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Abstract This study documents the presence of ice in stratocumulus clouds with cloud top
temperatures (CTT) > —5 °C in the cold sector of extratropical cyclones over the Southern Ocean (SO)
during ten SO Clouds, Radiation, Aerosol Transport Experimental Study (SOCRATES) research flights.
Case studies are presented showing ice signatures within clouds when CTT were between —2 and —5°C,
evidenced in Doppler radar radial velocity changes observed during high-altitude flight legs as ice particles
melted across the 0°C isotherm. Ice on these legs was found to contribute to precipitation 3.8% of the time
from clouds with —5°C < CTT <0°C. Clouds observed with a distinct melting level on high-altitude flight
legs overall had greater cloud depths, tops with higher reflectivities, and higher linear depolarization
ratios, compared to clouds without a melting level. In situ flight legs were also analyzed when Himawari-8
CTT were between 0 and —5°C and the aircraft was sampling in cloud within that temperature range.

It was found that 3% of clouds sampled in situ with —5°C < CTT <0°C were mixed phase with a mean
number concentration of 2.35 L™* for nonspherical particles with maximum diameters >100 um and

1.13 L™ for nonspherical particles with maximum diameters >200 um.

Plain Language Summary Pure liquid water droplets do not freeze at temperatures

between 0 and —40°C, but rather become supercooled. A microscopic aerosol particle called an ice
nucleating particle (INP) is required for the conversion of supercooled liquid water droplets to ice

crystals. The remoteness of the Southern Ocean (SO) from continental sources of aerosol results in a
paucity of particles capable of triggering ice formation in clouds. As a result, SO clouds are dominated by
supercooled liquid water. Because of the small number of INPs present over the SO, and the low activity of
these particles at modest supercooling, clouds with higher (>—5°C) cloud top temperatures (CTT) over the
SO are not expected to produce many ice particles. Evidence provided herein shows that ice production
does occur in SO clouds with CTT > —5°C. The source of INPs triggering ice nucleation is unknown, but
is likely oceanic, given the remoteness of these clouds from land sources and the shallow nature of these
clouds.

1. Introduction

Climatologies over the Southern Ocean (SO) reveal that more than 80% of the SO is covered by low-level
clouds at any given time (e.g., Hu et al., 2010). These clouds are primarily widespread and broken stratocu-
mulus that persist in the cold sectors of extratropical cyclones (Mace et al., 2009). The need to better simu-
late cloud-radiative processes and constrain the radiative heat budget in cold sectors over the SO, together
with the scarcity of in situ measurements of aerosols, clouds, and precipitation to develop constraints, has
motivated several recent field campaigns to better understand microphysical processes within cold-sector
clouds (McFarquhar et al., 2021). During one campaign, the 2018 SO Clouds, Radiation, Aerosol Transport
Experimental Study (SOCRATES), the National Science Foundation (NSF)/National Center for Atmospher-
ic Research (NCAR) G-V aircraft conducted 15 flights from Hobart, Australia, to within ~650 km of the
Antarctic coast to sample clouds, aerosols, and precipitation.

Three related characteristics of the SO cloud environment make it unique and motivated SOCRATES: the
apparent paucity of ice nucleating particles (INPs) (Bigg, 1973; McCluskey et al., 2018; Welti et al., 2020)
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due to it being far removed from any continental aerosol sources; the common presence of supercooled
clouds, particularly in SO cyclones’ cold sectors (Choi et al., 2010; Hu et al., 2010; Morrison et al., 2011);
and the persistent presence of high winds over a biologically productive ocean, which can influence cloud
droplet concentrations and potentially promote greater emissions of marine biogenic INPs (McCluskey
et al., 2019).

The concentration of INPs active at temperatures > —5°C is limited (Kanji et al., 2017), such that INP con-
centrations present over oceanic regions at these temperatures lie at or below the limits of detection by cur-
rent methods. For example, based on a compilation of ship campaign data, Welti et al. (2020) found that INP
capable of causing immersion freezing were detected only 5% of the time when temperatures were between
—5 and —7°C, meaning that 95% of the time, INP concentrations in this temperature range were below the
detection limit of the measurement systems, estimated at 0.1 m™>. This is consistent with observationally
based parameterizations of INP concentrations from sea spray aerosol emissions in the MBL or long range
transport of soil/dust INPs (McCluskey et al., 2019; Vergara-Temprado et al., 2018). Dust INPs are predicted
to dominate INPs in the above-boundary layer region of the SO (McCluskey et al., 2019), where their con-
centration at a temperature of —5°C would be ~0.001 m ™ when parameterized on the basis of regional feld-
spar content (Vergara-Temprado et al., 2018) or ~0.005 m™° on the basis of applying a generalized mineral
dust INP parameterization (DeMott et al., 2015), which is linked to G-V measured aerosol concentrations
> 0.5 um of typically 4 X 10* m™ in the above cloud region during SOCRATES. Similar INP concentrations
from a direct source of sea spray aerosol emissions are also predicted. INP concentrations of 0.002 m™ at
—5°C are predicted by an active site density parameterization of generalized marine organic INPs when
using typical marine aerosol surface areas for the SO region (McCluskey et al., 2019), and no more than
0.1 m™* are predicted for any instances that might characterize enhanced organic aerosol emissions of INPs
from marine organisms and their exudates (Vergara-Temprado et al., 2017). While the rare occurrence of
the presence of more active terrestrially sourced dust (Harrison et al., 2016; Peckhaus et al., 2016) or micro-
bial INPs (Pandey et al., 2016) could be postulated, the presence of such INPs is not supported by any INP
observations in the SO region thus far.

The SO is a natural laboratory to study ice production processes in marine clouds largely unaffected by an-
thropogenic and continental aerosols. One uncertainty is how often primary and secondary ice production
processes occur in these shallow clouds and if ice production is sufficient to impact cloud radiative proper-
ties. The mechanisms of ice formation in stratiform and cumuliform mixed phase clouds at temperatures
greater than —10°C are not well understood (Field et al., 2017; Kanji et al., 2017) leading to uncertainty in
numerical models (Khain et al., 2015; Korolev et al., 2017). Global climate models have difficulties simu-
lating aerosol concentrations and cloud phase over the SO leading to potential inaccurate cloud-climate
feedbacks (e.g., McFarquhar et al., 2021; Tan et al., 2016; Trenberth & Fasullo, 2010). Ice presence has been
noted in several cumuliform (Cooper, 1986; Hobbs & Rangno, 1998; Koenig, 1963; Ladino et al., 2017; Law-
son et al., 2015; Yang et al., 2020) and stratiform clouds at temperatures > —12°C (Rangno & Hobbs, 2001).
Discrepancies between INP measurements and ice particle concentrations within clouds at temperatures
> —10°C are attributed to secondary ice production processes (see review by Field et al., 2017).

The present study documents and quantifies the occurrence of ice in SO cold-sector clouds with cloud top
temperatures (CTT) > —5°C using remote sensing and in situ data collected during SOCRATES flights.
Specifically, ice presence in low-level stratocumulus cloud decks with CTT > —5°C is detected remotely
through melting signatures across the 0°C isotherm in Doppler radial velocity data, and in situ by detecting
nonspherical particles in optical array probe data. Case studies are presented, and a statistical summary of
the occurrence of ice within these clouds is developed from the SOCRATES flights.

2. Data and Methodology

Data used in this study were collected during 15 research flights consisting of high-altitude (~5.5 km above
mean sea level (MSL)) flight legs of the NSF/NCAR G-V aircraft from Hobart, Tasmania to ~60°S and in
situ (<3 km MSL) flight legs of the G-V from 60°S to Hobart. During the high-altitude flights the High
Spectral Resolution Lidar (HSRL, Eloranta, 2005; Schwartz et al., 2019) and the High-performance Instru-
mented Platform for Environmental Research (HIAPER) Cloud Radar (HCR, Vivekanandan et al., 2015),
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a Doppler radar, were pointed at nadir to document the structure of clouds located beneath the G-V. The
HCR measured the equivalent radar reflectivity factor (Z,) and radial velocity (V;) below the aircraft. The
algorithm presented by Ellis et al. (2019) was used to correct slight errors in the beam pointing angle away
from nadir for the HCR. The method assumes that the surface echo is stationary and any offset from 0 m s™*
can be added or subtracted throughout the entirety of the beam using a surface V, of 0 m s™" as a reference
for correction. They found that after correction the variance in V, for the SOCRATES data set ranged from
0.24t0 0.26 m*s ™.

The procedure for processing the HSRL and HCR data and determining the altitude, phase, and tempera-
ture of cloud top along high-altitude flight legs is presented in Zaremba et al. (2020). In brief, the HCR and
HSRL were interpolated to a uniform georeferenced grid of 2-Hz temporal and 19.2 m vertical resolution.
The merged HCR/HSRL data set consisted of vertical atmospheric columns that had along-track horizontal
resolution of 75-110 m, depending on aircraft ground speed. Each column contained volume elements with
19.2 m vertical resolution. With the G-V flying at 5.5 km, a vertical column contained 286 volume elements,
hereafter referred to as elements.

A curtain of dropsondes was also deployed during high-altitude flight legs to determine the thermodynamic
environment present beneath the G-V (Zaremba et al., 2020). Dropsonde data were interpolated back to the
closest great circle distance between the dropsonde position and the flight track (i.e., to the closest HCR/
HSRL column). The dropsonde data were then interpolated using a linear interpolation over the entire
high-altitude cross section to the center of all elements in the HCR/HSRL merged data set. The average
dropsonde horizontal displacement between the position of the G-V and the surface was 8.4 km and the
accuracy of the dropsonde temperature measurements was +0.2°C (UCAR, 2020).

Cloud top was identified by masking clear air and aerosol signatures in the lidar data (Zaremba et al., 2020).
The first unmasked element below the aircraft in each column was considered cloud top and its CTT was
recorded. During the 12 high-altitude flight legs (where dropsonde measurements were made), 153,478 col-
umns were sampled, 103,702 containing cloud top beneath the aircraft, and 39,691 with —5°C < CTT < 0°C.

2.1. Melting Level Identification

Ice crystals typically fall at a rate near 1 m s™' whereas raindrops typically fall at a rate near 4 m s (Prup-

pacher & Klett, 1997). To identify whether ice particles contributed to precipitation across the 0°C isotherm
in individual columns along high-altitude flight legs with —5°C < CTT < 0°C, each column that had an
HCR detectable signal above the noise level (Normalized Coherent Power > 0.1 or Signal to Noise Ratio
> —10 dB, see Zaremba et al. (2020)), extending from cloud top downward through the 0°C isotherm was
identified. A decrease in V, from ~—1 m s™' to ~—4 m s~ detected just below the 0°C isotherm with-
in that column implied that melting ice particles were present. No abrupt change in V, implied that no/
or a limited number of ice particles were present. To detect a melting level quantitatively, columns with
—5°C < CTT < 0°C were examined to determine if a decrease in radial velocity of atleast 1 m s occurred in
the column over a 10 element layer (192 m). If the decrease was detected, the altitude of the top of the layer
exhibiting the largest decrease in V, was flagged as the top of a potential melting level. The potential melting
level was then compared to adjacent columns. If there was less than a three element (57.6 m) difference in
the altitude where the maximum decrease (>1 m s™') in V; occurred, the level in the previous column was
recorded as the melting level. This procedure was continued column by column until the melting level was
no longer detected. During SOCRATES, the melting level, when present, was normally found to be ~150-
200 m below the 0°C isotherm. Melting levels were detected within 5.8% of columns during high-altitude
flight legs using a 1 m s™" threshold. Increasing the threshold to 1.2 m s™* caused this to decrease to 5.6% of
total flight leg time and decreasing the threshold to 0.8 m s™" caused it to increase to 5.9%. A threshold of
1 m s~ is conservative (potentially missing some melting levels) but provided detection with higher confi-
dence. This approach identifies periods along high-altitude flight legs where ice particles are large enough
and/or in high enough quantities that they form rain with fall velocities >4 m s™. Small ice particles may
form drizzle after they pass through the melting level and have fall velocities <4 m s™'. For this reason, the
ice detection method herein should be considered a minimum bound on the frequency of ice occurrence.
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2.2. Himawari-8

Himawari-8 cloud top temperatures (CTTy) and cloud top height (CTHy) were retrieved by the NASA Sat-
CORPs group (Smith & Minnis, 2018) and were available at 2 km resolution every 10 min during SOCRATES
flights. The NASA algorithm (Minnis et al., 2011) calculates CTTy using the 11 um brightness temperature.
From this CTHy is estimated using a fixed lapse rate assumption where the surface temperature was estimat-
ed using a running 24-h mean surface air temperature from numerical weather reanalysis and a fixed lapse
rate of —7.1 K km™" (Minnis et al., 2011). Brightness temperature is determined from radiation emitted over
a depth of the cloud top layer that depends on the cloud's emissivity. Under most conditions brightness tem-
perature typically has an uncertainty of 1 K. An inaccurate sea surface temperature estimate and/or lapse
rate different from —7.1 K km™ could result in CTHy errors, although these are smaller for shallow clouds.

Himawari-8 CTTy and CTHy were used to obtain an overall perspective of the environment that the G-V
was sampling over the SO during individual high-altitude flight legs and was used to estimate CTT and CTH
during in situ flight legs. Dropsonde estimated CTT and lidar detected CTH were averaged every 10 s (or less
for broken clouds) along the G-V's flight track in order to compare the nearest neighbor Himawari-8 satellite
pixel to CTT and CTH observed by the G-V along high-altitude flight legs.

Furthermore, to ensure that ice particles were not arriving from undetected, deeper clouds along the mean
wind direction upstream of the flight track, and seeding lower clouds, probability density functions of
Himawari-8 CTTy were developed for all clouds within a distance (D) upstream of the flight track when melt-
ing was detected. D was calculated from D = ud / V, ; where u is the maximum wind speed in the —10°C to
0°C layer, V, is the fall speed of ice particles, estimated from V; as 1.0 m s}, and d is fall distance between the
altitudes of the —10 and 0°C isotherm. The —10°C level was chosen based on (Zaremba et al., 2020, their Fig-
ure 19) which showed that 85% of all cloud tops measured by the G-V had CTT > —10°C. SOCRATES flights
focused on the cold sectors of extratropical cyclones where typical clouds are broken stratocumulus or solid
stratocumulus cloud decks. Most clouds in the Zaremba et al. (2020) study with CTT < —10°C were sampled
in closer proximity to frontal clouds of extratropical cyclones (e.g., Rauber et al., 2020). None of the cases pre-
sented here fell into this category. The value of D ranged from 20.8 km in light wind conditions to 102.6 km
when strong winds were present. Himawari-8 data closest in time to the detection of a melting level by the
aircraft was used to calculate probability density functions over the distance D from the aircraft flight track.

2.3. Optical Array Probe and Cloud Liquid Water Measurements

In situ flight legs were conducted during SOCRATES while the G-V was returning to Hobart (McFarquhar
et al., 2021). During these legs the aircraft flew up to four flight patterns at altitudes <3 km. The first was
straight, level flight just above boundary-layer cloud top (~2-3 km MSL). The second was straight, level
flight just above the ocean surface beneath cloud base. The third were sawtooth patterns up and down
through cloud. On some occasions, the G-V also flew level legs near cloud top, after the level leg above
cloud, when conditions were deemed safe to avoid aircraft icing. During sawtooth flight legs the HCR and
HSRL were typically pointed at nadir on descent and zenith on ascent. This limited the amount of data
available to assess cloud phase and ice particle concentrations in the temperature range 0 to —5°C. The
only simultaneous measurement of CTT while the aircraft was sampling between 0 and —5°C was from the
Himawari-8. The analysis herein therefore is restricted to periods when CTTy were between 0 and —5°C and
the G-V was sampling between 0 and —5°C. In situ flight leg times used in this analysis to identify periods
where CTTy were between 0 and —5°C are summarized in Table 1.

The machine learning algorithm of D’Alessandro et al. (2021) was used to estimate cloud phase based on
simulations acquired by several cloud physics probes during in situ legs. Measurements from a 2D Stereo
Probe (2D-S) were used to estimate the concentrations of liquid and/or ice phase hydrometeors. 2D-S data
in this analysis was processed using the University of Illinois/Oklahoma OAP Processing Software (Mc-
Farquhar et al., 2018; Wu & McFarquhar, 2019). The 2D-S nominally measures particles with a resolution
of 10 um between 10 um < D < 3,200 um, but measurements for particles with maximum dimensions
(Dpax) less than 100-150 um are highly uncertain due to a small and poorly defined depth of field for small
particles (see McFarquhar et al., 2017 and references therein). The D, of ice particles was calculated using
the algorithm of Wu and McFarquhar (2016). Ice particle shape was determined using the algorithm of
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Table 1

In Situ Flight Leg Start/End Times

Research Flight Start time End time GV track length
RFO01 2018-01-16 01:52:00 UTC 2018-01-16 02:48:00 UTC 54 km
RF02 2018-01-19 03:34:00 UTC 2018-01-19 06:34:00 UTC 1,265 km
RF03 2018-01-22 23:51:00 UTC 2018-01-23 03:18:00 UTC 969 km
RF04 2018-01-24 02:11:00 UTC 2018-01-24 04:06:00 UTC 701 km
RFO05 2018-01-26 00:55:00 UTC 2018-01-26 05:04:00 UTC 1,002 km
RF06 2018-01-29 01:30:00 UTC 2018-01-29 03:31:00 UTC 733 km
RF07 2018-01-31 03:29:00 UTC 2018-01-31 07:15:00 UTC 996 km
RF08 2018-02-04 02:04:00 UTC 2018-02-04 05:45:00 UTC 1,046 km
RF09 2018-02-05 02:43:00 UTC 2018-02-05 05:03:00 UTC 933 km
RF10 2018-02-08 00:05:00 UTC 2018-02-08 04:04:00 UTC 1,635 km
RF11 2018-02-17 03:22:00 UTC 2018-02-17 04:57:00 UTC 254 km
RF12 2018-02-18 02:55:00 UTC 2018-02-18 05:19:00 UTC 246 km
RF13 2018-02-20 01:54:00 UTC 2018-02-20 06:28:00 UTC 1,708 km
RF14 2018-02-22 01:56:00 UTC 2018-02-22 04:58:00 UTC 976 km
RF15 2018-02-24 04:18:00 UTC 2018-02-24 08:33:00 UTC 1,063 km

Holroyd (1987), which identifies particles as spherical or one of a number of nonspherical shapes. In this
paper we report concentrations of nonspherical particles with D,,,, > 100 and >200 pm.

2.4. CTT Uncertainties

CTT during the remote sensing flight legs was determined from lidar-detected cloud top heights in each
column and dropsonde measurements of temperature along the flight track linearly interpolated to each
column. Dropsonde spacing ranged from 89.5 to 307.8 km, with an average spacing of 189 km (see Zaremba
et al., 2020; their Table 1). Uncertainty in CTT estimates will arise where temperature changes nonlinearly be-
tween dropsondes at altitudes corresponding to the cloud tops between dropsondes. Unfortunately, it was not
possible to assess this uncertainty quantitatively because measurements of temperature at a frequency greater
than the dropsonde measurements were not available. Cross sectional plots of temperature along the entire
flight track from European Centre for Medium-Range Weather Forecasts ERAS5 reanalysis were examined to
determine if nonlinear variations in temperature were obvious between positions of dropsonde launches in
regions where melting layers were detected (none were), largely because the measurements reported herein
were all within the cold sector of SO cyclones, well distanced from frontal boundaries. Nevertheless, this un-
certainty in CTT is present, and the results should be interpreted with this uncertainty in mind.

Uncertainty is also present in estimates of Himawari-8 CTT both because of the uncertainty in the retrieval
based on radiance measurements, and because the satellite estimates CTT and CTH are based on averages
over an approximate 2 X 2 km area, which is a much larger area than the lidar or in situ measurements.

3. Case Studies of Ice Presence at Warm CTT

Of the 12 high-altitude flight legs, 11 had periods with clouds with 0°C > CTT > —5°C. Of these, eight
flights had segments where ice was present at CTT > —5°C along some portion of the flight track. During
four of these flights, Himawari-8 CTTy upstream within D had at least one grid pixel with CTTy < —7°C.
The remaining four flights had segments where ice presence occurred at CTT > —5°C and CTTy upstream
within D were all > —7°C, with nearly all Himawari-8 grid pixels having CTTy > —5°C. It can therefore be
inferred that ice production by primary and secondary ice production processes occurred in these cases at
CTT > —5°C. Examples of two flight segments are presented below, followed by a statistical summary of
high-altitude flight legs in Section 4.
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Figure 1. RF02 10-Hz HCR (a) Z, and (b) V, data from January 19, 2018 02:22:00 and 02:24:00 UTC. Temperature (°C) is overlaid; (c) cloud top temperatures
(CTT) and (d) cloud top height (CTH) detected by the G-V (red) and Himawari-8 (blue). The arrow marks 02:22:48 UTC. (e) Flight level forward camera imagery
at 02:21:00; (f and g) Distribution of Himawari-8 CTH and CTT within D upstream of the flight track.

3.1. Research Flight 02: January 19, 2018 02:22:00-02:22:24 UTC

Figure 1 shows an example of Z, and V, from passage over a stratocumulus cloud deck with
—5°C < CTT < —3°C based on temperatures measured by both the dropsondes and Himawari-8 temper-
ature retrievals along the flight track. No clouds were detected by the lidar above the stratocumulus deck
between the aircraft and ~2 km. Between January 19, 2018 02:22:00 and 02:22:48 UTC, distinct radar signa-
tures of melting ice were not evident. Beginning at 02:22:48 UTC, a distinct signature of melting is evident
in the V, field. At this location, Himawari-8 CTTy along the flight track were ~2°C less than dropsonde
estimated CTT, but both were >—5°C. Flight-level forward camera images confirmed the absence of higher
cloud layers that could be a source of ice particles (Figure 1e). A region 0-82.5 km upstream (west) of the
melting level was checked using Himawari-8 data to determine if clouds upstream could have seeded the
clouds where ice was observed. Clouds upstream had CTT that were all > —6°C and CTH that were all
<2.1 km (Figure 1f and 1g). In this case, seeding by upstream higher clouds was not evident, and it can be
inferred that ice production occurred within the clouds at CTT > —5°C.

3.2. Research Flight 14: February 22, 2018 01:22:00-01:24:00 UTC

Figure 2 shows an example of ice presence within stratocumulus clouds with —5°C < CTT < —3°C dur-
ing RF14. Ice presence was evident in the V, field beneath cloud top between February 22 01:22:23 UTC
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Figure 2. Same as Figure 1 but for RF14 from February 22, 2018 01:29:00 and 01:32:00 UTC. Flight level imagery (e) is shown from 01:20:00 UTC.

and 01:22:53. CTT > —5°C were confirmed by both Himawari-8 measurements and dropsonde estimates.
The G-V and Himawari-8 measured CTT > —5°C beginning at 01:22:00. Himawari-8 measured CTT were
~1.5°C lower than the G-V observed cloud tops, but both were > —5°C. Beyond 01:23:30 the Himawari-8
and G-V measured CTT were approximately equivalent, again > —5°C. Flight level forward camera images
(Figure 2e) confirm the absence of higher cloud layers. A region 0-69.4 km west of the melting level was
checked using Himawari-8 data to determine if clouds with lower CTT were present upstream. Clouds
upstream had CTT that were all > —4.4°C and CTHs that were all <1.1 km (Figure 2f and 2g). In this case,
seeding by higher clouds again was not evident.

4. Statistics on Ice Presence at Warm CTT Along High-Altitude Flight Legs

Ice presence at CTT > —5°C during SOCRATES high-altitude flight legs was quantified based on the num-
ber of columns sampled by the G-V. There were 39,691 columns where CTT sampled by the HSRL along
the flight track were in the range (—5°C < CTT < 0°C). On Figure 3 the blue bars show the distribution of
these columns as a function of CTT. Of these 39,691 columns, 36.2% had an HCR detectable signal above
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Cloud Top
Temperature (°C)
N

the noise level extending beneath cloud top, also shown on Figure 3 as
a function of CTT (green bars - 14,468 columns). 18.2% met the above
criteria and had an HCR detectable signal above the noise level extending
beneath the 0 °C isotherm (yellow - 7,224 columns). 3.8% met the above
criteria and also satisfied the V, criteria for the existence of a melting level
(orange -1,508 columns). 1.3% met the above criteria and had CTTy up-
stream within D that were all > —7°C (red -516 columns). Figure 3 also
shows that ice was only present when CTT were <—2°C. Although the
presence of radar detectable ice when CTT were >—5°C was infrequent,

0 2000 4000 6000 8000 10000 implying that the warm rain process/supercooled warm rain process play
Number of Columns a dominant role in low-level cold sector SO clouds, the ice phase and

ice production at CTT > —5°C does occur and impacts precipitation and

Figure 3. Number of columns where cloud top was detected using the cloud structure.
High Spectral Resolution Lidar (HSRL) and cloud top temperatures (CTT)
were between 0 and —5°C (blue), the subset of columns with an HIAPER

Cloud Radar (HCR) detectable signal above the noise level extending . ..
beneath cloud top (green), the subset of columns that met the above 5. Compal'lson of Cloud Characteristics

criteria and had an HCR detectable signal above the noise level extending
beneath the 0°C isotherm (yellow), subset of columns that met the above

Cloud top and cloud depth characteristics sampled remotely during

criteria and also satisfied the V; criteria for the existence of a melting high-altitude flight legs were further analyzed using HSRL and HCR data
level (orange), subset of columns that met the above criteria and had CTT to compare characteristics when melting levels were present and absent.
upstream within D that were all >—7°C (red). When CTT were between 0 and —5°C and a melting level was detected,

the cloud top mean and standard deviation of Z, was —0.3 + 8.7 dBZ,

while it was —8.3 £ 9.6 dBZ, when a melting level was absent (Figure 4a).
This suggests that larger and/or more particles were present at cloud top when melting levels were detect-
ed. These likely were ice particles instead of cloud drops, although large drizzle drops can produce higher
values of Z,.

The cloud top V; was —0.7 + —0.5 m s™' when a melting level was detected and —0.9 + 0.6 m s when a
melting level was not present (Figure 4b). Clouds without a melting level had a wider range of V; at cloud
top with a tail in V, approaching —4 m s™', characteristic of the presence of drizzle. V, was typically slightly
more negative at cloud top when a melting level was detected, consistent with the difference in fall velocities
between ice particles and cloud droplets. However, in some clouds with no melting level detected, drizzle
and raindrops were likely present, contributing to the negative tail in the distribution of V,.

HSRL backscatter coefficients when melting levels were, and were not detected were —5.3 + 2.1 m™" sr™!

and —5.5 + 2.1 m™" sr™’, respectively, essentially exhibiting no difference. Particle linear depolarization
ratios (8,,) at cloud top when a melting level was present were 0.13 + 0.13, compared to 0.17 £ 0.07 when no
melting level was present (Figure 4d). The shift to higher values is consistent with differences between ice
and water. However, the distribution of §, had a secondary mode in §, when no melting level was present
(Figure 4d). These elements typically occurred at the topmost cloud top element. It is unclear what the
source of the second mode was in these cases.

Cloud depth was defined as the distance between the topmost cloud top element and the element at the low-
est altitude where either an HSRL cloud was detected or HCR reflectivity was above the noise level. Clouds
where a melting layer was detected had a depth of 1.5 + 0.5 km compared to 0.8 + 0.7 km when no melting
layer was detected (Figure 4e). These results indicate that deeper clouds tended to produce ice, even though
their top temperatures were >—5°C.

6. In Situ Statistics on Ice Presence at Warm CTT

D’Alessandro et al.'s (2021, their Figure 4) analysis of in situ SOCRATES data showed ice or mixed phase
conditions occurring ~20% of the time at temperatures between —5 and 0°C, although the CTT was not
considered in their analyses. In the analysis below we now consider CTT. Ice presence at CTT > —5°C
during SOCRATES in situ flight legs was quantified based on the number of 1 Hz in situ samples made by
the G-V based on the machine learning algorithm of D’Alessandro et al. (2021). Time periods were isolated
when CTTy were between 0 and —5°C and the G-V was sampling in that temperature range. Only 4.3% of
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Figure 4. Cloud top characteristics and cloud depth for columns where a melting level was present (blue) and not
present (pink) during Southern Ocean Clouds, Radiation, Aerosol Transport Experimental Study (SOCRATES) high
altitude flight legs. Percentage of elements within 96 m of cloud top for (a) Z, binned every 1 dBZ, (b) V, binned every
0.1 ms™, (c) backscatter coefficient binned every 0.25 m sr™’, and (d) particle linear depolarization ratio binned every
0.01. (e) is the percentage of columns with a given cloud depth, as defined in the text binned every 0.1 km.

the total in situ flight leg time during SOCRATES met these criteria. Figure 5a shows a summary of 1 Hz
temperatures sampled when these conditions were met. Figure 5b and 5c shows a summary of cloud phase
determined using D’Alessandro et al. (2021). Out of all the time periods where CTTy were between 0 and
—5°C, 97% of the 1 Hz in situ samples were liquid phase and 3% were mixed phase, meaning nonspheri-
cal particles were present in a given 1 Hz sample (Figure 5b). Mixed phase conditions when CTTy were
>—5°C were found on eight research flights (Figure 5c). Most flights had very limited sampling time (<30 s)
where ice was present and CTT were between 0 and —5°C. During 1 Hz mixed phase periods, 2D-S number
concentrations for nonspherical particles with D,, > 100, and D,, > 200 um were analyzed. During 1 Hz
mixed phase periods the average number concentration for nonspherical particles with D,q, > 100 um were
2.35 L7 and D g, > 200 um were 1.13 L™" (Figure 5d). The average number concentration for spherical par-
ticles during 1 Hz mixed phase periods with D g, > 100 um were 0.09 L™", and D, > 200 um were 0.01 L™
(Figure 5e). This implies that particles sampled with D,,,, > 100 um were essentially all nonspherical and
presumably ice.
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Figure 5. (a) number of in-cloud 1 Hz samples at 0 > T > —5°C when CTTy were between 0 and —5°C. (b) cloud
phase determined using the D’Alessandro et al. (2021) algorithm for these samples. (c) number of seconds where
mixed phase cloud was detected on each research flight for these samples. (d) particle concentrations (Nzp.s) of
nonspherical particles with D,, > 100 pum and D,, > 200 um when mixed phase 1 Hz samples were detected. (e) particle
concentrations (N,p.s) of spherical particles with D,, > 100 um and D,, > 200 um during 1 Hz mixed phase samples.

Note that spherical particles with D, < 100 um could have been ice particles. There was not enough
information to determine this explicitly using the 2D-S because very few pixels were shadowed. This
made it difficult to differentiate between spherical and nonspherical particles and therefore differen-
tiate between liquid and ice for particles with D,,,x < 100 um. The sampling volume of the 2D-S was
8 L s~ which limited the total volume sampled when 0 > CTTy > —5°C. For these reasons, the report-
ed concentrations for nonspherical particles should be regarded as a minimum concentration for ice
particles.
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7. Summary and Conclusions

The nonspherical particle number concentration average for D, > 200 um was 1.13 L™ for mixed phase
1 Hz samples. The ability of clouds to produce ice at CTT > —5°C at these concentrations over the SO is
unexpected because of the low INP concentrations active at such temperatures. The observed ice particle
concentrations were 3-4 orders of magnitude greater than INP concentrations measured by the G-V during
SOCRATES at —12°C (0.001-0.01 L™"), the highest temperature of detection (see data availability). These ice
concentrations imply that secondary ice production processes must be active in ~3%-4% of SO clouds with
CTT > —5°C, as independently shown in both the remote sensing and in situ analyses.

The complicated nature and limited understanding of ice production at high CTT has made it difficult to
pinpoint the source of INPs or the physical mechanisms behind primary and secondary ice formation with-
in these modestly supercooled low-level clouds. It is certain that secondary ice production processes (e.g.,
Field et al., 2017) contributed to glaciation of the clouds, contributing to the observed remote sensing signal,
but for secondary ice particle formation to activate, primary ice nucleation must have first occurred. The
source of INPs triggering ice nucleation remains unknown, but is likely oceanic, given the remoteness of
the clouds from land sources and the shallow nature of the clouds. Measurements have thus far attributed
INP to oceanic sources over the region (McCluskey et al., 2019).

This study demonstrated the existence of ice at CTT > —5°C within SO clouds from a remote sensing and
in situ perspective.

The key findings are as follows:

1. The presence of ice was documented over the SO at CTT > —5°C during 8 of 12 high-altitude research
flights from a remote sensing perspective. Cases of ice presence at high CTT were analyzed using
Himawari-8 data to determine if clouds upstream were potentially seeding clouds observed by the air-
craft. Four research flights had cases where ice presence at high CTT (>—5°C) showed no evidence of
upstream seeding.

2. Example case studies from two research flights were presented to illustrate ice presence and inferred pro-
duction evidenced by ice particles melting across the 0°C isotherm in V, data when CTT were between
—2 and —5°C. Himawari-8 CTT measurements confirmed that CTT were >—5°C over and upstream of
the region observed by the G-V aircraft.

3. Of clouds sampled remotely by the G-V aircraft during SOCRATES, 38.3% had —5°C < CTT <0°C. Of
these clouds, 3.8% showed evidence of ice presence, as evidenced by a distinct melting level and 1.3% had
ice present with no evidence of high clouds upstream. This is likely a lower bound for ice production.
This percentage is, however, consistent with the compilation of measurements from Welti et al. (2020)
that showed that immersion freezing INP exceeding 0.1 m~> were detected 5% of the time between —7
and —5°C.

4. Clouds that had a melting level present and CTT > —5°C observed remotely on high-altitude flight legs
had cloud tops (top 96 m) with higher reflectivities, higher linear depolarization ratios, and deeper cloud
depths compared to cloud tops without a melting level present.

5. Of the clouds sampled in situ by the G-V during SOCRATES, 4.3% had Himwari-8 CTT between 0 and
—5°C while the aircraft sampled in situ between 0 and —5°C. Of these clouds 97% were liquid phase and
3% were mixed phase. Mixed phase clouds had mean number concentrations of 2.35 L™* for nonspheri-
cal particles with maximum diameters >100 um and 1.13 L™ for nonspherical particles with maximum
diameters >200 pm.

Secondary ice production processes are likely critically important for controlling ice crystal concentrations
found in SO clouds at warmer CTT > —5°C. One question has been how often primary and secondary
ice production processes occur in these shallow clouds. The analyses presented in this paper quantify the
occurrence of ice at CTT > —5°C and thereby provide a constraint on numerical modeling simulations
of the microphysics of clouds in the cold sectors of extratropical cyclones over the SO, a primary goal of
SOCRATES. Future work should focus on the impact of ice production on cloud radiative and precipitation
processes within these modestly supercooled clouds.
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