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Abstract. In this study we present an approach that uses the
polarimetric variable SLDR (slanted linear depolarization ra-
tio) from a scanning polarimetric cloud radar MIRA-35 in
the SLDR configuration, to derive the vertical distribution of
particle shape (VDPS) between the top and base of mixed-
phase cloud systems. The polarimetric parameter SLDR was
selected for this study due to its strong sensitivity to shape
and low sensitivity to the wobbling effect of particles at dif-
ferent antenna elevation angles. For the VDPS method, ele-
vation scans from 90 to 30° elevation angle were deployed
to estimate the vertical profile of the particle shape by means
of the polarizability ratio, which is a measure of the density-
weighted axis ratio. Results were obtained by retrieving the
best fit between observed SLDR from 90 to 30° elevation
angle and respective values simulated with a spheroidal scat-
tering model. The applicability of the new method is demon-
strated by means of three case studies of isometric, colum-
nar, and plate-like hydrometeor shapes, respectively, which
were obtained from measurements at the Mediterranean site
of Limassol, Cyprus. The identified hydrometeor shapes are
demonstrated to fit well to the cloud and thermodynamic con-
ditions which prevailed at the time of observation. A fourth
case study demonstrates a scenario where ice particle shapes
tend to evolve from a pristine state at the cloud top toward
a more isometric shape or less dense particles at the cloud
base. Either aggregation or riming processes contribute to
this vertical change of microphysical properties. The new
height-resolved identification of hydrometeor shape and the
potential of the VDPS method to derive its vertical distribu-
tion are helpful tools to understand complex processes such
as riming or aggregation, which occur particularly in mixed-
phase clouds.

1 Introduction

In the troposphere, a rich variety of cloud types exists, which
are formed by characteristic microphysical processes. The
structure of clouds is in general determined by the complex
interaction of water vapor, ice, liquid droplets, vertical air
motion, and aerosol particles, acting as cloud condensation
nuclei (CCN) or ice nucleating particles (INP) (Pruppacher
and Klett, 1997; Morrison et al., 2012; Ansmann et al., 2019).
While in warm clouds the collision—coalescence process is
the primary process responsible for the formation of precip-
itation, the situation is more complicated in ice-containing
clouds having temperatures between —40 and 0° C. In this
temperature range, the coexistence of supercooled liquid wa-
ter and ice is possible. Thus, in these mixed-phase clouds,
multiple cloud microphysical processes are intertwined as
they contain a three-phase colloidal system consisting of wa-
ter vapor, ice particles, and supercooled liquid droplets (Ko-
rolev et al., 2017). The initial partitioning between the ice
and liquid water is determined by the CCN and INP reser-
voir and represents the prevalent conditions for secondary
ice formation processes, riming and aggregation (Solomon
et al., 2018; Fan et al., 2017), which are greatly involved in
the precipitation transition in mixed-phase clouds.
Observation of the hydrometeor habit is a possible way
to study cloud formation and precipitation because particle
shape can be considered a fingerprint of crucial processes,
including crystal growth, evaporation rate, ice crystal fall
speed, and cloud radiative properties (e.g., Avramov and Har-
rington, 2010). Shape allows us to distinguish pristine ice
crystals from hydrometeors which have grown via aggrega-
tion or riming processes and can be considered as a tracer
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of the different processes contributing to the evolution of a
cloud system. The overall structure of ice crystals grown in
air can be classified into plate-like and columnar shapes as
a function of temperature between —40 and 0° C. Biihl et al.
(2016) and Myagkov et al. (2016a) showed that primary ice
formation dominates in thin layers of stratiform or mixed-
phase clouds of a geometrical thickness <350 m , as growth
processes in these thin clouds are constrained (Fukuta and
Takahashi, 1999). In such cloud systems and conditions of
liquid water saturation, the shape of ice crystals is thus re-
lated directly to the environmental temperature (Myagkov
et al., 2016b). However, further complexity can be expected
when the cloud systems become deeper and when the ther-
modynamic structure is less well defined as in single-layer
stratiform mixed-phase clouds. Techniques which make it
possible to detect the hydrometeor shape have great poten-
tial to contribute additional capabilities for the monitoring
of cloud systems, to expand the understanding of the mi-
crophysical properties involved, and to support the improve-
ment of the representation of these processes in numerical
models. A way to discriminate different hydrometeor pop-
ulations is the separation of peaks in cloud radar Doppler
spectra (Radenz et al., 2019; Kalesse et al., 2019; Luke et al.,
2021) using observations of ground-based cloud radar. How-
ever, this technique is limited, e.g., with respect to atmo-
spheric turbulence, which broadens the spectra and makes
the detection and separation of peaks difficult or even im-
possible. Moreover, hydrometeors with similar terminal fall
velocities (e.g., drizzle and small ice) cannot be distinguished
in the Doppler spectrum. In this case, it is possible to look at
the Doppler spectra of polarimetric parameters such as linear
depolarization ratio (LDR) or slanted linear depolarization
ratio (SLDR) to confirm in which spectral mode the crystals
are present.

Polarimetric cloud radar techniques have been shown to
be valuable tools for the qualitative detection of ice crystal
shape (Matrosov et al., 2001, 2005; Reinking et al., 2002).
Matrosov et al. (2012) demonstrated an approach where they
associated measurements of SLDR-mode scanning cloud
radar with visual observations of ice crystal habits during a
precipitation event. While their study demonstrates well the
relationship between SLDR signatures and particle shape, it
did not yet allow them to quantify the particle shape directly
based on the measurements. Such an approach has been pre-
sented by Myagkov et al. (2016a), who succeeded in pre-
dicting the particle shape and orientation based on hybrid-
mode scanning cloud radar observations by means of the two
quantitative parameters — polarizability ratio and degree of
orientation, respectively. Myagkov et al. (2016a) have shown
that existing backscattering models, assuming the spheroidal
approximation of cloud scatters, can be applied to establish
a link between a set of measured polarimetric variables and
the polarizability ratio. The polarizability ratio is a parameter
defined by the geometric aspect ratio of particles and their re-
fractive index. For ice particles the refractive index is almost
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a linear function of their apparent ice density. Note, that it is
not directly possible to infer the aspect ratio and the apparent
ice density from the polarizability ratio. However, since the
polarizability ratio depends on both variables, it can be used
to track the evolution of the ice particles from pristine state to
aggregates and rimed particles in observational studies. Po-
larizability ratio profiles are also valuable for modeling stud-
ies since the profiles can be used to constrain microphysical
processes of ice growth. The first attempt to utilize polariz-
ability ratios to improve ice characterization in models was
recently made by Welss et al. (2023). Based on polarizability
ratios the authors have updated the ice growth characteriza-
tion for the explicit habit prediction in the Lagrangian super-
particle ice microphysics model McSnow developed by the
German Weather Service (DWD, Brdar and Seifert, 2018).
Although developed for SLDR mode and simultaneous trans-
mit simultaneous receive (STSR, hybrid)-mode cloud radars,
the applicability of the shape and orientation estimation re-
trieval was originally demonstrated only for an STSR-mode
scanning 35 GHz cloud radar, based on observations of strat-
iform cloud layers during the 1-month field campaign Anal-
ysis of Composition of Clouds with Extended Polarization
Techniques (ACCEPT, Myagkov et al., 2016a).

Even though the number of scanning STSR-mode cloud
radars has been continuously growing in Europe, a number
of measurement sites within ACTRIS (the Aerosol, Clouds
and Trace Gases Research Infrastructure) are equipped with
scanning LDR radars (Madonna et al., 2013; Lohnert et al.,
2015; Tetoni et al., 2022). Such radars can be modified to the
SLDR mode with relatively small efforts and investments,
and as a result can provide long-term observational datasets
for retrieving the polarizability ratio of ice-containing clouds
in different climatic zones. Therefore, the main goal of this
study is to derive the vertical distribution of particle shape
in clouds using the spheroidal scattering model developed
by Myagkov et al. (2016a) for application to regular long-
term observations of an SLDR-mode 35 GHz scanning cloud
radar. We introduce a simplified and versatile version of the
original STSR-mode approach by concentrating on the re-
trieval of the polarizability ratio, as we consider this param-
eter to be more relevant for the investigation of cloud micro-
physical processes in comparison to the degree of orienta-
tion. This paper aims at demonstrating the ability of the ver-
tical distribution of particle shape (VDPS) method, to char-
acterize particle properties using data with a newly config-
ured SLDR-mode 35 GHz cloud radar which was deployed
in the Cyprus Clouds, Aerosols and pRecipitation Experi-
ment (CyCARE, Ansmann et al., 2019) field campaign in
Limassol, Cyprus. We also illustrate that a profile of the de-
rived polarizability ratio can be potentially used to detect mi-
crophysical processes affecting the evolution of ice particles
in deep precipitating clouds. In Sect. 2, the instrumentation,
campaign setup, and polarimetric parameter SLDR are de-
scribed. The VDPS method is introduced in Sect. 3 and an
evaluation of the VDPS method is presented in Sect. 4. Case
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Table 1. Technical characteristics of MIRA-35 SLDR-mode cloud
radar during the deployment in the CyCARE campaign in Limassol,
Cyprus.

Parameters Values
Pulse power 30kW
Pulse length 208 ns
Pulse repetition frequency 7500 Hz
Elevation angle velocity 0.5deg s—1
nFFT points 512
Number of range gates 498
Number of spectral averages 15
Integration time Is
Range resolution 31.18m
Reflectivity sensitivity (1 s averaging at range =5 km) —48dBZ
Co-cross-channel isolation —35dB

studies showing isometric particles, columnar crystals, and
plate-like crystals will be discussed, and a fourth case study
showing a transformation in shape of particles from the cloud
top to the cloud base will be presented to demonstrate the
potential of the VDPS method to detect and describe micro-
physical transformation processes. In Sect. 5, we elaborate
on the advantages and limits of this new algorithm as well as
on possible future improvements.

2 Dataset
2.1 SLDR-mode 35 GHz cloud radar MIRA-35

The central instrument for the present study is a modified ver-
sion of the 35 GHz cloud radar MIRA-35, which is operated
in SLDR mode. MIRA-35 in general is a dual-polarization
(LDR-mode) radar which emits linearly polarized radiation
through the co-channel, while the returned signals are re-
ceived in both the co- and cross-channels. The SLDR mode
cloud radar was implemented based on the conventional lin-
ear depolarization ratio (LDR) mode by 45° rotation of the
antenna system around the emission direction. While numer-
ous polarimetric configurations of radar systems exist (Bringi
and Chandrasekar, 2001, Chap. 6), the LDR mode is cur-
rently the most common one among cloud radars. The prop-
erties of the standard LDR mode MIRA-35 are elaborated in
detail in Gorsdorf et al. (2015). The technical characteristics
of MIRA-35 used in the CyCARE campaign in Limassol,
Cyprus, are given in Table 1.

Standard vertical-stare LDR-mode allows us only to dis-
criminate between hydrometeors with an isometric intersec-
tion and with a columnar intersection (Biihl et al., 2016), i.e.,
aggregates cannot be separated from generally horizontally
oriented plate-like particles in vertical-stare mode because
their scattering intersections appear to be similar. In order to
optimize the MIRA-35 cloud radar for improved measure-
ments of hydrometeor shape and orientation, two modifica-
tions were applied to the standard setup as it is described by
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Figure 1. Temporal evolution of elevation angle (a) and azimuth an-
gle (b) during the hourly scan cycle of SLDR MIRA-35 as applied
during CyCARE. Dashed vertical red lines denote the time periods
of the different RHI (range-height indicator), PPI (plan-position in-
dicator), and zenith-pointing scan patterns.

Gorsdorf et al. (2015). First, the cloud radar was mounted
onto a positioner platform which allows for a freely defin-
able position of the radar within a half sphere given by 360°
of azimuth and 180° of elevation. The second modification
addresses a 45° rotation of the antenna around the emission
direction. This operation mode, in general defined as SLDR
mode, has specific advantages in studies of the intrinsic re-
lationship between the polarimetric signature of the parti-
cle shape and radar elevation angle. In contrast to the stan-
dard LDR mode, variations in the orientation of hydrome-
teors only have small effects on the measured SLDR, even
at low elevation angles (Matrosov, 1991). In turn, SLDR
in vertical pointing mode (elevation = 90°) is similar to the
LDR observed with standard MIRA-35 systems. This behav-
ior is also of advantage because it ensures direct comparabil-
ity with other standard LDR-mode radars in vertical-pointing
measurements. In the framework of the present study, the
radar was steered toward geographic south direction (180°
azimuth angle) and performed range-height indicator (RHI)
scans from 90° (zenith-pointing) to 150°, corresponding to
30° elevation over the horizon toward north direction. This
notation of the elevation angle range will be used throughout
this article and figures.

Figure 1 describes the setup of one scan cycle as it was
applied in the measurements of the SLDR mode MIRA-35,
used in this study. Each scan cycle starts at minute 29 of
each hour. Within 6.5 min, two RHI scans from 90 to 150°
and from 150 to 90° elevation angle and one plan-position
indicator (PPI) scan at 75° elevation are performed. During
the remaining 53.5 min of each measurement hour, vertical-
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stare observations (at 90° elevation angle) are performed to
support standard retrievals, such as done within Cloudnet
(Illingworth et al., 2007; Radenz et al., 2021) or as required
for Doppler-spectra analysis techniques (Radenz et al., 2019;
Biihl et al., 2019; Vogl et al., 2022; Schimmel et al., 2022).
A limit of 150° elevation angle was established to avoid
physical barriers such as trees or buildings. It is also a rea-
sonable compromise between the required horizontal homo-
geneity and the intensity of the SLDR gradient produced
by the observed hydrometeors. As the detailed procedure of
data acquisition was depicted by Gorsdorf et al. (2015) and
Myagkov et al. (2016b), the determination of the polarimet-
ric parameters required for this study is only briefly outlined
below. The primary measurement parameters are thus the
Doppler power spectra received by the detectors in the co-
and cross-channels with respect to the emitted polarization
plane Peo(wi) and Pex(wy), respectively, with wi being the
Doppler frequency shift of each individual spectral compo-
nent k. The herein presented VDPS method only considers
the main peak of the detected Doppler spectrum in the co-
channel. Thus, in a next step, each data point is screened for
the spectral component w;®* where Peo(wy) is maximal. The
following parameter is then only calculated for the Doppler
spectral bin w}"®*. The frequency dependency is thus omitted
in the following and the polarimetric properties linear depo-
larization ratio in slanted mode (SLDR) can be derived as
follows:

P
SLDR = < “), 1)
(Peo)
where () denotes averaging over a number of collected
Doppler spectra.

The raw spectra of the signal-to-noise ratio (SNR) are sub-
ject to noise artifacts. Correspondingly, a noise filtering is
performed to remove values which are below a given thresh-
old value

n=m+ 3o, ()

with m being the mean and o being the standard deviation of
noise in the co-channel. The properties of the noise in the co-
channel are estimated from the last five range gates of each
profile assuming no scattering is present. A spectral line with
the power in the cross channel below n is excluded from the
following analysis.

An important technical aspect which needs to be consid-
ered in the data analysis is the leakage of a fraction of sig-
nal from the co-channel into the cross-channel. The co-cross-
channel isolation was determined with the experimental ap-
proach described by Myagkov et al. (2015), by means of
identification of the minimum SLDR value that was mea-
sured at zenith-pointing, in the presence of light drizzle. The
co-cross-channel isolation used in this study was thus found
to be —35dB with MIRA-35.
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2.2 Dataset

MIRA-35 is operated as part of the Leipzig Aerosol and
Cloud Remote Observations System (LACROS, Radenz
etal., 2021), a suite of ground-based instruments of the Leib-
niz Institute for Tropospheric Research (TROPOS). Besides
the SLDR-mode Ka-band scanning cloud radar, LACROS
comprises an extensive set of active and passive remote sens-
ing instruments for the characterization of aerosol proper-
ties, clouds, and precipitation, including multi-wavelength
polarization lidar, Doppler lidar, microwave radiometer, and
optical disdrometer. Data used in this study were acquired
in the framework of a deployment of LACROS at the
Mediterranean site of Limassol, Cyprus (34.68° N, 33.04° E,
I0ma.s.l.) during the CyCARE field campaign (Ansmann
et al., 2019; Radenz et al., 2021). The region of Cyprus is a
relevant location for studies of the impact of aerosol on cloud
processes because of a large variety of air pollutants, desert
dust, and marine salt particles in the atmosphere above the is-
land. The CyCARE campaign was conducted from Septem-
ber 2016 to March 2018 and aimed at the determination of
the relationship between aerosol properties and the forma-
tion of cirrus and mixed-phase clouds (Ansmann et al., 2019;
Radenz et al., 2021) in the heterogeneous freezing regime.

2.3 Measured SLDR and modeled S/Lﬁ{

The VDPS method combines simulations of SLDR (thereby
and hereafter, the symbol ~ denotes simulated parameters)
with measurements of SLDR (see Sect. 3). The study is based
on the same set of equations as was previously presented by
Myagkov et al. (2016a). The theoretical framework assumes
Rayleigh scattering and utilizes a spheroidal approximation
of particle shape (Matrosov, 1991). In the scattering model
used, polarimetric variables depend on two parameters: the
polarizability ratio £, which describes the particles by means
of a density-weighted axis ratio, and the degree of orienta-
tion «, which is a measure of the preferred orientation of
the spheroids population. It is well known that the Rayleigh
approximation is not always applicable to simulate scatter-
ing from individual and large ice particles at wavelengths
shorter than C-band, which holds especially for absolute val-
ues such as reflectivity factor (Lu et al., 2016). At shorter
wavelengths, the direct dipole approximation (DDA, Draine
and Flatau, 1994) can be used to simulate scattering of in-
dividual ice particles having a complex shape. Meanwhile,
extensive databases exist (Lu et al., 2016) and have found,
e.g., special attention already for the application of multi-
wavelength radar studies (von Terzi et al., 2022). However,
these simulations and associated studies are often limited to a
number of predefined shapes and therefore do not necessarily
represent the realistic distribution of ice particles observed by
a radar (Leinonen et al., 2018). Simulations for a single par-
ticle also do not reflect the volumetric scattering effects of
a large population of hydrometeors. In general, ice particles

https://doi.org/10.5194/amt-17-999-2024



A. Teisseire et al.: Retrieval of apparent particle shape with scanning SLDR cloud radar 1003

in a scattering volume have arbitrary shapes and the contri-
bution of individual particles to the backscattering radar ob-
servables and especially polarimetric quantities is averaged
out (Matrosov, 2021; von Terzi et al., 2022). We decided to
assume the Rayleigh scattering and the spheroidal particle
approximation (Matrosov, 1991; Ryzhkov, 2001; Bringi and
Chandrasekar, 2001) because (1) such a model explains gen-
eral polarimetric scattering effects with just a few parame-
ters (axis ratio, permittivity, and canting angle), (2) the model
parameters are well constrained by the observations, (3) the
volumetric scattering is taken into account, and (4) the model
enables a computationally effective derivation of the polariz-
ability ratio. In this study, we sort particles into three primary
categories based on their shape: oblate particles, which have
a polarizability ratio less than 1, prolate particles, character-
ized by a polarizability ratio greater than 1, and isometric
particles, where the polarizability ratio ranges from 0.8 to
1.2, depending on the radar calibration (see Table 2). With
respect to the definition in this study, we consider particles
as isometric when they do not produce considerable polari-
metric signatures. Such particles have either spherical or just
slightly non-spherical shape. In the case of particles with a
low refractive index (i.e., low permittivity), their reduced re-
sponse to radar waves may lead to scattering characteristics
that resemble those of isometric particles.

Figure 2 shows the dependencies of SLDR on the polariz-
ability ratio and degree of orientation of ice particles at 90°
(zenith) and 150° (60° off-zenith) elevation angle. Figures 2a
and b show that SLDR is mostly sensitive to £ (as noted by
Matrosov et al., 2001), which demonstrates the relevance of
using SLDR rather than Differential Reflectivity (ZDR) to
determine the particle shape. For our radar configuration, the
realistic range of possible polarizability ratios £ spans from
0.3 to 2.3 and the degree of orientation « ranges from —1 to
1. « will only be briefly elaborated in this section as it will be
used only qualitatively in the frame of this study. In the case
of spheroidal approximation and Rayleigh scattering regime,
the polarizability ratio &, describing the shape of particles,
is a function of permittivity and axis ratio and is independent
of the particle volume. A polarizability ratio £ = 1 designates
spherical particles or particles with low density, while & < 1
and & > 1 describe oblate and prolate particles, respectively.
Also for non-isometric particles, a decrease in apparent par-
ticle density causes & to approach a value of unity (Myagkov
et al., 2016a). The degree of orientation characterizes the
width of the particle orientation angle distribution (the degree
of orientation is explained in more detail in Myagkov et al.
(2016a), in their Fig. 9 and Eq. (11)). For instance, || =0
corresponds to uniform distribution, while || =1 indicates
that all particles are aligned in the same way. The sign of
k indicates the preferable orientation of the symmetry axis,
i.e., k = 41 indicates that all particles are aligned and have a
vertical symmetry axis, k = —1 corresponds to the case when
particles have a predominantly horizontally aligned symme-
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try axis. We therefore assume k >=0 for oblate particles and
k <= 0 for prolate particles. Regarding Fig. 2a and b we con-
sider that « & —0.3 corresponds to randomly oriented iso-
metric particles when SLDR is minimal and these values do
not depend on the elevation angle (Myagkov et al., 2016a).
A subset from Fig. 2 is presented in Fig. 3 in order
to demonstrate the general, idealized relationship between

SLDR and elevation angle for the main particle shape classes
oblate (“+7), isometric (“0”), and prolate (“—), thereby
assuming predominantly horizontal orientation. Indeed, the
“4+” symbol is located in the oblate domain (zone A) de-
scribed by a polarizability ratio £ = 0.35 and a degree of
orientation k = (.85 representing horizontally oriented plate-
like particles, while the “*” symbol is located in the pro-
late domain (zone B) described by £ =2.15 and k = —0.85
representing horizontally oriented columnar crystals. The
symbol 0" is determined by £ = 1 and x = —0.4, such as
randomly oriented spherical particles like liquid droplets
(Myagkov et al., 2016a), which is representative for the iso-

metric domain (zone C). A value of S/Lﬁi is derived for all
elevation angles from 90 and 150°, leading to Fig. 3, which
links our study to findings of Matrosov et al. (2012) showing
distinct elevation-dependent signatures of SLDR for particles
with different shapes. As illustrated in Fig. 3, prolate parti-
cles are characterized by nearly constant and relatively high
values of SLDR at all elevation angles, which reach values
of around —25 dB for solid columns and more than —20dB
for pronounced needles of high-axis ratio (Reinking et al.,
2002; Matrosov et al., 2012). The isometric primary particle
shape class is represented by constantly low values of SLDR
at all elevation angles between 90 and 150°. Finally, plate-
like particles, belonging to the oblate particle class, known
to align predominantly horizontally along their planar planes,
produce scattering similar to isometric particles observed at
zenith-pointing (90° elevation angle) and will increasingly
appear oblate at low elevation angles. That is why in the
case of plate-like hydrometeors, SLDR, representative of the
particle shape, is minimal at zenith-pointing and increases
from 90 to 150° elevation angle. Indeed, at zenith-pointing,
plate-like crystals have random orientation in the polariza-
tion plane, while at a low elevation angle horizontally aligned
particles produce rather coherent returns in both polarimetric
channels. Note that it is not directly possible to classify the
type of isometric particles (e.g., aggregates or rimed parti-
cles can be isometric particles, too) since they have similar
angular polarimetric signatures at all elevation angles. Dis-
crimination between these types of particles can be made,
e.g., using multiple-frequency observations (Kneifel et al.,
2016) but this is out of the scope of the current study. The
VDPS method aims to differentiate the three main particle
shape classes and their vertical evolution within cloud sys-
tems in order to determine microphysical processes occur-
ring in mixed-phase clouds.
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the data points in the model field at 90° (Fig. 2a) and 150° (Fig. 2b)
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3 Methodology

The concept of the VDPS approach is to realize a tailored
retrieval of the vertical distribution of particle shape. The
VDPS method, adapted for the SLDR-mode scanning cloud
radar as introduced in Sect. 2.1, has the particularity of com-
bining simulated and measured values of SLDR at only two
elevation angles, isolated from a full RHI scan.

As the VDPS method relies on polarimetric measurements
at different elevation angles, horizontal homogeneity of the
observed clouds is required. The scale of the horizontal ho-
mogeneity is defined by the maximum observation distance
of the cloud radar used and the lowest elevation angle (10—
15km and 30°, respectively). Thus, the required scale of
the horizontal homogeneity is mostly below 13 km, which is
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comparable, e.g., to a footprint of a space-borne passive mi-
crowave sensor. A majority of stratiform clouds have much
larger spatial scale. In addition, the algorithm requires a min-
imum number of data points in each layer, representing 15 %
of the total number of data points, as will be explained in
Sect. 3.1.

The general flow chart describing the three-step proce-
dure is depicted in Fig. 4. In the first step, presented in
Sect. 3.1, the dataset is prepared for the evaluation against
the spheroidal scattering model in Sect. 3.2. By combination
of SLDR simulated by the spheroidal scattering model with
SLDR observations, the range of possible primary particle
shape classes is identified and the associated uncertainties are
assessed in Sect. 3.2. In the final step presented in Sect. 3.3,
linear regressions of SLDR vs. elevation angle are calculated
and deployed to identify the correct primary particle shape
class and to assign the proper polarizability ratio £ from the
set of possible solutions determined in Sect. 3.2.

3.1 Determination of SLDR at the boundaries of the
elevation range

For each of the four individual scan patterns described in
Fig. 1, the returned signals in the co- and cross-channel
Peo(wy) and Pex(wy), respectively, collected by MIRA-35
are saved in a level-0 file, in the pdm format defined by the
company Metek. Consequently, the pdm data are in a first
step converted into NetCDF format containing the polari-
metric measurements of SLDR(wy), calculated with Eq. (1),
as well as elevation angle and range. Next, the noise filter-
ing (Eq. (2)) is applied as explained in Sect. 2.3 and only
the maximum spectral component of the remaining noise-
free spectra is selected. Thus, arrays containing one value of
SLDR per elevation angle are obtained for each granule of
time and range. All range values are converted into height
above ground, using the elevation angle 6 as additional in-
put. The VDPS algorithm runs automatically for each RHI
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Figure 4. Flowchart describing the VDPS method.

scan selected. A main loop is used to separate the observa-
tions into multiple vertical “height” layers. In general, any
arbitrary value of height resolution can be chosen. For the
current study, each height step corresponds to the range res-
olution of MIRA-35 (31.18 m, i.e., the height resolution at
zenith-pointing), as was done by Myagkov et al. (2016a).
The following procedure is performed for each height layer
which contains at least 20 values of SLDR from a full RHI
scan recorded from 90° to 150° elevation angle (Fig. 1). The
value of 20 points per layer represents about 15 % of the max-
imal number of data points. If this limit is not reached, it
could mean that no cloud was detected at this layer or that
not enough particles are contained at the investigated height
level of the cloud, which would influence the quality of re-
sults. In this situation, the procedure will be stopped only
for this layer at this step (no results are produced) and will
continue to iterate into the next layer. If a sufficient num-
ber of data points was found at a height level, a new vector
of SLDR(H, 0) is built. The elevation range of SLDR(H, 0)
does not necessarily span the full elevation range of the RHI
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scan, as some data points at the elevation limits might have
been removed.

As shown in Fig. 3 and as will be elaborated on fur-
ther in Sect. 3.3, polarimetric signatures of different parti-
cle shapes are most visible when the elevation angle differ-
ence of the performed scans is large. For this reason, a full
RHI scan is used to verify the homogeneity of the inves-
tigated cloud (Sect. 3.1) and to calculate the SLDR linear
regression (Sect. 3.3), but only values of SLDR at two el-
evation angles are needed in the model output (Sect. 3.2).
In order to prepare the observational input for the evalua-
tion against the spheroidal scattering model to be described
in Sect. 3.2, we will look for the data points of SLDR as-
sociated with the smallest observed value of elevation an-
gle (Omin, usually zenith-pointing) and to the largest value
of elevation angle (fax, usually 150°). Thus, in a next step,
fit values of measured SLDR at the minimum elevation an-
gle Omin (SLDR (fmin)) and at maximum elevation angle Oyax
(SLDR (01hax)) are calculated. These notations will be used
further in Sect. 3.2. It can be seen in Fig. 3, that the rela-
tionship between SLDR and the elevation angle is not lin-
ear for SLDR, especially in the case of oblate particles, and
the more appropriate method to calculate SLDR (6in) and
SLDR (Omax) for all cases is to use a 3™ degree polynomial
fit. SLDR(6min) and SLDR(6;2x) are determined with the
fit values from the 3™ degrees polynomial fit at 6y, and
Omax, respectively. As an example, Fig. 5 shows the distribu-
tion of SLDR from 6y to Omax. Values of SLDR(6,i,) and
SLDR (6max) are readable at 90° (Opin) and 150° (Bmax) el-
evation angle as SLDR (Onin) = —32dB and SLDR (Oax) =
—11dB. SLDR (6pi) and SLDR(6hax) are saved and will be
utilized in Sect. 3.2 for the evaluation against the spheroidal
scattering model compiled at the same elevation angles i,
and Opax.

3.2 Estimation of the polarizability ratio for each layer

In the first step of the VDPS retrieval we find two SLDR val-
ues corresponding to Bpin and Ok (Sect. 3.1). In the second
step we search for values of the polarizability ratio and the
degree of orientation for which the simulated SLDR fits to
SLDR(Bmin) and SLDR (Omax)-

The original spheroidal scattering model based on
Myagkov et al. (2016a) does not take into account hardware-
related effects and, therefore, predicts minimum values of
SLDR that cannot be reached with the current radar tech-
nology due to the polarimetric coupling in the antenna sys-
tem. The polarimetric coupling (co-cross-channel isolation)
of the radar used is —35 dB, as mentioned in Sect. 2.1, and
leads to an increased uncertainty of the retrieval for particles
with polarizability ratio between 0.9 and 1.1. The modeled
distribution of SLDR from 90 to 150° elevation angle for
three exemplary particle habits oblate, isometric, and prolate
is illustrated in Fig. 3. This graphic represents the theoretical
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relationship between SLDR and elevation angle in the three
different primary particle shape classes, which is about to
be faced with the direct measurements of SLDR. In the sec-
ond part of this section, we compare the modeled SLDR and
measured SLDR obtained from the polynomial fit (Sect. 3.1)
at elevation angles Op,ip and Opax, as explained in Sect. 3.1.
In order to consider potential measurement inaccuracies, the
95 % confidence interval Ags of the polynomial fit will be
used to determine the potential range of the intersection. The
confidence interval is calculated as follows:

Ags =2A, 3

where A is the standard deviation of the difference between
the measured and simulated values of SLDR at all avail-
able elevation angles from 90 to 150°. The model is pro-
cessed at O, and Opax and the algorithm identifies isolines
of SLDR (0min) = SLDR (min) #+ Aos, and SLDR (fnay) =
SLDR(6imax) £ Ags, in the modeled fields of SLDR at O
and 6pax, respectively. For example, in Fig. 6a and b we
can see the isoline where SLDR (Opin) = S/Lﬁi(émin) plot-
ted in red and the isoline where SLDR (0ax) = S/Lﬁt(ﬁmax)
plotted in blue on the model, respectively. The two isolines
are plotted together in Fig. 6¢, highlighting intersections be-
tween S/Lﬁi(émin), shown as a red curve, and S/Lﬁi(é?max),
shown as a blue curve, resulting in £ =0.45 and § = 2. If no
intersection is found between s/Lﬁz(emm) and S/Lﬁi(emax),
the algorithm searches for the point where the difference be-
tween Sfﬁ((@min) and S/Lﬁ{(émax) is the lowest. Finally,
the algorithm characterizes the x-axis positions (polarizabil-
ity ratio &) by deriving the mean and standard deviation of
all overlapping data points included in each intersection be-
tween the isolines of S/Lﬁl(Qmin) and S/Lﬁl(é)max) (Fig. 6).
Three values of & are saved at each height iteration cor-
responding to the three primary particle shape classes: the
first intersection in the oblate particle shape class with & < 1
(£ = 0.45 in Fig. 6¢), the second intersection for the prolate
particle shape class with & > 1 (¢ = 2 in Fig. 6¢), and a mean
of these two intersections for the isometric or low-density
particle shape class with & & 1. The procedure could be re-
peated in a similar manner for determination of the possible
y-axis values, which are the possible solutions of the degree
of orientation «, which is, however, not in the scope of our
study.

3.3 Identification and quantification of the primary
particle shape class

The last step of the VDPS method consists of the identifi-
cation of the primary particle shape class among the three
possible solutions introduced in Sect. 3.2 and to quantify the
primary particle shape class with the assigned value of &.
As introduced in Sect. 2.3, the relationship between SLDR
and the elevation angle is an important aspect to determine
the particle shape (Reinking et al., 2002; Matrosov et al.,
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Figure 5. Distribution of SLDR as a function of elevation an-
gle between Opin, = 90° and Opmax = 150° for the same dendritic
crystal population as presented in Fig. 6: SLDR(Opin) = —32dB,
SLDR(Omax) = —11dB, and « = 0.85. The green line represents
the SLDR linear regression calculated in Sect. 3.3.

2005, 2012) and will be used in the following to discrimi-
nate between the primary particle shape classes. A threshold
of asg;% is determined in such a way that an unambiguous
separation of the prolate, oblate, and isometric hydrometeor
shape classes is possible, by applying a robust linear fit to all
observed pairs of SLDR and elevation angle. The resulting
limit values were derived to be lims;pr = 0.1dB deg’l, as
a threshold describing a certain change of the SLDR in dB
per degree of elevation angle, and limy,, = —25dB, which
describes the maximum value of SLDR to be associated to
the prolate shape class. It should be noted that the two limit
values might depend on the individual radar calibration. The
actual shape class selection criteria are summarized in Ta-
ble 2 and are described in the following. If the linear regres-

sion % exceeds limgy pRr, particles are assigned to the

: : dSLDR
oblate primary particle shape class. If “>57= does not exceed

limgy pr and if SLDR (0yin) and SLDR (Bmax) exceed limpyo,
particles are assigned to the prolate primary particle shape
class. If % does not exceed limgy pr and if SLDR (Oin)
and SLDR(Omax) are below limyy,, particles are associated
to the isometric primary particle shape class. If particles are
assigned to the isometric particle shape class, & will be cal-
culated as the mean of the associated values of § contained in
both intersections of SLDR (6i,) and SLDR (6,x) on both
sides of £ =1 (Sect. 3.2). In the oblate and prolate primary
particle shape classes, the error bars are calculated based
on the intersections of the standard deviation obtained for
SLDR (fmin) and SLDR (61ax ), following the same procedure
as explained in Sect. 3.2. Concerning the isometric primary
particle shape class, £ values of the two intersections iden-
tified before are used as error bars. Figure 5 depicts the re-
lationship between SLDR and elevation angle from 6, to
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Figure 6. Determination of the possible values of £ by searching for the intersections between S/Lﬁ{(Bmin) and S/Lﬁi(émax) on the
spheroidal scattering model at (a) Oyi, = 90° and (b) Omax = 150° elevation angle. The red and blue curves in (a), (b), and (c) depict the iso-
lines as (a) SLDR (Oin) = ﬁ((@min) and (b) SLDR(Omax) = ﬁi(@max) at 90 and 150° elevation, respectively. In (c) the intersections
of the ﬁ((@min) and S/Lﬁ{(Omax) isolines are shown. As input, hypothetical values of typical oblate particles with SLDR (6i,) = —32dB

and SLDR(6hax) = —11 dB were selected.

Omax- According to Reinking et al. (2002) and Matrosov et al.
(2012), the relationship found is representative for oblate par-
ticles such as plate-like crystals, as depicted in Table 2. Re-
garding Fig. 6¢c presented in Sect. 3.2, we observe two in-
tersections on both sides of & = 1 and the choice of one of
them requires an evaluation of the linear regression of SLDR
from Opin to Omax. The associated distribution of SLDR pre-
sented in Fig. 5 confirms the assignment of ice particles to
the oblate primary particle shape class due to the increase
of SLDR from 6pyin to Omax and the exceeding of limgy pRr.
A value of £ = 0.45 is finally derived for this layer. The last
step, according to the flow chart depicted in Fig. 4, is to ap-
ply the classification to the previously calculated profile of &
(see Sect. 3.2) and to store the selected values. This distribu-
tion of particle shape delivers information about the vertical
profile of ice particle shapes in a cloud which is a relevant
indicator for understanding in-cloud processes, illustrated in
Sect. 4.4. The next section aims to evaluate and validate the
VDPS method by means of three case studies, representing
the three previously described particle shape classes prolate,
oblate, and isometric, and to demonstrate the ability of the
VDPS method to detect microphysical processes.

4 Results

In this section, we demonstrate the capabilities of the VDPS
retrieval by means of three case studies associated with the
three main particle shape classes: isometric (rain, Sect. 4.1),
prolate (columnar ice crystals, Sect. 4.2), and oblate (plate-
like ice crystals, Sect. 4.3). A fourth case study is presented
in Sect. 4.4 to conclude and open the discussion concern-
ing the ability of VDPS to describe microphysical processes
by a change in particle shape from the cloud top to the
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cloud base. The four case studies were selected from the Cy-
CARE observations, presented in Sect. 2. Temperature pro-
vides an important constraint for the particle shape, since
laboratory studies show a clear relationship between parti-
cle shape, temperature, and supersaturation with respect to
ice (Bailey and Hallett, 2009; Myagkov et al., 2016b). Given
conditions of liquid water saturation, near 7 = —2°C, the
growth is plate-like, near T = —5°C the growth is colum-
nar, near T = —15°C the growth again becomes plate-like,
and at lower temperature, the growth becomes a mixture of
thick plates and columns. A general meteorological situation
is presented for each case study using the Cloudnet clas-
sification of targets based on MIRA-35 at zenith-pointing
and auxiliary instrumentation (Illingworth et al., 2007) and
an RHI scan of SLDR from Opin to Omax. Subsequently, the
polarimetric parameter SLDR measured at 8,j, and Opax is
combined with the spheroidal scattering model introduced in
Sect. 3.2. We focus only on the selected layer to illustrate the
case studies even though all layers are processed to obtain
the vertical distribution of particle shape. The last step aims
to deliver insights into the quantification of the primary par-
ticle shape classes, as explained in Sect. 3.3, with the vertical
distribution of £ in the investigated cloud. Since the proposed
method uses the spheroidal approximation of pure-ice parti-
cles and assumes Rayleigh scattering, the derived values of &
should be analyzed with care when the method is applied to
rain and close to the melting layer. Since rain droplets corre-
sponding to the maximum spectral line are often near spher-
ical, & is valid since for spherical particles it is not sensitive
to the refractive index. By contrast, £ in the melting layer
is likely not valid, because the depolarization observed in
the melting layer is not caused by columnar shapes of par-
ticles but by their strongly irregular shapes, water coating
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Table 2. Assignment of the characteristic values of SLDR at 6,j, = 90° and Omax = 150° elevation angle and their linear regressions as a
function of 0. The associated typical ranges of £ are also given. Please note, values of SLDR(0i,) and SLDR(6max) for the isometric shape
class correspond to the detection limit of SLDR (see Sect. 2.1). The limit values are limg; pr = 0.1 dB deg_1 and limpro = —25dB.

Shape class  Linear regression Value at 90° Value at 150° Polarizability ratio &
Oblate 35&‘?*‘ > limgipr ~ SLDR(Omin) = —30dB  SLDR(fmax) = —10dB & =0.2-0.8
Isometric OSLDR _ limg pr ~ SLDR(0max) = —35dB  SLDR(fppin) = —35dB £ =0.8-1.2
Prolate SLDR _ limgipr ~ SLDR(min) = —20dB  SLDR(fmax) = —20dB £ =1.2-2.4
(and associated fluctuations of apparent density), and their 5000 Aerosol & insects
large size. This section aims to demonstrate that the VDPS = insects
40004 r Aerosol

method gives concordant results with the observations for
the three primary particle shape classes, isometric, prolate,
and oblate particles, introduced in Sect. 3.2, and that it is a
promising supplemental technique for studying cloud micro-
physical processes.

4.1 Isometric particle shape class: rain event on
13 February 2017 at 13:31 UTC

The first case study concentrates on the occurrence of
rain, i.e., hydrometeors representative for the primary iso-
metric particle shape class. Measurements were recorded
on 13 February 2017 during an RHI scan from 13:31 to
13:33 UTC in Limassol. The studied cloud system, enframed
by the black box in the Cloudnet target classification mask
shown in Fig. 7, was identified to contain rain droplets at
heights between 300 and 1300 m. The sudden drop of the
melting layer height from 1300 m to around 1000 m height
that is visible right at the time of the RHI scan is an artifact
of the melting layer detection scheme of Cloudnet, which
switched from a fall-velocity-based detection to the 0°C-
dewpoint level as threshold for the melting layer identifica-
tion. However, the actual melting layer is well recognizable
in Fig. 8 by means of the observed high values of SLDR at
around 1300 m height. The Cloudnet classification indicates
a mixed-phase layer at 1800 m height. For this case study,
we are particularly interested in the rain from 300 to 1200 m
height.

Figure 8 shows the RHI scan of SLDR from 90 to 150° el-
evation angle which was performed at 13:31 UTC. Values of
SLDR from 6pjn to Omax are low (around —30dB) and con-
stant at heights below the melting layer, which is in agree-
ment with what can be expected from scattering by isomet-
ric particles, as explained in Sect. 3.3. To illustrate this case
study, we will focus only on one layer located at the height
level from 868 to 899 m, represented by the black line on the
y axis in Fig. 8. In Fig. 9b, the intersection of S/LEQ(Gmin)
and S/Lﬁi(é’max) is detectable by the red and blue curves
which match the data of SLDR at 6i, and Opax, respectively,
with the simulated data SLDR from the spheroidal scattering
model. We can distinctly notice the presence of two inter-

sections between sﬁ(emm) and sfﬁz(emax) from either

Atmos. Meas. Tech., 17, 999-1016, 2024

n
Melting ice & cloud Y
droplets

30004 Melting ice

Ice & supercooled
droplets

Ice

Height [m]

N
=}
S
S

Drizzle/rain & cloud
droplets

Drizzle or rain

CLOUDNET CLA!

1000+ Cloud droplets only

Clear sky

Figure 7. Cloudnet target classification mask as derived from obser-
vations in Limassol on 13 February 2017 from 06:00 to 18:00 UTC.
The black box denotes the RHI scan that is discussed in further de-
tail in Sect. 4.1.
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Figure 8. RHI scan of SLDR observed on 13 February 2017, at
13:31 UTC in Limassol from 90 to 150° elevation angle. The hori-
zontal black line on the y axis marks the height of the layer analyzed
in Fig. 9.

side of the dashed red line, resulting in § =0.9 and £ = 1.1.
In Fig. 9a, the slope of the linear regression <>57= is con-
stant between Omin and Omax where SLDR (Oiin) < limpyo and
SLDR (0inax) < limpy, and asg;(?R < limgy pr. Regarding Ta-
ble 2, this configuration describes the isometric primary par-
ticle shape class. Finally, the vertical distribution of £ in the
cloud is calculated following Sect. 3.3 and shown in Fig. 10.
Concerning the observations, the melting layer is well iden-
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Figure 9. Detailed view of the isometric-shape case study pre-
sented in Fig. 8 for the layer from 868 to 899 m height. (a) Dis-
tribution of measured values of SLDR from 6, to Omax eleva-
tion angle and associated linear and polynomial fits. The dashed
pink lines in (a) correspond to the 95 % prediction interval from
the third-degree polynomial function, used to determine the inter-
sectlon of ﬁ((@mln) and ﬁ((@max) (b) Intersection between
SLDR(@mm) and SLDR(GmaX) at Opin and Omax, respectively.

tified by a variable &, as explained in the introduction of
Sect. 4, in the height range from 1250 to 1350 m. Below
this layer, € takes values around 1, which describes isometric
or less dense particles (Sect. 3.2). Looking at the Cloudnet
classification (Fig. 7), the drizzle-or-rain class dominates the
measurement at heights below approximately 1000 m height,
which can be extended to the melting layer at around 1300 m
height, taking into account the misidentified drop due to
the melting layer detection of Cloudnet, as previously ex-
plained. Figure 7 shows, in the black box, a temperature
higher than 0 °C in this layer, which confirms the presence
of liquid droplets, i.e., isometric particles. Application of the
VDPS approach results in derivation of the same isometric
primary particle shape class as determined based on the aux-
iliary observations (temperature and Cloudnet classification).
With respect to the presented case it is noteworthy that it is
likely that the observed rain droplets were small in size. This
is corroborated by the absence of any elevation dependency
of SLDR (Fig. 9). In the case of strong rain, the oblateness
of droplets would become apparent as SLDR increases from
zenith pointing to 150° elevation angle, as we observed in
some situations of convective rain in Limassol during the Cy-
CARE campaign (Sect. 2.2). Above the melting layer from
1700 to 2800 m height, the VDPS method derived isometric
or less dense particles, as well. Given that temperatures are
below freezing level at these heights and that Cloudnet iden-
tified a mix of ice and supercooled droplets, it is likely that
these isometric or less dense particles are the result of mixed-
phase cloud processes, such as riming or aggregation, which
cannot unambiguously be identified solely with the VDPS
method. Based on the VDPS method, the height level of the
particle shape transition can be determined to be present at
around 2800 m. Above, £ was found to be well below 1, rep-
resenting oblate particles, whose formation is also corrobo-
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Figure 10. Vertical distribution of & as calculated with the VDPS
method for each layer of the isometric-shape case study observed in
Limassol on 13 February 2017, 13:31 UTC.

rated by the ambient temperatures of around —15 °C at this
height level (see Fig. 7). Applicability of the VDPS method
is in the present case limited with respect to the interpreta-
tion of the microphysical process which led to the formation
of the layer with isometric particle shape between approx-
imately 1500 and 2700 m height. Doppler spectral methods
or multi-frequency approaches could help here to investigate
the possible contributions of riming and aggregation (Kneifel
et al., 2016; Radenz et al., 2019; Kalesse-Los et al., 2022;
Vogl et al., 2022).

4.2 Prolate particle shape class: columnar crystals on 4
January 2017 at 04:30 UTC

The second case study chosen to evaluate the VDPS method
is dedicated to the characterization of columnar crystals.
The corresponding measurement was recorded in Limassol
on 8 December 2016 during an RHI scan from 00:31 to
00:33 UTC. Figure 11 presents the Cloudnet classification
for the time range from 00:00 to 03:00 UTC on 8 Decem-
ber 2016, with the selected case study marked by the black
frame. Figure 12 shows the RHI scans of SLDR from 90 to
150° elevation angle at 00:31 UTC.

In this RHI scan, high values of SLDR are observed at all
elevation angles (between —20 and —15 dB), suggesting that
the cloud is very homogeneous and that ice particles have a
high capability to depolarize the returned radar signals. Ac-
cording to Reinking et al. (2002), particles having a SLDR
from —20 to —15dB can be classified at first glance as nee-
dles or hollow columns. This constellation excludes isomet-
ric particles and oblate particles and is a specific property of
columnar crystals (see Table 2). As for the first case study,
the retrieval is visualized only for one specific layer, which
in this case spans from 2458 to 2490 m height, indicated by
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Figure 11. Cloudnet target classification mask as derived for obser-
vations in Limassol on 8 December 2016 from 00:00 to 03:00 UTC.
The black box denotes the RHI scan that is discussed in further de-
tail in Sect. 4.2.

the black line on the y axis in Fig. 12. Figure 13a shows the
SLDR linear regression represented by the green line, which
confirms that % < limgy pr. The polynomial fit repre-
sented by the red curve is used at Opin to Omax to calculate
SLDR (61in) and SLDR (Omax), as elaboratemection 3.2.

In Fig. 13b, once again two intersections of SLDR (6in) and

S/Lﬁ{(emax) exist for this layer. Considering the constant
distribution (asg,;)R < limgrpr) and high values of SLDR
(SLDR (@min) > limpr, and SLDR(Omax) > limy), we can
identify the intersection in the columnar particle shape class
(see Table 2), resulting in & > 1 and k¥ < —0.8 as the most
likely one. Figure 14 shows the vertical profile of &, which
confirms the dominance of prolate particles in the investi-
gated cloud. Accordingly, the Cloudnet classification, shown
in Fig. 11 (black box), classifies the hydrometeors before the
RHI scan as supercooled liquid droplets, and after the RHI
scan as ice-containing and partly mixed-phase layer down to
about 1500 m height. A rain event occurs a few minutes af-
ter the RHI scan, defining drizzle or rain. The temperature
of the investigated case ranges from —3 °C at the cloud base
and —7°C at the cloud top. This temperature range is char-
acteristic for the formation of hydrometeors in the columnar
particle shape class, which demonstrates the ability of VDPS
to derive prolate particles.

4.3 Oblate particle shape class: plate-like crystals on
4 January 2017 at 01:30 UTC

The third case study aims to describe oblate particles, such
as plate-like crystals. The corresponding measurement was
recorded in Limassol on 4 January 2017 during an RHI scan
from 01:31 to 01:33 UTC. The observed cloud system is
marked by the black frame in Fig. 15. The observation was
characterized by the presence of a relatively homogeneous
liquid-topped ice cloud in the height range from 3200 to
4200 m. Figure 16 shows the RHI scan of SLDR from 90
to 150° elevation angle at 01:31 UTC. An increase of SLDR
from —30 to —10dB between O, and Opax is visible. The
linear regression is represented by the green line in Fig. 17a,
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Figure 12. RHI scan of SLDR on 8 December 2016, at 00:31 UTC,
Limassol, from 90 to 150° elevation angle. The horizontal black
line on the y axis marks the height of the layer analyzed in Fig. 13.
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Figure 13. Detailed view of the columnar-shape case study pre-
sented in Fig. 12 for the layer from 2458 to 2490 m height. (a) Dis-
tribution of measured values of SLDR from Opj to Omax eleva-
tion angle and associated linear and polynomial fits. The dashed
pink line in (a) corresponds to the 95 % prediction interval from
the third-degree polynomial function, used to determine the inter-
sectlon of sfﬁz(emm) and SLDR(@maX) (b) Intersection between
SLDR(Gmm) and SLDR(@maX) at O and Omax, respectively.

which exemplarily shows the retrieval for the layer from
3300 to 3331 m height, represented by the black line on the
y axis in Fig. 16. In this case, asg;eDR > limg; pr. SLDR (Omin)
and SLDR(Oyax) are calculated based on the values retrieved
from the polynomial fit at O, and By, i.€., the red curve

represented in Fig. 17a. In Fig. 17b, we see two intersections

between the isolines of SLDR (fnin) and SLDR (fax ). This
configuration, associated with a positive linear regression of
the polarimetric parameter SLDR (see Table 2), implies se-
lecting the intersection at § < 1 and x > 0.8 for determina-
tion of the exact polarizability ratio, which corresponds to
the oblate primary particle shape class. The vertical distribu-
tion of & presented in Fig. 18 indicates & < 1 for all layers
in the investigated cloud. The values of £ are relatively con-
stant around 0.4 from 3100 to 3600 m height corresponding
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Figure 15. Cloudnet target classification mask as derived for obser-
vations in Limassol on 4 January 2017 from 00:00 to 12:00 UTC.
The black box denotes the RHI scan that is discussed in further de-
tail in Sect. 4.3.

to particles which are strongly oblate and rather dense, most
likely pointing to the class of thick plate crystals (Reinking
et al., 2002; Matrosov et al., 2012). On the other hand, above
3600 m height, & &~ 0.55 was observed, representing particles
which are likely less dense such as plates or dendritic crys-
tals. In the Cloudnet classification shown in Fig. 15, where
the period of approximately 1 h around the investigated RHI
scan is indicated by the black rectangle, ice crystals and con-
tributions of supercooled liquid droplets at the cloud top were
identified. The temperature in the cloud ranges from —15°C
at the cloud top to —10 °C at the cloud base. Laboratory stud-
ies suggest that, in this temperature range, the primary forma-
tion of plate-like ice crystals is most likely to occur (Bailey
and Hallett, 2009). Hence, there is a remarkably good agree-
ment between results of the VDPS method and observations
for this case study as well.
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Figure 16. RHI-scan of SLDR on 4 January 2017, at 01:31 UTC in
Limassol from 90 to 150° elevation angle. The horizontal black line
on the y axis marks the height of the layer analyzed in Fig. 17.
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Figure 17. Detailed view into the plate-like-shape case study pre-
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tion angle and associated linear and polynomial fits. The dashed
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4.4 Microphysical transformation: case study from
2 February 2017, 13:31 UTC

By means of a final case study, the potential of the VDPS
method for exploration of the vertical evolution of particle
shapes from the cloud top to the cloud base is discussed.
The corresponding measurement was recorded in Limassol
on 2 January 2017. In Fig. 19, the Cloudnet target classi-
fication mask of the observed cloud system is shown. The
black frame in Fig. 19 highlights the time period around the
RHI scan at 13:31 (vertical white bar), which will be ana-
lyzed here. As can be seen from the Cloudnet classification,
ice crystals were identified at all heights from the cloud top
(around 8500 m) down to the melting layer, which was clas-
sified at a height of around 1700 m. Only at heights between
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Figure 18. Polarizability ratio & calculated for each layer with the
VDPS method for a plate-like-shape case study observed in Limas-
sol on 4 January 2017 at 01:31 UTC.

around 2000 and 2500 m were few data points of mixed-
phase conditions identified. Also in Fig. 20, which shows
the 13:31 UTC RHI scan of SLDR from 90 to 150° eleva-
tion angle, the melting layer is well represented at around
1700 m height by increased values of SLDR at all elevation
angles. Focusing on the height range above the melting layer,
the elevation dependency of SLDR shows a distinct evolution
from the cloud top to the bottom. At the top of the cloud, at
around 8000 m height, we can observe a strong increase of
SLDR from 6pin t0 Omax (—30 dB at Oin and —5 dB at Oax).
Moving away from the cloud top toward the melting layer,
the increase in SLDR from 6, to a0 becomes gradually
less pronounced. Slightly above the melting layer (= 2000 m
height), SLDR assumes values of around —30 dB at all eleva-
tion angles. The gradual change of the elevation dependency
of SLDR from the cloud top to the cloud base translates into
the vertical distribution of the polarizability ratio, as is illus-
trated in Fig. 21. From 8000 to 2000 m height, the polariz-
ability ratio £ increases gradually from 0.3, corresponding to
very oblate and dense particles, such as plates, to 0.8 cor-
responding to less dense oblate particles, such as dendrites
or aggregates. Between 2000 m height and the melting layer,
located at 1700 m height, the polarizability ratio & is close
to 1 corresponding to particles with low density or gener-
ally spherical particles. This gradual increase in & informs
of a vertical change in particle shape while the ice crystals
sedimented through the cloud system. As outlined earlier, a
direct determination of the types of microphysical processes
that occurred in this case cannot be achieved, as further con-
straints must be incorporated for a thorough interpretation as
is outlined in Sect. 5.
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Figure 20. RHI scan of SLDR from 90 to 150° elevation angle ob-
served in Limassol on 2 January 2017 at 13:31 UTC.

5 Discussion and conclusions

In this article, the vertical distribution of particle shape
(VDPS) method was introduced. Based on earlier studies,
which have succeeded in demonstrating the applicability of
polarimetric parameters from cloud radar to estimate the par-
ticle shape (Matrosov et al., 2012; Myagkov et al., 2016a),
this new approach aids one in characterizing the shape of
cloud particles from scanning SLDR-mode cloud radar ob-
servations. The new VDPS method is based only on a sin-
gle polarimetric parameter — SLDR. Another novelty of the
VDPS method is the idea that a profile of the polarizability
ratio can be used not only to derive the shape of pristine ice
crystals at cloud tops (as done in Myagkov et al., 2016a, b)
but also as an indicator of microphysical processes affect-
ing particle shape and/or apparent density in deep precipi-
tating clouds. In addition, the VDPS method is more versa-
tile than the original approach of Myagkov et al. (2016a),
which was developed for hybrid-mode cloud radars, requir-
ing a complex calibration of ZDR and correlation coefficient.
We will compare the two methods in an upcoming campaign
in Switzerland (winter 2023/2024), where an SLDR (Metek
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Figure 21. Profile of the polarizability ratio & on 2 January 2017 at

13:31 UTC in Limassol, as obtained from the RHI scan of SLDR

presented in Fig. 20.

S/N MBRS) and a hybrid-mode radar (Metek S/N MBR7)
will operate co-located next to each other.

The 45°-slanted linear depolarization (SLDR) mode was
specifically chosen for the purpose of minimizing the influ-
ence of fluctuations in the particle orientation during sed-
imentation, called “the wobbling effect” (Matrosov et al.,
2001), while providing well suited and relatively easy ob-
servable input parameters for the shape retrieval. The VDPS
approach represents a new, versatile way to study microphys-
ical processes by combining a spheroidal scattering model
(Myagkov et al., 2016b) applied only to SLDR. In this paper,
the VDPS method was introduced and validated by means
of case studies collected in the frame of the CyCARE field
campaign (Limassol, Cyprus), for three representative shape
classes — oblate, isometric, and prolate particles — which are
characterized by polarizability ratios of £ < 1, £ ~ 1, and
& > 1, respectively. A fourth case study demonstrated the
potential of the VDPS method for tracking of the evolution
of the ice crystal shape between the top and base of a deep
cloud system. Before application of the VDPS method to the
case studies, the algorithm was tested and calibrated with
success based on observational datasets from two field cam-
paigns, CyCARE in Limassol, Cyprus, and DACAPO-PESO
in Punta Arenas, Chile (Radenz et al., 2021), which sums up
to 3years of SLDR measurements at two different places.
It is important to highlight that we could not validate the
method using in situ observations throughout the two cam-
paigns. It is nevertheless the goal of the authors of this study
to aim at deployments of the SLDR-mode scanning cloud
radar in campaigns where in situ observations are available.

The vertical distribution of the polarizability ratio & is
valuable because it informs about the transformation of ap-
parent particle shape or density in an investigated cloud from

https://doi.org/10.5194/amt-17-999-2024

top to bottom, which shows that microphysical processes are
occurring. Based on the information about the vertical distri-
bution of particle shape in a cloud, the VDPS method pro-
vides valuable constraints for microphysical fingerprinting
studies (Sect. 4.4). The height-resolved view of the verti-
cal distribution and evolution of particle shape in a cloud is
helpful for studying and characterizing mixed-phase cloud
processes in the onset phase of precipitation. While isomet-
ric, columnar, and oblate particle shapes can well be dis-
tinguished with the VDPS method, discrimination between
graupel (formed by riming) and aggregates (formed by ag-
gregation) remains a challenge and is currently not possible
solely with the VDPS method. Nevertheless, both processes
can potentially be inferred based on the vertical evolution of
& between cloud top and cloud base. In the future, we there-
fore plan to associate the VDPS method with Doppler spec-
tral methods in order to detect supercooled liquid droplets
in mixed-phase clouds and to estimate the fall velocity of
particles, which provide relevant constraints for the discrim-
ination between riming and aggregation processes. Indeed,
riming processes require the presence of supercooled liquid
droplets and the graupel particles fall faster than aggregates
because of their higher density (Kneifel et al., 2016; Vogl
etal., 2022).

Besides the aforementioned strengths of the VDPS
method, there are also certain limitations, which can even-
tually be overcome in future development steps. The first
one corresponds to the radar antenna quality, as it determines
the calibration of SLDR. The polarimetric parameter SLDR
is intrinsically dependent on the calibration of the antenna
and the differential phase of the transceiver unit. Care must
be taken to ensure a good calibration of the radar system.
A good co-cross-channel isolation should be aspired to in
order to obtain the highest accuracy of the retrieval, espe-
cially for values of & that are close to 1. In addition, tur-
bulence, horizontal wind, and radar beam width, especially
at large off-zenith-pointing angles, can lead to a broaden-
ing of the Doppler spectra, which has the potential to im-
pact the spectral peak values in both channels (Kollias et al.,
2011). Spectral broadening becomes noteworthy when par-
ticles with distinct polarimetric signatures are blended into
a single spectral line, and it becomes particularly relevant
when substantial turbulence is present (typically on the order
of several meters per second). However, the spectral broad-
ening would not considerably change observed polarimetric
signatures in the case of pristine ice crystals at the cloud top,
or when only one type of hydrometeor is present in a cloud
volume. Finally, in our study we assume Rayleigh scatter-
ing and describe particle shapes according to the aspect ratio
and the permittivity. In reality, ice crystal shapes are more
complex and need a more sophisticated scattering method to
accurately capture scattering of particles with axis lengths
exceeding the range of the Rayleigh scattering regime. This
holds definitely true for absolute quantities such as reflec-
tivity at wavelengths shorter than C-band (Lu et al., 2016).
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However, a recent study by Matrosov (2021) demonstrates
that the influence of non-Rayleigh scattering is weak for
polarimetric variables such as LDR. As a likely reason for
this behavior, Matrosov (2021) hypothesizes that polarimet-
ric variables are differential (rather than absolute) quantities
representing differences/ratios of radar parameters at two or-
thogonal polarizations. T-Matrix or DDA methods provide
many more degrees of freedom concerning the microphysics
of the scattering hydrometeors. If these are applied to realis-
tic hydrometeor populations, a model-based validation of the
hypothesis of Matrosov (2021) will be feasible.

In its current development state, the VDPS method is also
only capable of investigating the shape of the hydrometeor
population that determines the main peak of the co-channel
Doppler spectrum, as characterized by the highest peak of
each Doppler spectrum obtained during an RHI scan at any
given height level. However, a new approach taking into ac-
count the comparison between main peaks detected in the co-
and cross-channels can give more information about the ice
crystal populations in a volume: if the main peaks are similar
in the co- and cross-channels, it means that the main hydrom-
eteor population depolarizes the most. On the other hand,
the presence of different main peaks in the co- and cross-
polarized Doppler spectra would imply the presence of a
second hydrometeor population which depolarizes strongly,
while still a non-polarizing hydrometeor population domi-
nates the co-channel signal.

The technique can currently thus not be used for evaluat-
ing the RHI scans for coexistence of several particle popula-
tions, as they might be superimposed by means of their dif-
ferential fall velocities collected in a Doppler spectrum. Such
peak separation techniques have already been developed for
vertically pointing cloud radar measurements (Kalesse et al.,
2019; Radenz et al., 2019) and can potentially be adapted for
scanning cloud radars in the near future.

Overall, the VDPS technique has the potential to become a
standard procedure in the analysis of long-term observations
from scanning SLDR cloud radar systems. Given the broad
availability of scanning LDR-mode cloud radars in Europe,
the VDPS method provides good reasoning to update these
to SLDR mode with low effort and investment.
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