequency radar observations of rimed snow combining ground-based radar and in
situ measurements [Kneifel et al., 2015] showed the apparent influence of increasing particle density on the triple-frequency
radar signature, while a modelling study of the combined effects of growth by aggregation and riming related triple-frequency
measurements to microphysical processes [Leinonen and Szyrmer, 2015]. Combining triple-frequency and Doppler velocity
information, Kneifel et al. [2016] used triple-frequency Doppler spectra to identify the spectral signatures of rimed and unrimed
snow. The insights provided by triple-frequency radar techniques have contributed to the development of expanded scattering
databases for representing and evaluating a wide range of ice particles [Kneifel et al., 2018].

The strong numerical and observational evidence that the triple-frequency radar signature reflects the density and structure of
snow particles suggests the potential for retrievals in which some morphological parameters are constrained by triple-frequency
radar measurements. Triple-frequency radar retrievals have been demonstrated in which the structure and density of ice particles

are allowed to vary, but where the PSD Shape is assumed constant [Leinonen-et-aks2048Leinonen et al., 2018a; Tridon et al.,
2019]; however, it is not yet clear which iee-particle-properties—properties of ice particle are best constrained by the triple-
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frequency radar measurements;Eeinonen-et-ab{2648}, Leinonen et al. [2018a] found that a triple-frequency radar retrieval of
the mass-size relation of ice particles did not differ significantly from that of a dual-frequency retrieval, suggesting that the
problem is over-constrained. It has been shown that the higher-order moments of the Doppler spectra from multiple-frequency
radars can be used to reduce the uncertainty of retrievals of ice clouds [Maaln and Lg, 2017]; however, triple-frequency radar
signatures are most distinct for larger precipitating particles. To our knowledge ;--a retrieval assimilating both triple-frequency
Doppler-retrieval-of jee-radar reflectivity factors and mean Doppler velocity to estimate the properties of snow has not yet
been deseribed—this—may-described. This approach should have the advantages of estimating-particle-density-constrained
by—constraining particle density with Doppler velocity [as in Mason et al., 2018]and—, while using triple-frequency radar
signatures to constrain some parameters-of-particle-morphologyadditional parameter affecting the microphysical properties or

In this study we explore the potential for a triple-frequency Doppler radar retrieval using the optimal estimation framework
Cloud Aerosol and Precipitation from mulTiple Instruments using a VAriational TEchnique [CAPTIVATE; Mason et al., 2018].
In Section 2 we briefly describe the key components of the radar forward-model, and the remotely-sensed and in situ data used
to perform and evaluate the retrieval. In Section 3 we then-explore-the-effects-ofice-explore how parameters controlling the PSD
and particle morphology-parameters-on-properties affect the forward-modelled triple-frequency radar signatures of fractal-and
hemogeneous-spherotd-medelsforaggregate snowflakes and graupel-like particles;respeetively1In-Seetion-22-we-compare-our
modelsforsnow-particles-against-. We then apply these insights to triple-frequency radar measurements from a-ecase-stuey-of
rimed-and-unrimed-snow-during-the Biogenic Aerosols—Effects of Clouds and Climate (BAECC) field campaign in Hyytidld,
Finland in 2014 [Petd, 2016]. In Section 4 we use our particle models to represent the triple-frequency radar signatures of rimed
and unrimed snow regimes based on their structure, density and PSD shape parameter. We demonstrate a triple-frequency
Doppler radar retrieval in-the-rimed-and-unrimed-snow—in-which-keyparameters-of the PSD shape parameter and particle
morphologyareretrieved, and evaluate theremotely-sensed estimates against in situ measurements at the surface. In Section 2
wesummarise-our-findings-and-make some-concluding remarks5 we consider the triple-frequency radar signatures from a case
study featuring secondary ice production due to rime splintering, with a focus on the presence of large aggregates with distinct
triple-frequency radar signatures, Finally, we summarise our conclusions in Section 6.

2 Methods and data

We first describe the retrieved-state-variables-and-radar-measurement-variables-state and observation variables in the retrieval

framework (Section 2.1), then outline the radar measurements assimilated into the retrieval and in situ measurements against

which the retrieval is evaluated (Section 2.2).

2.1 Radar forward model and retrieval algorithm

We use the optimal estimation retrieval algorithm CAPTIVATE-Cloud Aerosol and Precipitation from Multiple Instruments
using a Variational Technique (CAPTIVATE) described by Mason et al. [2018]. This framework has been developed for re-
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trievals with the Doppler cloud profiling radar aboard EarthCARE [lllingworth et al., 2015], but is configurable for multiple
radar instruments in ground-based and airborne, as well as spaceborne, applications. Here we describe the major components

of the CAPTIVATE radar forward-model pertinent to ice and snow.

The ice PSD is given by
N(D) = NuF (D/Do.p), O

where [V is the number of particles /¥-of maximum dimension D, represented-by-the normalized-gamma-distribution-

r4) 4+ D

D
ND)=N,—>—T _ Zoxp(—(A+p) =),
(D) 2 T+ ) DotXP( (+/L)DU),

-

which is a function of the median volume diameter (Dy) and the shape parameter of the PSD (1). Modified ‘universal” PSDs
formulated to address the need for non-exponential distributions in ice clouds [Delanoé, 2005; Field et al., 2005, 2007] have
been-are also implemented in CAPTIVATE [Mason et al., 2018];-however-, but in this study Gamma PSDs are used in order
to explore the effects of accounting for PSDs broader (¢ < 0) and narrower (1 > 0) than the exponential. While the majority
=0 tidld suggest

of triple-frequency radar studies assume an exponential PSD (i.e. in situ measurements of snow at H

Gamma PSD shape parameters vary in the range —2 < u < 5 [Fig. 15 in Tiira et al,, 2016].

The morphology of the-ice particles is represented by three-parameters controlling their microphysical structure, density,
and shape. The-microphysieal-structure-isrepresented-in-an-approximation-te-Approximations to the microphysical structure
of ice particles are used to calculate the radar backscatter cross-section e5)~(g) of each particle. fa-this-study-we-ase-twe
approximations—We use two methods to represent the range of particle structures from aggregates snowflakes to graupel.
Ageregate snowflakes-are represented-as-fractal-partietes-using-the The scattering cross-section of low density particles such
as aggregates can be represented using the Rayleigh-Gans approximation, wherein the interactions between dipoles within
the particle are neglected, and the electric field experience by each dipole is equal to the incident field. In the Self-Similar
Rayleigh Gans Approximation [SSRGA; Hogan and Westbrook, 2014; Hogan et al., 2017] after-the-aggregate snowilake-the

radar backscatter cross-section of a low-density particle deviates from Rayleigh scattering according to

2 n
dssnaa(kD) = - | cos® (kD) A(KD, ) +sin*(kD) Y B(7,¢.5.7) | - @

j=1

where k = 27 /) is the wavenumber at radar wavelength \ and D the maximum dimension of the particle. The effect of the
average particle geometry A is a function of the kurtosis « of the distribution of mass about the centre of the particle. The
effect of the internal structure is given by the integral over a power spectrum representing random fluctuations about the
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average particle geometry,

1 1
B = 8¢(25)7 +
B=84@) (2kD +27j)*  (2kD — 275)?

3)

where j is the index of the wavenumber. The power law prefactor 3 represents the amplitude of fluctuations about the average

particle geometry, while the power law exponent -y controls the relative importance of fluctuations at small scales. The scaling.
factor (; was introduced in Hogan et al. [2017] to reduce the amplitude of the internal structure at the largest scale (i.e. (1 <1
A fit to aggregates of bullet rosettes from the aggregation model of Westbrook et al. [2004] —Heavily-rimed-graupel-tike-was
derived by Hogan et al. [2017]. Based on the observation that aggregates of most monomers (e.g. dendrites, plates and columns
had similar statistics, this model has been applied to CAPTIVATE retrievals of aggregate snowfall [e.g. Mason et al.,, 2018];
however, in Section 3 we will also consider the effect of variations in snowflake structure on the triple-frequency radar
signature. As the Rayleigh-Gans approximation applies to low-density particles in which the interactions between dipoles
can be neglected, denser heavily rimed aggregates and graupel particles are represented using the T-matrix approximation for
to ‘soft spheroids’ composed of a-homogeneous-mixture-homogeneous mixtures of ice and air [e.g. Hogan et al., 2012]. This

approximation-is-notsuited-to-representing-aggregate-snowflakes:-but-provides a good approximation to graupel, but is known

to under-estimate the backscatter from aggregate snowflakes [Leinonen and Szyrmer, 2015].
The density factor r is-a-parameterisation-deseribed-by-Mason-et-al|{2048]-which-varies both the prefactor and exponent of

the ice particle mass-size relation =D

m(D) =aD’ @

between that of the “aggregates of unrimed bullets, columns and side-planes” of Brown and Francis [1995] at r = 0, and that
of spheroids of solid ice at r = 1. Mason et al. [2018] showed that this parameter allowed for simplified representation of a

broad range of measured mass-size relations for particles along a continuum from unrimed aggregates to rimed snow, graupel,
and hail. Finally, the volumetric shape of all particles is defined by horizontally-aligned-oblate-spheroids-with-axial-ratio-the
axial ratio (AR) of horizontally-aligned oblate spheroids.

We note that in nature the structure, density and shape of snow particles are not independent. As discussed in more-detail
#-Mason et al. [2018], the fractal or homogeneous distribution of mass through the volume of a particle is closely related to
its density: the fractal structure of aggregates snowflakes is characterised by a mass-size relation with an exponent close to
b = 2, while more homogeneous graupel and hail particles have mass-size relations with b approaching 3. The riming process
by which aggregates accrete mass to become more graupel-like is also known to change the particle shape, with axial ratios

increasing from more oblate snowflakes (AR ~ 0.6) to rounder graupel particles with-(AR > 0.8) [Li et al., 2018].
2.1.1 State vector

As described in Mason et al. [2018], CAPTIVATE has been developed for radar-lidar-radiometer synergy from the upcoming
EarthCARE satellite, and the retrieval of ice and snow follows the work of Delanoé [2008] for radar-lidar synergy. The state
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In vy,
x=|InNj |,

r!

where-the-for a vertical profile is:

In o,
x=|InN} |, &)

,rl

where the state variables, the visible extinction coefficient «, in the geometric optics approximation and the primed number
concentration NNy, are chosen so that prior estimate-estimates can be made as a function of atmospheric temperature [see Fig. 3
of Delanoé, 2008]. Retrieving both of these terms provides sufficient degrees of freedom to derive two parameters of the PSD,
the median volume diameter and normalized number concentration; these more physically meaningful values, rather than the
state variables, are reported in this study. The natural logarithms of most parameters are used to avoid non-physical negative
values and to improve convergence—while-. The final state variable is the density index r’state-variable-is, a function of the
density factor such that r’ is defined at all real values [Mason et al., 2018]. To reduce the effect of measurement noise on the
retrieval, the retrieved state variables through the vertical profile are represented as the basis functions of a cubic spline [Hogan,

2007]. The PSD shape ;-iee-particte-parameter, axial ratio and chosen model-fortee-particle structure-and radar-backseatter
radar backscatter approximation are configurable at runtime, but are assumed constant within each retrieval.

2.1.2 Measurement vector

The radar reflectivity factor (in-linearunits)-at frequency f is given (in linear units) by

4
A

- m0|K,|

/af(D)N(D)dD (6)

0

Zf

where Ay is the radar wavelength, K, is the dielectric factor of water at cm wavelengths, and o ¢ (D) is the backscatter cross-
section for a particle of maximum dimension D at the radar frequency. The dual-wavelength ratio (DWR) between frequencies
fi and fo is then DWRy, _ s, = Zy, / Zy,. Both radar reflectivity and DWR are reported in dB unless otherwise stated. While
DWR quantities are reported here, the radar reflectivity factors at each frequency are used in the measurement vector.
Mean Doppler velocity is given by

_ Js v(D)os(D)N(D)dD

IS of(D)N(D)dD ’

Vy )

where the terminal velocity of an ice particle v(D) assumes negligible vertical air motion, and positive values of mean Doppler

velocity are toward the surface.
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The measurement vector for n radar frequencies is therefore given by
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1
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Vi,
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In this paper we perform retrievals using two or three radar frequencies, and use mean Doppler velocity at one radar frequency.

2.2 Radar and in situ measurements

Atmospheric Radiation Measurement second mobile facility (AMF2) Doppler radars at 10, 35 and 95-GHz95 GHz were
deployed at Hyytidld, Finland during the Biogenie-Aeroso Effects-on-Clouds-and-Chmate- (BAFE feld-campaignin20

BAECC 2014 field campaign [Petd, 2016]. Radar measurements used here are at ~2 s temporal and ~30 m vertical resolution,
and radar refleetivities-reflectivity factors have been corrected for gaseous and liquid attenuation. The specifications of the
AMF?2 radars, and their colocation, calibration and attenuation correction for triple-frequency radar measurements during
BAECC 2014 are described in Kneifel et al. [2015]. Due to a mispointing of the 95 GHz radar during BAECC, the mean

Doppler velocity for that radar is not used in this study.
In situ measurements of the-snow at the surface are provided by the Particle Imaging Package (PIP) video disdrometer

[Newman et al., 2009]. PIP-measurements—andretrievals—While the temporal resolution of PIP measurements is 1 minute
estimates of parameters of the PSD and butk-particle-density-at-particle properties are made over 5 minute temporal-resolution
fromHyytiili-are-deseribed-inTFiira-et-al201+6}intervals in order to increase the statistical sampling during BAEC while still

resolving changes in the properties of snowfall at the surface, as described in von Lerber et al. [2017] [also Moisseev et al.,
2017; von-Lerber-et-ak52047Tiira et al., 2016]. The method of moments is used to estimate the parameters of the Gamma

distribution from the measured PSD [Moisseev and Chandrasekar, 2007].
The-ease-study-in-Seetion-22-Due in part to the scanning strategy of the 35 and 10 GHz radars during BAECC, zenith-pointin
measurements from all three radars coincident with sufficient snowfall measured by PIP at the surface were rare durin
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the observation period. The case studies consists of approximately 25 minutes of zenith-pointing triple-frequency Doppler
radar data frem-between 22:53 to-and 23:18 UTC on 21 February 2644—Fheradar-2014 (Section 4), and one hour between
00:00 and 01:00 UTC on 16 February 2014 (Sectlon 5). Radar measurements are complemented by a-radiesendeprofile-of

s—contemporary radiosonde profiles and numerical weather
rediction analyses which provide thermodynamic information for the retrieval.

3 Influeneces-on-Parameters affecting the triple-frequency radar signature

In this section we 4 I

explore the effects of ice
particle morphology and size distribution on the triple-frequency radar signature. As described in Section 2.1-4—~werepresent

iee-particle- morphology using parameters-that-control, the representation of ice particles can be controlled by parameters for
their microphysical structure, density and shape. mmlmm
are used to represent the range of particle structuresby
low-density aggregate snowflakes are represented as fractal partlcles and-heavily-—rimed-the complex internal of structures
of which are controlled by the coefficients of a power law; while dense graupel-like particles are modelled as homogeneous
spheroids. The-For both fractal and homogeneous particles, the density factor and the axial ratio control the mass-size relation
and particle-shape-the shape of the volume enclosing the particle. The final parameter is the PSD shape parameter, which is
independent of the-particle-merphelogy—particle morphology but affects the relative weighting given to particles across the

size spectrum. Most studies of triple-frequency radar signatures of ice particles have assumed exponential PSDs [Kneifel et al.,
2011; Leinonen et al., 2011; Kneifel et al., 2015; Leinonen and Moisseev, 2015; Leinonen and Szyrmer, 2015].

We first consider the effect of variations in the internal structure of aggregates as represented in the SSRGA. In Figure 1
we show the sensitivity of the triple-frequency signature to the coefficients of the power spectrum representing the fluctuations
about the average particle. Dual-wavelength ratios are enhanced by strong peaks in backscatter ratios at particle sizes where the
radar backscatter is affected by constructive or destructive interference at one of the wavelengths (illustrated later in Fig. 4a).
These spectral features are strongest in the radar backscatter cross-sections of soft spheroids [Fig. 9¢ of Hogan et al., 2017].
The SSRGA superimposes random smaller-scale structure onto the average particle structure, introducing random interference
which smooths the resonant features over the spectrum, and reduces the maximum dual-wavelength ratios. The dual-wavelength
ratios are reduced by either increasing the amplitude of the fluctuations (increasing the prefactor or by increasing the
significance of structure at small scales (decreasing the exponent ). Reducing the power law exponent to represent aggregates
with a greater degree of structure at small scales also results in a more pronounced hook feature. Conversely, a power law.
exponent of y = 4 is associated with the homogeneous distribution of mass at or below the scale of monomers in aggregates
[Hogan and Westbrook, 2014]; the triple-frequency radar signature represents the-valtes of PWRgs—g5-and DWRn—s5-signatures

at this limit, or where the amplitude of the fluctuations 5 approaches zero, come to resemble those of homogeneous spheroids

with no hook feature (Fig. 2).
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Figure 1. Forward-modelled triple frequency radar signatures for fractal particles represented by the SSRGA, with a range of values of (a

the power law prefactor 3, where the exponent is constant (v = 2.0); and (b) the power law exponent v, where the prefactor is constant

5 = 0.55). The other SSRGA parameters used are for the aggregates of bullet rosettes of Hogan et al. [2017], given in Tablel. Lateral lines
denote increments of median volume diameter, labelled in millimetres. All particles are assumed to have an exponential PSD (y = 0), a
density factor of » = 0, and a particle axial ratio of AR = 0.6.

To identify the variability in these parameters for a range of median—volume-diametersfrom-0O-taggregate snowflakes, we
fit SSRGA parameters to simulated aggregates comprising a range of monomer types and size distributions. The various

aggregates were generated using the aggregation code presented in Leinonen and Moisseev [2015], which assumes an inverse
exponential distribution of monomer sizes from which the monomers are sampled. In total more than 30,000 aggregates
of dendrite, plate, needle, and column monomers were generated covering maximum sizes up to 2to-—20cm. For this, the
characteristic size of the monomer distribution was varied from 0.2 to 1.0 mm-+the-, with minimum monomer size of 0.1 mm
and maximum size of 3 mm. Each aggregate consisted of up to 1000 monomers. SSRGA fits to aggregates of the range of
monomers (Table 1) have similar characteristic triple-frequency radarsignatures—forfractal-particles-signatures (Fig. 2). The

notable exception is aggregates of needles, for which the triple-frequency signature tends toward lower values of DWR3s g5

and the SSRGA power law exponent is lower, around v = 5/3 rather than v ~ 2. The power law prefactor for aggregates of

needles denotes a relatively high degree of structure, with 5 = 0.76. These results are consistent with Leinonen and Moisseev [2015]

who used the discrete dipole approximation to generate the triple-frequency radar signatures of a range of modelled aggregate
articles and found that aggregates of large needles had characteristically lower values of DWR35_ o5 compared with aggregates

10
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Figure 2. Triple-frequency radar signatures for SSRGA representations of four aggregates of different monomers (Table 1), and a

representation of homogeneous particles (8 = 4).
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Monomer s B x G

Bullet rosettes [Hogan e al,, 20171 009 055 20 028

Columns 022 196 215 009,
Needles 025 076 1.66 0.10

Table 1. SSRGA parameters fit to simulated aggregates of a range of monomers.

of other monomers. To encompass this range of triple-frequency radar signatures for aggregates, we employ SSRGA fits to.
two genres of fractal particles: aggregates of bullet rosettes to represent most snowflakes [Hogan et al., 2017]; and aggregates
of needles.

Next we compare the triple-frequency radar signatures for aggregates of needles (Fig. 3 a—c), aggregates of bullet rosettes
(Fig.3d—f), and homogeneous spheroids (Fig. 3 Mmm%@for a range of values of PSD&hap&éth%ﬁﬁ&Ld)the
PSD shape parameter, density factor «Fi
millimeters-are-tabeled-in(Fig3-a-&-d)—The-and axial ratio. Qualitatively, we note that the dual-wavelength ratios achieved
ummmmmple frequency radar signatures-overlay-triple-frequeney

._The triple-frequency radar signatures for the fractal particles exhibit maxima in DWR35_g5 between 8 and 12dB for

aggregates of bullet rosettes, and lower values around 7 to 8 dB for the aggregates of needles. After reaching their maxima at
median volume diameters around 5 to +67 mm, before-doubling-the triple-frequency radar signatures double back such that

most curves are non-unique with-in DWRs5_g5 while DWR_35 continues to increase with median particle size. This “hook>

hook feature in the triple-frequency radar signature is characteristic of aggregates in theoretical and observational studies [e.g.
Kneifel et al., 2015}—Fhe-, and the concavity of the hook feature increases with both PSD shape parameter for fractal particles
(Fig. 3a & d) and density factor (Fig. 3b)& e). This saturation of DWR35_o5 for aggregates is expected to pose a challenge for
large aggregates. This effect would not be aided by the assimilation of mean Doppler velocity, because the terminal fall speed
of the largest unrimed aggregates also saturates [e.g. Mitchell and Heymsfield, 2005]. The triple-frequency radar signature is

12
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Figure 3. Simulated triple-frequency radar signatures for distributions of (a—c) fractal particles represented using SSRGA and (d—

homogeneous (“soft”) spheroids. Black lines illustrate radar signatures for a spectrum of PSDs with median volume diameters (values

indicated in panels a and d) for different values of (a, d & g) PSD shape parameter, (b, e & h) density factor, and (c, f & 1) axial ratio. Lateral

lines denote increments of median volume diameter in millimeters.
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35

relatively insensitive to the axial ratio of the spheroidal particles (Fig. 3 ¢ & f). The triple-frequency signatures differ due-to
changing—values—of-with particle density and PSD shape factor-parameter between median volume diameters of 2mm and
& mm, but converge outside this range. Increasing the PSD shape parameter results in greater maximum values of DWR35_g5:
while an exponential PSD reaches a maximum of around 9dB at a median volume diameter around 7 mm, narrower PSDs
reach DWR35_g5 of up to 12dB at median volume diameters around 5 mm. A smaller range of triple-frequency signatures
is attributable to changes in the density factor: low-density fraetal-particles-aggregates of bullet rosettes exhibit a maximum
PWR35=95-DWRgz5_95 of around 9 dB at 7mm median volume diameter, and increase to around 11 dB for denser particles

with 7 > 0.4 the maximum DWR;5_o5 of aggregates of needles increase from around 7 to 8 dB. We note that the SSRGA
snowflake model is suited to low-density aggregate particles; at higher density factors the Rayleigh-Gans approximation is no
longer valid due to the interaction between dipoles within the particle. An evaluation of the suitability of SSRGA to dense
rimed particles is assessed in Leinonen et al. [2018b].

The flat signatures of homogeneous spheroids reach greater values of DWR35_g5 than the fractal particles, even at relatively

small median volume diameters of 3 to 4 mm. The triple-frequency radar signature for homogeneous spheroids resembles
that shown in Fig. 1 for aggregate particles with either a power law amplitude of 3 = 0 or a power law exponent of v = 4.
This similarity is maintained up to density factors around r = 0.5, where the interaction between dipoles in the homogeneous
particles becomes non-negligible. Both PSD shape and-density-parameter and density factor affect a shift of the signature to
the lower-right of the diagram :-andand, unlike fractal particles, the signatures of homogeneous spheroids do not converge at
large median volume diameters. Fhe-density-factor-tends—to-inerease-the- DWRIncreasing the density factor of homogeneous
spheroids increases DWR35_ o5 for-homogeneous-spheroids—; however, the hook feature only becomes evident for high density
factors at large median volume diameters. Notably, at very high density factors DWR_35 ~ 0 dB are maintained for values
of DWR35- 95 up to around 10 dB: this characteristic signature of very dense graupel is not observed for very high PSD shape

parameters.
Regardless of particle structure, the aspeetratie-axial ratio (AR) of the particles has a relatively minor influence on the triple-

frequency signature. We therefore maintain the assumption of AR = 0.6 for all particles in this study, but note that uncertainty
in this value contributes to uncertainties in the retrieval in other respects. For example, Mason et al. [2018] found that assuming
AR = 0.8 leads to a roughly 20% increase in retrieved ice water content when compared to AR = 0.6. In situ measurements
show that heavily rimed and graupel particles tend to have higher aspeet-axial ratios [e.g. Garrett et al., 2015; Li et al., 2018],

so including this effect in future retrievals may help to constrain uncertainties in estimates of dense rimed snow.

s < < ‘While no one particle morphology can represent the wide
range of measured triple-frequency radar signatures ;but-alse-thatthere-exists-[Dias Neto et al., 2019], there is also significant

ambiguity between the radar signatures at-al-partiele-of small particle of all types, especially for median volume diameters

less than around 3 mm. This makes the application of triple-frequency radar retrievals especially relevant to snow, rather than

cloud ice. In an attempt to encompass this-variability—acknowledging-the continuum of particle types—acknowledging that the
structure and density of ice particles are interrelated—~Mason et al. [2018] formulated a hybrid representation which transitions
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from fractal particles at low density factors (r < 0.2) to represent unrimed and lightly rimed aggregates, to homogeneous
spheroids at high densities (r > 0.5) representing graupel-like particles. Intermediate moderately rimed aggregates in the range
0.2 <r < 0.5 (“hybrid particles” in Fig. 4 a) are represented by an external mixture of the backscatter cross-sections of the
fractal and homogeneous models. More detailed parameterisations of this continuum may be achieved using the representation
of a range of aggregates with different degrees of riming [Leinonen and Szyrmer, 2015; Leinonen et al., 2018b], or fractal

structures [Leinonen and Moisseey, 2015; Hogan et al., 2017], and should be the subject of further work.

ids:-We have shown that, based on simulated radar backscatter cross-sections
the PSD shape parameter has a greater influence on the simulated triple-frequency radar signature than the well-known effect
of particle density. This result holds for the aggregate snowflakes modelled as fractal particles and for graupel-like particles
modelled as homogeneous spheroids. The effect of the PSD shape parameter is independent of the particle morphology, but
results from changing the relative weighting of different parts of the particle size spectrum. Fo-tHustrate-thiseffeet-theradar
backseatter eross-seetion ratio-speetra-This can be shown using the dual wavelength ratio on a per-particle basis, which we call

f2 Ufl( )
m(ﬁ)m ©)

in which the spectral features correspond to the onset of non-Rayleigh scattering at the higher frequency [Kneifel et al., 2016].

DBR and DBRgs o5 for fractal partlcles regates of bullet rosettes) and homogeneous spheroids with » =0 and
AR = 0.6 are compared in Fig. 4 .

a yare-shewn-alongside the volume-weighted
particle size distributions for selected PSDs (Fig. 4 b): the exponential PSD [Marshall and Palmer, 1948], and PSDs measured
during the pre-frontal-and-frontal-rimed and unrimed snow regimes of the 21 February 2014 case at Hyytiéld, Finland, which
is considered in more detail in Section ??-The-frontal-4. The unrimed snow regime fits a broader Gamma PSD (e.g. pn = —1),
and the prefrontal-rimed snow a narrower PSD (e.g. 4 = 5). As radar measurements relate to PSD-weighted integrals of the
radar backscatter spectra by (1), the triple-frequency signature is strongly influenced by the median volume diameter and shape
parameters of the PSD, with the PSD shape parameter modulating the relative influence of spectral features close to the median
volume diameter. As the median volume diameter approaches the onset of non-Rayleigh scattering at 95-GHz95 GHz (around
3 mm), DWR35_g5 increases, creating the initial horizontal part of the triple-frequency radar signatures of both fractal particles
and homogeneous spheroids; correspondingly, at the onset of non-Rayleigh scattering at the 35-GHz35 GHz (around 8 mm)
there is a shift to larger values of DWR_35, and a vertical uptick in the triple-frequency diagram. For fractal particles (dashed
lines in Fig. 4 a) there is a clear distinction between the parts of the spectrum dominated by non-Rayleigh scattering at 95—and
35-GHz95 and 35 GHz: the decrease in the 35-95-GHz35-95 GHz backscatter cross-section ratio at median diameters greater
than around 6-8 mm results in the “bending-back™ part of the hook feature in the triple-frequency signature, which occurs at
smaller median diameters for narrower PSD shapes-shape parameters (Fig. 3 a).

For homogeneous spheroids (solid lines in Fig. 4 a) the many narrow features of the backscatter cross-section ratio spectra

are smoothed out when integrated across the PSD, resulting in a flatter triple-frequency radar signature. This illustrates how
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Figure 4. (a) Normalized dual backscatter eross-seetion-ratios (DBR) at +0-35-GHz10-35 GHz and 35-95-GHz35-95 GHz bands for fractal
particles (aggregates of bullet rosettes) and homogeneous spheroids, on the same size spectrum as (b) the volume-weighted PSD (V-PSD)
measured in situ during the prefrontal-21 February case study (Section 4) and frental-regimes-and-Gamma PSDs fit to the same regimes,
and an exponential PSD (1 = 0)PSB. The backscatter cross-section ratios of the “hybrid” particles in (a) illustrate the transition between
fractaHSSRGA)-aggregates of bullet rosettes and homogeneous erseft*-spheroid approximations for intermediate density factors between
0.2 <r < 0.5, as described in Mason et al. [2018].
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Figure 5. A schematic for the parameters affecting the triple-frequency radar signature of a spectrum of ice particles. In addition to the
median volume diameter and density, the effects of particle-the internal structure of aggregate particles and the PSD shape parameter are
illustrated [cf. Kneifel et al., 2015].

a narrower PSD will increase the weight given to particles closest to the median volume diameter, exaggerating the effects of
nearby features of the radar backscatter spectra and deepening the hook feature characteristic of fractal particles as PSD shape
parameter increases. Conversely, broader PSDs have the effect of smoothing over the spectral features, producing an earlier
onset of high values of DWR;(_35 and a shallower hook feature for fractal particles.

We may therefore add to the diagram for the triple-frequency radar signature proposed in Kneifel et al. [2015] to include

the effeet-of PSD-shape-as-wel-as-effects of the PSD shape parameter and the internal structure of aggregate snowflakes, in

addition to the effects of particle density (Fig. 5). Thisreflects-a-significantinsight-These reflect important insights into the
interpretation of triple-frequency radar signatures;-as-: it is possible that the observed range of measurements in Kneifel et al.

[2015] are attributable to the combined effects of increased particle density due to rimingand-a-narrowPSD, of a narrower or
broader PSD, and of variations in the internal structure of aggregate snowflakes. It is not apparent to swhich-what degree these
parameters are independent of one another;-although-; Tiira et al. [2016] found only a weak relation between the bulk density
and PSD shape faetor-parameter estimated from PIP measurements at Hyytiéld. This-peses-a-Each of these effects represent
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an additional challenge when seeking to retrieve the morphology of particles from the triple-frequency radar measurements, a

problem we will explore further in the next seetionsections.

4 Case-Retrievals of density factor and the PSD shape parameter: 21 February 2014 case study

The-Between 22:53 and 23:17 UTC on 21 February 2014 ease-has-been—widelystudied-with-remete-sensed-light snowfall
dominated by compact graupel gave way to moderate snow characterised by larger unrimed aggregates [see Section 3.5.1 of
Kneifel et al., 2015, for a detailed discussion of the meteorological context and in situ observations beeause-it-inctudes-the
this case]. Mason et al. [2018] exploited Doppler velocity during a longer time series of this event to constrain CAPTIVATE
retrievals of the density factor, using single- and dual-frequency Doppler radar measurementstFigure-6)-are-separated—into
prefrontal-. We divide the 25 minute case into rimed (22:53 to 23:03 UTC) and frental-unrimed regimes (23:03 to 23:18UFC)

regimes: UTC) based on a combination of remotely-sensed (Fig. 6) and in situ data. Kneifel et al. [2015] showed that the

onset of unrimed frental-snow corresponded to the emergence of the distinct hook feature in the triple-frequency signature;

7. This corresponds to the large values of both
DWR35_g4 and DWR;y_35 (Fig. 6b & c) near the surface during the unrimed snow regime, where mean Doppler velocity

L5ms”! (Fig. 6d).
In contrast during the rimed regime very high values of DWRg5_95 > 10 dB around 3 km above ground level correspond to
a rapid increase in mean Doppler velocity up to around 2ms~'. We use this case study to consider the importance of the
PSB-density factor, particle structure and PSD shape parameter to the triple-frequency signature signatures of the two regimes
(Section 224.1), and then-attempt-a-retrieval-of -particle-density-and-PSD-shape-evaluate the capability to resolve changes
in PSD shape parameter, as well as the density and internal structure, from triple-frequency Doppler-radar radar reflectivity

measurements (Section 4.2).

between 1 and due ey iev nger-time-seti he-satme-case- Here-we-tse-the

4.1 Triple-frequency radar signatures

In Section 3 we showed-that-the PSD-shape-has-a—greaterinfluenee-explored the influences of various factors on the triple-

frequency radar signaturethan-the-densityfactor-but-we-, but did not consider the expected range-of-observed-ranges of values
for each of these parameters, nor how they may co-vary. Here we use in situ and remeote-sensed-measturementsfrom-the-case

study-remotely-sensed measurements to explore the range-of-size distributions and particle morphologies that best explain
represent the observed triple-frequency radar signatures.
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Figure 6. Triple-frequency Doppler radar measurements from the February 21 2014 case study at Hyytild, Finland. (a) 35-6H#35 GHz radar
reflectivity, (b) +0-35-GHz-10-35 GHz dual wavelength ratio, (c) 35-95-GHz-35-95 GHz dual wavelength ratio, and (d) 35-GHz35 GHz
mean Doppler velocity. Pashed-Vertical dashed lines mark the transition between the prefrontal-heavily rimed and frentat-large aggregate

snowfall regimes; solid lines are contours of temperature from ECMWF analysis.
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Figure 7. Triple-frequency radar measurements below 2 km above ground level in the (a) prefrontal-rimed and (b) frental-unrimed snow
regimes of the 21 February 2014 case at Hyytidld, Finland. Triple-frequency radar measurements are coloured by the corresponding mean
Doppler velocity, and frequency of occurrence is indicated with btack-blue contours at the 10th, 50th and 90th percentiles. Overlaid are
triple-frequency radar signatures for (a) homogeneous spheroids and (b) fractal particles (aggregates of bullet rosettes; Table 1) with a range
of values of PSD shape parameter and density factor that encompass the most frequent triple-frequency radar measurements. Increments of

median volume diameter are labelled in millimeters.

As a check on the representation of particle properties and radar scattering assumptionswithin-CAPTIVATE, we evaluate the

capability-to-reproduee-how faithfully our model particles can reproduce the triple-frequency radar signatures thatresemble-the
i ow during-the-prefrontal-and-frontal-snow
he-density factorcanbe-usedregimes. We
vary the particle internal structure, density and PSD shape parameters based on in situ and remotely-sensed measurements to
confirm that the forward model eaptures-the-particle-properties-as-well-as-the-is capable of resolving the triple-frequency radar
measurements. The triple-frequency radar measurements below 2 km in the prefrontat-rimed snow regime are coloured by

the average mean Doppler velocity, and contours at-indicate the 10th, 50 th and 90th percentiles indicate-the-frequeney-of

measured during the rimed and unrimed sn
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the-triple-frequency radar-measurements-of frequency of occurrence (Fig. 7a). The rimed prefrontal-snow is characterised by
a flat triple-frequency signature in-which-with DWR35_g5 is-between 5 and 11 dB with-and DWR;o_35 less than 2 dB, and
mean Doppler velocities between 1.5 and 2 m s~ ';-consistent-with-dense rimed-partieles. The radar measurements are overlaid
with triple-frequency radar signatures for homogeneous spheroids with a range of median—velume-diameters; PSD-shapes
PSD shape parameters and density factors—The-bulk-of-the-prefrontal-snow-corresponds-to-the: the rimed snow exhibits triple-
frequency radar signaturesef-, consistent with homogeneous spheroids with a density factor of r = 0.5 ;consistent-with-compaet

PSD shape parameter of p = 5 -which-was-measured-as measured by PIP at the surface during-this-period-(Fig. 4)-—Mest-of
the-b). 90% of the triple-frequency radar measurements correspond to median volume diameters between 2-1.5 and 3 mm,

consistent with PIP measurements during-thisperied-[Kneifel et al., 2015, and shown later in Fig. 10e.].

The frontal-unrimed snow regime (Fig. 7b) exhibits the hook feature characteristic of unrimed aggregates, with most mea-
surements of DWR35_g5 between 5 and 10 dB and DWR_35 up to around 810 dB. The most frequent triple-frequency radar
measurements are a good fit to aggregates of bullet rosettes with a PSD shape parameter with p = —1 (measured in situ), and
a density factor of 7 = 0. In contrast to the rimed prefrontal-snow, this regime exhibits-is dominated by lower mean Doppler
velocities between 1 and 1.5ms™ !, but-inchides—some—consistent with the low terminal velocities of even large aggregate

snowflakes; less than 10% of the triple-frequency radar measurements at-higher-include values of DWR35_o5 greater than

10dB and mean Doppler velocities greater than 1.5ms™!, suggesting thatsome rimed-particles-persist-a_small amount of

rimed particles persisting after 23:03 UTC. The mestfreguent-triple-frequency radar measurements are-a-good-fit-to-fractal

s-correspond to fractal particles with
median volume diameters as-smat-asfrom 1.5 mm and-astarge-as-to 8 mm, but the-majority-90% of the data suggestlie within
the range expected for fractal particles with median diameters between 3-and-52 and 7 mm;-whieh-. This is consistent with in
situ PIP measurements at the surface (Fig. 10e).

Comparing our particle models parameterised-by-densityfactor-and-PSD-shape-against measured triple-frequency radar
measurements for a case study, it is evident that the rimed prefrontat-snow is well-represented by a narrow PSD comprising
of dense graupel-like particles with a median volume diameter around 1 to 2 mm. In-eentrast-the-frontal-The unrimed snow
corresponds to a broad distribution of large unrimed-aggregates with median volume diameters between 3 mm and 8 mm. The
fit to triple-frequency radar signatures requires a representation of the PSD shape parameter, particle density and microphysical

structure, illustrating that it is necessary to include variability in the PSD shape is-key-to-resolving-parameter to resolve the
triple-frequency radar signatures of snow.

4.2 Triple-frequency radar retrievalretrievals

In this section we perform an-eptimal-estimationretrieval-constrained-by-CAPTIVATE retrievals of the 21 February case usin
triple-frequency and Doppler radar measurements. Mason et al. [2018] used a-dual-frequency radar refleetivity-reflectivities to

constrain two parameters of the PSD, while the density factor-was-factor—and hence the particle structure—were constrained
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by mean Doppler velocity at one radar-frequency. Following the studies of Leinonen-et-al{20181-Leinonen et al. [2018a] and

Tridon et al. [2019], we are interested in whether the triple-frequency radar measurments-measurements can be used to constrain

a retrieval of particle density, or if—given the evidence presented above—it will be-essential-to-include-information—-abeut
instead be necessary to vary the PSD shape parameter in order to satisfy the triple-frequency constraint. H-the-major-parameters

4.2.1 Retrievals assuming constant PSD shape parameter

We first perform retrievals assimilating a variety of radar measurements in order to compare their respective contributions.
The default retrieval combines radar reflectivity at 10, 35 and 95-GHz95 GHz and mean Doppler velocity at 35-GHz35 GHz
(Z10,35,95 V35), which represents the full available measurement vector. As explained in Section 2.2, 95 GHz Doppler velocit

measurements are affect by a mispointing; we therefore assimilate mean Doppler velocity from the 35 GHz radar only, and
do not consider the contribution of multiple Doppler velocity measurements to this retrieval. To test the capability to retrieve

the-particle density from triple-frequency radar reflectivity factors, we also make a retrieval which does not assimilate Doppler
velocity (i.e. Z10,35,95); and to test the contribution of the third radar frequency, we test dual-frequency retrievals (i.e. Z19,35 Va5
and Z35 95 V35). Reducing the number of measurements assimilated may lead to a more challenging inverse retrieval problem,
wherein either the measurement vector provides insufficient constraint on an estimate of the state vector, or the state space does
not include a solution that satisfies all of the measurements.

The quality of the retrieval may-be-is illustrated by comparing the measurements against those forward-modelled from the
retrieved state. We take representative profiles from each snow regime: a prefrental-profile characterised by rimed snow (23:00
UTC; Fig. 8), and afrontal-profile-one dominated by large unrimed aggregates (23:10 UTC; Fig. 9). The profiles of retrieved
variables are shown in the supplementary material.

Comparing retrievals of the prefrontal-rimed profile with an exponential PSD (Fig. 8 a—d), tt-is—evidentthat-the triple-
frequency retrievals Z1g 35 95 V35 and Z1g 35 95 are-not-able-to-do not satisfy all three profiles of radar reflectivity simultane-
ously, with errors of 1 to 2 dB;+while-the-, The dual-frequency radar retrievals Zs5 g5 V35 and Z1g 35 Va5 are-able-to-satisfy the as-
similated radar frequencies, but exhibit large errors in the remaining frequency (e.g. up to 4 dB in forward-modelled DWR ;o_35

for Z3s,95 V3s).

resemble a compromise between the 95-and—1+0-GHz-dual-frequency retrievals, but satisfying neither: this is indicative of an
over-constrained retrieval, in which the state space does not permit a solution that satisfies all of the observational constraints.

The retrievals assimilating Doppler velocity have adequate constraints on the density factor to represent the observed increase

-The profiles forward-modelled by Z19 35,95 V35

in mean Doppler velocity below around 3 km above ground level. Z1g 35 95 is similar to Z1¢ 35,95 V35 in terms of radar reflec-
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Figure 8. Profiles of observed and forward-modelled radar variables for retrievals of a selected profile during the prefrontal-rimed snow

regime. Retrievals assuming (a—d) an exponential PSD are compared against those with (e-h) a narrow PSD with 1 = 5.
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35

tivity, but the observed nerease-in-profile of mean Doppler velocity, including a rapid increase to around 1.6 ms ™' below 2km
above ground level, is not resolved at all without assimilating the-mean Doppler velocity.

As shown in Section 224.1, the triple-frequency radar measurements in the prefrontal-rimed regime are best represented
with-narrew-PSDs-with-explained by a narrow PSD (11 > 5;-consistent-with-in-situe-measurementsat-the-surface) as indicated
by PIP measurements. We therefore repeat the CAPTIVATE retrievals with constant ;1 = 5 rather than ;o = 0 (Fig. 8 e-h). Fhe
In this retrieval the forward-modelled profiles of radar reflectivity are considerably better constrained by the measurementsin
thisretrieval: Z10 35,95 V35 especially is very close to all the observations. The exception is that the retrieval does not match
the +6-GHz-10 GHz reflectivity factor above around 3 km; it is likely that the PSD shape ehanges-thretgh-parameter changes
at this level, where the onset of the-rimingproeess—riming is evident from increased mean Doppler velocities, and where
layers of supercooled liquid have been identified in the Doppler spectra [Kalesse et al., 2016]. The profiles-ofradarreflectivity
forward-modelled radar reflectivity factors of the dual-frequency retrievals are also better-constrained when a narrower PSD
is assumed;-however,it-, indicating that single- and dual-frequency radar retrievals are also affected by the assumption of
exponential PSDs. It is not evident that the-triple-frequency radar measurements provide any significant constraint on the
density factor effor Z1¢ 35,95+, as the forward-modelled mean Doppler velocity of that retrieval is unchanged.

Retrievals of the profile of unrimed frontal-snow (Fig. 9) show similar results: when an exponential PSD is used, Z19 35,95 V35
exhibits errors of up to 2 dB in the profiles of radar reflectivity. The retrieval is over-constrainedwith-respeetto-triple-frequeney
radar-measurements, as the state space does not allow for the triple-frequency radar signature of the large aggregates to be
represented. A significant difference between the frontat-and-the-prefrontal-profiles is that altretrievals-in the unrimed regime
retrievals that do not assimilate Doppler velocity are able to represent the observed profile of mean Doppler velocitybelow-about
FSkmsshowing that-the-prior-density factor-of. this is because the a priori density factor (r = Omakes-an-aceurate-) makes a
reasonable estimate of the terminal fallspeed of unrimed aggregate particles, provided that their size is well-constrained by dual-

frequency radar me

ve-measurements.

However, above 1.5km +%153595-the non-Doppler retrieval over-estimates the mean Doppler velocity by around 0.2 ms~1-

As-for-, while retrievals that assimilate Doppler velocity estimate negative values of riming factor (Fig.A2d), attributing weaker

Doppler velocities above this level to lower-density aggregate snowflakes. As was shown for the rimed regime, all the prefrontal
profile;-all-oftheretrievals are better able to represent the triple-frequency radar measurements when a non-exponential PSD

is used;—; here, assuming a broader PSD with-(;1 = —2) results in consistently better-constrained retrievals at all three radar

frequencies. One exception is that the Z35 95 V35 retrieval is profoundly unable to resolve the very high values of DWRiga5
below about I km above ground level. Profiles of retrieved variables (Fig. A2) show that this is due to a failure to resolve the
very large aggregates in this part of the profile, to which which the DWRo_3; is most sensitive. This is a result of the hook
feature of the triple-frequency radar signature of aggregates, in which DWRg5_ 95 is quickly saturated around 7 to 10dB. In

this situation the third radar frequency provides an important constraint on the size of large aggregate snowflakes.
These results indicate that, at least as the retrieval is configured here, triple-frequency radar measurements are insufficient

to constrain a retrieval of the density factor. This is consistent with the results of Leinonen-—et-ab120481Leinonen et al. [2018a],

wherein the retrieved prefactor of the particle mass-size relation was relatively insensitive to the triple-frequency radar mea-

25



10

15

20

25

30

surements. tastead;—the-However, assimilating mean Doppler velocity at one radar frequency provides an effective constraint
on the density of rimed-snow;-as-and structure of snowflakes, as was shown in Mason et al. [2018]. Furthermore
ven when the density factor and

article structure are retrieved, the retrieval can be over-constrained due to the assumption of an exponential PSD+-that-, That is,
because the PSD shape has-mere-parameter has a significant influence on the triple-frequency radar signature than-the-density

Secondly, we have shown that

oftee-particles(Section 3), it may not be possible to retrieve a state vector that satisfies all three radar frequencies unless the

PSD shape parameter can also be estimated, such as from in situ measurements.

4.2.2 Retrieval of the PSD shape parameter

We have shown that over-constrained retrievals in both the prefrontal-and-frontal-rimed and unrimed profiles were improved by

matching the PSD shape parameter to concurrent PIP measurements
at the surface. In CAPTIVATE the PSD shape parameter is assumed constant within-CAPTIVATE retrievals-in each retrieval,

but can be configured at runtime. FurtherAt least for this case study, we have also confirmed that our models for aggregate

snowflakes and graupel-likeparticles-alow—for-homogeneous spheroids allow a good representation of their-triple-frequency
radar signatures when-beth-in conjunction with density and PSD shape are-medified-Within-an-optimal-estimation-retrieval-it

arameter (Fig. 7). Since the mean Doppler velocity is used to estimate the density factor and particle structure, it

should be possible to minimise errors in the forward-modelled prefiles-ef-triple-frequency radar measurementste-constrain-the

-, in order to estimate the PSD shape
as-a-state-variable;we-ean-parameter, We carry out a pseudo-retrieval by running multiple Z1¢ 35,95 V35 retrievals in which PSB
shape-is-assumed-to-take-the PSD shape parameter takes integer values from p = —2 to p = 10. The pseude-retrieval-is-made
by-selecting-the-value-of PSD-shape-thatretrieved value is that which minimises the error in forward-modelled DWR35_g5 and
DWR;y_35 between 400 and 600 m above ground level (Fig. 10a & b):thestate-veetor-istinearly-interpolating-between-the
retrieved-state-veetors-at-theretrieved-value-, The forward-modelled DWRs for a range of PSD shape ;-giving-an-estimate-of-the
otherretrieved-quantities-whenthe- PSD-shape-isretrieved-(Fig—tOparameters span up to 4 é—g)-dB, with the range depending
on the median volume diameter. To reduce noise in the pseudo-retrieval the minimisation is carried out at a smoothed temporal
resolution of 15s. The estimated PSD shape parameter (Fig. 10 ¢), and the corresponding retrieved quantities (Fig. 10 d—g). are
compared to PIP measurements at the surface.

The retrieved timeseries of PSB-(Fig—+6e)-the PSD shape parameter is consistent with that measured at-thesurfacewith
PSB-shapes-from by PIP, with the rimed regime associated with narrow PSDs (3 < p < 10reflecting narrow size-distributions
ofsnowfall-in-the-prefrontal-regime——and-) before transitioning to broader PSDs with-(—2 < u < Oafter-around-23:05-UF€)
in the unrimed regime. Prior to around 23:00 UTC the retrieved PSD noisy;-with-high-unecertainties reflecting-shape parameter

is_especially noisy: high uncertainties reflect the increasingly weak distinctions between PSD-shapes—in-the-timeseries—of
forward-modelled BPWR-DWRs assuming different PSD shape parameters (Fig. 10 a & b):-this-, This is because, as observed

in Figs. 3 & 4, the triple-frequency radar signatures converge at median volume diameters less than around 2 mm, the-sizes-at
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Figure 10. Measured and forward-modelled (a) DWR35_95 and (b) DWR1o—_35 at 500 m above ground level for CAPTIVATE retrievals

assuming a range of PSD types; (c) the retrieved PSD shape parameter compared against that estimated from in situ measurements at the
surface by PIP; and (d) snow rate, (¢) median volume diameter, (f) normalised number concentration, and (g) bulk density comparing values

for the pseudo-retrieval against one in which exponential PSDs are assumed. Shaded regions represent the uncertainty in the retrieved values.
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whieh-where non-Rayleigh scattering is insignificant-at 95-GHz-Comparison-to-the PSB-shape-weak at all frequencies. As a
result, triple-frequency radar signatures using 93, 35 & 10 GHz frequencies provide little insight into ice or snow with median
additional insights into smaller ice particles [Bartaglia et al., 2014]. Comparison of the retrieval to PSD shape parameters
estimated from PIP measurements is especially difficult when snew-is-deminated-by-small-partieles;where-tranecation—effeets
on-the-tse-of the-method-of moments-to-estimate the PSD has a median volume diameter below around 1 mm, whereupon
disdrometer truncation has a significant effect on estimates of the parameters of the PSD become significantfrom the method

The triple-frequeneyretrievals of snow rate, median volume diameter, number concentration and bulk density at 500 m are all
reasonably well-matched to in situ measurements at the surface, given the differences in temporal resolution between the two

estimates. The <

e-median volume
diameter is overestimated by around 50 % in the period of heaviest frontal-snewfath-and-unrimed snowfall, while retrieved
normalized number concentration is within a factor of two of the PIP estimates. While retrieving PSD-shape-the PSD shape
parameter enables a significant improvement in the representation of triple-frequency radar measurements, we note that this
it has little impact on the retrieved snow rate or bulk density when compared to a retrieval that assumes an exponential PSD.
Retrieving-a-Compared to a retrieval assuming an exponential PSD, retrieving a broad PSD in the frontal-unrimed snowfall
results in median volume diameters roughly 1 mm greater;-larger, while normalised number concentrations are as much as a

factor of two lower in the prefrontal-regime—-rimed regime and up to a factor of two greater toward the end of the frontal
regime-unrimed regime.

5 The effect of aggregate internal structure: 16 February 2014 case study

In Section 3 we showed that the triple-frequency radar signature of snow can-provide-insights-into-the-structure;size-and
density-of fee particlesis sensitive to the density factor and internal structure of snowflakes, and also to the shape parameter of
the PSD. In Section 4 values of density factor corresponding to riming were constrained by Doppler velocity measurements,
while the transition in particle structure between aggregates of bullet rosettes for unrimed snow and homogeneous spheroids
for graupel was parameterised by the density factor. This allowed variations in the PSD shape parameter to be constrained from
triple-frequency radar reflectivity factors. In this section we consider a case in which the internal structure of unrimed snow.
varies due to the aggregation of different monomer particles.

Between 00:00 and 01:00 UTC on 16 February 2014 (Fig. 5) a light snowfall between 0.5 and 1.5ms”" was measured
at Hyytidld [Kneifeletal;20H:Leinonen-et-ak-2012:see Section 3.3.1 of Kneifel et al., 2015+Stein-et-at2015, for a more
detailed discussion of the meteorology]. Fripte-frequeney-radarstudies-Generating cells are evident in radar reflectivity and
DWR above around 4km or —20°C; below this level fall streaks indicate that precipitating ice is subject to strong winds
down to around 2.5 km or —8 °C. Between —8 and —5 °C rapid increases in radar reflectivity and DWRg5_ o5 are evident; this
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temperature range is conducive to rime splintering [with-the-exception-of-Leinonen-—et-al20402Hallett and Mossop, 1974] have

7 of Kneifel et al., 2015, shows that this temperature range is supersaturated with respect to ice]. Kneifel et al. [2015] showed
their Fig. 10) that when the snowfall was dominated by aggregates with very open structures, measured triple-frequenc
radar signatures exhibited maximum DWR35_g5 values of around 6 dB, which is significantly weaker than expected for the

triple-frequency radar signatures of most aggregates, but consistent with aggregates of large needles [Fig. 3e in Leinonen and Moisseev, 201

and Fig. 3 herein]. he Sinclair et al. [2016] used the
polarimetric signatures from a nearby scanning radar and a clustering analysis on PIP observations to argue that the snow at the
surface comprised a mixture of graupel and small needles—the primary and secondary ice the Hallett-Mossop process—and
large aggregates resulting from the rapid growth and aggregation of needles near the surface.

We first explore how the particle models developed in Section 3 can be used to account for the variability in triple-frequency
radar signatures in this challenging case (Section 3.1), and we evaluate the effects of variations in ice particle internal structure
on CAPTIVATE retrievals (Section 5.2).

5.1 Triple-frequency radar signatures

We separate the case into three snow regimes by comparing triple-frequency radar signature-by-exaggerating-or-smoothing
over-features-in-the radar backseatter speetra;-measurements with the signatures forward-modelled for aggregates of needles,
aggregates of bullet rosettes, and homogeneous spheroids. In forward-modelling the triple-frequency radar signatures we must
also quantify the PSD shape parameter and density factor. PIP measurements indicate a broader than exponential PSD (u = —1)
throughout the case, likely influenced by snowfall comprising distinct populations of large and small particles. Mean Doppler
velocities around 1.5ms—1 near the surface (Fig. 5d) indicate the radar measurements are dominated by unrimed particles

r = 0), except toward the end of the case where mean Doppler velocities approach 2 ms !, and more graupel is observed.

Triple-frequency radar measurements during the first regime (00:00 to 00:25 UTC; Fig. 12a) are most consistent with

agoregates of bullet rosettes. Median volume diameters are up to 5 mm, with most between 1.5 and that-this—influenee—ecan

tmsﬁtkfﬂeasufemeﬂ%&ef—pame}&pmpewa 5 mm; at the surface, w&sheweekfhakﬂie}udiﬂg—vafmﬂeﬂm&xe%&ghape
permitted-more-aceuraterepresentations-of the-measured-PIP measures Dy = 2.5 mm (Fig 13c). The second regime (00:25 to
00:50 UTC; Fig. 12b) is characterised by the lower values of DWRis 05 associated with agaregates of needles. The triple-
frequency measurements suggest median volume diameters up to 1cm, with most between 3 and 4.5 mm, which is slightly
higher than measured by PIP. The spread of the measurements lateral to the forward-modelled triple-frequency radar signa-

at-and to the growth of needles [e-g-Defanoé;2005Fig.



a) 35 GHz reflectivity factor
A (o gates ggreg ates

20

—_ A

E, b AL J,lm M.Mm =
= | R 0 &
[®)} N
o2 N

15

Height [km]

15,
— m
£ S,
ﬁ 10 )
= T
o 5 &
(]
T =

o O

6 d) 35 GHz mean Doppler velocity
I 3

— f.r 1y & Sl AL g T L CARELRIURE R\ —_
E \ l“ b LX 4 \ | B _V c- T
= , SN W Ton B2
£ S i P WE
= : -8°C L ' 0
(0] " m
T = 1>

o w g
DWR1p - 35 [dB]

4 Mol o e e yuots L3 ) "I," o =
00:00 00:10 00:20 00:30 00:40 00:50 01:00
Time (UTC)

Figure 11. Triple-frequency Doppler radar measurements from the February 21 2014 case study at Hyytéld, Finland. (a) 35 GHz radar

reflectivity, (b) 10-35 GHz dual wavelength ratio, (¢) 35-95 GHz dual wavelength ratio, and (d) 35 GHz mean Doppler velocity. Vertical

dashed lines mark the transition between the rimed and unrimed snowfall regimes; solid lines are contours of temperature from ECMWF

analysis.
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Figure 12. Triple frequency radar measurements from below 1 km above ground level during the 16 February case. The data are divided into

three regimes and overlaid by a range of particle models, as informed by PIP measurements. Throughout this case a PSD shape parameter of

= —1 was measured in situ. (a) The period 00:00-00:25 UTC is consistent with the triple-frequency radar signature of aggregates of bullet

rosettes (Table 1), (b) the period 00:25-00:50 UTC is to aggregates of needles (Table 1), and (c) the period 00:50-01:00 UTC to homogeneous

spheroids. The triple-frequency radar measurements are coloured by the average mean Doppler velocity, and blue contours mark the 10th

50th and 90th percentiles of the frequency of the data.

of-may be indicative of a particles with a range of internal structures within this regime, such as may result from aggregates
from different sized needles. Toward the end of the snowfall event (00:50 to 01:00 UTC; Fig. 12 ¢) the flatter triple-frequenc
radar signature is consistent with small homogeneous spheroids with median volume diameters less than 2 mm. Relatively
large density factors (r > 0.5) are required to match the dominant flat triple-frequency signature for such small particles. Some
measurements with DWRg_35 > 3 dB are a reminder that this regime includes a mixture of particle types, the mierophysiesof
teeﬁﬂémed-ph&%&e}eud—%e—feeeﬂkemdie%h&veﬂ%eektnple frequency airborne-radar-meastrements-to-constrain-retrievals

: ion-radar signatures of which are consistent with a

small amount of the aggregates of needles.

This indicates that the full range of triple-frequency radar measurements cannot be covered by transitioning between a
single model for aggregate particles and homogeneous spheroids. The distinct internal structure of some particles, such as
aggregates of needles, must also be represented. While these regimes and corresponding particle models are identified based
on the measured triple-frequency signatures, we note that the snow falling throughout this event comprises a mixture of these
particle types [Leinonen-et-at;2018: Tridon-et-at;2049Sinclair et al., 2016]:-howeverboth-studiesfound-that- In the particle
imagery shown in Kneifel et al. [2015] the largest aggregates of needles were sampled from 00:38 to 00:50 UTC, but graupel
was also observed. Prior to 00:25 UTC the particle imagery shows both graupel and needles inter-mixed with large aggregates;
finally, after 00:30 UTC, aggregates of needles are observed as well as graupel.
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5.2 Triple frequency radar retrievals

We will now evaluate the capabilities and limitations of CAPTIVATE retrievals assuming a range of particle models. Unlike
the February 21 case, PIP measurements indicate a broad PSD (1 = —1) throughout this case; we therefore set y = 1 for
all retrievals, acknowledging that this prior knowledge from in situ measurements is not always available for remotely-sensed
estimates of snow. To consider the importance of resolving different particle structures, we carry out three retrievals, using each
of the particle types considered in Section 3: aggregates of needles, aggregate of bullet rosettes, and homogeneous spheroids.
In order to expand the range of triple-frequency rada i § i i A i

a-pseudo-retrieval-was-made-of signatures represented, an additional distinction is made between aggregates of “large” and
“small” needles, where the latter corresponds to the fit to aggregates of needles in Section 3, and the former takes a lower
= 5/3); this is consistent with the relation of the PSB-shape-thatbestfitthe
triple-frequency radar signature to larger needle monomers observed by Leinonen and Moisseev [2015]. Unlike in the previous
case, the hybrid approach transitioning between aggregates of bullet rosettes at low density factors and homogeneous spheroids
at high density factors is not used. As such, we cannot expect any one retrieval to accurately represent the entire case, and it
may be that we are unable to adequately resolve the features of snow known to comprise a mixture of different particle types.
Nevertheless, by comparing these retrievals we hope to show how effectively variations in the internal structure of ice particles
may improve the fit to triple-frequency radar measurements—This-yielded-an-estimate-of PSD-shape;-, and also how sensitive
the retrieved quantities are to different particle models.

The forward-modelled dual-frequency ratios (Fig. 13a & b) show how well-constrained each retrieval is by the observed
variables. PIP measurements of the PSD shape parameter and the constant assumption of 4 = —1 are compared in Fig. 13c,
and Fig. 13d—g show the retrieved estimates and PIP measurements of snow rate, median volume diameterand-, normalized
number concentration which compared-well-with in-site-measurements at the surlace: however. more accurate estimates o
PSD-shape-had-only-aweak-effecton-the-and bulk density,

The spread in forward-modelled DWRs are as much as 3dB when the measured DWRs are large; however, when the

measured DWR is low (i.e. toward the lower-left part of the triple-frequency radar signature diagram) the retrievals are almost
Fi

insensitive to the particle model. The maximum values of DWRgs5 . 13a) are indicative of the maximum extent of
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Figure 13. Triple-frequency Doppler radar retrievals from the 16 February 2014 case during BAECC, assuming homogeneous spheroids,

aggregates of bullet rosettes, and aggregates of large and small needles. The forward-modelled 35-94 GHZ (a) and 10-35 GHx (b

dual-frequency ratios are compared against radar measurements. The assumed PSD shape parameter ;1 = 1 for all the retrievals reflects

the near-constant in situ measurements throughout the case (c). The retrieved snow rate (d), median volume diameter (e), normalized number

concentration (f) and bulk densit at 500 m above ground level are compared against PIP measurements at the surface.
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the hook feature of the triple-frequency diagram: accordingly, the aggregates of needles have the lowest maximum values
saturating around 6 or 7 dB. Conversely, the lowest values of DWRq_35 (Fig. 13) correspond to homogeneous spheroids
while the greatest are for the aggregates of needles. The retrieved snow rate when—compared—with-—retrievals—assaming—an

aggregates of large needles and homogeneous spheroids, except where the measured DWR are lowest. The estimates of median
volume diameter and normalized number concentration assuming homogeneous spheroids are closer to the PIP measurements
than the estimates assuming aggregate snowflakes. However, when homogeneous spheroids are assumed the bulk density is
overestimated by around 100 % with respect to PIP measurements.

While the triple-frequency radar signatures of the three regimes were broadly represented by three different particle types

the time series shows much more variability. In the first regime (00:00-00:25 UTC), the triple-frequency radar signature of

which was afit to aggregates of bullet rosettes, DW Ry o5 takes large values associated with graupel, while DWRo_35 jumps.
between values consistent with graupel and the larger ratios more characteristic of aggregates. These fluctuations are likely due
to_the mixture of different particle types. The second regime (00:25-00:30 UTC) is a more consistent fit to aggregates of
needles: between 00:25 to 00:35 UTC the measurements correspond to aggregates of small needles, while between 00:35 to.
00:45 UTC—where the lowest values of DWRy5_95 ~ 6 dB are observed—the aggregates of larger needles offer a good fit to
measurements. While the aggregates of needles dominate the triple-frequency radar signature, this regime is associated with
the greatest errors in retrieved snow rate, which is roughly half that of the PIP retrieval, in conjunction with lower normalized
number concentrations and much larger median volume diameters. It seems likely that, due to CAPTIVATE assuming a single
population of particles and being constrained by the largest particles, the contribution of graupel to the snow rate is being
disregarded. Finally, after 00:50 UTC DWRyg_ 35 decreases to less than 3 dB, consistent with compact graupel-like particles.
The differences between retrievals are relatively small in this regime: all tend to underestimate the snow rate compared to PIP,
but correctly resolve the increase in bulk density.

The sensitivity-of range of forward-modelled DWRs for retrievals assuming particles with different internal structures are
Wmm@& triple- frequency radar s1gnaturest&%heﬁhap&ef—ﬂ%e—PSD%ugges%ﬁﬂeeé~te+epfesem
o, this is of a similar magnitude

to the variations due to uncertainties in the density and PSD shape. Unlike the PSD shape parameter, uncertainty in particle
structure results in a spread in retrieved snow rates. This case includes both rime splintering and rapid aggregation of secondary.
ice particles, leading to snowfall at the surface comprising compact graupel, needles, and large aggregates of needles. Secondary.
ggﬂ(wmmple frequency radar me&sufemeﬂ%&mayﬂ{sefeqﬂﬂe—afreva}ua&efref—fhe

to-allowfor-more-complex-—size-speetra-signatures are dominated by the largest particles, which are slow-falling aggregates.
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Assuming this particle type within the retrieval neglects compact and fast-falling graupel, leading to an underestimate of the
snowfall at the surface. Conversely, assuming homogeneous spheroids for the retrieval results in a better fit to the snow rate
but the retrieval significantly over-estimates bulk density and is poorly constrained by the triple-frequency radar reflectivit

factors.

6 Discussion and conclusions

It has been well-established in theoretical and observational studies that triple-frequency radar measurements of snow can

Stein et al., 2015]. In the context of recent ground-based [e.g. Defanoé;2005Field-et-al-2005:-2007Petd, 2016] --which-ecan
also-be-implemented-within-CAPTIVATE-and airborne [Meason-et-al-2648e.g. Houze et al., 2017] multiple-frequency radar
measurements, large databases of realistic ice particles from numerical simulations and in situ measurements are being used to

better understand the links between ice microphysics and multiple-frequency radar scattering properties [Kneifel et al., 2018].

One important application of this research is to assimilate triple-frequency radar measurements in radar retrievals that estimate
variations in ice particle properties, such as due to riming [Leinonen et al., 2018a; Tridon et al., 2019]. In—a-recent-study;

A significant challenge

in developing this capability is to sufficiently represent the parameters that influence the triple-frequency radars-in-which-the

between-the radar signature in order to either estimate them within retrievals, or to quantify their contributions to retrieval

We began this study by using approximations to radar backscatter cross-section of ice particles to explore the parameters
that most strongly affect their triple-frequency ign ferent-parti : A-studi
assuming-exponential PSPsfor-alt-radar signatures. The triple-frequency radar signature varies due to both the density and
homogeneity of ice particles, consistent with the conceptual model of Kneifel et al. [2015]. For aggregate particles represented
by the self-similar Rayleigh-Gans approximation [SSRGA; Hogan et al., 2017], the magnitude and scale-dependence of random
fluctuations in internal structure are also important, as explored by Stein et al. [2015] and Leinonen and Moisseey [2013]. The
SSRGA provides physically meaningful parameters by which both the shape of the average particle, and the small-scale
fluctuations in the structure represented by a power spectrum, can be tuned. To inform our interpretation, we fit SSRGA
coefficients to simulated aggregates of a range of monomer types, and showed that aggregates of needles have a distinct
triple-frequency radar signature from aggregates of other particles [e-g—Kneifelet-at-204kLeinonenandSzyrmer-2015see.
also Leinonen and Moisseey, 2015]. Finally, while most radar studies of snow assume exponential PSDs. we showed that the
PSD shape parameter has a similar effect on triple-frequency radar measurements to particle density by modifying the relative
importance of features in the radar backscatter spectrum, Next, we used radar and in situ measurements of snow to disentangle
the multiple parameters affecting observed triple-frequency radar signatures.

35
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We-have madea-remotety-sensed-estimate-of We evaluated our particle models against triple-frequency radar measurements
and particle properties from in situ observations of two snow events from the BAECC 2014 field campaign at Hyytidld, Finland
[Kneifel et al., 2015]. First we applied information from particle imaging measurements to select the particle model that best
represents the triple-frequency radar signature for each snow regime. In a case including heavily rimed graupel and unrimed
aggregates, the triple-frequency radar signature of graupel was consistent with homogeneous spheroids with a moderate density.
factor and a narrow PSD, while the large unrimed aggregates were represented by aggregates of bullet rosettes with a broad
PSD. In a contrasting case including the production and rapid aggregation of secondary ice particles due to rime splintering,
triple-frequency signatures were indicative of a mixture of unrimed aggregates of bullet rosettes and aggregates of needles,
and of heavily rimed compact graupel particles. Based on in situ measurements during this case, significant fluctuations in the
triple-frequency radar signature can be confidently attributed to the internal structure of the aggregates, rather than to changes
in the PSD shape using-a-psendo-retrieval-that-minimises-the-error-in-or particle density.

Based on these insights, we sought to better understand how the density and internal structure of particles, and the PSD shape
arameter, can be included or accounted for in triple-frequency radar-measurementsfrom-an-ensemble-of retrievals:-however;

mierophysical-processes Maece-and Benson;2047-Mason et al., 2018] —

In—thepresent-configurationof CAPTIVATEit-wasfeund-that-retrievals for each case, and compared remotely-sensed
estimates to PIP measurements at the surface. In the case including graupel and unrimed aggeregates, we demonstrated that the
assumption of an exponential PSD resulted in triple-frequency radar measurements-could-be-used-toretrieve-three-parametersof

r-retrievals that were over-constrained. Only
when non-exponential PSDs were assumed, informed by PIP measurements, was the retrieval able to satisfy all three radar
reflectivity factors. Further, we found that while the mean Doppler velocity can be exploited to estimate both the density.
factor and the transition between aggregate snowflakes and homogeneous graupel particles [as in Mason et al., 2018]—Fhe
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low—sensitivity-of-the-retrieved-particle-densityto—, the density factor was not well-constrained by triple-frequency radar

merphelegy—and-reflectivity factors. This is consistent with Leinonen et al. [2018a], who found the prefactor of the particle
mass-size relation was insensitive to the assimilation of a third radar frequency. However, the third radar frequency proved

essential to constraining the median volume diameter of ageregate snowflakes: due to the characteristic hook feature of their
triple-frequency m i ig i i i i

signature,
DWRg505 becomes saturated at values around 7 to 10dB, and provides little information on the size of large aggregates.
Next we demonstrated a novel approach to use the third radar reflectivity factor to estimate the PSD shape parameter. This
pseudo-retrieval was made by minimising errors in DWRs from an ensemble of retrievals assuming a range of PSD shape
parameters, and the &3 i ge-ageres i i

compared well with PIP measurements at the surface. Accounting for variations in the PSD shape parameter is necessary.
to assimilate triple-frequency radar reflectivity factors, and retrievals of the PSD shape parameter may provide insights into
microphysical processes in snow. In the case of heavy riming studied here, narrow PSDs were strongly correlated with riming.
and broad PSDs with aggregation; while this is consistent with some other observations [Garrett et al., 2015];-however-, we
note that Tiira et al. [2016] found only a weak relation between tee«buﬂedeﬂﬂfy&nd%l}s%ﬁpeﬁeasufedﬂ%Hyyﬁala—Seme
bulk ice density and the PSD shape
parameter measured during BAECC, and we anticipate further research associating PSD shape with aggregation and riming
processes in snow. An important result, however, is that varying the PSD shape parameter does not significantly change the
retrieved snow rate, justifying the common assumption of exponential PSDs for single- and dual-frequency radar retrievals

be-treated-with-eaution-due-to-. Nevertheless, the capability to remotely-sense changes in the PSD shape parameter alongside
other properties of snow may provide significant insights into processes of aggregation and riming in snow.

Retrievals of the second case study focused on the importance of the internal structure of aggregate snowflakes. In this
case the PSD shape parameter at the surface was near-constant. While the presence of graupel was evident in the particle
imaging measurements and is necessary for the rime splintering process, the triple-frequency radar signatures were dominated
by large aggregates. CAPTIVATE retrievals of this case assumed a range of different particle structures from homogeneous
spheroids to aggregates of large needles. In the regime where the largest aggregates of needles were observed at the surface,
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the retrieval assuming these particles was best able to represent the assimilated triple-frequency radar measurements; however,
this corresponded to an significant underestimate of surface snow rate. Conversely, assuming graupel-like particles resulted
in a weak fit to the assimilated measurements but a better representation of surface snowfall. This illustrates the challenges
of secondary ice production to radar retrievals, wherein a single particle population is typically assumed: because the radar

the-use-of snowfall is neglected in the retrieval. Unlike the PSD shape parameter, variations in particle internal structure
contribute significant uncertainties in the retrieved snow rate; however, we note that aggregates of most monomers appear to
exhibit broadly similar triple-frequency radar signaturesin-retrievals, to which aggregates of large needles are an exception. It
is not clear how frequently biases in radar retrievals due to these effects may be expected to affect snowfall estimates; however,
the ranges of temperatures at which these occur are well understood [e.g. Korolev et al., 2000; Heymsfield et al., 2013].
We-have-demonstrated-anovel-method-using-We have identified a number of parameters that affect the triple-frequency

s : imentintensive i i radar signature of snow and
should therefore be considered within triple-frequency radar retrievals. Two short case studies have been used to demonstrate
contrasting situations in which the effects of these parameters, as represented within models for the size distribution, morphology
and radar backscatter cross-section of ice particles, can be observed in radar measurements and affect radar retrievals of
snowfall, Particle density and the transition from aggregate snowflakes to more homogencous graupel particles, which are
inter-related in the riming process, have dominated the conceptual model explaining the triple-frequency radar signature
[Kneifel er al., 2015], and were included in the retrieval of Mason et al. [2018]. The PSD shape parameter has usually been
excluded from studies of the triple-frequency radar signature by assuming an exponential PSD, an assumption which is
Justified in radar retrievals in many situations by the weak effect of the PSD shape parameter on the snow rate. However,
the influence of the PSD on the triple-frequency radar signature is similar in magnitude and sense to that of the density factor,
and misinterpretation of triple-frequency radar data may result if both parameters are not accounted for. In a recent study,
Grecu et al. [2018] demonstrated retrievals from airborne triple-frequency radars informed by PSDs measured in situ, rather
than assuming parameterised PSDs. Consistent with the present study, they found that including variability in particle spectra
resulted in greater ambiguity between the triple-frequency radar signatures of different particle types than may be expected from
studies assuming exponential PSDs for all particles [e.g. Kneifel et al., 2011; Leinonen and Szyrmer, 2015]. While the density.
factor and the transition from aggregates to homogeneous spheroids are represented, the PSD shape parameter and variations in
the internal structure of aggregate snowflakes are not currently implemented as state variables within CAPTIVATE. Including.
such parameters in the radar forward model would allow for information about their natural variability to be propagated into
the uncertainties of retrieved quantities. If adequately constrained by radar and synergistic measurements, some parameters
such as the PSD shape parameter may be retrieved. The challenges of quantifying both secondary ice and variations in the PSD.
may be best addressed using Doppler spectra [e.g. Kneifel et al., 2016], and this should be the subject of future work._
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Two case studies from BAECC 2014

at Hyytild, Finland,
have been used to demonstrated the impact of particle size distribution and merphelogy-ofice-particles-is-onty-possible-due
to-the-availability-of-internal structure to triple-frequency radar measurements, but further work is needed to establish the
relative importance of variations in these parameters to estimates of global snowfall. The evaluation of triple-frequency Doppler

radar retrievals against in situ particle properties depends on high-quality remotely-sensed measurements supported by in situ
observations at the surface [Tiira et al., 2016; von Lerber et al., 2017; Moisseev et al., 2017] -and-in a location where wintertime

precipitation is frequently not affected by melting. The significant challenges of colocating and cross-calibrating multiple radars

rand-ef-and correcting for attenuation due to supercooled liquid water; have been-addressed-by Kneifelet-al {2615 anyof these
effeets-have-the potential-to-introduce-significant-water—any of which are potential biases and uncertainties in the retrieval;

reinforeing-the-need-for-high-quality-in-situ-measurements—The-present retrieval-—have been addressed by Kneifel et al. [2015
and Dias Neto et al. [2019]. The general scarcity of such high quality datasets --and their importance for evaluating our models

of ice particle morphology and size distribution, and for testing retrievals against in situ measurements, make the case for

further and ongoing deployments of multiple-frequency Doppler radar instruments at a range of ARM and Cloudnet field sites.

Increasing the geographic diversity of ground-based snow studies, as well as the quantity of measurements, will be critical to
increasing confidence in the use of models of ice particles and microphysical processes for global snowfall estimates.
Insights-In addition to developing the capability for more advanced radar retrievals, insights into ice and mixed-phase mi-
crophysics triple-frequency Doppler radar retrievals-may-inform-from multiple-frequency and Doppler radar measurements of
snow should be focused on informing the ice particle models used in retrievals-with-fewerradarfrequencies,such-as—to-the
94-GHz-other radar retrievals, and especially snowfall estimates from spaceborne radars such as the 94 GHz Doppler cloud
profile radar aboard EarthCARE [lllingworth et al., 2015]. The present work contributes to a more detailed understanding
of the uncertainties of radar retrievals due to variations in the properties of snow. In planning for satellite missions beyond
EarthCARE [Engineering and Medicine, 2018], the benefits of dual-frequency radar as a constraint on the size and number

concentration of hydrometeors has been well-establishede-g-

have demonstrated that triple-frequency radar measurements ean-may be used to constrain additional properties of the PSB

morphology and size distribution of snow, to provide insights into ice and mixed-phase cloud microphysics.
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video disdrometer measurements from Hyytidld can be accessed at github (https://github.com/dmoisseev/Snow-Retrievals-2014-2015).

Appendix A: Retrieved profiles

The profiles of retrieved variables corresponding to the retrievals described in Section 4.2 are Fig. A1 for the prefrental-unrimed
regime and Fig. A2 for the frontalrimed regime.
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Figure Al. Profiles of retrieved variables for retrievals of a selected profile during the prefrontal-rimed snow regime. Retrievals assuming

(a—d) an exponential PSD are compared against those with (e-h) a narrow PSD with p = 5.
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Figure A2. Profiles of retrieved variables for retrievals of a selected profile during the frentat-unrimed snow regime. Retrievals assuming

(a-b) an exponential PSD are compared against those with (e-h) a broad PSD with 1 = —2.
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