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Abstract. Riming of ice crystals by supercooled water droplets is an efficient ice growth process, but its basic properties are
still poorly known. While it has been shown to contribute significantly to surface precipitation at mid-latitudes, little is known
about its occurrence at high latitudes. In Antarctica, two competing effects can influence the occurrence of riming: the scarcity
of supercooled liquid water clouds due to the extremely low tropospheric temperatures and the low aerosol concentration,
which may lead to the formation of fewer and larger supercooled drops potentially resulting in an enhanced riming efficiency.

In this work, by exploiting the deployment of an unprecedented number of multi-wavelength remote sensing systems (includ-
ing triple-frequency radar measurements) in West Antarctica, during the Atmospheric Radiation Measurements West Antarctic
Radiation Experiment (AWARE) field campaign, we evaluate the riming incidence at McMurdo station and find that riming
occurs at much lower temperatures compared to previous results in the mid-latitudes. This suggests the possibility of oc-
currence of a common atmospheric state over Antarctica that includes a rather stable atmosphere inhibiting turbulent
mixing, and a high riming efficiency driven by large cloud droplets.

We then focus on a peculiar case study featuring a persistent layer with a particularly pronounced riming signature in
triple-frequency radar data but only a relatively modest amount of supercooled liquid water. In-depth analysis of the radar
observations suggests that such signatures can only be explained by the combined effects of moderately rimed aggregates or
similarly shaped florid polycrystals and a narrow particle size distribution (PSD). Simulations of this case study performed with
a 1D bin model indicate that similar triple frequency radar observations can be reproduced when narrow PSDs are simulated.
Such narrow PSDs can in turn be explained by two key factors: (i) the presence of a shallow homogeneous droplet or humidified
aerosol freezing layer aloft seeding an underlying supercooled liquid layer, and (ii) the absence of turbulent mixing throughout a
stable polar atmosphere that sustains narrow PSDs, as hydrometeors grow from the nucleation region aloft to several millimeter

ice particles, by vapor deposition and then riming.
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1 Introduction

Besides deposition and aggregation, riming is an efficient ice growth process. It contributes significantly to surface precipitation
at mid-latitudes (Grazioli et al., 2015; Moisseev et al., 2017) and is pivotal for improving our understanding of the role of
ice phase in the water budget. However, basic properties of riming such as its efficiency or its importance in precipitation
formation are still largely unknown since it involves the collection of poorly characterized supercooled water droplets by
complex ice particles. It is widely accepted, however, that at the beginning of a riming process, the mass of a rimed ice particle
increases while its maximum dimension remains constant or only slightly increases (e.g., Heymsfield, 1982; Seifert et al.,
2019); hence, the density and fall speed of rimed ice hydrometeors tend to be enhanced. Riming occurrence is strongly linked
with temperature since the probability of finding supercooled liquid water decreases with temperature. By exploiting a multi-
year dataset of cloud radar observations at four European sites in various environment, Kneifel and Moisseev (2020) showed
that riming is rare below -12°C and more frequent closer to 0°C.

In the Arctic, supercooled liquid water clouds are frequent (e.g., Shupe et al., 2008; Cesana et al., 2012; Morrison et al., 2012;
Mioche et al., 2015) and rimed precipitating particles are commonly observed (Mioche et al., 2017; Fitch and Garrett, 2022). In
Antarctica however, liquid water clouds are less frequent, in particular during winter months due to lower temperatures (e.g.,
Matus and L’Ecuyer, 2017; Lubin et al., 2020). Nevertheless, the typical low aerosol concentrations in this region can lead
to the formation and persistence of supercooled drizzle drops (Silber et al., 2019a), which might facilitate the occurrence of
riming due to the enhanced riming efficiency of drizzle drops (Lohmann, 2004). Therefore, a thorough investigation of riming
in Antarctic clouds is timely.

Field measurements in Antarctica are historically sparse due to logistical challenges. Space-borne instruments such as the
Cloud Profiling Radar (CPR) onboard CloudSat (Stephens et al., 2008) can cover extended and remote areas but have inherent
limitations to measure weak ice precipitation fluxes (e.g., Silber et al., 2021), or any ice precipitation fluxes near the ground
due to the so-called “blind-zone” (Maahn et al., 2014). Only recently, riming has been shown to be a recurring process at an
Antarctic site based on ground-based optical probe observations at the Dumont d’Urville Station (Grazioli et al., 2017a), with
most of the detected large ice hydrometeors being at least partially rimed. However, in order to detect an active riming process,
suitable measurement are needed across the vertical column, which can be achieved via ground-based multi-frequency radars,
for example.

By analysing scattering models of snow aggregates and graupel, Kneifel et al. (2011) suggested that triple-frequency radar
measurements could be exploited to differentiate between rimed and unrimed ice particles. This differentiation has been later
verified by comparing triple-frequency radar signatures with bulk snow density derived from collocated ground-based obser-
vations (Kneifel et al., 2015). While the radar Doppler velocity is the simplest and most obvious parameter for retrieving the
degree of riming or an equivalent parameter (e.g. density factor or rime mass fraction) of ice particles (e.g., Mosimann, 1995;
Mason et al., 2018; Kneifel and Moisseev, 2020), triple frequency radar observations can also provide critical information on
the internal structure of snowflakes (Mason et al., 2019), and hence, on the growth processes involved. For example, by exploit-

ing triple-frequency Doppler spectra, Kneifel et al. (2016) combined triple-frequency and Doppler velocity information and
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con rmed that rimed and unrimed aggregates produce distinct scattering signatures. Further development of multi-frequency
radar retrievals demonstrated that the combination of three radar frequencies enables the derivation of snow aggregate prope
ties with various degree of riming (e.g., Mason et al., 2018). Quantitative agreement was found with the measurements from
collocated ground-based (Moisseev et al., 2017; von Lerber et al., 2017) or airborne (Leinonen et al., 2018; Tridon et al., 2019)
in-situ probes.

In the framework of the Atmospheric Radiation Measurement (ARM) West Antarctic Radiation Experiment (AWARE,
Lubin et al., 2020), the U.S. Department of Energy (DOE) deployed the second ARM Mobile Facility (AMF2) at McMurdo
Station from 1 December 2015 to 31 December 2016, resulting in an unprecedented suite of remote sensing instruments in
Antarctica, including the Ka-band ARM Zenith Radar (KAZR), the Marine W-band ARM Cloud Radar (MWACR) and the
scanning dual-wavelength ARM cloud radar system (X/KaSACR). Although the MWCAR stopped transmitting after about
three months, these instruments provided triple-wavelength radar pro les for the rst time in Antarctica (in Sect. 2). In this
work these data have been exploited to evaluate the probability of nding triple-frequency signatures of riming in clouds over
McMurdo Station and have been compared with climatologies collected at other triple-frequency radar sites at mid-latitudes
and in the Arctic (Sect. 3). A case study with strong triple-frequency signatures is further analysed in Sect. 4 via a detailed
retrieval of ice microphysics, and bin model simulations performed to investigate its salient features. Conclusions are drawn in
Sect. 5.

2 Radar observations during AWARE
2.1 The AWARE eld campaign

The AWARE eld campaign aimed to acquire critical atmospheric data to fundamentally understand atmospheric
forcing on West Antarctica, and to foster related improvements to climate model performance (Lubin et al., 2020). It
hinged upon the deployment of the AMF2 to McMurdo Station on Ross Island (77°587°%, 166°4806°€, 76 m above
mean sea level; see Fig. 2a) with the goal of sampling an annual cycle in atmospheric structure and thermodynamics,
surface radiation budget and cloud properties. The AMF2 includes cloud research radars, lidars, multiple broadband
and spectral radiometers, an aerosol observation suite, and thorough meteorological sampling instruments ranging
from surface turbulent ux equipment to radiosondes. The present study is focused on the processing and interpretation
of radar data.

The lack of orographic features in the Southern Ocean surrounding Antarctica supports the midlatitude westerlies,
generally isolating the Antarctic region from moisture and aerosol sources (Lubin et al., 2020). Nevertheless, synoptic-
scale low-pressure systems over the Ross Sea periodically inject marine air poleward over West Antarctica (Nicolas and
Bromwich, 2011), and act as the main source of heat and moisture to the Ross Island region, impacting meteorological
conditions at McMurdo (Silber et al., 2019b; Scott and Lubin, 2014). As such, the observations made during ANARE
might be representative of various Antartic coastal regions. On the contrary, the steep coastal slopes and high terrain
of the East Antarctic Ice Sheet present a barrier to the penetration of marine air masses, where large-scale subsidence
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and low temperatures limit precipitable water vapor amounts resulting in lower cloud occurrences than is typical of
maritime regions (Silber et al., 2018a).

During AWARE, temperatures and cloud fractions were comparable to long-term measurements reported by Mon-
aghan et al. (2005) at McMurdo. Statistics during AWARE have been described in details in Silber et al. (2018a). The
monthly mean temperatures between 0 and &m varied from -30°C in winter to -15°C in summer. The annual mean
cloud fractions was 67%, signi cantly higher than at the South Pole Station. More details about the environmental
characteristics at McMurdo during AWARE can be found in Silber et al. (2018a), Zhang et al. (2019) and Lubin et al.
(2020).

2.2 Radar data processing

In this study, we exploit the data collected by KAZR, MAWCR, radiosonde and XSACR data (Atmospheric Radiation Mea-
surement (ARM) user facility, 2014, 2015a, b, c, respectively). While the KAZR and MWACR are zenith-pointing radars, the
X/KaSACR loops through a sequence of various scanning modes in order to sample the three-dimensional geometry of clouds
(Kollias et al., 2014), including a zenith-pointing period of aboutiiB every 2hours. Triple-frequency radar observations are
therefore available only during these zenith-pointing operation petiodsis study, KAZR data was prefered to KaSACR

data because of its better sensitivityAt the beginning of the eld campaign, the radar beams alignment has been maximized

for an optimal volume matching. Since the temporal and range resolution of the radars slightly differ, their data have been rst
regridded to a common 8by 30m time—height grid.

Following standard ARM procedures, absolute calibrations of the scanning radar systems have been performed on site with
a corner re ector and the calibration of the KaSACR has been transferred to the KAZR via a statistical comparison of the
re ectivities measured in the vertical (Kollias et al., 2016, 2020). Without the possibility to use natural volume targets, such as
rainfall, for checking the radar calibration (e.g. involving a co-located disdrometer as in Dias Neto et al., 2019), the calibration
cannot be considered to be more accurate thardB and absolute re ectivities are mainly used qualitatively in the current
study. The KAZR calibration provided in the ARM Archive was deemed appropriate despite the results from Kollias et al.
(2019), based on a systematic comparison with nearby measurements from Cloudsat, suggesting a rather large miscalibratio
of the KAZR during AWARE. Indeed, such an automatic method is challenging in an area with complex topography like
McMurdo and, for the AWARE campaign, it suggests an erratic KAZR calibration instability with an offset ranging between
3.5 and 7.7 dB. Furthermore, thanks to coincidental observations during the case study presented in Sect. 4, comparisons o
KAZR and Cloudsat re ectivities suggest the ARM calibration to be appropriate.

Before deriving the dual-wavelength ratios (DWRSs), the relative calibration between the different radars is performed. Firstly,
the two-way attenuation pro le due to atmospheric gases is derived from the measurements of the closest radio soundings anc
the absorption model of Rosenkranz (1998). Secondly, the remaining offsets due to supercooled liquid, snow, and radome
attenuation as well as possible absolute calibration differences are derived by matching the measured re ectivity near cloud
tops, where only small hydrometeors are present and non-Rayleigh scattering is negligible (Tridon et al., 2020). While the
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Table 1. List of AWARE cases with triple frequency radar observatiand corresponding mean environmental variables. Temperature
and wind are averages over the 0 to Km AGL layer obtained from radiosondes measurements. Relative humidity is measured with

an ARM surface meteorological station.

Start time End time Duration with 3-frequency  Cloudtop  Temperature RH Wind
[UTC] [UTC] [min] [kmAGL ] [°C] [%] [ms Y
31/12/201517:00 01/01/2016 21:00 46 3.5 -22.2 79 5.7
02/01/2016 10:00 05/01/2016 09:00 351 6 -21.0 80 9.8
09/01/2016 23:00 11/01/2016 15:00 117 8 -17.6 83 13.7
16/01/2016 13:00 21/01/2016 07:00 339 7 -15.4 82 8.1
28/01/2016 14:00 01/02/2016 17:00 172 6 -20.2 60 11.9
02/02/2016 18:00 03/02/2016 08:00 86 6 -19.1 59 16.4
08/02/2016 18:00 12/02/2016 09:00 180 5 -23.0 58 6.5

XSACR calibration proposed in the ARM Archive was found to be correct, a considerable offset ofdBL%&s necessary
for the MWACR.

Due to a failed power supply, the MWACR was taken of ine in March 2016 (Lubin et al., 2017) and the triple-frequency
dataset is limited to only about three months. Nevertheless, during this period 7 multi-day snowfall events were recorded during
which the signal to noise ratio of all three radars exceededBLT his results in a total duration of 21 hours of triple frequency

observations (see Table 1), providing insights on how frequent riming might be in Antarctica, at least for the summer season.

3 Triple-frequency signatures during AWARE
3.1 Results from previous data sets

In order to highlight the occurrence of aggregation or riming processes, it is helpful to combine the DWRs of all three frequen-
cies in a single plot showing DWkka as function of DWRa,.w , as proposed by Kneifel et al. (2011). When snow akes
become suf ciently large (with a threshold on the characteristic sizes that depend on the frequency pair; see Fig. A4 in Battaglia
et al., 2020a), their re ectivity depends on the radar frequency and the DWRs depart from zero. In a nutshell, the,DWR

and DWR,:.w increase almost equally in case of aggregates, while the fd¥¥Rremains much lower than DWRw in

case of rimed particles (a maximum DWR, of roughly 3dB was suggested by Kneifel et al., 2015; Dias Neto et al., 2019,

but it can reach slightly larger values when the mean mass diameter is largeriima). Ihe proposed explanation for this
behaviour is that the rimed particles are too small to enhance the,LQ/Rwhile their larger density enhance their refrac-

tive index, and hence, the DWRw (Dias Neto et al., 2019). In case of very large low-density aggregates, thex MR

can actually decrease producing a bending back of the curve (for details, see Kneifel et al., 2015). Mason et al. (2019) have
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shown that the shape of the size distribution and the internal structure of snow akes also have a non-negligible in uence on
the triple-frequency signatures.

The ARM program has pioneered ground-based triple-frequency radar observations (e.g., during the BAECC eld campaign,
Petgja et al., 2016) and similar experimental setups are emerging at other sites such as the TRIple-frequency and Polarimetri
radar experiment (TRIPEX) at the Jilich Observatory for Cloud Evolution, Germany (Dias Neto et al., 2019). The triple-
frequency density occurrence derived from datasets collected at these sites generally include the branches of both aggregate
and rimed particles (Kneifel et al., 2015; Mason et al., 2018, 2019; Dias Neto et al., 2019). This is also true for the AWARE
snowfall event on the 10 of January which was succinctly analysed in Lubin et al. (2020). A peculiarity of the AWARE case
analysed in the current paper (see Sect. 4) is the presence of a rimed particle branch leading to very lage DVdRes
(up to 16dB); DWRka:w barely exceeds 1@B for all other studies cited above and corresponding to data from various sites

located at mid to high latitudes.
3.2 Temperature dependence of DWRs

In order to investigate the conditions at which the aggregation and riming processes occur, another way of showing the triple-
frequency signatures is to plot the pro les of the observed DWRs after they have been strati ed according to air temperature
(Fig. 1a,b), as suggested by Dias Neto et al. (2019) for their TRIPEXx dataset. To this aim, the temperature information has been
interpolated from the closest radio soundings, which were launched every 12 hours during AWARE.

For comparison, the same methodology (Fig. 1¢,d) has also been applied to the triple-frequency dataset of the BAECC
eld campaign (Petéja et al., 2016), during which the ARM program deployed the AMF2 (i.e., the same instruments
as for ANWARE) at the Hyytidla Field Station of the University of Helsinki, Finland (61°50'37.114"N, 24°17'15.709"E,
150m above mean sea level) from 1 February to 12 September 2014. During the winter season, 20 snowfall events were
recorded, resulting in 35hours of triple frequency radar data. Most of the snowfall was associated to deep frontal
systems bringing moist air from the Baltic Sea. The most important case studies have already been thoroughly analysed
in previous papers (e.g., Kneifel et al., 2015; Kalesse et al., 2016; von Lerber et al., 2017; Moisseev et al., 2017; Mason
et al., 2018, 2019; Tridon et al., 2020). Interestingly, the BAECC DWR density plots are practically identical to those
from TRIPEX (Fig. 9 in Dias Neto et al., 2019), both sites representing well the northern hemisphere mid-latitudes.

Despite appearing a bit noisier due to the slightly reduced size of the dataset (i.e. 21 vs. B&urs ), the AWARE
density plots (Fig. 1) show interesting similarities in comparison with those from BAECC (and, equivalently, TRIPEX), but
also some striking differences. On the similarities side, the medians of both DWRs (black lines) reach nearly the same maxima
around 0°C (6 and @B for DWRka..w and DWRk.ka , respectively). Furthermore, the rate of increase of the RWR with
temperature is similar: it remains small at low temperatures and increases faster for temperatures greater than -15°C, whict
can be explained by a rapid growth of aggregates favored by the dendritic growth around -15°C. On the disparities side, the
AWARE DWRka:w increases at a lower temperature (around -25°C) compared to the mid-latitud@stteshe median
and the width of the distribution of DWR ka.w increase signi cantly more for ANWARE than for BAECC. Speci cally
between -25°C and -15°C, the median and width increase by 2.6 and 28 for AWARE, while they only increase by
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Figure 1. Density plots of DWRa w (a,c) and DWR «a (b,d) as function of temperature for AWARE (a,b) and BAECC (c,d) datasets.
The dashed lines indicate the"LGand 99" percentiles.

1.2 and 1.8dB for BAECC. This is a very peculiar feature which was never observed in the previous yet longer eld
campaigns during which triple-frequency radar measurements were collected. Furthermore, there is a secondary but
striking branch of DWR ka.w reaching extreme values of 151B , much higher than the common maximum of 12dB .
Even if it only represents 6% of the AWARE triple frequency dataset, this corresponds to 75min . It was observed
during two different cases: the 29 to 4" January 2016 case, which will be partly discussed in Sect. 4, and th& %o
10" January 2016 case, which has already been described in Lubin et al. (2020)

If Ka and W-band were the only radar pair available, it could be argued that an enhancement of aggregation due
to local dynamic effects could be the most probable process leading to the increase of DWRy at low temperature.
However, the corresponding DWR.xa remains close to 0dB , which can only be explained by the presence of rimed

particles at lower temperatures during AWARE. While we cannot exclude a potential in uence from vertical winds



185

190

195

200

205

210

induced by the complex topography around McMurdo station, these differences from previous studies can more likely
be explained by the low concentration of aerosol in Antarctica, compared to the northern hemisphere: a low cloud
condensation nuclei concentration could lead to fewer but larger supercooled droplets (for a given cloud water content),
and therefore, more ef cient riming (Lohmann, 2004). Indeed, even with a fewer number of droplets, the riming process
can be favored in a clean environment because the collision ef ciency between an ice crystal and a liquid droplet strongly
increases when going from small cloud droplets to slightly larger drizzle (Pruppacher and Klett, 1996; Wang and Ji,
2000). In the rest of the paper, the occurrence of riming at low temperatures will be further assessed by focusing on the
2" to 4" January 2016 case, which features the strongest DWRw of the AWARE dataset

4 Extreme triple-frequency signatures of the & January 2016
4.1 General description of the case study

Between the ¥ and 4" January 2016, the weather conditions were typical of the frequent strong katabatic wind events
recorded at McMurdo Station (Chenoli et al., 2013; Coggins et al., 2014; Monaghan et al., 2005; Weber et al., 2016). The
Ross sea semi-permanent cyclonic circulation (Carrasco and Bromwich, 1994; Monaghan et al., 2005; Simmonds et al., 2003)
deepened and moved to the South, bringing moist air over the Ross Ice Shelf (see Fig. 2a). MODIS cloud phase retrieval
(see Fig. 3) indicates that clouds formed over the ice shelf, including extended clouds with supercooled liquid at their top. The
evolution of cloud features in the subsequent panels of Fig. 3 demonstrates the cyclonic (clockwise) circulation centered around
the North of the Ross ice shelf, which led to deeper ice-topped clouds along the Transantarctic Mountains to the West of the
Ross ice shelf (see Fig. 2c,d). Cloud initiation mechanisms included lifting of air due to the relief barrier and convergence of
cyclone winds with katabatic winds descending from the Antarctic Plateau. Betweel taed4" of January, this resulted in
strong Southerly winds (e.g. winds up to s * were recorded at 1.Km ASL by the radiosonde launched from the AMF2
at McMurdo on the # of January at 11®JTC as shown in Fig. 2b) associated with long lasting clouds deepening on the
windward side of Ross Island.

On the 4" January 2016, Cloudsat made two overpasses exceptionally close to McMurdo Station (as close as 4fand 23
at 5:16 and 11:4UTC, respectively). Cloudsat re ectivity transects (Figs. 2¢c and d) con rm the presence of extended and
complex cloud elds over the whole Ross Ice Shelf, and particularly deep clouds near McMurdo with cloud tops reaching
nearly 6km ASL and re ectivity as large as 1dBZ. Furthermore, co-located CALIPSO observations indicate that most of
these clouds were mixed-phase clouds with a supercooled liquid layer at their tops at temperatures as low as -35°C (magent:
lines in Figs. 2c and d).

4.2 Observations at McMurdo

Over McMurdo, a persistent thick cloud layer was continuously observed betweeffta@@ 3" January 2016. While the
ARM lidars were not able to penetrate through the full extent of the clouds and sample their top, the associated liquid cloud



Figure 2. (a) Overview of the geographical features around McMurdo created with the Antartic Mapping Tools for Matlab (Greene et al.,
2017). (b)Pro les of atmospheridemperature (continuous line) and dew poitémperature (dashed line) measured by the 10124C

sounding from the AMF2 on the™ of January. Time-height cross sections of the re ectivity measured during the ascending (c) and
descending (d) Cloudsat overpasses closest to McMurdo for the same day, indicated by the blue and red dashed lines in (a) (the colorec
circles in (a) and along the x-axis of (c) (d) are spaced bg 8@esteps along the satellite path (equivalent to 2§ and allow to better

visualize the position of the cloud system). The vertical black dotted lines in (c) and (d) show the time of the closest approach for each

overpass, and magenta lines indicate supercooled liquid water clouds as detected by CALIPSO.



Figure 3. Time evolution of cloud top phase (ice, liquid or undetermined in blue, red and green, respectively) retrieved by subsequent MODIS
overpasses on thd'4of January at (a) 3:35, (b) 5:15, (c) 8:30 and (d) 1008 within the geographical area shown in Fig. 2a. The magenta
lines correspond to the satellite ground track for each overpass.
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base height products (Silber et al., 2018b, c¢) suggest that supercooled liquid layers were almost always present at various
215 heights within the clouds, from 0.5 token AGL for the whole three days (not shown).

4.2.1 Unusual dual-wavelengths ratios and intense riming

Of particular interest on the' of January is the period between 07 and URC which is associated with a persistent

supercooled liquid layer aroundkbn AGL and characterised by clouds with the largest re ectivities (Fig. 4a). After applying

the climatological relative calibrations determined for the whole AWARE eld campaign (see Sect. 2.2), effectivg, QWR
220 and DWRc,w are derived (Fig. 4b and 4c, respectively).

Microwave radiometer measurements were not available at McMurdo before thef2®anuary 2016. Before that date,
liquid water path can still be roughly estimated thanks to multi-frequency radar observations (Tridon et al., 2020): using the
Rayleigh plateau technique, Rayleigh re ectivity regions at cloud top can be identi ed (grey-shaded zones in Fig. 4c¢) and
used to derive the two-way differential path-integrated attenuatidPlA, black thick line at the top of Fig. 4c associated

225 with its own scale on the right axis B). While in general, PIA can be due to thick layers of supercooled liquid droplets
or dense snow, the ice crystals in this case study are not expected to produce any signi cant atten®aficzan then be
used to roughly estimate the supercooled liquid water path within this cloud (Tridon et al., 2020). BefodIZ.(dnd after
14:00UTC, PIAis very close to @B suggesting that ice water path (IWP) and liquid water path (LWP) are small and do not
produce any detectable differential attenuation. During the period with largest<WR(between 10:00 and 12:00TC),

230 PIA reaches 0.28IB. Assuming that only the supercooled liquid water contributes to tR¢A, the corresponding LWP
should be of the order of 109 m 2, according to recentefractive index models (Tridon et al., 2020). Note thaPIA
becomes slightly negative (-0.28) between 9:30 and 10:30TC . This may be linked to the light snow shower reaching the
ground around 9:00TC, and be explained by snow accumulating preferentially on the KAZR large at radome. If this effect
persists over the following hours, the trué’IA between 10:00 and 12TC could be at most 0.8B, corresponding to a LWP

235 of the order of 20@ m 2.

In the upper part of the cloud (4 tolkdn AGL ) where the temperature is between -25 and -40°C, the re ectivity and DWRs
remain low. As aggregation in this temperature regime can be expected to be relatively weak, we expect plate-like particles and
possibly polycrystals to dominate. Closer to the supercooled liquid layer, thex@WRs found only slightly enhanced (up to
5dB, Fig. 4b) while the DWR,w reaches the rather extreme value ofdB (Fig. 4c), i.e. the largest values in the AWARE

240 eld campaign data depicted in Fig. 1a. At temperatures lower than -15°C, aggregation is still expected to be limited and it
is unlikely to be the process which leads to very large DMAR since DWR.xa would be also more strongly enhanced if
the 15dB were due to large aggregates. Conversely, such DWR combination strongly suggests an intense riming event, but
this assumption cannot be readily corroborated by Doppler velocity because the entire period is affected by signi cant vertical

motions.

11



Figure 4. Time height cross section of the (a) KAZR re ectivity, (b) DWR. , () DWR«aw . The horizontal black lines indicate the -15

and -30°C levels while the vertical dashed lines delimit the period of large RWR used to produce the density plots in Fig. 7, 8 and 9.

The black dots in (a) show the liquid water as detected by the ARM high spectral resolution lidar (HSRL) cloud base height product (Silber
et al., 2018b); see also the inset in Fig. 13a). The thick black curve in the upper part of (c) is the ZPiajn dB (scale along the right

axis) derived from Rayleigh scattering hydrometeors at cloud top (grey-shaded zones) following Tridon et al. (2020).
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4.2.2 Updrafts and mean fall velocity

The KAZR Doppler velocityVX? (positive when downward in our convention), is the result of the vertical air motion and

the ice particle fall speed. For many instances of the case study, it features periods with negative values (Fig. 5a), i.e. updrafts
These updrafts are even more evident when exploiting KAZR Doppler spectra: the Doppler velocity of the slow edge of the
spectraVDK;g,OWedge (i.e., the vertical velocity of the smallest hydrometeors detected in the sampling volume) is practically
always negative (i.e. upward), and in some regions by almoss 2! (Fig. 5b).

During the period analysed, turbulence broadening is generally low(see Fig. 6a; further discussed in the following
section). In such a case, subtracting the slow edge Doppler velocity from the Doppler v&{8ity V2, c5e gives a
reasonable estimate othe re ectivity weighted mean fall velocity, or in other words, the Doppler velocity corrected from
vertical air motion (Fig. 5¢c)Such estimate is however a lower limibecause the smallest hydrometeors detected by the radar
may not have a negligible fall speed, an issue which will be exacerbated in regions of low radar sensitivity. In such instances, the
actual updraft and, consequently, the derived mean fall velocity would both be underestiietedheless, such correction
must be taken with caution because, in case of a high level of turbulence, it would lead to a large overestimatiofthe
updraft and of the mean fall velocity.

Fig. 5a and b\{X® andV,

B8lowedge ) Clearly show verticabands that alternate between variable saturation of blue/red

colors typically due to alternating updrafts and downdrafts. After subtracting the slow edge Doppler velocity from the
Doppler velocity VX2 vgfglowedge (Fig. 5¢), there is no more abrupt change in time and the fall velocity gets larger
towards the ground as expected for ice particles growing via deposition, riming or aggregation while they fall through a
cloud. This suggests that the contribution of vertical air motions to the Doppler velocityhas been correctly eliminatdxy
exploiting the the slow edge of Doppler spectra

The fall velocity of unrimed aggregates is known to be capped at around %, independent of their size because the
increase of mass via aggregation is compensated by the enhanced drag due to the larger cross sectional area (Zawadzki et &
2001; Kneifel and Moisseev, 2020). With values often reachingris4! between 1.8 and Bm AGL (Fig. 5¢), the resulting

mean fall velocity supports the presence of at least slightly rimed ice particles.
4.2.3 Limited turbulence and unusual spectral width signatures

Less directly, the spectral widthp can be used to infer some information on ice properties as well (Maahn and Léhnert,
2017). The challenge is to separate the broadening due to the spread of hydrometeor fall velocities from the broadening due
to air motion. For a vertically pointing cloud radar, the air motion broadening is mainly due to turbulence, wind shear and
cross wind within the scattering volume (Borque et al., 2016). During this case study, the spectrum width observed by the
KAZR (Fig. 6a) is mostly limited to rather small values compatible with the narrow spread of ice crystals fall velocity while
only few layers with larger values are probably associated to gravity w8mse the sampling volumes of KAZR and

MWACR are very similar (due to the same range resolution and similar beam widths, i.e. 0.33 and 0.36°, respectively),

air motion broadening should be identical for both radars. Any difference must be related to differential non-Rayleigh
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Figure 5. Time height cross section of the (a) KAZR Doppler veloait§f® , (b) Doppler velocity of KAZR spectra slow edg@fgowedge ,
(c) difference between KAZR Doppler velocity and Doppler spectra slow ¥gdde vD'Sg.owedge . The horizontal black lines indicate the

-15 and -30°C levels while the vertical dashed lines delimit the period of large RWR used to produce the density plots in Fig. 7, 8 and
9.
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Figure 6. Time height cross section of the (a) KAZR spectral widffi , (b) MWACR spectral width Y and (c) differential spectral width
between KAZR and MWCAR §*" . The horizontal black lines indicate the -15 and -30°C levels while the vertical dashed lines delimit

the period of large DWRka.w used to produce the density plots in Fig. 7, 8 and 9.
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