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Abstract. The accurate representation of ice particles is essential for both remotely-sensed estimates of cloud 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 aggregate snowflakes from more dense
and homogeneous rimed particles.

In this study we investigate which parameters of the particle size distribution (PSD) and morphology of ice particles are
most important to the triple-frequency radar signature of snow, in order to carry out an optimal estimation retrieval using triple-
frequency Doppler radar observations. We represent a range of ice particle morphologies using a fractal model for aggregate
snowflakes and homogeneous spheroids to represent rimed graupel-like particles, and modulate the prefactor and exponent of
the particles’ mass-size relations with a density factor. We find that for both fractal particles and homogeneous spheroids the
PSD shape has a greater influence on the triple-frequency radar signature than the density factor, and show that the PSD shape
must be allowed to vary to adequately constrain a triple-frequency radar retrieval of snow. We then demonstrate a novel triple-
frequency Doppler radar retrieval of three parameters of the PSD as well as particle density, and show that the estimated snow
rate, PSD and bulk density compare well against in situ observations at the surface. In a case study of compact rimed snow,
we find that triple-frequency radar measurements provide a strong constraint on the estimation of PSD shape, but a relatively
weak constraint on particle density, which we find can be more directly estimated from the Doppler velocity due to the relation
between particle density and fallspeed. Including variations in PSD shape as well as particle morphology allows for a better
representation of the triple-frequency radar signatures of rimed and unrimed snow, and suggests the potential for making new
insights into the interaction between particles during aggregation and riming mechanisms. However, we find that improved
representation of the PSD shape has a limited impact on improved estimates of snow rate from radar. The importance of the
PSD shape to triple-frequency radar retrievals of snow suggests that further work is needed to account for variations in PSD

shape before triple-frequency radar measurements can be used to better constrain particle morphology.
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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 or aggregate snowflakes (Langleben, 1954); however, recent
global active remote-sensing suggests that mixed-phase clouds are frequently associated with snow, especially over the ocean
(Battaglia and Delanog, 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 and Hogan, 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 can contribute a significant fraction of the mass of snow (Mosimann, 1995; Grazioli et al., 2015; Tiira et al., 2016;
Moisseev et al., 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;
Petdjd et al., 2016). Doppler velocity measurements of the terminal fallspeed of snow have been used to constrain variations in
particle density by which riming of snow, 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 remote-sensed and in-situ measurements of snow events (Kneifel et al., 2015), but it
remains to explore in more detail how the parameters controlling the size distribution and morphology of snow particles relate
to one another and their radar scattering characteristics.

The relation between ice particle morphology and triple-frequency radar measurements emerges in a comparison of models
for the radar backscatter cross-sections of ice particles (Kneifel et al., 2011). The triple-frequency radar ‘signature’ consists
of two dual-wavelength ratios (DWRs) derived from radar measurements at 95, 35-GHz and a third frequency below 15-
GHz, and provides a succinct 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



10

15

20

25

30

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-100 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 18 March 2019 Techniques
© Author(s) 2019. CC BY 4.0 License.

Discussions

their microphysical structure (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 (Leinonen et al., 2018; Tridon et al., 2019); however, it is not yet clear which ice particle properties are best
constrained by the triple-frequency radar measurements; Leinonen et al. (2018) found that a triple-frequency radar retrieval
did not differ significantly from that of a dual-frequency retrieval, suggesting that the problem is over-constrained. To our
knowledge, a triple-frequency Doppler retrieval of ice has not yet been described—this may have the advantages of estimating
particle density constrained by Doppler velocity (as in Mason et al., 2018) and using triple-frequency radar signatures to
constrain some parameters of particle morphology.

In this study we explore the potential for a triple-frequency Doppler radar retrieval using the optimal estimation frame-
work 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 of ice PSD and particle morphol-
ogy parameters on the forward-modelled triple-frequency radar signatures of fractal and homogeneous spheroid models for
aggregate snowflakes and graupel-like particles, respectively. In Section 4 we compare our models for snow particles against
triple-frequency radar measurements from a case study of rimed and unrimed snow during Biogenic Aerosols—Effects of
Clouds and Climate (BAECC) in Hyytidld, Finland in 2014 (Petdjd et al., 2016). We demonstrate a triple-frequency Doppler
radar retrieval in the rimed and unrimed snow in which key parameters of the PSD and particle morphology are retrieved, and
evaluate the estimates against in situ measurements at the surface. In Section 5 we summarise our findings and make some

concluding remarks.

2 Methods and data

We first describe the retrieved state variables and radar measurement variables (Section 2.1), then outline the radar and in situ

measurements.
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2.1 Radar forward model and retrieval algorithm

We use the optimal estimation retrieval algorithm CAPTIVATE described by Mason et al. (2018). This framework has been
developed for retrievals with the Doppler cloud profiling radar aboard EarthCARE (Illingworth 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 the number of particles N of maximum dimension D, represented by the normalized gamma distribution

d4p

N(D) =Ny s e (<) 5 ). 1)
where N,, is the normalized number concentration, Dy is the median volume diameter, I" is the gamma function, and  the
shape parameter of the PSD (Testud et al., 2001; Illingworth and Blackman, 2002; Delanog et al., 2005). While the majority of
triple-frequency radar studies thus far have assumed the exponential PSD (i.e. i = 0), in situ measurements of snow at Hyytild
include Gamma PSD shapes in the range —2 <y < 5 (Fig. 15 in Tiira et al., 2016). Modified ‘universal’ PSDs formulated to
address the need for non-exponential distributions (Delanog et al., 2005; Field et al., 2005, 2007) have been implemented in
CAPTIVATE (Mason et al., 2018); however, in this study Gamma PSDs are used in order to explore the effects of accounting
for PSDs broader (1 < 0) and narrower (p > 0) than the exponential.

The morphology of the ice particles is represented by three parameters controlling their microphysical structure, density,
and shape. The microphysical structure is represented in an approximation to the radar backscatter cross-section (D) of each
particle. In this study we use two approximations to represent the range of particle structures from aggregates snowflakes to
graupel. Aggregate snowflakes are represented as fractal particles using the Self-Similar Rayleigh Gans Approximation (SS-
RGA; Hogan and Westbrook, 2014; Hogan et al., 2017) after the aggregate snowflake model of Westbrook et al. (2004). Heavily
rimed graupel-like particles are represented using the T-matrix approximation for ‘soft spheroids’ composed of a homogeneous
mixture of ice and air (e.g. Hogan et al., 2012). This approximation is not suited to representing aggregate snowflakes, but pro-
vides a good approximation to graupel (Leinonen and Szyrmer, 2015). The density factor r is a parameterisation described by
Mason et al. (2018), which varies both the prefactor and exponent of the ice particle mass-size relation m (D) = aD?, between
that of the “aggregates of unrimed bullets, columns and side-planes” of Brown and Francis (1995) at » = 0 and that of spheroids
of solid ice at » = 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 shape of all particles is defined by horizontally-aligned oblate spheroids with axial ratio AR.

We note that in nature the structure, density and shape of snow particles are not independent. As discussed in more detail
in 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).
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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€ and Hogan (2008) for radar-lidar synergy.

The state vector is:

Inay,
x=|InNj |,

74/

where the visible extinction coefficient o, in the geometric optics approximation and primed number concentration N/, are
chosen so that prior estimate can be made as a function of atmospheric temperature (see Fig. 3 of Delano€ and Hogan, 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 density index 1’ state variable is a function of the density factor such that ' is defined at all real values
(Mason et al., 2018). To reduce the effect of measurement noise on the retrieval, the retrieved state variables are represented as
the basis functions of a cubic spline (Hogan, 2007). The PSD shape, ice particle axial ratio and chosen model for ice particle

structure and radar backscatter are configurable at runtime, but are assumed constant within each retrieval.
2.1.2 Measurement vector

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

4
A

Lpr=——"—
f 7T5|Kw\2

oo
/Uf(D)N(D) dD 2)
0

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, ¢, = Zy, / Z,. 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
Jo v(D)oy(D)N(D)dD

Jo os(D)N(D)dD

Vi = 3)

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

Zs,

n

In practice we may also 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-GHz were deployed at
Hyytidld, Finland during the Biogenic Aerosols—Effects on Clouds and Climate (BAECC) field campaign in 2014 (Petiji
et al., 2016). Radar measurements used here are at ~2 s temporal and ~30 m vertical resolution, and radar reflectivities 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).

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 and retrievals of parameters of the PSD and bulk particle density at 5 minute temporal
resolution from Hyyti#ld are described in Tiira et al. (2016) (also Moisseev et al., 2017; von Lerber et al., 2017). The method of
moments is used to estimate the parameters of the Gamma distribution from the measured PSD (Moisseev and Chandrasekar,
2007).

The case study in Section 4 consists of approximately 25 minutes of zenith-pointing triple-frequency Doppler radar data from
22:53 to 23:18 UTC on 21 February 2014. The radar measurements are complemented by a radiosonde profile of atmospheric

pressure, temperature and humidity which provides thermodynamic information for the retrieval.

3 Influences on the triple-frequency radar signature

In this section we use approximations to radar backscatter cross-section to explore the importance of ice particle morphology
and size distribution on the triple-frequency radar signature. As described in Section 2.1.1, we represent ice particle morphology
using parameters that control their microphysical structure, density and shape. We consider the range of particle structures by
comparing two approximations to radar backscatter cross-sections: aggregate snowflakes are represented as fractal particles,
and heavily rimed graupel-like particles as homogeneous spheroids. The density factor and the axial ratio control the mass-
size relation and particle shape. The final parameter is the PSD shape, which is independent of the particle morphology, but

affects the relative weighting given to particles across the size spectrum. Most studies of triple-frequency radar signatures of



10

15

20

25

30

35

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-100 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 18 March 2019 Techniques
© Author(s) 2019. CC BY 4.0 License.

Discussions

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).

For a given particle morphology and PSD shape, the triple-frequency radar signature represents the values of DWR35_g5
and DWR(_35 for a range of median volume diameters from 0.1 to 20 mm. The triple-frequency radar signatures for fractal
particles (Fig. 1 a—c) and homogeneous spheroids (Fig. 1 d—f) are compared for a range of values of PSD shape (Fig. 1a
& d), density factor, (Fig. 1b & e) and aspect ratio (Fig. 1 ¢ & f). Intervals of median volume diameter in millimeters are
labeled in (Fig. 1a & d). The triple-frequency radar signatures overlay triple-frequency radar measurements from the case
study considered in more detail later (Section 4); (Kneifel et al., 2015) showed that these data reflect distinct triple-frequency
signatures. The curved signatures with high values of DWR;y_35 correspond to large aggregate snowflakes, and the flatter
signatures with higher values of DWR35_g5 to compact, heavily rimed snow.

The triple-frequency radar signatures for fractal particles exhibit maxima in DWR35_g5 between 8 and 12 dB at median
volume diameters around 5 to 10 mm, before doubling back such that most curves are non-unique with DWR35_g5 while
DWR;y_35 continues to increase with median particle size. This “hook™ feature in the triple-frequency radar signature is
characteristic of aggregates in theoretical and observational studies (e.g. Kneifel et al., 2015). The concavity of the hook
feature increases with both PSD shape (Fig. 1 a) and density factor (Fig. 1 b). The triple-frequency radar signature is relatively
insensitive to the axial ratio of the spheroidal particles (Fig. 1 c). The triple-frequency signatures differ due to changing values
of particle density and PSD shape factor between median volume diameters of 2 mm and 8 mm, but converge outside this range.
Increasing the PSD shape results in greater maximum values of DWR35_g5: while an exponential PSD reaches a maximum of
around 9 dB at a median volume diameter around 7 mm, narrower PSDs reach DWR35_g5 of up to 12 dB at median volume
diameters around 5 mm. A smaller range of triple-frequency signatures is attributable to changes in the density factor: low-
density fractal particles exhibit a maximum DWRg35_g5 of around 9 dB at 7mm median volume diameter, and increase to
around 11 dB for denser particles with » > 0.4.

The flat signatures of homogeneous spheroids reach greater values of DWR35_g5 than fractal particles, even at relatively
small median volume diameters of 3 to 4 mm. Both PSD shape and density affect a shift of the signature to the lower-right of
the diagram; and unlike fractal particles, the signatures of homogeneous spheroids do not converge at large median volume
diameters. The density factor tends to increase the DWR35_g5 for homogeneous spheroids; however, the hook feature only
becomes evident for high density factors at large median volume diameters.

Regardless of particle structure, the aspect ratio 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 aspect 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.

The range of radar signatures is overlaid with the measured triple-frequency radar data from Hyytiili; it is clear that neither

fractal particles nor homogeneous spheroids can entirely represent the range of measured triple-frequency radar signatures,
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Figure 1. Simulated triple-frequency radar signatures for distributions of (a—c) fractal particles represented using SSRGA and (d—f) homo-

geneous (“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) PSD shape factor, (b & e) density factor, and (c & f) axial ratio. Lateral lines denote increments

of median volume diameter in millimeters. Underlying the triple-frequency radar signatures are triple-frequency radar measurements from

the 21 February 2014 case study at Hyytidld, Finland (Kneifel et al., 2015).
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but also that there exists significant ambiguity between the radar signatures at all particle types, especially for median volume
diameters less than around 3 mm. In an attempt to encompass this variability—acknowledging that the structure and density of
ice particles are interrelated—Mason et al. (2018) formulated a hybrid representation which transitions 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. 2 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), or fractal structures (Hogan et al., 2017), and should be the
subject of further work.

For both fractal particles and homogeneous spheroids, the PSD shape has a greater influence on the triple-frequency signature
than the particle density. The effect of the PSD shape is independent of the particle morphology, but results from changing the
relative weighting of different parts of the particle size spectrum. To illustrate this effect, the radar backscatter cross-section
ratio spectra for fractal particles and homogeneous spheroids with » = 0 and AR = 0.6 are compared in Fig. 2 (cf. the triple-
frequency Doppler backscatter spectra studied by Kneifel et al., 2016). The ratios between radar backscatter cross-sections at
10-35-GHz and 35-95-GHz (Fig. 2 a) are shown alongside the volume-weighted particle size distributions for selected PSDs
(Fig. 2b): the exponential PSD (Marshall and Palmer, 1948), and PSDs measured during the pre-frontal and frontal snow
regimes of the 21 February 2014 case at Hyytiéld, Finland, which is considered in more detail in Section 4. The frontal snow
regime fits a broader Gamma PSD (y = —1), and the prefrontal rimed snow a narrower PSD (i = 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 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-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-GHz (around 8 mm) there is a shift to larger values of DWRo_35, and a vertical uptick in the triple-frequency diagram.
For fractal particles (dashed lines Fig. 2 a) there is a clear distinction between the parts of the spectrum dominated by non-
Rayleigh scattering at 95- and 35-GHz: the decrease in the 35-95-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 (Fig. 1 a). For homogeneous spheroids (solid lines in Fig. 2 a) the
many narrow features of the backscatter cross-section ratio spectra are smoothed out, resulting in a flatter triple-frequency radar
signature. This illustrates how 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 increases. Conversely, broader PSDs have the effect of smoothing over the spectral features,
producing an earlier onset of high values of DWR;y_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 effect of PSD shape as well as particle density (Fig. 3). This reflects a significant insight into the interpretation of triple-
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Figure 2. (a) Normalized backscatter cross-section ratios at 10-35-GHz and 35-95-GHz bands for fractal particles and homogeneous
spheroids, on the same size spectrum as (b) the volume-weighted PSD measured in situ during the prefrontal and frontal regimes and
Gamma PSDs fit to the same regimes, and an exponential (¢ = 0) PSD. The backscatter cross-section ratios of the “hybrid” particles in
(a) illustrate the transition between fractal (SSRGA) and homogeneous or “soft” spheroid approximations for intermediate density factors

between 0.2 < r < 0.5 as described in Mason et al. (2018).

10



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-100 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 18 March 2019

© Author(s) 2019. CC BY 4.0 License.

Techniques

Discussions

Triple-frequency
radar signature

10-

DWR1o 35 [dB]
T

=70,

09 Homogeneous
| | spll'lermds

0 5 10
DWR35 _ g5 [dB]

Figure 3. 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 structure and PSD shape are illustrated (cf. Kneifel et al., 2015).

frequency radar signatures, as it is possible that the observed range of measurements Kneifel et al. (2015) are attributable to
the combined effects of increased density due to riming and a narrow PSD. It is not apparent to which 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 factor estimated from PIP measurements at Hyytidld. This poses a challenge when seeking to retrieve the morphology of

particles from the triple-frequency radar measurements, a problem we will explore further in the next section.

4 Case study

In this section we revisit one of the triple-frequency radar case studies from Hyytidld, Finland, explored by Kneifel et al.

(2015). The 21 February 2014 case has been widely studied with remote-sensed and in situ observations because it includes
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the transition from heavily rimed to unrimed snow during the passage of a front. The 25-minute period of triple-frequency
Doppler radar measurements (Figure 4) are separated into prefrontal (22:53 to 23:03 UTC) and frontal (23:03 to 23:18 UTC)
regimes. Kneifel et al. (2015) showed that the onset of unrimed frontal snow corresponded to the emergence of the distinct
hook feature in the triple-frequency signature, simultaneous with a reduction in particle fallspeeds observed both in situ and
by mean Doppler velocity. Mason et al. (2018) exploited the Doppler velocity to constrain an estimate of the density factor in
the context of single- and dual-frequency radar retrievals of a longer time series of the same case. Here we use the case study
to consider the importance of the PSD to the triple-frequency signature (Section 4.1), and then attempt a retrieval of particle

density and PSD shape from triple-frequency Doppler radar measurements (Section 4.2).
4.1 Triple-frequency radar signatures

In Section 3 we showed that the PSD shape has a greater influence on the triple-frequency radar signature than the density
factor, but we did not consider the expected range of observed values for each of these parameters. Here we use in situ and
remote-sensed measurements from the case study to explore the range of size distributions and particle morphologies that best
explain the observed triple-frequency radar signatures.

We make a coarse distinction between the prefrontal regime before 23:03 UTC, and the frontal regime thereafter. Triple-
frequency radar measurements (Fig. 4) show an increase in 10 and 35-GHz radar reflectivities with the onset of frontal snowfall,
while the mean Doppler velocity nearest the surface decreases from around 2ms~! before the front arrives, to around 1 to
1.5ms~! during the frontal regime.

As a check on the representation of particle properties and radar scattering assumptions within CAPTIVATE, we evaluate the
capability to reproduce triple-frequency radar signatures that resemble the triple-frequency radar measurements of rimed and
unrimed snow during the prefrontal and frontal snow regimes. Previous analyses of in situ measurements and remote-sensed
retrievals of the density factor can be used to confirm that the forward model captures the particle properties as well as the
triple-frequency radar signatures.

The triple-frequency radar measurements below 2 km in the prefrontal regime are coloured by the average mean Doppler
velocity, and contours at the 10 th, 50 th and 90 th percentiles indicate the frequency of the triple-frequency radar measurements
(Fig. 5a). The rimed prefrontal snow is characterised by a flat triple-frequency signature in which DWR35_g5 is between

L consistent with dense

5 and 11dB, with DWRg_35 less than 2dB, and mean Doppler velocities between 1.5 and 2m s~
rimed particles. The radar measurements are overlaid with triple-frequency radar signatures for homogeneous spheroids with
a range of median volume diameters, PSD shapes and density factors. The bulk of the prefrontal snow corresponds to the
triple-frequency radar signatures of homogeneous spheroids with a density factor of » = 0.5, consistent with compact graupel-
like particles retrieved by Mason et al. (2018); and a PSD shape of ;= 5, which was measured at the surface during this
period (Fig. 2). Most of the measurements correspond to median volume diameters between 2 and 3 mm, consistent with PIP
measurements during this period (Kneifel et al., 2015, and shown later in Fig. 8e.).

The frontal snow regime (Fig. 5b) exhibits the hook feature characteristic of unrimed aggregates, with most measurements

of DWR35_g5 between 5 and 10dB and DWR(_35 up to around 8 dB. In contrast to the rimed prefrontal snow, this regime
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Figure 4. Triple-frequency Doppler radar measurements from the February 21 2014 case study at Hyytdld, Finland. (a) 35-GHz radar
reflectivity, (b) 10-35-GHz dual wavelength ratio, (c) 35-95-GHz dual wavelength ratio, and (d) 35-GHz mean Doppler velocity. Dashed

lines mark the transition between the prefrontal and frontal snowfall regimes.
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Figure 5. Triple-frequency radar measurements below 2 km above ground level in the (a) prefrontal and (b) frontal 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 black contours at the 10th, 50th and 90th percentiles. Overlaid are triple-frequency radar
signatures for (a) homogeneous spheroids and (b) fractal particles with a range of values of PSD shape and density factor that encompass the

most frequent triple-frequency radar measurements. Increments of median volume diameter are labelled in millimeters.

exhibits lower mean Doppler velocities between 1 and 1.5ms™!, but includes some triple-frequency radar measurements at
higher values of DWR35_g5 greater than 10 dB and mean Doppler velocities greater than 1.5 m s~ !, suggesting that some rimed
particles persist after 23:03 UTC. The most frequent triple-frequency radar measurements are a good fit to fractal particles with
a PSD shape with @ = —1, which was measured in situ during the frontal regime; and a density factor of r = 0, corresponding
to unrimed aggregate snowflakes. The triple-frequency radar measurements correspond to fractal particles with median volume
diameters as small as 1.5 mm and as large as 8 mm, but the majority of the data suggest median diameters between 3 and 5 mm,
which is consistent with in situ measurements at the surface (Fig. 8e).

Comparing our particle models parameterised by density factor and PSD shape against measured triple-frequency radar mea-
surements, it is evident that the rimed prefrontal 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 contrast, the frontal 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, particle density and microphysical structure, illustrating that the PSD shape is key

to resolving the triple-frequency radar signatures of snow.
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4.2 Triple-frequency radar retrieval

In this section we perform an optimal estimation retrieval constrained by triple-frequency Doppler radar measurements. Mason
et al. (2018) used a dual-frequency radar reflectivity to constrain two parameters of the PSD, while the density factor was
constrained by mean Doppler velocity at one radar frequency. Following the studies of Leinonen et al. (2018) and Tridon
et al. (2019), we are interested in whether the triple-frequency radar measurments can be used to constrain a retrieval of
particle density, or if—given the evidence presented above—it will be essential to include information about the PSD shape
in order to satisfy the triple-frequency constraint. If the major parameters controlling the triple-frequency signature were
represented within a radar forward-model, an optimal estimation retrieval could be made to estimate those parameters, if
adequately constrained by the measurements. With a secondary means of estimating the particle density from the mean Doppler
velocity, we can compare estimates of particle density based on their ability to forward-model the measured mean Doppler
velocity.

We 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-GHz and mean Doppler velocity at 35-GHz (Z1¢,35,95 V35), which
represents the full available measurement vector. 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 V35 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 illustrated by comparing the measurements against those forward-modelled from the
retrieved state. We take representative profiles from each snow regime: a prefrontal profile characterised by rimed snow (23:00
UTC; Fig. 6), and a frontal profile dominated by large unrimed aggregates (23:10 UTC; Fig. 7). The profiles of retrieved
variables are shown in the supplementary material.

Comparing retrievals of the prefrontal profile with an exponential PSD (Fig. 6 a—d), it is evident that the triple-frequency
retrievals Z19,35,95 V35 and Z1g,35,95 are not able to satisfy all three profiles of radar reflectivity simultaneously, with errors of
1 to 2dB, while the dual-frequency radar retrievals Zss o5 Va5 and Z10 35 V35 are able to satisfy the assimilated frequencies,
but exhibit large errors in the remaining frequency (e.g. up to 4 dB in forward-modelled DWRo_35 for Z35 95 V35). Z10,35 Vas
and Z35 95 V35 are both well-constrained, and the profiles forward-modelled by Z1¢ 35,95 V35 resemble a compromise between
the 95 and 10-GHz constraints. The retrievals assimilating Doppler velocity have adequate constraints on the density factor
to represent the observed increase in mean Doppler velocity below around 3 km above ground level. Z1 35,95 is similar to
Z10,35,95 V35 in terms of radar reflectivity, but the observed increase in mean Doppler velocity below 2km above ground level
is not resolved at all without assimilating the mean Doppler velocity.

As shown in Section 4.1, the triple-frequency radar measurements in the prefrontal regime are best represented with nar-

row PSDs with p > 5, consistent with in situ measurements at the surface. We therefore repeat the CAPTIVATE retrievals
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Figure 6. Profiles of observed and forward-modelled radar variables for retrievals of a selected profile during the prefrontal 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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Figure 7. Profiles of observed and forward-modelled radar variables for retrievals of a selected profile during the frontal snow regime.

Retrievals assuming (a—b) an exponential PSD are compared against those with (e-h) a broad PSD with y = —2.
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with constant y4 = 5 rather than p = 0 (Fig. 6 e-h). The forward-modelled profiles of radar reflectivity are considerably better
constrained by the measurements in this retrieval: Z1q 35,95 V35 especially is very close to all the observations. The exception
is that the retrieval does not match the 10-GHz reflectivity factor above around 3 km; it is likely that the PSD shape changes
through this level, where the onset of the riming process 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 of radar reflectivity of
the dual-frequency retrievals are also better-constrained when a narrower PSD is assumed; however, it is not evident that the
triple-frequency radar measurements provide any constraint on the density factor of Zig 35 95: the forward-modelled mean
Doppler velocity is unchanged.

Retrievals of the profile of unrimed frontal snow (Fig. 7) show similar results: when an exponential PSD is used, Z1¢ 35,95 Va5
exhibits errors of up to 2 dB in the profiles of radar reflectivity. The retrieval is over-constrained with respect to triple-frequency
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 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, showing that the prior density factor of » = 0 makes
an accurate estimate of the terminal fallspeed of unrimed aggregate particles, provided their size is well-constrained by dual-
frequency radar measurements—even when mean Doppler velocity measurements are not assimilated. Above 1.5km, Z1¢ 35,95
over-estimates the mean Doppler velocity by around 0.2 ms~!. As for the prefrontal profile, all of the retrievals are better able
to represent the triple-frequency radar measurements when a non-exponential PSD is used; assuming a broader PSD with
= —2 results in consistently better-constrained retrievals at all three radar frequencies.

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 al. (2018), wherein the retrieved
prefactor of the particle mass-size relation was relatively insensitive to the triple-frequency radar measurements. Instead, the
mean Doppler velocity provides an effective constraint on the density of rimed snow, as in Mason et al. (2018). Furthermore,
we have shown that the retrieval may be ill-posed if all ice is assumed to have an exponential PSD: that is, because the PSD
shape has more a significant influence on the triple-frequency radar signature than the density of ice particles, it may not be
possible to retrieve a state vector that satisfies all three radar frequencies unless the PSD shape can also be estimated.

We have shown that over-constrained retrievals in both the prefrontal and frontal profiles were improved by using in situ
measurements to update the PSD shape, which is assumed constant within CAPTIVATE retrievals but can be configured at
runtime. Further, we have confirmed that our models for aggregate snowflakes and graupel-like particles allow for a good
representation of their triple-frequency radar signatures when both density and PSD shape are modified. Within an optimal
estimation retrieval it therefore should be possible to minimise errors in the forward-modelled profiles of triple-frequency radar
measurements to constrain the PSD shape in addition to the median volume diameter and normalized number concentration,
which are well-constrained in dual-frequency retrievals. While CAPTIVATE is not currently configured to easily retrieve the
PSD shape as a state variable, we can carry out a pseudo-retrieval by running Zi¢ 35,95 V35 retrievals in which PSD shape is
assumed to take integer values from p = —2 to » = 10. The pseudo-retrieval is made by selecting the value of PSD shape that

minimises the error in forward-modelled DWR35_g5 and DWR;(_35 between 400 and 600 m above ground level (Fig. 8a &
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b); the state vector is linearly interpolating between the retrieved state vectors at the retrieved value of PSD shape, giving an
estimate of the other retrieved quantities when the PSD shape is retrieved (Fig. 8 d—g). To reduce noise in the pseudo-retrieval
the minimisation is carried out at a smoothed temporal resolution of 15s.

The retrieved timeseries of PSD (Fig. 8c) is consistent with that measured at the surface, with PSD shapes from 3 < p < 10
reflecting narrow size distributions of snowfall in the prefrontal regime, and transitioning to broader PSDs with —2 < ;1 <0
after around 23:05 UTC. Prior to 23:00 UTC the retrieved PSD noisy, with high uncertainties reflecting the increasingly weak
distinctions between PSD shapes in the timeseries of forward-modelled DWR (Fig. 8a & b); this is because, as observed in
Figs. 1 & 2, the triple-frequency signatures converge at median volume diameters less than around 2 mm, the sizes at which non-
Rayleigh scattering is insignificant at 95-GHz. Comparison to the PSD shape estimated from PIP measurements is especially
difficult when snow is dominated by small particles, where truncation effects on the use of the method of moments to estimate
parameters of the PSD become significant.

The triple-frequency retrievals 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 snow rate is very similar to that measured at the surface, while the median volume diameters are overestimated
by around 50 % in the period of heaviest frontal snowfall, and retrieved normalized number concentration is within a factor
of two of the PIP estimates. While retrieving PSD shape enables a significant improvement in the representation of triple-
frequency radar measurements, we note that this has little impact on the retrieved snow rate or bulk density when compared to
aretrieval that assumes an exponential PSD. Retrieving a broad PSD in the frontal snowfall results in median volume diameters
roughly 1 mm greater; normalised number concentrations are as much as a factor of two lower in the prefrontal regime, and up

to a factor of two greater toward the end of the frontal regime.

5 Discussion and conclusions

It has been well established in numerical and experimental studies that the triple-frequency radar signature of snow can provide
insights into the structure, size and density of ice particles (Kneifel et al., 2011; Leinonen et al., 2012; Kneifel et al., 2015; Stein
et al., 2015). Triple-frequency radar studies (with the exception of Leinonen et al., 2012) have typically assumed exponential
size distributions—an assumption also commonly made in radar retrievals because uncertainties in the PSD shape have a
relatively weak influence on estimates of ice water content (e.g. Delanoé et al., 2005). In this study, we have shown that
the PSD shape has an important effect on the triple-frequency radar signature by exaggerating or smoothing over features in
the radar backscatter spectra, and that this influence can be more significant than changes in particle density. Using ground-
based triple-frequency radar measurements alongside in situ measurements of particle properties at the surface, we showed
that including variations in the PSD shape permitted more accurate representations of the measured triple-frequency radar
signatures of graupel-like particles modelled as homogeneous spheroids, and of unrimed aggregate snowflakes modelled as

fractals.
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PIP; and (d) snow rate, (e¢) 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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The potential to use advanced radar measurements to constrain ice particle properties in retrievals is of significant interest
for reducing uncertainties in remote-sensed estimates of ice water content and snowfall, as well as improving understanding
of the microphysics of ice and mixed-phase cloud. Two recent studies have used triple-frequency airborne radar measurements
to constrain retrievals of ice particle density by modifying the prefactor of the mass-size distribution (Leinonen et al., 2018;
Tridon et al., 2019); however, both studies found that triple-frequency radar retrievals were not substantially different from
dual-frequency retrievals, suggesting that the problem was over-constrained. An alternative approach to estimating ice particle
properties has been to use Doppler velocity as a constraint on particle density (Szyrmer and Zawadzki, 2014a; Mason et al.,
2018). In this study we have built upon dual-frequency Doppler retrievals using the CAPTIVATE optimal estimation framework
in which ice particle density, shape and microphysical structure are parameterized to represent a continuum of ice particles from
unrimed aggregate snowflakes to dense graupel and hail (Mason et al., 2018). To our knowledge the present study is the first
demonstration of a triple-frequency Doppler radar retrieval of the properties of snow particles. We found that varying the
PSD shape to fit that measured in situ allowed for a retrieval in which the profiles of radar reflectivity measured at all three
frequencies could be accurately represented—that is, only when non-exponential PSDs were permitted did the state space
include a solution that satisfied the radar measurements at all three frequencies. From an ensemble of retrievals assuming a
range of PSD shapes, a pseudo-retrieval was made of the PSD shape that best fit the triple-frequency radar measurements.
This yielded an estimate of PSD shape, median volume diameter and normalized number concentration which compared
well with in situ measurements at the surface;however, more accurate estimates of PSD shape had only a weak effect on the
retrieved snow rate when compared with retrievals assuming an exponential PSD. Furthermore, even when the PSD shape was
well-represented, triple-frequency radar measurements did not provide an adequate constraint on the density of ice particles
compared with that provided by mean Doppler velocity. This supports the approach of combining Doppler and multiple-
frequency radar measurements to most thoroughly characterise both the size distribution and morphology of ice particles.

The sensitivity of triple-frequency radar signatures to the shape of the PSD suggests a need to represent non-exponential
PSDs within multiple-radar retrievals, but the importance of spectral features to triple-frequency radar measurements may also
require an evaluation of the suitability of the Gamma distribution for representing PSDs. The shape factor of the Gamma PSD
provides a convenient means of modifying the width of the PSD; however, in situ measurements of ice clouds have supported
the use of modified distributions to allow for more complex size spectra (e.g. Delanog et al., 2005; Field et al., 2005, 2007),
which can also be implemented within CAPTIVATE (Mason et al., 2018). In a recent study, Grecu et al. (2018) demonstrated a
retrieval of ice water content and median diameter from airborne triple-frequency radars in which the estimation was informed
by a database of PSDs measured in situ, rather than assuming parameterised PSDs. Consistent with the findings of the present
study, they found that including natural 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).

We have made a remotely-sensed estimate of PSD shape using a pseudo-retrieval that minimises the error in triple-frequency
radar measurements from an ensemble of retrievals; however, future work should focus on expanding the state space to include

the PSD shape within the optimal estimation framework. CAPTIVATE has been developed for retrievals from the EarthCARE

21



10

15

20

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2019-100 Atmospheric

Manuscript under review for journal Atmos. Meas. Tech. Measurement

Discussion started: 18 March 2019 Techniques

© Author(s) 2019. CC BY 4.0 License. Discussions
median volume normalized number bulk

a) snow rate b) diameter c) concentration

102

10°

1072 10° 1073 10725 1072 104 108

200 400
S[mmh1] Do [m] Ny [m=4] P [kgm~3]
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PSD shape p from 2 years of PIP observations taken at Hyytidld, Finland (von Lerber et al., 2017). Solid black lines mark the median of the

respective quantities for each value of PSD shape; dashed lines mark the 10th and 90th percentiles of the distribution.

94-GHz Doppler cloud profiling radar in synergy with lidar and radiometers (Illingworth et al., 2015), and while it provides the
flexibility to assimilate measurements from multiple radars and modify the state vector to parameterise ice particle properties,
PSD shape is not currently configurable as a state variable. Retrieving PSD shape within the optimal estimation framework
would have the advantages of permitting an a priori assumption of exponential PSDs when triple-frequency measurements
provide little information, of quantifying uncertainties in the retrieved PSD shape, and of allowing changes in PSD shape
to be resolved through the profile. Estimates of all three parameters of a Gamma PSD and their associated uncertainties
would contribute to studies using advanced remote sensing to better observe the relationship between particle properties and
microphysical processes (Mace and Benson, 2017; Mason et al., 2018).

In the present configuration of CAPTIVATE it was found that triple-frequency radar measurements could be used to retrieve
three parameters of the PSD, but they were a relatively weak constraint on the density, shape and structure of the ice particles—
the parameterisation of which was formulated to be constrained by Doppler velocity information (Mason et al., 2018). The low
sensitivity of the retrieved particle density to triple-frequency radar measurements may be because the rimed snow in this
case comprised compact graupel-like particles with median volume diameters near the limit for the onset of non-Rayleigh
scattering at 95-GHz. Given the well-established links between particle morphology and triple-frequency measurements, the
use of triple-frequency radar signatures to retrieve ice particle properties should not be ruled out; retrievals of cases featuring
the riming of larger aggregates may find that the triple-frequency radar measurements provide a stronger constraint on particle
density. In the case studied here there is a strong association between PSD shape and particle morphology, with the prefrontal
regime characterised by a narrow distribution of graupel-like particles, and the frontal regime by a broad PSD dominated by
large aggregate snowflakes. Two winters of the properties of snow at Hyytidld from the retrieval of von Lerber et al. (2017,
Fig. 9) show that narrower PSDs are consistently associated with light snowfall dominated by smaller and denser particles,

while broad PSDs are associated with the heaviest snowfall and dominated by large, low-density snowflakes. The tendency of
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heavily rimed snow and graupel to have narrower size distributions is consistent with other observations (Garrett et al., 2015);
however, Tiira et al. (2016) found only a weak relation between ice bulk density and PSD shape measured at Hyytidld. Some
studies have linked PSD shape to median volume diameter or a spectral width parameter (Williams et al., 2014), a method
which may be especially suited to studies combining triple-frequency and Doppler spectral information (Kneifel et al., 2016);
however, correlations between PSD parameters measured by distrometers must be treated with caution due to the possibility of
statistical artefacts due to spectral truncation (Moisseev and Chandrasekar, 2007). Further in situ measurements from a variety
of locations are needed to study the processes linking PSD shape with particle morphology, and will be critical to maximising
the use of triple-frequency radar signatures in retrievals.

We have demonstrated a novel method using triple-frequency Doppler radar measurements from the snow experiment inten-
sive observation period of the BAECC 2014 campaign in Hyytidld, Finland. The simultaneous retrieval of the size distribution
and morphology of ice particles is only possible due to the availability of 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, and of correcting for attenuation due to supercooled liquid water, have been addressed by Kneifel et al. (2015);
any of these effects have the potential to introduce significant biases and uncertainties in the retrieval, reinforcing the need for
high quality in situ measurements. The scarcity of such high quality datasets, 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.

Insights into ice and mixed-phase microphysics triple-frequency Doppler radar retrievals may inform particle models used
in retrievals with fewer radar frequencies, such as to the 94-GHz Doppler cloud profile radar aboard EarthCARE (Illingworth
etal., 2015). In planning for satellite missions beyond EarthCARE (National Academies of Sciences Engineering and Medicine,
2018), the benefits of dual-frequency radar as a constraint on size and number concentration of hydrometeors has been well-
established (e.g. Leinonen et al., 2018; Mason et al., 2017, 2018). As a constraint on the retrieval of particle density, triple-
frequency radar has thus far provided relatively small advantages over dual-frequency radars (Leinonen et al., 2018; Tridon
et al., 2019) when compared with Doppler velocity (Mason et al., 2018); however, we have demonstrated that triple-frequency
radar measurements can be used to constrain additional properties of the PSD to provide insights into ice and mixed-phase

cloud microphysics.
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Appendix A: Retrieved profiles

The profiles of retrieved variables corresponding to the retrievals described in Section 4.2 are Fig. Al for the prefrontal regime

and Fig. A2 for the frontal regime.
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Figure A1. Profiles of retrieved variables for retrievals of a selected profile during the prefrontal 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 frontal snow regime. Retrievals assuming (a—b) an

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