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Abstract Low-level mixed-phase clouds (MPCs) occur extensively in the Arctic, and are known to

play a key role for the energy budget. While their characteristic structure is nowadays well understood, the
significance of different precipitation-formation processes, such as aggregation and riming, is still unclear.
Using a 3-year data set of vertically pointing W-band cloud radar and K-band Micro Rain Radar (MRR)
observations from Ny—Alesund, Svalbard, we statistically assess the relevance of aggregation in Arctic low-level
MPCs. Combining radar observations with thermodynamic profiling, we find that larger snowflakes (mass
median diameter larger than 1 mm) are predominantly produced in low-level MPCs whose mixed-phase layer
is at temperatures between —15 and —10°C. This coincides with the temperature regime known for favoring
aggregation due to growth and subsequent mechanical entanglement of dendritic crystals. Doppler velocity
information confirms that these signatures are likely due to enhanced ice particle growth by aggregation.
Signatures indicative of enhanced aggregation are however not distributed uniformly across the cloud deck,

and only observed in limited regions, suggesting a link with dynamical effects. Low Doppler velocity values
further indicate that significant riming of large particles is unlikely at temperatures colder than —5°C.
Surprisingly, we find no evidence of enhanced aggregation at temperatures warmer than —5°C, as is typically
observed in deeper cloud systems. Possible reasons are discussed, likely connected to the ice habits that form at
temperatures warmer than —10°C, increased riming, and lack of particle populations characterized by broader
size distributions precipitating from higher altitudes.

Plain Language Summary Low-level mixed-phase clouds (MPCs), that is, shallow clouds
containing both liquid droplets and ice crystals, form frequently in the Arctic region. Their characteristic
structure—consisting of one or multiple liquid layers at sub-zero temperatures, from which ice crystals form
and precipitate—is nowadays well understood. However, the processes that lead to the growth of ice crystals
into snow have been overlooked. Using a 3-year data set of radar observations from Ny-;\lesund, in Svalbard,
Norway, we are able to identify situations when the ice particle growth is dominated by aggregation of several
individual crystals. Combining radar observations with temperature information, we find that larger snowflakes
are only produced in MPCs if their liquid portion is at temperatures between —15 and —10°C. This coincides
with the temperature regime known for favoring aggregation due to growth and subsequent entanglement of
branched crystals. Surprisingly, we find no evidence of enhanced ice aggregation at temperatures warmer than
—5°C, as is typically observed in deeper cloud systems. Possible reasons are discussed, likely connected to the
ice crystal shapes that develop at temperatures warmer than —10°C, increased liquid droplet production, and
lack of particles precipitating from higher altitudes.

1. Introduction

Low-level mixed-phase clouds (MPCs) are ubiquitous in the Arctic. They have been shown to occur widely and
frequently (e.g., Mioche et al., 2015; Morrison et al., 2012) and to persist typically for several hours (de Boer
et al., 2009; Shupe, 2011), with some recorded cases lasting up to several days (e.g., Zuidema et al., 2005). They
are further known to introduce, on average, a strong positive surface radiative forcing (Shupe & Intrieri, 2004;
Serreze & Barry, 2011; Matus & L’Ecuyer, 2017; Tan & Storelvmo, 2019). Arctic low-level MPCs display a char-
acteristic structure with one or multiple shallow liquid layers close to cloud top, from which ice particles form and
precipitate (Shupe et al., 2006). Their persistence is due to a complex interplay of several processes (Morrison
et al., 2012), and they have been found to occur under a variety of conditions, including both stable and unstable

CHELLINI ET AL.

1 of 23


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7303-0468
https://orcid.org/0000-0002-3879-3099
https://orcid.org/0000-0003-2220-2968
https://doi.org/10.1029/2022JD036860
https://doi.org/10.1029/2022JD036860

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036860

stratification, and under a wide spectrum of aerosol concentrations (Gierens et al., 2020; Jackson et al., 2012;
Kalesse, de Boer, et al., 2016; Sotiropoulou et al., 2014; Young et al., 2016). Intense cloud-top radiative cooling
caused by the supercooled liquid close to cloud top drives buoyant production of turbulence in the cloud layer,
which, in turn, drives condensation and maintains the liquid layer (Shupe et al., 2008; Solomon et al., 2011).

Precipitation has been shown to strongly influence many properties of Arctic low-level MPCs. Precipitation,
especially when deposited to the surface, withdraws moisture and ice nuclei from the MPC (Morrison et al., 2012;
Solomon et al., 2014, 2015). Lower cloud fractions and faster dissipation have been in fact suggested for Arctic
stratocumuli that develop precipitation (Harrington & Olsson, 2001; Simpfendoerfer et al., 2019). The mode-
ling experiments by Eirund et al. (2019) have shown that ice precipitation induces thinning and break-up of
the organization in Arctic stratocumuli, by generating cold pools at the surface. This effect has been observed
to play a role in the transition from mixed-phase stratocumuli to open-cellular convection in cold-air outbreaks
(Abel et al., 2017). Avramov and Harrington (2010) further suggested, based on a model sensitivity experiment,
that the phase partitioning of Arctic low-level MPCs is strongly sensitive to the assumptions on mass-size, and
size-fall speed relations of ice particles, and thus on the ice habits included in the model. It can then be expected
that in addition to cloud lifetime, phase-partitioning, and organization, precipitation further affects the radiative
characteristics of the MPC (Avramov & Harrington, 2010; Eirund et al., 2019; Harrington & Olsson, 2001;
Proske et al., 2021; Solomon et al., 2015; Tan & Storelvmo, 2019). Tan and Storelvmo (2019) have shown that in
the Community Earth System Model (CESM) larger ice particles in Arctic MPCs lead to a stronger cloud-phase
feedback, that in turn increases the magnitude of Arctic amplification. Gaining process-level understanding of
precipitation formation in Arctic low-level MPCs is thus necessary for an accurate model representation of these
clouds, including their radiative effects in climate models.

The role of individual ice-growth processes, such as aggregation and riming, in the formation of precipitation in
Arctic low-level MPCs is still unclear. In-situ observations of ice particles in Arctic low-level MPCs reported in
the literature vary largely: pristine ice crystals, aggregates, and rimed particles have all been observed (Avramov
et al., 2011; McFarquhar et al., 2007; Mioche et al., 2017; Wendisch et al., 2019). McFarquhar et al. (2007)
reported observing mostly irregular and rimed branched crystals at cloud base, from in-situ aircraft observations
at Utqiagvik, Alaska. At the same site, Avramov et al. (2011) observed dendrites and large aggregates. Mioche
et al. (2017) compiled in-situ observations from several aircraft campaigns above the Greenland and Norwe-
gian seas, reporting large fractions of rimed or irregular ice particles. Fitch and Garrett (2022) reported, based
on long-term ground-based in-situ observations, that, at Oliktok Point, Alaska, 65% of all frozen precipitation
displays some degree of riming, even with observed liquid water path (LWP) of less than 50 g/m?.

Doppler radar observations at multiple wavelengths can constrain the microphysical processes that determine
the formation of precipitation, by providing information on particle fall speed and size. Observations taken at
multiple wavelengths can be combined to derive the mean particle size of the hydrometeor population based on
their differential scattering properties (Battaglia et al., 2020). The dual-wavelength ratio (DWR), that is, the ratio
of equivalent radar reflectivity factors at two separate frequencies, increases when particles grow in size and
transition from the Rayleigh scattering regime into the non-Rayleigh scattering regime (e.g., Hogan et al., 2000;
Liao et al., 2005). When combined with in-cloud temperature and filtering for intense riming using vertical
Doppler velocity information, DWR information has been used to derive the typical temperature regions favoring
aggregation for midlatitude clouds by, for example, Dias Neto et al. (2019) and Barrett et al. (2019). These authors
observed a first noticeable increase in DWR at Ka-band and W-band to occur in the temperature interval from
—15 to —10°C, consistently with early cloud chamber studies (e.g., Kobayashi, 1957). Said temperature region
is part of the often-called dendritic-growth zone (DGZ), where several plate-like particle habits are preferen-
tially growing, including dendrites. The DGZ extends from —20 to —10°C, with enhanced depositional growth
between —18 and —12°C (Takahashi, 2014; Takahashi et al., 1991). The dendrites' large cross-sectional area
and ability to mechanically entangle their branches favor a rapid formation of aggregates (Connolly et al., 2012;
Pruppacher & Klett, 2012, Section 14.7). A second enhanced aggregation zone close to 0°C is often observed as
well, revealed by a further increase in DWR at several frequency combinations (W-band, Ka-band, Ku-band, and
X-band) (Chase et al., 2018; Dias Neto et al., 2019; Tridon et al., 2019). Close to the melting level the presence
of a quasi-liquid layer on the ice particles (Fletcher, 1962; Slater & Michaelides, 2019) is thought to favor intense
aggregation (Fabry & Zawadzki, 1995).
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In this study, we investigate the significance of different ice-growth processes, with a focus on aggregation, for
precipitation formation in low-level MPCs at the high Arctic site of Ny-;\lesund, Svalbard, Norway. We obtain
a 3-year statistics of DWR in Arctic low-level MPCs, by combining radar observations from a W-band cloud
radar and a K-band precipitation radar, and searching the data set for observational fingerprints of ice-growth
processes. We combine radar observations with thermodynamic retrievals from a co-located microwave radi-
ometer, to further constrain the thermodynamic conditions that produce said fingerprints. This publication is
thus structured as follows: essential theoretical aspects of dual-wavelength radar observations are explained in
Section 2, the instruments and further techniques used are described in Section 3, results are shown and discussed
in Section 4, and finally the main conclusions and questions raised by this study are summarized in Section 5.

2. Background: Dual-Wavelength Radar Approach

The equivalent radar reflectivity factor Z, (hereafter called reflectivity) for an ensemble of scatterers in the meas-
urement volume is defined as:

A4 _ &
Z, = EHKW(/U” 2/ N (01.2) 6b1d0p,1, 1)

0

where A is the transmitted signal wavelength, [|K,(4)||> is the dielectric constant of liquid water, o,, is the
wavelength-dependent backscattering cross-section of the individual scatterers, and N(c, ;) its number distribu-
tion across the scatterer population (Fabry, 2018, chs. 2 and 3). Therefore, at a given wavelength, Z, depends on
both size (through 6, ;) and concentration of particles (through N(o, ,)), in addition to habit, phase, and orien-
tation, and does not provide unequivocal information on particle size. Following the definition of Z, values
measured at two wavelengths are equal if scattering from all particles and at both wavelengths can be approxi-
mated by Rayleigh scattering. If the particles increase in size, they first start to deviate from Rayleigh scatter-
ing at the shorter wavelength: this leads to a smaller Z, at the shorter wavelength compared to the longer one,
where more particles are still in the Rayleigh scattering regime (Battaglia et al., 2020). As a result, quantities
combining Z, values at both wavelengths can be related to the characteristic size of the underlying particle size
distribution (PSD; Hogan et al., 2000; Kneifel et al., 2016; Liao et al., 2005; Matrosov et al., 2005; Szyrmer &
Zawadzki, 2014; Tridon & Battaglia, 2015).

The most commonly used variable to quantify differential scattering of the radar beams at two separate wave-
lengths is the dual-wavelength ratio (DWR; sometimes named dual-frequency ratio, DFR), defined as:

Ze,/ll
Ze,/lz

DWR,, ., = , @

where Z, ;, are the equivalent reflectivity factors in linear units and 4, is commonly chosen to be larger than 4,.
With this convention DWR = 0 dB if particles scatter according to the Rayleigh regime at both wavelengths
and if their ||K,(2)||* (Equation 1) are identical or have been corrected for. DWR values increase as particles
transition into non-Rayleigh scattering at the shorter wavelength, then reach a saturation value as non-Rayleigh
scattering is reached at both wavelengths. As a result, the DWR can be used as a proxy for the mean size of the
sampled particle population (Hogan et al., 2000; Kneifel et al., 2016; Liao et al., 2005). The relation between
DWR and particle size is, however, not univocal, and further depends on the particle shape and density (e.g.,
Matrosov et al., 2019) as well as on the PSD shape (Mason et al., 2019). Using the scattering database of Ori
etal. (2021) and dendrite aggregates as well as a simple inverse exponential PSD, we find for example, a DWR,._,,
of 3 (6, 9) dB to correspond to a mass median diameter of 1.5 (2.4, 3.7) mm, respectively. The maximum DWR
value for such modeled dendrite aggregates is 11.4 dB, obtained for a mass median diameter of 8.1 mm, while
the saturation DWR value is 9.4 dB. The full dependency of DWR on mass median diameter for different particle
types is shown in Appendix A.
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Table 1

Selected Technical Specifications of the Three Radar Systems Used in This
Study: Two Cloud Radars, JOYRAD-94 and MiRAC-A, and A Precipitation

Radar, MRR-2

3. Data Sets and Methods
3.1. Measurement Site

The observations analyzed in this study were obtained at the observatory

JOYRAD-94  MiRAC-A  MRR-2 of the Arctic research base AWIPEV in Ny-Alesund, Svalbard. Ny-Alesund
Central frequency 94.0 GHz 940GHz 2423 GHz is located at 79°N, in the regl‘or.l where Arctlclam‘phﬁcatlon is the most
. intense (e.g., Dahlke & Maturilli, 2017). The site is located 13 m above
Time res. 2-3s 2-3s 60 s . . . .
o sea level close to the coast of the Kongsfjorden, a fjord with surrounding
Integration time 05-065s 05-065 60s mountains with altitudes of 500-1,000 m. Similar to other locations in
Range res. 3.2-7.5m 3.2-7.5m 30m the Arctic, the lower troposphere above Ny-Alesund is often stably strati-
Min. range 100 m 100 m 30 m fied. Temperature and humidity inversions have been found in respectively
Max. range 12 km 12 km 960 m 75% and 84% of the daily radiosondes launched between 1993 and 2014
Sensishots a3 (00 —62dBZ _64 dBZ _13dBZ (Maturilli & Kayser, 2017). Mean monthly Va.lues of surface air ten.lperature
o have been observed to range between 5.8°C in July and —12.0°C in March
Sensitivity at 900 m —50dBZ —50 dBZ -6 dBZ e L
(Maturilli et al., 2013) and average yearly precipitation has been measured
Beam width (half power) 0.85° 1.5°

to be 564 mm/year with a large standard deviation of 444 mm/year, in the

Note. Further information on the instruments can be found, respectively, in 2012-2019 period (Mori et al., 2021). Furthermore, remote sensing observa-

Kiichler et al. (2017), Mech et al. (2019), and Klugmann et al. (1996).

tions of clouds at this location have already been analyzed in depth by previ-
ous studies, such as Nomokonova, Ebell, et al. (2019), Vassel et al. (2019),
Nomokonova et al. (2020), Gierens et al. (2020), and Ebell et al. (2020).

The characteristics of low-level MPCs at Ny-Alesund have been reported by previous studies, in particular by
Nomokonova, Ebell, et al. (2019) and Gierens et al. (2020). Their statistics display similar low-level MPC char-
acteristics, compared to what has been observed at other Arctic sites, such as during the Surface Heat Budget of
the Arctic Ocean (SHEBA) campaign (Shupe et al., 2006), at Utgiagvik, Alaska (de Boer et al., 2009; Zhao &
Wang, 2010), and at Eureka, Nunavut, Canada (de Boer et al., 2009). Nomokonova, Ebell, et al. (2019) observed
a frequency of occurrence of 20.6% for single-layer MPCs (with no restriction on cloud depth or cloud-top
height). They report an average LWP of 66 g/m?, and average ice water path (IWP) of 164 g/m? for this cloud
type. Gierens et al. (2020) estimated the occurrence of low-level MPCs lasting more than 1 hr to be 23%, with
average LWP and IWP values of 35 and 12 g/m?, respectively. The height of the liquid base of low-level MPCs
ranges typically from 0.54 to 1.0 km, which is at or above the height of the surrounding mountaintops (Gierens
et al., 2020).

3.2. Radar Systems

In this study, we calculate DWRs (K-band and W-band) of MPCs based on continuous zenith-pointing radar
observations available from September 2017 to October 2018, and from June 2019 to February 2021. The W-band
observations are obtained with 94-GHz frequency-modulated continuous wave (FMCW) Doppler cloud radars
(RPG-FMCW-94-SP, manufactured by Radiometer Physics GmbH [RPG]; Kiichler et al., 2017). Observations
from two slightly different RPG-FMCW-94-SP radar systems have been combined: during the first time period,
observations were collected with the MiRAC-A (Mech et al., 2019) which has a slightly larger beamwidth than
the JOYRAD-94 (Kiichler et al., 2017), used from June 2019 onwards. Both systems collected data with a tempo-
ral resolution of 2-3 s and vertical resolutions between 3 and 8 m depending on the range region (for technical
details of the radars see Table 1, Kiichler et al. (2017), and Gierens (2021)). The measurements were set up with
a minimum and maximum range of 100 m and 12 km, respectively.

The W-band observations are complemented by observations from a K-band (24 GHz), zenith-pointing, FMCW
Doppler Micro Rain Radar (MRR-2; Metek GmbH; Klugmann et al., 1996). Due to its economic and light-weight
design, it has been frequently used to study snowfall in mountainous (Cha et al., 2009; Kneifel et al., 2011) and
polar regions (Duran-Alarcén et al., 2019; Grazioli et al., 2017), evaluate satellite products (Maahn et al., 2014;
Souverijns et al., 2018) and model performance (Scarchilli et al., 2020). We use the processing method developed
by Maahn and Kollias (2012), which is fine-tuned for observations of frozen hydrometeors. The resolution in time
(60 s) and range (30 m) is much coarser than the W-band cloud radars. Its average sensitivity for this measurement
setup ranges between —13 and —6 dBZ, depending on range. Said sensitivity was calculated as the mean average
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noise level times 1.2, as that is the lowest threshold for spectral reflectivity values to be considered as signal in
the processing routine by Maahn and Kollias (2012).

To calculate DWRs, we averaged the W-band data to the MRR resolution. The reflectivity from the W-band cloud
radars was averaged in linear scale, then converted to decibel. Note that during the study period, the MRR was set
up to measure with a maximum range of 960 m. Calculated DWRs are therefore only available from the lowest
W-band range gate (100 m) up to this height. DWR was not corrected for liquid attenuation, due to the typically
low amounts of liquid observed in low-level MPCs in the Arctic. Only 24.2% of the MPC events detected by the
MRR in fact displayed LWP higher than 150 g m~2 (see Section 4.1), which leads to a total two-way attenuation of
approximately 1.2 dB at W-band, according to Tridon et al. (2020). Furthermore, in most of the analysis, we focus
on the DWR value at the base of the liquid layer of the MPC, where the radar signal has undergone negligible
attenuation. Mean Doppler velocity (MDV) was taken from the W-band cloud radars, and was also averaged to
the same time and range resolution as the MRR. To analyze DWR and MDYV in a consistent manner, MDV values
above the maximum range of the MRR were ignored.

3.2.1. Radar Calibration Evaluation

Since the aim of our analysis is gaining information on particle size based on DWR calculated from Z, at K-band
and W-band, evaluating the calibration (especially in a relative sense) of all radar systems involved is necessary.
The radar calibration constant might change, for example, due to drifts, which can lead to biases in the measured
Z,. In our analysis, we obtained calibration offsets for the MRR following a disdrometer-based approach (e.g.,
Dias Neto et al., 2019; Myagkov et al., 2020). The W-band radars were instead calibrated using a DWR-based
approach, requiring that the DWR distribution for observations of Rayleigh targets only has its mode at 0 dB. All
the derived offsets are reported in Table B1 in Appendix B.

At the AWIPEV site, a Parsivel disdrometer (Loffler-Mang & Joss, 2000) is installed, and data are available for
the whole study period. Parsivel measures volume-equivalent sizes and fall speeds of particles that fall through
its laser beam. It thus provides PSDs, and fall speed distributions of the particle population. A critical assessment
of its performance can be found in Battaglia et al. (2010). The disdrometer-based calibration method consists
in forward simulating Z, values from drop size distribution (DSD) observed by Parsivel during rain events. The
simulated reflectivities were then compared with the observed ones, taken from the range gate between 120 and
150 m. We selected the rain events based on the following criteria:

1. The disdrometer detects liquid precipitation. If frozen precipitation is detected all liquid within 10 min is
ignored.

2. Only data from June through September are used, and only when surface temperature (from nearby weather
station) is greater than 5°C, to exclude misclassified frozen or partially melted precipitation.

3. Disdrometer data are only used if rain rate >0.1 mm/hr following the approach by Williams et al. (2005).
Additionally, only measurements containing at least 25 samples per minute are used. Both criteria are required
in order for the disdrometer measurements to be representative of the drop population.

4. DSDs from Parsivel must contain particles larger than 1 mm. This criterion was determined following
Myagkov et al. (2020), so that evaporation of the drops between the chosen range gate and the ground does
not affect the forward simulated Z, values.

5. Events are required to last at least 1 hr, with gaps allowed for a total of one sixth of the duration of the event.

Reflectivity values were based on the observed DSDs, and forward simulated with the T-matrix method
(Leinonen, 2014; Waterman, 1965), using a drop shape model from Thurai et al. (2007). Following Huang
et al. (2008), the drops were assumed to have Gaussian distributed canting angles, with 0° mean value and a 10°
standard deviation. Attenuation coefficients were calculated using the same approach, and were multiplied by
twice the height of the used range gates. The path-integrated attenuation was then subtracted from the forward
simulated reflectivity values. All Z, values below —10 dBZ and above 25 dBZ were excluded. It should be noted
that we did not compare time series of observed and simulated Z, but rather compared the Z, distributions of
the total rainfall event. This mitigates the issue of time delays between Z, observed at the lowest radar range
gate and the surface observations. A single median reflectivity value was then obtained for all events in each
June-through-September period, for both the observations and the forward simulation. In each period, the Z,
offset was obtained by subtracting the two median values. In the periods from October to May, monthly Z, offset
values were calculated by linearly interpolating the obtained values.
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We attempted to apply the same disdrometer-based approach to the calibration of the W-band radars, but we
observed a strong dependence of the calculated offset values on the accumulated precipitation during the events
(not shown). We hypothesize that this is due to deterioration of the coating of the radomes, leading to the radomes
taking in some rain water, thus causing increasing attenuation of the signal. Although this phenomenon is not
an issue for snowfall observations, it hampers the applicability of the disdrometer-based method to the W-band
radars. For the MRR, we did not observe any attenuating effect due to wet antenna. Unlike the W-band radars,
the MRR is not covered by a radome. Due to this reason, we used the calibrated MRR as our reference and esti-
mated the offsets of the W-band radars using a DWR-based approach in light snowfall. This approach using light
snowfall is overall similar to relative calibration methods applied to cloud radar observations of low-reflectivity
Rayleigh-scattering hydrometeors by Hogan et al. (2000), Dias Neto et al. (2019), and Tridon et al. (2020). The
relative offset estimated with this approach uses the fact that, for observations of Rayleigh-scattering frozen
hydrometeors only, the DWR is approximately 0 dB. Rayleigh-scattering hydrometeors are typically selected by
requiring that the radar reflectivity at the longer wavelength is below a certain threshold: for example, Dias Neto
et al. (2019) used a threshold of —10 dBZ in Ka-band reflectivity when calibrating a W-band radar. In our case,
due to the low sensitivity of the MRR such a low threshold could not be used. Therefore, selecting MRR echoes
of solely Rayleigh targets was not possible. Nonetheless, Matrosov et al. (2019) reported scattering calculations,
as well as observations from the Arctic site of Oliktok point, Alaska, of DWR of frozen hydrometeors at Ka-band
and W-band, showing that for Ka-band reflectivities between —5 and 0 dBZ, the DWR distribution has its peak
close to 0 dB, and is thus associated with Rayleigh scattering. Therefore, the radar measurements used in the
calibration were selected with the following criteria:

1. Signal corresponds to ice-only clouds, based on the Cloudnet target classification (see Section 3.3).
2. Z,from MRR is between —5 and 0 dBZ.
3. If Parsivel detects liquid precipitation, all echoes within 10 min are ignored.

Monthly DWR distributions for observations satisfying these conditions were then obtained, and the mode of
the distribution was taken as monthly Z, offset. Following the results by Matrosov et al. (2019), this calibration
approach rests on the assumption that the monthly DWR distributions are characterized by a peak associated with
Rayleigh scattering, and a tail on the right side of the peak, associated with non-Rayleigh scattering. The mode
of the distribution was chosen as offset, so that, after applying the offset, the peak of the distribution is centered
around a DWR value of 0 dB. The bins used to calculate the distributions are 0.5 dB wide. We estimated the
uncertainty associated with this calibration approach by taking the left standard deviation of the monthly DWR
distributions with respect to the mode. The root mean square value of such monthly uncertainties is 2.1 dB. An
example further illustrating the DWR calibration and uncertainty calculation procedure is given in Appendix B.

3.3. Temperature Soundings and Hydrometeor Classification

Many microphysical processes are known to be strongly dependent on temperature (e.g., Pruppacher &
Klett, 2012, chs. 9, 13, and 14), we thus investigate the dependence of DWR statistics on in-cloud temperature, as
well as cloud-top and cloud-base temperature. Additional information on cloud phase is also needed, to properly
identify MPC events. For these reasons, we use temperature profiles retrieved from a HATPRO (Humidity And
Temperature PROfiler; Rose et al., 2005) microwave radiometer, and the Cloudnet target classification product
(Hogan & O’Connor, 2004; [llingworth et al., 2007). The HATPRO is operated by the Alfred Wegener Institute
(AWI) and measures on the same platform as the radar systems. In addition to temperature soundings, HATPRO
observations are also used to retrieve LWP. To increase the accuracy of temperature profiles especially in the
lowest 1 km, the observations at seven channels along the 60 GHz oxygen absorption band are obtained at vari-
ous elevation angles (Crewell & Lohnert, 2007). Elevation scans are regularly performed every 15-20 min. The
profiles are linearly interpolated in time to the same resolution as the MRR (60 s). Gierens et al. (2020) assessed
the uncertainty of these temperature retrievals in low-level MPCs against radiosondes (see their fig. 3c), and
found an RMSE of 0.7K at the surface, that increases to 1.6K (2.0K) at the liquid base of the MPC (cloud top).

Observations from the W-band cloud radar, HATPRO, and a ceilometer (model Vaisala CL51; Maturilli
and Ebell (2018)), together with output from the ICOsahedral Nonhydrostatic weather model (ICON; Zingl
et al. (2015)), in its global numerical weather prediction mode (ICON-IGLO), are operationally combined into
the Cloudnet product (Hogan & O’Connor, 2004; Illingworth et al., 2007). In particular, we use the target clas-
sification product which classifies hydrometeors into: cloud droplets, supercooled cloud droplets, and cloud ice,
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as well as drizzle or rain. The presence of liquid at sub-zero temperatures is mainly based on ceilometer obser-
vations. The ceilometer signal undergoes far greater attenuation when traversing a cloud layer containing cloud
droplets, compared to an ice layer, because of the droplets' far higher number concentration. This leads to limi-
tations of the Cloudnet product if more than one liquid layer is present, as often the pulse is unable to penetrate
the lowest liquid layer. We will henceforth use the term liguid base to refer to the base of the lowest liquid layer
detected by the ceilometer. We will further refer to the portion of the MPC above the liquid base as mixed-phase
layer (MPL). In this study, we use the Cloudnet target classification product to derive the height of the liquid
base, and cloud-top height.

3.4. Selection of Mixed-Phase Cloud Events

Low-level MPC events were identified following an approach similar to that employed by Gierens et al. (2020).
The events were detected using the following criteria:

1. Cloud top is at or below 2,500 m.

2. If multiple cloud layers are present below 2,500 m, they are considered as one if separated by 60 m or less,
otherwise only the lowest layer is included in the analysis, and the remaining ones are excluded.

3. Cloudnet indicates the presence of both liquid and ice in the cloud layer.

4. Liquid and ice are present for at least 60 min, with gaps allowed for a total of one sixth the total duration of
the event.

During intense precipitation events, snow might accumulate on the ceilometer aperture, thus leading to ceilom-
eter data not being available, and liquid layers not being identified in the Cloudnet target classification. Under
these conditions, criterion three is not satisfied even though a low-level MPC is present. When the ceilometer
signal is not available, the presence of liquid was evaluated using the LWP retrievals from HATPRO: an LWP
threshold of 10 g/m? was used.

Using this approach, we identified a total of 1,605 low-level MPC cases, adding up to a total duration of 7,592 hr.
Out of these, 1,042 cases, or 6,022 hr, were detected by the MRR. Out of all cases (cases detected by the MRR),
23.6% (25.6%) were detected in winter, 15.4% (18.0%) in spring, 30.2% (23.0%) in summer, and 30.8% (33.4%)
in autumn. We would like to highlight that different subsets of all detected events were used in different parts of
the analysis. In Sections 4.3 and 4.4, the value of DWR at liquid base, and its maximum value below the liquid
base are evaluated in each sample. When evaluating these quantities, only the subset of data where the ceilometer
signal is available and the liquid base is within the MRR range was used. In Section 4.4, we only focus on MPC
events detected by the MRR, and with surface temperature colder than 0°C: 508 cases satisfy these conditions.

4. Results and Discussion

A typical low-level MPC event observed from February 4 to 6, 2021 is displayed in Figure 1. The four panels
depict Z, and MDYV from the W-band cloud radar, DWR, and LWP. The figure also shows the height of the liquid
base and temperature contours, derived from the ceilometer and HATPRO, respectively. The event depicted in
the figure produced precipitation characterized by a wide range of DWR values. In particular, the MPC produced
high DWR showers intermittently throughout its duration, highlighting the presence of large ice particles. These
high DWR showers are alternating with regions characterized by lower DWR values, and even periods when the
reflectivity was below the sensitivity of the MRR, and thus DWR values were not available. Figure 1 shows that
most high DWR showers originate from within the mixed-phase layer. Interestingly, high DWR values are not
necessarily linked to high reflectivity values, and vice versa.

4.1. Impact of MRR Sensitivity and Limited Maximum Range on Detected Cloud Characteristics

In the following analysis, we will focus only on MPC events detected by the MRR. The two limitations of the
MRR are its maximum range (960 m), and lower sensitivity compared to the W-band cloud radars. To evalu-
ate the effect of these limitations on the data sampled for the analysis, characteristics of MPCs detected by the
MRR, and MPCs detected only by the W-band cloud radars are shown and compared in Figure 2. Overall, MPCs
detected by the MRR tend to last longer (median 4.0 hr) and display higher LWP values (median 69.1 g/m?)
compared to events not detected by the MRR (2.0 hr and 23.0 g/m?, respectively). Figure 2f further shows that

CHELLINI ET AL.

7 of 23



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036860

2500

2000

T contour (°C)
---------- Liquid base
— — — MRR max range

E N
bl o
z 102
3 1000 A
[}
< 20 N
500 50
-40
2
15
1 —_
£
0.5 >
o
=
0
A I
L Wi 05
LT LK
-1
103
5 F
o
0 ° 3
< 04 g
E03|
£
a 0.1
% 0 .
04/02/21 - 00:00 04/02/21 - 12:00 05/02/21 - 00:00 05/02/21 - 12:00 06/02/21 - 00:00 06/02/21 - 12:00

Figure 1. Example of low-level mixed-phase cloud event observed in Ny-Alesund on February 4-6, 2021. Panels (a) and (b) display the reflectivity and mean Doppler
velocity measured by the W-band cloud radar, respectively. Panel (c) depicts the dual-wavelength ratio obtained from Micro Rain Radar (MRR) and cloud radar
observations. Panel (d) displays the liquid water path, retrieved from HATPRO microwave radiometer observations. In panels (a—c), contour lines indicate temperature
(black) based on retrievals from HATPRO, and the liquid base height (pink dotted) from the Cloudnet target classification product. The horizontal dashed line in panels
(a) and (b) indicates the maximum range of the MRR. Times indicated are in UTC.

MPC events detected by the MRR tend to have colder cloud-top temperature (CTT; median —9.8°C), compared
to the events only detected by the W-band cloud radars (—8.2°C). Out of all events with CTT between —20 and
—10°C, the MRR detects 84.8% of them, while it detects 75.6% of all events with CTT warmer than —10°C.
Moreover, the number of MPC events with CTT colder than —20°C identified during the study period is very low
(93), and 81.5% of these clouds are detected by the MRR. While 66.2% of MPCs detected by the MRR have their
liquid base within the instrument's maximum range, only 12.4% have their top within it (as shown in Figures 2¢
and 2d). For this reason, the analysis reported in the following sections focuses on precipitation observed at, and
below, the liquid base of MPCs. The limited range of the MRR does not appear to introduce a significant bias in
the cloud-top height of the detected cases, as the median values for MPC events detected by the MRR is 1,431 m,
while that for events not detected by the MRR is 1,341 m. This does not hold true for liquid-base height, as the
median value for MPC events detected by the MRR is 791 m, while that for events not detected by the MRR is
1,001 m. The mixed-phase layer depth distributions in Figure 2e, calculated as the difference between cloud-top
height and liquid-base height, suggest that this discrepancy in liquid-base height can be mainly attributed to shal-
lower MPCs not being detected by the MRR. The median MPL depth for events detected by the MRR is in fact
480 m, while that for events not detected by the MRR is 280 m.

In summary, the lower sensitivity of the MRR leads to the detection of events that produce higher reflectivities:
these events appear to be characterized by a longer duration, higher LWP values, deeper MPLs, and colder CTTs.
The limited range of the MRR seems to introduce a bias toward events with lower liquid-base height. Interest-
ingly, a similar bias is not observed in cloud-top height, suggesting that the MPCs causing said bias in liquid-base
height are rather shallow, and likely characterized by a low reflectivity as well.

4.2. Characteristic Sizes and Fall Speeds of Precipitating Ice Particles in the Lowest 1 km

In Figure 3, we show long-term statistics of DWR and MDV (taken from W-band cloud radar) as function
of temperature, in the detected low-level MPC events. This approach is similar to what has been applied to
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Figure 2. Statistics of mixed-phase cloud characteristics in Ny—/a\lesund. Probability density functions (PDFs) are shown

for events detected by the Micro Rain Radar (MRR), and for events that were not detected by the MRR, and thus were

only detected by the W-band cloud radar. The parameters shown are MPC event duration (a), liquid water path (LWP; b),
liquid-base height (c), cloud-top height (d), mixed-phase layer depth (e), and cloud-top temperature (f). The dashed lines in
panels ¢ and d indicate the maximum range of the MRR. Bin sizes are respectively: 1 hr, 10 g m~2, 100 m, 100 m, 50 m, 1°C.

triple-wavelength observations in midlatitude clouds by Dias Neto et al. (2019) and Ori et al. (2020). The main
difference in our study is that we focus on low-level MPCs and are restricted to the lowest 960 m, as well as
clouds that produce large enough Z, signals to be detected by the MRR. The DWR and MDYV statistics in Figure 3
are displayed as contoured frequency by temperature diagrams (CFTDs; Yuter & Houze, 1995). Here, DWR and
MDYV values are matched with temperature (7)) retrieved at the same height, and the figure displays joint histo-
grams of DWR and T (panel a), and MDV and T (panel b). These histograms are normalized to one at each chosen
T level. Note that, unlike many other studies where CFTDs are employed, panels (a) and (b) in Figure 3 should not
be interpreted as continuous profiles. Because of the limited depth of low-level MPCs, and the limited range of
the MRR, each available profile only spans a portion of the displayed temperature range. The mean temperature
difference between the lowest W-band cloud radar range gate (100 m), and the highest MRR range gate (960 m)
is 5.2°C, with 1.8°C standard deviation. The total number of samples (Figure 3c) reveals that 90% (95%) of obser-
vations occur at temperatures higher than —12.7°C (—15.1°C), with maxima at —10 and 0°C.

Figure 3 displays that at temperatures colder than —15°C median DWR values are close to 1 dB, corresponding
to median sizes smaller than 1 mm. Median DWR then rapidly increases to 4.1 dB between —15 and —12°C.
These enhanced DWR signals can be found at temperatures as high as —6°C, with a distinct maximum between
—12 and —8°C (5.6 dB). At temperatures close to 0°C, the median DWR decreases back to lower values, with
a median of 2.7 dB between —5 and 0°C. Similarly, median MDV in Figure 3b has a relatively constant value
of 0.6 m/s between —20 and —12°C, typical for small ice crystals (Barthazy & Schefold, 2006; Heymstield &
Westbrook, 2010; Kajikawa, 1972; Mitchell, 1996), grown most likely by vapor deposition. At the —13°C level
where the DWRSs increase, we also find the MDVs to increase. Interestingly, while the DWRs seem to remain
almost constant between —12 and —8°C, the MDVs steadily increase, reaching values close to 1 m/s, which is a
typical terminal velocity of larger aggregates (Brandes et al., 2008; Heymsfield et al., 2007; Karrer et al., 2020;
Locatelli & Hobbs, 1974). A similar behavior in terms of both DWR and MDYV can be noticed in the case
study in Figure 1 as well. Combining DWR and MDV information, together with previous knowledge from
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Figure 3. Contoured frequency by temperature diagram (CFTD) of dual-wavelength ratio (DWR; panel a) and mean Doppler
velocity (MDV; panel b) in the detected mixed-phase cloud events. Panel (c) displays the number of samples available at
each temperature level. MDV values are only included if Micro Rain Radar (MRR) echoes are available. Bin sizes are: 1 dB,
0.05 m/s, and 0.5°C.

midlatitude clouds, we thus hypothesize that aggregation might play an important role in the formation of the
high DWR hydrometeors we observe between —15 and —5°C. The region of increasing DWR starting at —15°C
is likely associated with rapid depositional growth of branched dendritic particles in the DGZ, which subse-
quently aggregate. An increase in DWR associated with enhanced aggregation in the DGZ has been previously
observed in midlatitude clouds (Barrett et al., 2019; Dias Neto et al., 2019; Lamer et al., 2021; Ori et al., 2020;
Oue et al., 2021). The presence of high DWR particles at temperatures warmer than —10°C in Figure 3a could
be simply a result of particles that mainly aggregated in the DGZ and then sedimented to warmer temperatures,
while continuing to aggregate.

The low fall velocities observed in Figure 3b at temperatures colder than —5°C are not indicative of severe riming
that could explain the observed DWRs. However, we cannot rule out the possibility of light riming of the larger
aggregates, as well as smaller rimed particles, as their terminal fall velocities could overlap with the fall velocity
of larger, unrimed aggregates. Riming has in fact been observed to occur frequently in Arctic MPCs (Fitch &
Garrett, 2022; McFarquhar et al., 2007; Mioche et al., 2017). However, the MDVs from 72.3% (82.7, 91.6%) of
the observed echoes are slower than 1.0 m/s (1.2, 1.5 m/s) between —15 and —5°C, which corresponds to a rime
mass fraction of 0.31 (0.47, 0.65) according to Kneifel and Moisseev (2020). It further appears unlikely that the
DWR increase at —15°C is mainly driven by riming: first, we are not aware of any evidence that riming prefer-
entially occurs at —15°C. Second, in this temperature regime, the Wegener-Bergeron-Findeisen process has its
maximum (Korolev & Mazin, 2003) and has been shown to hamper the formation and survival of liquid droplets
(Silber et al., 2021).

Although the DWRs at temperatures warmer than —5°C decrease back to lower values (median of 2.7 dB between
—5 and 0°C), the MDVs remain almost constant, close to 1 m/s (median of 1.1 m/s between —5 and 0°C). One
potential explanation for this signature could be the higher terminal fall velocity of needle particles, which,
together with columns, preferentially grow at temperatures higher than —10°C by vapor deposition (e.g., Bailey &
Hallett, 2009). They can reach terminal velocities close to 1 m/s at smaller sizes compared to plate-like particles
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Figure 4. Frequency of occurrence of dual-wavelength ratio (DWR) above 2 dB at liquid base (a), mean DWR at liquid base
(b), and number of samples at liquid base (c) as function of cloud-top and liquid-base temperature. In panels (a) and (b), bins
with less than 60 total samples are ignored. Bins are 1°C wide.

(Kajikawa, 1972; Mitchell, 1996). Also, the presence of supercooled drizzle and potential enhanced riming of
smaller ice particles with low DWR could explain the observed behavior. The likelihood for the formation of
drizzle and intensified riming has been found to strongly increase at temperatures closer to the melting level
(Cortinas Jr et al., 2004; Kneifel & Moisseev, 2020; Zhang et al., 2017). Overall, the DWR-MDV behavior
found for MPCs at temperatures close to 0°C is significantly different from what is observed at the midlatitudes.
Several studies observed a second and even stronger DWR increase from —5°C toward the melting level (Chase
et al., 2018; Dias Neto et al., 2019; Ori et al., 2020; Tridon et al., 2019). Interestingly, we are able to find a similar
behavior also in Ny-Alesund in cloud systems that are deeper than 2.5 km, as shown in Appendix C. The lack of
aggregation close to the melting level in the detected low-level MPC events is further explored in the next section.

4.3. Precipitation Formation in the Mixed-Phase Layer

In the previous section, we analyzed DWR values with respect to temperature retrieved at the same height.
We can assume that in low-level MPCs, the main nucleation and initial depositional growth takes place in the
mixed-phase layer (MPL), where on average saturation with respect to liquid water is reached. Therefore, we
investigate how much the particles already aggregate in the MPL and how relevant the temperature of the MPL
is for the occurrence of larger aggregates in the entire profile.

We analyze the DWRs observed at the liquid-base height, and relate it to the cloud-top and liquid-base temper-
atures in Figure 4. For a simpler interpretation, in panel a, we group the profiles into small particles (DWR at
liquid base lower than 2 dB, corresponding to a mass median diameter of approximately 1.3 mm; see Figure A1l in
Appendix A) and larger particles (DWR at liquid base equal or higher than 2 dB), that are most likely a result of
aggregation and/or riming. The threshold of 2 dB was also chosen because of the estimated uncertainty on DWR
of 2.1 dB. DWR values higher than 2 dB can thus confidently be attributed to non-Rayleigh scattering by hydro-
meteors. We also tested slightly different DWR thresholds but did not find a substantial impact on the results (not
shown). Figure 4a thus shows the frequency of occurrence of DWRs at liquid base higher than 2 dB. Panels (b)
and (c) in the figure display the mean DWR value at liquid base, and number of available samples, respectively,
both as function of liquid-base temperature and CTT.

Figure 4a illustrates that large particles appear to mainly originate from mixed-phase layers with liquid-base
temperature higher than —15°C and CTT lower than —10°C. In this temperature regime, 76.8% of the samples in
fact display DWRs at liquid base of 2 dB or larger. The mean DWR value at liquid base (Figure 4b) also illustrates
that even very thin MPLs on average generate particles with DWRs of 5 dB or higher, if they contain temperatures
of —13 to —14°C. Interestingly, this overlaps with the —15.5 to —13.3°C interval, where the laboratory study by
Takahashi (2014) observed the maximum growth rate of plate-like crystals. As expected, if the MPL is thicker
(larger difference between cloud-top and liquid-base temperature), also the mean DWRs increase, because of the
longer time particles can grow by deposition and subsequent aggregation.
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Figure 5. Liquid water path (LWP) distribution (a, d), and joint LWP-DWR (b, e), and LWP-MDV (c, f) distributions for
mixed-phase cloud (MPC) events in two distinct regimes. Panels (a—) include MPC events whose mixed-phase layer is
at least partly in the temperature interval between —15 and —10°C. Panels (d- f) include MPC events whose mixed-phase
layer temperature does not exceed —2°C and does not succeed —10°C. The joint distributions in panels (b, c, e, and f) are
normalized to one in each LWP bin. Bin widths are: 5 g/m?, 0.5 dB, and 0.05 m/s.

Figure 4b shows that enhanced DWR values can also be found in MPLs at temperatures colder than —15°C (i.e.,
liquid-base temperature colder than —15°C in the figure), namely temperatures belonging to the colder portion
of the DGZ, or colder than the DGZ completely. However, the mean DWR and overall frequency of occurrence
are generally much lower than what we observe when temperatures between —15 and —10°C are observed in the
MPL.: this is clearly indicated by the low number of samples in Figure 4c for cases with liquid-base temperature
colder than —15°C. Interestingly, for the events with liquid-base temperature colder than —15°C, the MPL also
needs to be deeper (i.e., larger temperature difference between cloud top and liquid base) to produce enhanced
DWRs.

The dependence of DWR and MDV at liquid base on LWP is shown in Figure 5, for two separate temperature
regimes. Enhanced aggregation in the —10 to —15°C temperature region appears to occur already at relatively small
LWP values. No substantial change in DWR is found for increasing LWP. This independence can be interpreted as
a proof that the observed DWR signature is mainly caused by aggregation rather than riming as the latter would be
expected to increase with LWP. However, Figure 5S¢ shows that the MDYV observed at the liquid base continuously
increases with larger LWP. We suspect that, while riming is not the main mechanism that increases DWR, it is still
contributing to the observed increasing particle fall speeds by increasing ice particle density.

4.3.1. Discussion: Rapid Depositional Growth and Subsequent Aggregation in the DGZ

The preferential growth of dendrites in the DGZ is thought to lead to a more efficient aggregation, compared to
other temperature regions (Pruppacher & Klett, 2012, Section 14.7), although many details of these processes
are still not thoroughly understood. We believe that the signatures found in this study are particularly valuable to
better constrain the process of dendritic growth and subsequent aggregation. Unlike in deeper clouds, no particles
from above enter the DGZ in the low-level MPCs that are the focus of this study. Instead, we can assume that all
ice particles are nucleated and grown within the relatively narrow region of the mixed-phase layer. We can further
assume that the majority of particles in the MPL grow in conditions that are close to liquid water saturation.
This allows to compare and relate our results directly to recent laboratory experiments investigating depositional
growth (Takahashi, 2014) or aggregation (Connolly et al., 2012) in the temperature regime of the DGZ.

A number of factors are known to be mainly responsible for the rapid formation of aggregates in the DGZ.
Here, the maximum difference between liquid and ice saturation pressures is found (Pruppacher & Klett, 2012),
and a maximum of the Wegener-Bergeron-Findeisen (WBF) process is observed (Korolev, 2007). At these
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temperatures, if high enough ice supersaturations are reached, ice particles grow into dendritic shape (Bailey &
Hallett, 2009; Pruppacher & Klett, 2012, Section 13.3), which is connected to enhanced capacitance (Westbrook
et al., 2008; Pruppacher & Klett, 2012, Section 13.3) and ventilation coefficients (Takahashi et al., 1991). All
these effects together lead to a maximum in the water vapor depositional growth on ice particles in this temper-
ature region (Takahashi, 2014; Takahashi et al., 1991). As already mentioned, Takahashi (2014) found that the
depositional growth rate is maximized between —15.5 and —13.3°C (see their Figure 6). After a growth time of
10 min, they observed particles reaching maximum sizes of 1.5-1.8 mm with preferentially stellar, dendritic or
fern-like habits. This temperature region coincides with the MPL temperatures where we observed the largest
DWRs in Figure 4b.

In addition to the very favorable depositional growth conditions, the slower terminal fall velocities of dendrites
compared to other shapes with similar mass (e.g., Kajikawa, 1972; Mitchell, 1996) allow them to stay in the
supersaturated layer of the cloud for a longer time compared to other ice habits. For example, a 1 mm dendrite
falls at 0.3 m/s while the same sized column, which grows for example, at temperatures higher than —10°C, has
a terminal velocity of 0.8 m/s (Mitchell, 1996). The rapid depositional growth will eventually lead to a suffi-
ciently large diversity of terminal velocities and particles sizes needed for collisions. Moreover, turbulent motions
frequently observed in the MPL (e.g., Morrison et al., 2012) can be expected to further enhance the likelihood
for particle collisions. Their unique shape allows them to stick to each other by mechanical entanglement of their
branches (Connolly et al., 2012; Pruppacher & Klett, 2012, Section 14.7).

4.3.2. Discussion: On the Absence of Aggregation Close to the Melting Level

The question remains, why do we not observe major DWR increases due to particle aggregation close to the melt-
ing level in low-level MPCs? Figure 4 highlights that increases in DWR are indeed observed at the liquid base,
when its temperature is between —2 and 0°C. Considering the 1.6-2.0K uncertainty of the temperature retrievals
in the MPL, we cannot exclude that this signature is caused by melting particles. Even if melting particles are
not responsible for the enhanced DWRs, the DWRs found close to 0°C in Figures 3 and 4 are still significantly
smaller than those observed in previous studies in midlatitude clouds (Chase et al., 2018; Dias Neto et al., 2019;
Ori et al., 2020; Tridon et al., 2019), and in deeper cloud systems in Ny—Alesund as well (Appendix C).

In general, enhanced aggregation close to the melting level is thought to be caused by the thickening of a quasi-liquid
layer on the snowflake surface (Fabry & Zawadzki, 1995; Fletcher, 1962; Slater & Michaelides, 2019). This
quasi-liquid layer forms on any ice particle, whether being a single crystal, aggregate, or rimed particle, and
it increases its aggregation efficiency by enhancing its sticking efficiency. In extreme scenarios, this can lead
to the formation of snowflakes several centimeters in size (Lawson et al., 1998). The absence of this second
enhanced aggregation zone could be related to lower ice number concentrations in low-level MPCs at tempera-
tures warmer than —10°C, compared to MPCs at dendritic-growth temperatures. However, the studies by Rangno
and Hobbs (2001) and Mioche et al. (2017) have shown otherwise. They reported, based on airborne in-situ
observations, that MPC events with CTT between —10 and 0°C, and MPC events with CTT between —20 and
—10°C display similar ice number concentrations. Furthermore, signatures of secondary ice processes have been
observed in Arctic MPCs close to the melting level (Luke et al., 2021).

Although we cannot provide a conclusive answer to this question with our remote sensing observations alone,
we discuss possible processes that could lead to the observed lack of aggregation. First, the depositional growth
rate at temperatures higher than —10°C is at least 1 order of magnitude smaller than at —15°C (see e.g., fig. 4 in
Takahashi et al. (1991)). Due to the higher terminal fall velocities of columns, needles, and isometric particles,
which are often observed in this temperature regime, the time for the particles to grow by deposition is also much
shorter than in the DGZ. Due to this effect, particle populations that are fully nucleated at temperatures warmer
than the DGZ might not develop broad enough size distributions to aggregate as efficiently as particles nucleated
in or above the DGZ, despite the increase in sticking efficiency at temperatures higher than —5°C. Although we
are not aware of evidence in literature to fully support this claim, Field et al. (2005) did report on average broader
ice PSDs in the —5 to —15°C range, compared to the +5 to —5°C temperature interval, in midlatitude strati-
form clouds, based on in-situ airborne observations. We thus hypothesize, that particle populations nucleated at
temperatures compatible with dendritic-growth, or colder, are needed to trigger the typically observed enhanced
aggregation close to the melting level. This is not the case in the low-level MPCs that are the focus of this study,
as their limited depth often leads to CTT being warmer than —10°C when temperatures higher than —5°C are
observed in the MPL.
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max DWR below lig. base

A more frequent occurrence of riming, which was found in Kneifel and
Moisseev (2020) to rapidly increase from —12°C toward 0°C, could further
enhance the particles' terminal velocities and limit their residence time in

the MPL. A suppression of aggregation by riming has been in fact suggested
by Li et al. (2020), who observed lower DWRs (at X-band and Ka-band) in
1 rimed snow, compared to unrimed snow, close to the melting level of strat-
iform precipitation events at Hyytiéld, Finland. Increased riming is likely
1 in warmer MPC events at Ny-l&lesund, as remote sensing observations of

0.04

single-layer MPCs at the site have shown a liquid fraction above 0.9 in more
- than 90% (80%) of the cases, when CTT is higher than —5°C (between —10
and —5°C) (Nomokonova, Ebell, et al., 2019). In contrast, liquid fractions
i for single-layer MPCs with CTTs between —15 and —10°C are below 0.8
in approximately 50% of the cases (Nomokonova, Ebell, et al., 2019). The
. . dependence of DWR and MDV on LWP for MPCs in this temperature regime

0 1
> 0 oW RS(dB) 10 15 displayed in Figures 5e and 5f is also compatible with increased riming.
DWR values are in fact close to 0 dB for LWP values larger than 15 g/m?,
Figure 6. Probability density functions (PDFs) for dual-wavelength ratio and MDV values tend to increase with increasing LWP.

(DWR) values at and below the liquid base in low-level mixed-phase clouds
(MPCs). The black line is relative to values observed at liquid base, while

the red line is relative to the maximum DWR value observed in each column 4.4. Further Aggregation Below the Mixed-Phase Layer

below the liquid base. Error bars display 0.1, 0.25, 0.75, and 0.9 quantiles

of the two distributions, with diamonds representing the mean values, and While the growth of dendritic branches from ice particles is likely to mostly
squares representing the median values. The data used are only for MPC take place in the mixed-phase layer of the MPC, as it requires high supersat-

events with liquid base temperature higher than —15°C and cloud-top
temperature lower than —10°C. Samples with surface temperature warmer than

0°C are excluded. Bins are 0.5 dB wide.

urations with respect to ice (Pruppacher & Klett, 2012, Section 2.2), aggre-
gation of ice particles can be expected to continue below it. Further increases
in DWR below the MPL are in fact observed in the case study shown in
Figure 1, for example, on February 4, 2021 between 7 and 11 UTC or between
22 and 24 UTC on the same day. In this section, we evaluate the further DWR
increase below the MPL and how strong this increase is in relation to the aggregation signal at the liquid base. We
restrict the analysis to profiles where the liquid-base temperatures are higher than —15°C and the CTTs are lower
than —10°C as this is the region where we find the majority of large DWR signatures at liquid base. Connecting
processes at different heights in one vertical profile is challenging, as the particles are advected by changing hori-
zontal winds often causing complex fall streaks in the radar time-height display (Kalesse, Szyrmer, et al., 2016;
Pfitzenmaier et al., 2017, 2018). To avoid these difficulties, we do not directly compare DWR values measured at
different heights in the same column. Instead in Figure 6, we analyze the distributions of DWR values observed
at the liquid base, and of the maximum DWR values observed below the liquid base in each column. Note that
in a given column, these two values can be the same, if the maximum DWR is at liquid base: this is observed in
15.3% of the available samples. In order to avoid high DWR signals originating from melting particles, samples
measured when surface temperature was warmer than 0°C are ignored in this analysis.

From Figure 6, it is clear that aggregation continues to increase mean aggregate size despite the likely sub-saturated
air below liquid base (e.g., Shupe et al., 2008). The median (mean) of the largest DWRs observed below the MPL
is 7.0 dB (6.9 dB), and is 43% (41%) larger than the median (mean) DWR of 4.9 dB (4.9 dB) at liquid base. Below
the liquid base, we can attribute most of the DWR increase to aggregation, as riming cannot occur because of the
absence of liquid water. The narrower distribution of the maximum DWR below liquid base is due to the fact that
the DWRs approach the saturation value, as the particle sizes grow. DWR saturation values for unrimed and
lightly rimed aggregates have been estimated in Appendix A to be 10—11 dB for the 24 and 94 GHz combination.

4.5. Persistence of High DWR Signals

Several previous studies demonstrated that Arctic MPCs display a complex horizontal structure, and high spatial
variability in terms of dynamics and hydrometeors (Eirund et al., 2019; Ruiz-Donoso et al., 2020; Schifer
et al., 2018; Shupe et al., 2008). It appears therefore interesting to investigate whether the observed high DWR
signatures are restricted to limited regions of the MPC, as observed in Figure 1, or whether enhanced aggregation
tends to occur uniformly across the cloud field.
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o T~ R - —— Quant. 0.25-0.75 clouds that are advected over the measurement site. The observed variability
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E 0.7 & o iR 1 variability is only resolved along the wind direction (e.g., Shupe et al., 2008).
3 0.6 S N '\\ | We estimated the duration of DWR signals exceeding certain thresholds and
§ N N related them to the total duration of the MPC event (detected by the more
'(% 0.5F N \'\\ 1 sensitive W-band cloud radar, see Section 3). The full distribution of this
g 0al N '\\ | quantity, together with its values for the case study in Figure 1, is shown in
o AN N Figure 7. Note that, unlike the statistics presented in Sections 4.2—4.4, all
% 0317~ S~ AN Y | available samples during MPC events were analyzed, including those with
f” 0.2 S~o = N \\\ AN < 1 no signal in the MRR data. We would like to also highlight that the statistics
< I . AN N DN J N AN . | shown in Figure 7 are sensitive to the definition of MPC event, as this in turn
Tl _ \‘ > ~ S affects the event duration.

0 max(DWR) (dé()) 15 For interpreting Figure 7, it might help to consider first the red curve which
column represents the distribution of DWR in relation to the event duration from the

Figure 7. Distributions of the ratio between the duration of high
dual-wavelength ratio (DWR) signals and the total duration of the mixed-phase
cloud (MPC) event. The duration of high DWR signals is calculated as the
total time during an MPC event that the maximum DWR in each column
exceeds the value indicated on the x-axis. The curves indicate the mean,
median, and quantiles of the duration ratio. Only MPC events with the
mixed-phase layer at least partly at temperatures between —15 and —10°C are
included. The red curve represents the case study observed on February 4-6,
2021, illustrated in Figure 1. Note that the quantity indicated on the y-axis,

case study shown in Figure 1. We see that cloud regions where the maximum
DWR in each column exceeds 5 dB appear for 43.1% of the total MPC dura-
tion. Higher DWR values, for example, exceeding 8 dB, are only observed for
19.8% of the total duration of the event. The tendency of finding larger DWR
values in shorter time periods of the cloud can also be observed when looking
at the temporal DWR evolution shown in Figure 1c. High DWRs in the case
study do not display a straightforward relation with features in the MDYV (e.g.,
upward motions) or the reflectivity field.

being a ratio between time intervals, is unitless.

Similarly to the case study, 50% of all MPC cases (median line) display DWR
values larger than 5 dB for at least 43.8% of the event duration. For larger
DWR thresholds, the quantile curves bend relatively quickly to decreas-
ing duration ratios. Again, this result highlights that high DWR particles appear to form in limited regions of
the cloud layer and for a limited amount of time, when compared to the cloud overall extent and duration. In
summary, Figure 7 reveals that 50% of the observed MPCs display DWR values equal or higher than 2 (5, 8)
dB for at least 62.5% (43.8%, 17.5%) of the total cloud duration. At the same time, 25% of the observed MPCs
display DWR values equal or higher than 2 (5, 8) dB for at least 84.5% (70.2%, 36.1%) of the total cloud duration.

The analysis shown in the previous sections strongly suggests that temperatures compatible with the DGZ are
essential in order for MPCs to produce large aggregates. However, their occurrence in limited regions of the MPC
indicates that temperature might not be the only driver. Previous studies have shown that dynamical processes
are essential in producing ice precipitation in Arctic MPCs, and that precipitation is in turn intertwined with the
organization of the stratocumulus deck (Eirund et al., 2019; Shupe et al., 2008). At the same time, aerosol concen-
trations, surface conditions, and surface coupling significantly affect the phase partitioning (Gierens et al., 2020;
Griesche et al., 2021; Kalesse, de Boer, et al., 2016; Norgren et al., 2018; Solomon et al., 2018). While we
highlighted the relevance of the DGZ for the formation of large aggregates in low-level MPCs at Ny—Alesund,
investigating the role of individual processes for the formation of said aggregates is out of the scope of this study.

5. Conclusions and Open Questions

Using a combination of remote sensing instruments, in particular, a 24-GHz precipitation radar and a 94-GHz
cloud radar, we evaluated the significance of different ice-growth processes, with a focus on aggregation, for
the formation of precipitation in low-level MPCs at the high Arctic site of Ny-f‘,lesund. The combination of
equivalent reflectivity factors measured at two radar frequencies into the DWR was used to obtain information
on the characteristic size of the particle population. The 3-year statistics of DWR, matched with MDYV, thermo-
dynamic retrievals from a microwave radiometer, and phase information from the Cloudnet target classification,
provided robust observational constraints for the microphysical processes leading to the formation of precipita-
tion in low-level MPCs at the site.
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This study revealed the unique role of the DGZ in the formation of precipitable ice particles in low-level MPCs
at Ny-;\lesund, together with the absence of enhanced aggregation typically observed close to the melting level
in deeper cloud systems. The main findings of this study are as follows:

1. Enhanced DWR signatures occurred predominantly in low-level MPCs whose mixed-phase layer was, at least
partly, at temperatures between —15 and —10°C. This feature is compatible with similar signatures observed at
the midlatitudes (Barrett et al., 2019; Dias Neto et al., 2019). This signature is typically attributed to enhanced
aggregation due to mechanical entanglement of ice particles with dendritic branches, which preferentially
grow in this temperature region (Pruppacher & Klett, 2012, Sections 2.2 and 14.7). In particular, the highest
DWR values at the liquid base of the MPC were observed in conjunction with temperatures of —13 to —14°C,
in agreement with laboratory studies that reported the highest depositional-growth rates at these temperatures
(Takahashi, 2014; Takahashi et al., 1991). While riming likely also plays a role, as confirmed by increasing
MDV with LWP, we argue that the growth of the larger ice particles is to be mainly attributed to rapid depo-
sitional growth of plate-like particles, and subsequent aggregation. Moreover, the relevance of aggregation in
low-level MPCs in this temperature region is further confirmed by the additional increase in DWR observed
below the liquid base, where riming cannot take place.

2. While our results demonstrate that mixed-phase layer temperatures compatible with dendritic growth are
essential for the formation of large aggregates, these larger hydrometeors are only observed in limited regions
of the cloud field. This suggests that dynamical processes might be at play in the formation of these larger
aggregates. We reckon that further investigation is needed to understand the link between the growth of
dendritic particles and their subsequent aggregation, and dynamics in low-level MPCs throughout the Arctic
region.

3. Typically a second enhanced aggregation zone close to 0°C is observed in midlatitude clouds (Dias Neto
et al., 2019; Fabry & Zawadzki, 1995), and in deeper cloud systems in Ny-Alesund as well. This is usually
attributed to the increased sticking efficiency of melting ice particles. The lack of high DWR signals close
to the melting level (=5 to 0°C) in low-level MPCs in Ny-;\lesund suggests that this process is absent in
these clouds. Since low-level MPCs span a limited temperature range, particles sedimenting from colder
temperatures, characterized by a broader size distribution, might be necessary to trigger the enhanced
aggregation typically observed. As such, further investigating this temperature regime bears the potential
to substantially improve our understanding of aggregation in general, not only limited to low-level MPCs.
While we cannot provide a conclusive answer from the remote-sensing perspective, we speculate that specific
ice habits and increased riming might contribute to the suppression of aggregation. Ice habits that grow at
temperatures higher than —10°C typically have faster fall velocities and smaller cross sections than dendrites
(Kajikawa, 1972; Mitchell, 1996; Pruppacher & Klett, 2012, Sections 2.2, 10.5). Additionally, lower depo-
sitional growth rates have been reported at temperatures warmer than —10°C, compared to dendritic-growth
temperatures (Takahashi et al., 1991). MDV information, together with evidence of increased drizzle produc-
tion and riming reported in previous studies (Cortinas Jr et al., 2004; Kneifel & Moisseev, 2020; Nomokonova,
Ebell, et al., 2019; Zhang et al., 2017), indicates that riming might also be relevant at these temperatures, and
might suppress aggregation.

While it is reasonable to assume that similar microphysical processes occur in low-level MPCs throughout the
whole Arctic region, because of the homogeneous characteristics that they display across different sites (de Boer
et al., 2009; Gierens et al., 2020; Morrison et al., 2012; Nomokonova, Ebell, et al., 2019; Shupe, 2011; Shupe
et al., 2006; Zhao & Wang, 2010), this hypothesis should be tested by looking for similar observational finger-
prints at other Arctic observatories. The multi-frequency and Doppler radar observations presented in this study
provided strong observational constraints for the microphysical processes taking place in low-level MPCs at
Ny-l&lesund, nevertheless the range of observational fingerprints can be substantially extended with polarimetric
observations. The recent extension of the AWIPEV site with a polarimetric Ka-band radar will allow us to better
constrain ice particle concentration and shape in the future. It will further enable us to obtain DWR profiles reach-
ing cloud top, as well as overcome the sensitivity limitations of the MRR. In this regard, dual-frequency cloud
radar observations provide the unique opportunity to test and improve the representation of ice-growth processes
in numerical models (Karrer et al., 2021; Ori et al., 2020), and this possibility will be in the future explored with
the ICOsahedral Non-hydrostatic (ICON) modeling framework (Zingl et al., 2015), in its Large Eddy Model
(LEM) version.
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Appendix A: Examples of DWR Dependence on Particle Size

Figure Al illustrates examples of DWR dependence on ice particle shape and size. DWR values were computed
using the scattering database developed by Ori et al. (2021). PSDs are assumed to be inverse exponential, and
the figure shows the dependency of DWR on the mass median diameter D0O. The chosen particle types are:
unrimed dendrite aggregates, unrimed column and dendrite aggregates, and rimed column and dendrite aggre-
gates. Three values for the degree of riming have been chosen, indicated by the effective LWP (ELWP): 0.1, 0.2,
and 0.5 kg/m?2. ELWP is defined as the LWP that produces the simulated amount of riming, assuming a riming
efficiency of 100% (Leinonen et al., 2018; Leinonen & Szyrmer, 2015). The figure shows that DWR is 0 dB
when DO is 1 mm for all particle types, it then rapidly increases as DO increases. It then reaches a saturation value
between 10 and 11 dB for unrimed and lightly rimed (ELWP = 0.1, 0.2 kg/m?) aggregates, when DO is above
10 mm. The saturation value is higher for higher degrees of riming.
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Figure Al. Calculation of dual-wavelength ratio (DWR) at K-band (24.2 GHz) and W-band (94.0 GHz) for different ice
particle types, as function of the mass median diameter DO, obtained with the scattering database by Ori et al. (2021). The ice
particles included are: unrimed dendrite aggregates, unrimed dendrite and column aggregates, and rimed dendrite and column
aggregates. The degree of riming for the rimed aggregates is indicated by the effective liquid water path (ELWP, see text for
definition).

Appendix B: Example of the Calibration Procedure and List of Derived Calibration
Offsets

Figure B1 shows an example of the calibration procedure described in Section 3.2.1. The figure depicts a monthly
histogram of DWR for the month of December 2020, before (a) and after (b) applying the calibration procedure.
Only data observed during calibration events (see Section 3.2.1) are included. The calibration procedure consists
in determining the mode of the uncalibrated DWR histogram (vertical line in panel a), which is then used as
monthly offset for the W-band reflectivities. This approach thus relies on the assumption that the peak of the
distribution is associated with Rayleigh scattering, and the tail on the right side of the peak is associated with
non-Rayleigh scattering. The offset is then added to all W-band reflectivities, leading to the whole histogram
being shifted so that its mode is now at 0 dB (panel b, dashed vertical line). The uncertainty on DWR is calculated
by assuming that all DWR values on the left side of the peak are associated with Rayleigh scattering. The left-side
standard deviation (i.e., only for calibrated DWR values lower than O dB) with respect to the mode is thus taken
as uncertainty (dash-dotted line in panel b).

All derived monthly offsets for all radar systems are displayed in Table B1.
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Figure B1. Monthly dual-wavelength ratio (DWR) histograms for the month of December 2020 before (panel a) and after
(panel b) applying the calibration procedure. Only DWR values observed during calibration events are included in the
histogram. The dashed vertical lines in panels (a) and (b) indicate the mode of the distribution, while the dash-dotted vertical
line in panel (b) indicates the left-side standard deviation with respect to the mode. See text for more details. Bins in both
histograms are 0.5 dB wide.

IT/?ol:ll;tglCalibration Offsets Obtained for the Three Radar Systems Used in the Study, Expressed in dB

Month 09/2017 10/2017 11/2017 12/2017 01/2018 02/2018 03/2018 04/2018 05/2018 06/2018 07/2018 08/2018 09/2018 10/2018
MRR-2 -0.81 (-0.87) (=0.92) (-0.98) (-1.04) (-1.10) (-1.15 (-121) (-1.27) —-1.33 -1.33 -1.33 -133  (-1.35)
MiRAC-A  -0.75 2.75 3.25 3.75 2.25 4.75 2.25 2.75 2.75 1.25 0.75 0.75 1.25 2.75
Month 06/2019 07/2019 08/2019 09/2019 10/2019 11/2019 12/2019 01/2020 02/2020 03/2020 04/2020 05/2020 06/2020 07/2020
MRR-2 -1.57 -1.57 -1.57 -157 (-1.61) (-1.64) (-1.68) (-1.71) (-1.74) (-1.78) (-1.81) (-1.85) —1.88 —1.88
JOYRAD-9%4 1.75 -0.25 -0.25 -0.25 0.75 1.25 2.25 2.25 1.75 0.75 0.75 5.25 0.25 -0.25
Month 08/2020 09/2020 10/2020 11/2020 12/2020 01/2021 02/2021 - 06-09/2021
MRR-2 —1.88 —1.88 (—1.88) (-1.89) (—1.89) (—1.89) (—1.90) - -1.91
JOYRAD-9%4 -0.25 1.25 —-0.25 3.25 1.75 1.25 1.25 - -

Note. Values indicated in parentheses were obtained by linear interpolation.

Appendix C: DWR Signatures in Deep Cloud Systems in Ny-f&lesund

Similarly to Figure 3, Figure C1 displays CFTDs of DWR and MDV. All cloud systems with cloud-top height
higher than 2.5 km detected during the study period were included in this figure, adding up to a total duration of
2,941 hr. DWR and MDV values are matched with temperature (7) retrieved at the same height, and the figure
displays joint histograms of DWR and T (panel a), and MDV and T (panel b).

In addition to the typical increase in DWR corresponding to the DGZ (Barrett et al., 2019; Dias Neto et al., 2019;
Lamer et al., 2021; Ori et al., 2020; Oue et al., 2021), the figure displays a further increase in DWR close to the
melting level, which is typically observed at the midlatitudes (Chase et al., 2018; Dias Neto et al., 2019; Ori
et al., 2020; Tridon et al., 2019).
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Figure C1. Contoured frequency by temperature diagram (CFTD) of dual-wavelength ratio (DWR) and mean Doppler
velocity (MDV) in clouds with cloud-top height above 2.5 km. All clouds with cloud-top height above 2.5 km that are
detected by the Micro Rain Radar (MRR) during the study period at sub-zero temperatures are included. Panel (c) displays
the number of samples available at each temperature level. Since MDV is obtained from the W-band cloud radar, MDV values
are only included if MRR echoes are available. Bin sizes are: 1 dB, 0.05 m/s, 0.5°C.

Data Availability Statement

Microwave radiometer retrievals are available in Nomokonova, Ritter, and Ebell (2019) (for the 2017-2018
period), and in Ebell and Ritter (2022) (for the 2019-2021 period). The Cloudnet target classification product
can be downloaded from https://cloudnet.fmi.fi/. The processed DWR and MDV data are available in Chellini
et al. (2022). Although not necessary to reproduce the results reported in this study, the MRR and 94-GHz cloud
radar original data will be published in the near future on the PANGAEA archive (https://pangaea.de).
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