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Abstract Recent studies have suggested a correct representation of cloud phase in the Southern Ocean
region is important in climate models for an accurate representation of the energy balance. Satellite retrievals
indicate many of the clouds are predominantly liquid, despite their low temperatures. However, clouds
containing high numbers of ice crystals have sometimes been observed in this region and implicated the
secondary ice production process called rime splintering. This study re-examines rime splintering in Southern
Ocean cumuli using both a new data set and high-resolution numerical modeling. Measurements acquired
during the Southern Ocean Clouds Radiation Aerosol Transport Experimental Study (SOCRATES) provide
an evaluation of the amount of ice in shallow cumuli sampled over two days in this region. The measurements
sometimes exhibit seven orders of magnitude or more ice particles compared to amounts expected from
measurements of ice-nucleating particles (INP) on the same days. Cumuli containing multiple updrafts had
the greatest tendency to contain high ice concentrations and meet the expected conditions for rime splintering.
Idealized numerical modeling, constrained by the observations, suggests that the multiple updrafts produce
more frozen raindrops/graupel, and allow them to travel through the rime-splintering zone over an extended
period of time, increasing the number of ice particles by many orders of magnitude. The extremely low number
of INP in the Southern Ocean thus appears to require special conditions like multiple updrafts to help glaciate
the cumuli in this region, potentially explaining the predominance of supercooled cumuli observed there.

1. Introduction

The Southern Ocean is a vast region largely isolated from anthropogenic pollution that contains prevalent low
altitude clouds, effective at reflecting shortwave radiation compared to the otherwise absorptive ocean surface.
Climate models have tended to underestimate the amount of reflected shortwave radiation in this region due to
a lack of low cloud cover, particularly in the cold sectors of cyclones (Bodas-Salcedo et al., 2014, 2016; Naud
et al., 2014; Vergara-Temprado et al., 2018). This lack of clouds likely results at least in part from difficulty in
resolving the low-level meteorological features in the boundary layer as well as the inversion height (Williams
etal., 2013). However, it might also result from model parameterizations glaciating these clouds too quickly (Kay
et al., 2014; Vergara-Temprado et al., 2018). Cloud glaciation not only decreases its reflectivity to incoming solar
radiation but also tends to increase precipitation amount and thus decrease cloud longevity, limiting the cloud life-
time (e.g., Pinto, 1998). Both effects might explain the high model bias in absorbed solar radiation over the South-
ern Ocean (Frey & Kay, 2018; Trenberth & Fasullo, 2010). Older satellite-based studies have suggested the prev-
alence of supercooled liquid water at cloud tops over the Southern Ocean (Hu et al., 2010; Huang et al., 2012),
which would be more reflective than glaciated clouds, and could explain an underestimate in reflected shortwave
radiation in climate models (e.g., Bodas-Salcedo et al., 2016; McCoy et al., 2014). Huang et al. (2012) also found
that satellite retrievals of cloud optical depth were greater than climate models tend to predict.

The Southern Ocean Clouds Radiation Aerosol Transport Experimental Study (SOCRATES) was designed to
gather in situ aircraft observations of aerosol and cloud properties in the Southern Ocean, in order to understand
the influence of aerosol upon the cloud radiative properties, and to verify the accuracy of satellite retrieval
products and numerical model predictions (McFarquhar et al., 2021). It was conducted in January and February
of 2018; research flights with the NSF/NCAR G-V were based out of Hobart, Tasmania, and flew as far south
as 62°S toward Antarctica. Aerosol and microphysical instrumentation, as well as radar and lidar systems, were
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mounted on the aircraft. The majority of the flights were dedicated to sampling the large decks of stratocumulus
prevalent in the cold sectors of cyclones. Two other flights conducted targeted sampling of shallow cumulus
clouds. Studies based on the SOCRATES in-situ or remotely sensed aircraft data (e.g., D'Alessandro et al., 2021;
Zaremba et al., 2020) support the results of past satellite retrievals that the majority (near 90%) of the summer-
time stratocumulus and cumulus cloud tops in this region are supercooled liquid. Mace et al. (2020) combined
CloudSat radar and CALIPSO lidar data over the span of a year over the Southern Ocean and also found strati-
form and shallow cumuliform clouds were predominantly supercooled liquid, and that the frequency of mixed-
phase clouds appeared to increase with cloud/layer thickness and precipitation production.

The glaciation process must begin with the presence of some ice within the otherwise supercooled liquid cloud.
The first ice is generated through primary nucleation, for which specific types of aerosol particles known as
ice nucleating particles (INP) are required. INP can originate from a variety of sources, including mineral dust
(e.g., Bunker et al., 2012), diverse biological entities (e.g., bacteria, fungi and pollen; see Huang, Siems, & Man-
ton, 2021), and certain sea spray aerosols that may include biological particles and their organic matter exudates
(DeMott et al., 2016; McCluskey et al., 2018; Saliba et al., 2021). For primary nucleation, a single ice particle
results from each INP; the number of INP increases with decreasing temperature so more ice is nucleated in cold-
er clouds. The number of INP is always far less, by orders of magnitude, than the number of cloud condensation
nuclei (CCN). Over the Southern Ocean, INP number concentrations are extremely low (McCluskey et al., 2018),
and primary ice production is likely insufficient to completely convert all the supercooled drops in a cloud to
ice, especially in clouds warmer than —15°C (Blyth & Latham, 1997). Vergara-Temprado et al. (2018) conducted
high-resolution regional numerical modeling over the Southern Ocean and associated the deficiency of INP with
the maintenance of the supercooled liquid clouds. If and when enough ice exists, and if the supersaturation is low
enough to evaporate droplets, the Wegener-Bergeron-Findeisen process could glaciate the clouds.

Secondary ice production (SIP) is the creation of additional frozen hydrometeors from a single ice particle with-
out the aid of an INP (e.g., Field et al., 2017). These processes are hypothesized to explain frequently observed
ice number concentrations that are orders of magnitude higher than measured or expected INP number concentra-
tions. One of the most frequently studied SIP mechanisms is rime splintering (also known as the Hallet-Mossop
process; Hallett & Mossop, 1974). Laboratory studies suggest that rime splintering requires supercooled droplets
greater than 25 pm diameter riming onto the surface of a fast-falling frozen hydrometeor such as graupel or frozen
raindrops, at an air temperature within —3 to —9°C. As the water inside the frozen outer shell of the collected
supercooled droplet begins to freeze and expand, it exerts pressure (Choularton et al., 1978; Mossop, 1980) and
shatters the icy perimeter of the drop, creating a spike of ejected water that then freezes. The spike splinters,
ejecting fragments. Mossop (1976) found a splinter production rate of approximately one splinter per every 250
rimed drops. The rime splintering process can quickly increase ice number concentrations in the cloud, especially
through the feedback of the ejected splinters growing (first by deposition but then by riming) into new graupel
particles, or colliding with supercooled raindrops and freezing them, providing additional sites for rime splinter-
ing (Hallett et al., 1978).

Occurrences of high number concentrations of ice crystals coincident with the conditions for rime splintering
have been documented around the world, including in the vicinity of the Southern Ocean. Mossop et al. (1970)
observed ice number concentrations in glaciated small cumuli off the eastern and western coasts of Tasmania to
be sometimes four orders of magnitude higher than predicted by the measured INP (10-2 L~! at —15°C) from a
ground site near the southeastern coast. Approximately half of the cumulus clouds sampled in the —5 to —10°C
temperature range contained ice. They also noted that wider clouds (4—10 km) had a greater probability of contain-
ing ice, and hypothesized multiple updrafts (new turrets replacing older ones in the same cloud) were responsible
for allowing the ice-forming conditions to be enhanced for a longer period of time, increasing the overall numbers
of ice particles. More recently, Huang et al. (2017) and Huang, Hu, et al. (2021) reported aircraft measurements
in shallow cumuli off the southwest coast of Tasmania that also appeared consistent with an active rime-splin-
tering process. Although INP were not measured, ice number concentrations sometimes surpassed 50 L~=! when
the cloud tops were warmer than —9°C. Aircraft data collected in predominantly supercooled stratiform clouds
off the coast of Antarctica over the Weddell Sea by O’Shea et al. (2017) exhibited ice number concentrations
exceeding 1 L~! in small isolated regions that they attributed to rime splintering. Finlon et al. (2020) observed
ice number concentrations sometimes exceeding 100 L~! in a deep pre-frontal band of cloud associated with an
atmospheric river extending south of Tasmania and implicated rime splintering as a likely source. In a region
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of the world where satellite retrievals and recent in-situ aircraft studies suggest a predominance of supercooled
liquid clouds, these studies documenting high ice number concentrations appear potentially difficult to reconcile:
if large quantities of ice are possible in cumuliform clouds in this region due to rime splintering, what factor(s)
would limit its production such that the clouds are still observed to consist predominantly of supercooled water?

Two flights during SOCRATES were dedicated to sampling summertime shallow cumuli in the Southern Ocean
and presented an opportunity to revisit the topic of rime splintering there. These data were collected with more
instrumentation than in past field studies, including aircraft measurements of the local INP over the ocean, a
newer probe to measure small ice, and documentation of the cloud characteristics by a research radar on the air-
craft. The flights of interest sampled fields of shallow cumuli as far as 53°S, 10 or more degrees farther south into
the Southern Ocean than Mossop et al. (1970) or Huang et al. (2017) and Huang, Hu, et al. (2021), and are thus
possibly less affected by any continental or anthropogenic aerosol sources to influence the INP. High-resolution
numerical modeling is used to understand trends resulting from the observational analysis and possibly establish
why cumuli may or may not produce abundant ice by rime splintering in the Southern Ocean.

2. Observations and Analysis
2.1. Overview of Data Collection and Macroscopic Cloud Characteristics

The sampling strategy for the two SOCRATES cumulus flights using the NSF/NCAR G-V aircraft consisted
of first releasing dropsondes from 6 km altitude MSL to assess the environmental conditions en route to the
cumulus field. These vertical profiles of temperature, humidity, pressure, wind speed, and wind direction were
collected with the Airborne Vertical Atmospheric Profiling System (AVAPS; Hock & Franklin, 1999; Halverson
et al., 2006). Afterward, the tops of active (growing) turrets were sampled within a few hundred meters of their
tops as they ascended to the aircraft altitude. Constant altitude flight legs were performed within the environ-
mental temperature range of —3 to —9°C, that is, the temperature zone in which rime splintering has occurred in
laboratory studies. An additional pass sampled cloud bases, which sometimes included precipitation. Constant
altitude clear-air legs were also flown above the cloud tops and below the bases to sample local aerosol particles,
including INP. The clouds targeted for sampling were selected to represent the range of cumuli development
present on each day, but deep cumuli were avoided. Multiple passes through the same turret were also avoided to
prevent contamination of the measurements by aircraft-produced ice particles (APIPS; Rangno & Hobbs, 1983).

The NCAR High-performance Instrumented Airborne Platform for Environmental Research (HIAPER) Cloud
Radar (HCR), a dual-polarization W-band radar (Vivekanandan et al., 2015), was used to document the cloud
structure at the time of sampling. The unidirectional radar pointed downward from the aircraft flight level, except
when sampling at or beneath the cloud bases. The along-beam resolution of the data was 30-50 m for the altitudes
used during the cumulus sampling. Due to the short beam wavelength, attenuation can occur in even moderate
precipitation. The vertical orientation necessarily includes cloud particle fall speeds superimposed upon updrafts
and downdrafts and thus does not reliably indicate maximum updraft and downdraft strengths in the cloud. As
a result, the radar data are mainly used here to document the macroscopic cloud structure and stage of cloud
development during sampling, including the discrimination of clouds with single or multiple updrafts based on
observed radial velocity. Radar data are only available from the aircraft, so the time history of a particular cloud
is unknown.

The first field of cumulus was sampled on 17 February 2018 (Figure 1a). The dropsonde released immediately
before cumulus sampling at 030258 UTC (Figure 1a, southernmost circle, data plotted in Figure S1a in Support-
ing Information S1) showed a well-mixed boundary layer with a lifting condensation level near 900 hPa (0°C)
and an equilibrium level near 700 hPa (—12°C). Wind shear was negligible over this depth. The cloud base height
was approximately 1000 m MSL, and the highest cloud sampling altitude was 2200 m MSL. Aerosol sampling in
the clear air was conducted below the bases at 150 m MSL and above cloud tops at 4500 m MSL. Clouds on this
day often contained multiple updrafts (Figure 2a) and tended to be 3000—4000 m wide and 1500 m deep. Images
from the Particle Habit Imaging and Polar Scattering (PHIPS) probe (Figure 3a) included liquid drops, heavily
rimed ice, and graupel/rimed frozen raindrops.

A second shallower field of cumulus was sampled on 24 February 2018 (Figure 1b). Here too, the dropsonde
released immediately before sampling (Figure S1b in Supporting Information S1) showed a boundary layer with
a lifting condensation level near 900 hPa (0°C), but a strong inversion immediately below 800 hPa (—4°C) limited
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Figure 1. G-V flight path with dropsonde locations (green dots) and wind
barbs plotted, overlaid upon Himawari visible satellite data, for (a) 17

the maximum cloud top heights. Wind shear was again very weak over the
cloud layer. The sampled cloud bases were at 1,000 m altitude MSL, but the
maximum cloud sampling altitude was only 1,500 m. Aerosol measurements
in the clear air were collected below the bases at 170 m MSL, and above the
tops at 2,200 m MSL. The clouds on this day often contained only single
updrafts (Figure 2b) and were typically only 1,000 m in width and depth. For
most of these clouds, the PHIPS probe captured images of liquid drops, but
some ice with little riming was evident for one cloud pass (Figure 3b).

2.2. Measurements and Data Processing

The NSF/NCAR G-V aircraft carried a variety of microphysical instrumenta-
tion; a full description is given by McFarquhar et al. (2021). The microphysi-
cal data used in this study include: size distributions of cloud droplets from 2
to 50 pm diameter from the Cloud Droplet Probe (CDP; Lance et al., 2010),
the presence of supercooled cloud droplets as indicated by the Rosemount
Icing Detector (RICE; Baumgardner & Rodi, 1989), the presence of graupel/
rimed frozen raindrops as indicated by 2D images of particles 200-1,600 pm
in diameter (with 25 pm resolution) from the 2DC Probe (for which occa-
sional condensation on the probe mirrors during SOCRATES made number
concentrations unreliable Finlon et al., 2020), and liquid and ice particle size
distributions and images for particles 60—700 pm and 20-700 pm in diameter
(with 6.2-6.8 pm resolution, depending on the camera taking the images),
respectively, from the PHIPS probe (Abdelmonem et al., 2016; Schnaiter
et al., 2018; Waitz et al., 2021). Phase discrimination by the PHIPS probe is
based on analyzing the shape of the single particle angular scattering func-
tion as described in detail by Waitz et al. (2021) where it was shown to be
98% accurate. The scattering function is only weakly dependent upon parti-
cle size, so phase discrimination could be conducted down to the minimum
detectable ice particle size, which was set to 20 pm for SOCRATES. A 2DS
probe (Lawson et al., 2006) was also flown on the aircraft but its use was
limited here because data were not recorded for one of the two flights (24 Feb
flight). Measurements of INP, acting in the immersion freezing mode, were
determined from the total particles collected with a filter system drawing
from a HIAPER modular inlet (HIMIL), and later suspended and quantified
in the laboratory. INP collection and processing methods are described in
detail by Levin et al. (2019), and protocols specific to the SOCRATES data
set are discussed in Supporting Information S1.

February 2018 and (b) 24 February 2018. Cumulus sampling was conducted Ice particles can sometimes collide with probes and shatter, artificially in-

after the last dropsonde was released.

flating number concentrations and decreasing mean sizes (e.g., Korolev

et al., 2011), and this can also occur with the PHIPS probe. In the standard

release of the PHIPS data set, the data are automatically flagged as possibly
influenced by shattering when more than 10% of all particles measured by the 2DS at that time exceed 800 pm
diameter (Waitz et al., 2021). However, in this study, the presence of such large particles on the optical array
probes is often indicative of graupel/frozen raindrops, which are a necessary ingredient for the rime-splintering
process, so additional manual scrutiny of the PHIPS data for all 32 of the cloud passes was performed to attain
careful, best estimates of the number concentrations of ice particles less than 60 pm diameter. The analysis (ex-
plained in detail in Supporting Information S1) included (a) manual identification of “satellite” ice particles or
individual particles that looked like shattering fragments in the stereo-images, (b) agreement among the PHIPS
and 2DS particle size distributions (17 Feb flight only), and (c) frequency of the automated shattering flag during
the period. Based on these three factors, the degree of confidence in the shattering assessment for each cloud
pass was assigned integer values: —2 for shattering with high confidence; —1 for shattering with low confidence;
+1 for no shattering with medium confidence; or 42 for no shattering with high confidence, as listed in Tables
S1-S3 in Supporting Information S2. For cloud passes flagged with a value of —2 or —1, the one-second samples
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Figure 2. Cloud passes showing HCR reflectivity (top panels) and relative velocity (bottom panels) with time, distance,
and color scales as indicated, for (a) 033120 UTC on 17 February 2018 and (b) 051030 UTC on 24 Feb 2018. HCR pointed
downward from the aircraft, so cloud top heights not visible.

suggestive of shattering were not used in the average ice number concentrations, but these averages should still
be viewed with less confidence, and are not used in the plots shown later. If all seconds were flagged in the cloud
pass, the ice number concentration for the entire cloud pass was not quantified (dashed entries in Tables S1-S3
in Supporting Information S2).

2.3. Analysis of Primary Ice Nucleation and Rime Splintering

Immersion-freezing INP number concentrations from the below-cloud base sampling from these two cumulus
flights (Figure 4) fall in the lower range of values that typify other remote oceanic regions (DeMott et al., 2016;
McCluskey et al., 2018) but follow similar trends of exponentially decreasing values with increasing tempera-
ture. On both days, immersion-freezing INP sampled near 150 m above the ocean surface were sufficiently low
that collected volumes did not exhibit freezing at temperatures greater than —18°C. In general, more INP were
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Figure 3. Examples of particle images from the PHIPS probe for (a) 17 February 2018 and (b) 24 February 2018. Reference
scale bars in both panels represents a length of 500 pm.
observed on 17 Feb than on 24 Feb. A line fit to the 17 Feb measurements,
extrapolated to temperatures at which the cloud sampling was conducted,
implies that primary nucleation of ice by immersion-freezing could only pro-
10" b e e duce a maximum of 107 L~! ice crystals in the rime-splintering temperature
3 %g ..... Line fitto 17 Feb data zone (=3 to —9°C). It is unknown of course if the simple log-linear extrap-
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Figure 4. Analyzed filter measurements of immersion-freezing INP versus
temperature, with 95% confidence intervals denoted by vertical lines, collected

lation in Figure 4. Regardless, all these estimates suggest that the observed
ice should have very low number concentrations if primary nucleation alone

below the cloud bases on dates shown. Line fit to the 17 Feb data, extrapolated 18 ac_tw?' OtherWISfi:, INP concentrations would have been observable within
to higher temperatures, is used in the numerical modeling. the limits of detection.
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Because rime splintering cannot be directly witnessed in the observational data, it must be inferred from the
“necessary conditions” for its operation based upon laboratory studies:

. Cloud top within or above altitudes having temperatures in the range of —3 to —9°C.
. The presence of supercooled cloud droplets for riming, including some greater than 25 pm diameter.
. The presence of rimed particles, including graupel/frozen raindrops.

AW N =

. As aresult, small ice particles in number concentrations exceeding the measured INP.

The measured in-cloud temperature was used to determine if a cloud pass met condition (1). For condition (2),
the RICE probe was first used to determine regions with supercooled liquid droplets, and within those regions,
the number of CDP-detected particles exceeding 25 pm diameter as measured by the CDP were noted (detection
limit approximately 0.003 cm~ over the ten-second period used). Large rimed particles (including graupel/rimed
frozen raindrops) were identified manually in the 2DC (as in Lasher-Trapp et al., 2016) or PHIPS images as any
non-spherical particle 200 pm or larger in diameter where the original crystal habit was indistinguishable due to
the buildup of rime (2DC detection limit approximately 0.02 L™"). For condition (4), small ice particles were de-
fined as PHIPS-measured ice 20-60 pm diameter, and given the small sample volume for these sizes of particles
(approximately 27 cm~3s~! at a flight speed of 150 m s~!) yields a minimum detection limit of 3.8 L~! over a 10-s
period. This detection limit is well above the observed INP in the —3 to —9°C temperature range, so some cloud
passes where small ice was not detected might still have been experiencing rime splintering.

If all conditions (1-4) were met, the cloud pass was categorized as likely having rime splintering. Other cases
lacked small ice, or were flagged for possible shattering, and were thus labeled as possibly having rime splin-
tering. Cases sampled in the rime splintering temperature zone that lacked two or more criteria were labeled as
unlikely to have rime splintering, including if no ice was detected by the PHIPS probe. However, some of these
unlikely cases might still have contained much more ice than the observed INP but in amounts less than detectable
by the PHIPS probe. The number of unlikely cases may be inflated as a result.

2.4. Classification of the Sampled Clouds

Tables S1-S3 in Supporting Information S2 summarize the conditions of the likely, possibly, and unlikely rime
splintering cloud passes, respectively, as explained further in Supporting Information S1. A cloud pass in the
aircraft data was defined as a constant-altitude, continuous region of non-zero radar echo up to 10 s long. If the
cloud pass was longer than 10 s, the 10-s interval of the strongest radar echo was used. If a cloud pass was flagged
with a —1 or —2 value for shattering, it was retained in Tables S1-S3 in Supporting Information S2 but not used
in the plots shown later in this section.

Of the 32 total cloud passes analyzed, eleven (34%) met all the criteria and thus were designated as /ikely having
rime splintering. All occurred on 17 February, and average total PHIPS ice number concentrations sometimes
reached several hundred per liter. An additional three cloud passes (9%) met most of the criteria, but either lacked
ice quantification due to the detection limit of the PHIPS probe or suspected contamination by shattering effects
as described in Supporting Information S1. These three cases were deemed possibly having rime splintering. The
remaining 18 cloud passes (56%) lacked several criteria for rime splintering; most lacked any detection of ice
by the PHIPS probe and thus were considered unlikely to have rime splintering occurring. Some of these passes
occurred on 17 February, but the majority of clouds sampled on 24 Feb fell into this category. Across all the cloud
passes, 38% had no ice detected at all by the PHIPS probe nor any graupel/frozen raindrops in the 2DC images.

The amount of ice detected by the PHIPS probe for each cloud pass coincides well with their categorization of
the likelihood of rime splintering (Figure 5a). Even after consideration of shattering effects, PHIPS average total
ice concentrations (for all ice less than 700 pm diameter) were quite large, once exceeding 300 L~! (minimum
detection limit for 700 pm particles of 0.75 L~! over a ten-second cloud pass), while the maximum amount of
immersion-freezing INP expected at (i.e., extrapolated to) the lowest sampling temperatures would have only
been on the order of 107 L~!. Because the sampling was performed near the cloud tops, the data shown at lower
temperatures in Figure 5a were collected in deeper clouds (passes at temperatures less than —5°C only occurring
for the 17 Feb flight), and those shown at higher temperatures were collected in shallower clouds (during both
flights). No clear relationship emerges between cloud depth and the maximum ice observed.
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Figure 5. (a) Averages of PHIPS number concentration of “small ice” (D < 60 pm) or “total ice” (D < 700 pm) versus sampling temperature for the cloud passes listed
in bold in Tables S1-S3 in Supporting Information S2. Symbols color-coded based upon their classification as “likely,” “possibly,” or “unlikely”” having rime splintering
as discussed in the text, with uncertainties based on the number of detected particles; (b) As in (a) but only “total ice” plotted for cases with or without graupel/rimed
frozen raindrop images in the 2DC data; (c) As in (b) but plotted for cases having single or multiple updrafts (UD) in the cloud as seen on the HCR or aircraft gust pod.
For all panels (a)—(c), numbers in parentheses denote number of cloud passes (if greater than one) at that temperature having no ice recorded by the PHIPS probe.

Although the detection of large irregular images on the 2DC (assumed graupel or rimed frozen raindrops) was
a necessary condition for any cloud pass to be considered as likely having rime splintering, independent of the
assigned likelihood, their detection during a cloud pass was a good predictor of higher observed ice number
concentrations (Figure 5b). These large frozen particles, in turn, should correspond to high updraft speeds (need-
ed to suspend heavier ice particles in the cloud; at least several meters per second, e.g., Bohm, 1989) and high
amounts of supercooled liquid water in the clouds. However, because the aircraft predominantly sampled very
near the cloud tops (to try to sample the smallest ice particles, which would be suspended higher in the cloud),
the aircraft-measured updraft speeds listed in Tables S1-S3 in Supporting Information S2 are not representative
of the maximum in the cloud, nor would the aircraft have encountered the maximum liquid water content. (The
radar-sensed vertical velocities necessarily contain the effects of the larger hydrometeor fall speeds, so are also
not indicative of the maximum updraft speeds.)
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However, the presence of multiple updrafts, ascertained by the radar and aircraft data, was also very indicative
of high ice number concentrations in the clouds (Figure 5c). Multiple updrafts can supply additional liquid water
content for riming (e.g., Blyth & Latham, 1993, 1997; Moser & Lasher-Trapp, 2017), and perhaps additional
time (Mossop et al., 1970) for riming growth of the graupel or frozen raindrops, ultimately producing more
rime-splinters. The multiple updraft clouds also consistently contained evidence of these large frozen hydrome-
teors (comparing Figures 5b and 5c).

These (albeit, limited) observations suggest that if clouds lack a multiple updraft structure, graupel/frozen rain-
drops and high ice number concentrations are less likely, and perhaps it is this aspect that allows the prevalence
of supercooled cumuli in this region. In the next section, this hypothesis is further investigated with 3D high-res-
olution, idealized numerical modeling of the cumuli, uniquely using the amount of observed INP as a basis for
primary ice nucleation.

3. Numerical Modeling
3.1. Model and Setup

Cloud Model 1 (CM1; Bryan & Fritsch, 2002) is a three-dimensional, non-hydrostatic model that evaluates equa-
tions governing the three Cartesian velocity components, pressure, potential temperature, and mixing ratios of
water vapor and hydrometeors; this study used CM1 version 19.6. The domain was 11 km wide in both horizontal
directions, and 4.1 km deep with a constant grid spacing of 25 m. The model environmental state was initialized
with the dropsonde data released in the cumulus region immediately before the start of cumulus sampling on 17
February (Figure Sla in Supporting Information S1). Winds from this profile were excluded from the modeling
setup due to their high speeds which would require much larger computational domains. The vertical wind shear
over the heights of interest (up to 4 km, ~650 mb) was minimal and thus excluding the winds does not affect the
realism of the simulated cloud structure.

A new cloud forcing scheme was added to CM1 for this study to initiate cumulus updrafts without any heat
perturbation (unlikely to occur over the well-mixed ocean surface). This initiation scheme (shared by J. Straka,
personal communication, 2013) adds an enhanced vertical acceleration within a prescribed sphere. The resulting
area of ascent produces the initial cloud updraft. The time-dependent forcing consists of periods during which the
vertical acceleration is linearly increased, then sustained, and then relaxed to zero. The forcing is maximized at
the center of the sphere and decreases toward its edge according to a squared cosine function. Multiple spheres
of vertical acceleration can be user-specified to produce multiple updrafts at different locations, strengths, and
times (Table 1).

The double-moment NSSL scheme (Mansell et al., 2010) was used here, with some modifications. For this study,
ice categories included small ice (mean diameter less than 100 pm), snow (that includes aggregates as well as
individual ice crystals with mean diameter greater than 100 pm, and tiny frozen cloud droplets too small to be
classified as graupel), and “ graupel” that also includes frozen raindrops. The NSSL scheme explicitly predicts
supersaturation for droplet nucleation, based on a user-input value of CCN for an activity spectrum (Cs*, where
C and k are constants and s is the supersaturation), and C was set to 150 cm™ to recreate the observed number
concentration of cloud droplets at the bases. For this study, all options of primary nucleation of ice were disabled
(including the default contact nucleation scheme Meyers et al., 1992 and the default immersion freezing scheme
Bigg, 1953). Instead, a new immersion-freezing scheme, designed specifically for the shallow Southern Ocean
cumuli and based on the observed immersion-freezing INP for 17 February, was used to estimate the primary
nucleated ice that could possibly initiate rime splintering.

The new algorithm calculates the number of immersion-freezing INP that would be distributed over the popula-
tion of cloud droplets if they were contained within some of the particles acting as CCN. The possible amount of
INP contained within raindrops is also considered by assessing the average number of cloud droplets contained
within a raindrop. The algorithm uses the following equations within cloudy grid boxes where the vertical veloc-
ity exceeds 0.1 m s™! (i.e., cloudy air cooling as it ascends) to freeze a number of cloud droplets in the grid box
(chrz) and a number of raindrops in the grid box (NRfrz):
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Table 1
Cloud Forcing for Single or Multiple Updraft Simulations

“Single updraft- strong” (RS ~ “Multiple updrafts” (RS on or

Updraft forcing “Single updraft- weak” on or off) off; 103 fewer or more INP)
Forcing width, depth 1,000 m width and 200 m depth
Height of center of forcing 800 m height
Forcing time evolution 300 s linear increase, 300 s full strength, 300 s linear decrease
Updraft 1
Max vertical accel. (m s~2) 0.5 1.0 1.5
Center location (x,y; km) (4.8,4.8) (4.8,4.8) (4.8,4.8)
Initiation time (s) 0 0 0
Updraft 2
Max vertical accel. (m s~2) 2.0
Center location (x,y; km) - = (5.5)
Initiation time (s) 600
Updraft 3
Max vertical accel. (m s72) 2.0
Center location (x,y; km) - - (5.5)
Initiation time (s) 1200
Updraft 4
Max Vertical Accel. (m s72) 2.5
Center location (x,y; km) - - 5,5)
Initiation time (s) 1800
Updraft 5
Max vertical accel. (m s~2) 1.5
Center location (x,y; km) - - 5,5)
Initiation time (s) 2400
Updraft 6*
Max vertical accel. (m s72) 2.5
Center location (x,y; km) - - 5,5
Initiation time (s) 3000
Updraft 7
Max vertical accel. (m s~2) 1.0
Center location (x,y; km) - - (5.5
Initiation time (s) 3600
Updraft 8
Max vertical accel. (m s~2) 0.5
Center location (x,y; km) - = (5.5)
Initiation time (s) 4200

2Forcing had a linear increase for 500 s, full strength for 300 s, and no linear decrease.
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where Nmp( T) is the number of INP active at temperature T as given by the curve fit to the 17 Feb SOCRATES
INP data (Figure 4) and extrapolated to temperatures up to —3°C:

Ninp :NO exp[ﬂ(—T)} (3)

with Ny =2 x 107" m~ and § = 0.8776. In Equations 1 and 2, N_ is the average number of cloud droplets nucle-
ated near cloud base (150 cm™3), N.

ice

is the number of ice hydrometeors in the grid box (a rough estimate of the
INP already nucleated at higher temperatures, including any ice, snow and graupel, so as to only nucleate ice for

the new amount of cooling), N is the total number of cloud droplets in the grid box (including an estimate of

tot
the number contained within a raindrop by dividing the average raindrop volume V/, by the average cloud droplet

volume V) and « is the fraction of N that makes up the raindrops:

Ve

Nclol:Nc+ NR (4)
c
VRN
5, ‘'R
o Ve )
N,
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where N_ is the number of cloud droplets in the grid box and N, is the number of raindrops in the grid box. This
immersion-freezing algorithm is dependent on temperature alone (time-dependence is ignored) and operates at
temperatures less than —3°C.

The default rime-splintering algorithm in the NSSL scheme was retained. It is the second formulation of Cotton
et al. (1986), where 1 splinter is created per 250 drops accreted onto a rimed particle within the —3 to —9°C tem-
perature range. Supercooled raindrops can also collect cloud ice (that includes rime-splinters) to produce graupel;
they do so with a collection efficiency of 0.5, an intermediate value from the range found in the laboratory by
Lew and Pruppacher (1983). Once any secondary ice is produced by rime-splintering, N,
Ny from the INP formula, and thus, no new ice will be nucleated by immersion-freezing. This omission of newly
nucleated primary ice is very small relative to the numbers of ice crystals produced by rime splintering, but given

the possible feedback into producing more graupel and thus rime splintering, the amounts of ice produced in the

will always exceed

model should be considered lower estimates.

3.2. Simulation Results

The observational analysis in Section 2 suggested that cumuli consisting of a single updraft were less likely to
contain evidence of rime splintering than those having multiple updrafts. Two sets of cloud simulations were
performed, each including or disabling rime splintering, with one set having a single updraft (simulations run for
1800 s) and the other set having multiple updrafts (simulations run for 6000 s).

3.2.1. Single Thermal

In the first set of simulations, a single updraft was initiated with either weaker or stronger forcing (Table 1). In
these cases, the cloud formed about 5 min into the simulation, reached its maximum cloud top height approxi-
mately 10-13 min later, and had mostly disappeared by 25 min from its start (Figures 6a and 6e). The 75th/90th
percentile updraft speeds (not shown) were near 5/6 and 7/9 m s~!, for the weaker and stronger forcing respec-
tively, but decreased near the cloud tops to maxima consistent with the 1-4 m s~! that the aircraft had sampled
near the cloud tops. The simulated cloud bases were near 1000 m (Figures 6a and 6e), in accord with the obser-
vations. The weaker forcing produced a cloud top at 2.2 km and —9°C (Figure 6a), coinciding with the lowest
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Figure 6. Time-height diagrams for the single updraft simulations with weaker forcing (‘“weak”; top row), stronger forcing (“strong”’; middle row), and same stronger
forcing but with rime splintering turned off (“no RS”’; bottom row). Panels show: (a), (e), and (i) Maximum cloud water mixing ratio; (b), (f), and (j) Maximum small
ice number concentration; (c), (g), and (k) Maximum graupel (including frozen raindrops) number concentration; (d), (h), and (1) Total precipitation (rain, snow, and
graupel) mass, shaded according to color bars at the bottom of each column. Horizontal lines labeled in (b) show environmental isotherms in °C for all panels.

temperatures sampled (Figure 5), while the stronger forcing produced a higher cloud top at 2.75 km and —11°C
(Figure 6e). An additional stronger-forced simulation was also performed with rime-splintering disabled (Figures
6i—61).

The cloud with the lower (and thus warmer) top due to the weaker forcing nucleated minimal amounts of small ice
(maximum of 10~7 L~!; Figure 6b) from the immersion-freezing scheme based on the SOCRATES INP measure-
ments, whereas the cloud with the higher (and cooler) cloud top produced an order of magnitude more (Figure 6f).
The strong updraft and greater amount of cloud water (Figure 6e) favored an earlier production of precipitation
(Figures 6d and 6h) that consisted primarily of raindrops. Some of those raindrops froze from the SOCRATES
immersion-freezing INP to produce the first “graupel” in the model about 5 min earlier in the stronger cloud
(Figures 6¢ and 6g); immersion freezing of cloud drops also made snow a few minutes earlier (not shown). As
the graupel fell through the rime-splintering zone in the deeper cloud, it initiated rime splintering approximately
900 s into the simulation (comparing Figures 6f and 6j). The production of rain, graupel, and rime-splinters con-
tinued to add to the maximum ice number concentrations in the deeper cloud, reaching 107 L~! (adding panels
6f and 6g). Similar magnitudes of ice were attained in the absence of rime splintering but persisted for a shorter
time (Figure 6j). In contrast, the smaller amount of cloud water in the weaker cloud (Figure 6a) slowed its rain
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production, and although some graupel was produced by the immersion-freezing of some raindrops, they were
insufficient to initiate any appreciable rime splintering as the cloud was collapsing (Figures 6a—6c¢).

These simulations thus support several tendencies found in the observational analysis. They both generated max-
imum small-ice number concentrations well below the PHIPS probe detection limit (approximately 4 L~! for ice
less than 60 pm diameter); the model suggests the single-updraft clouds observed were unable to make sufficient
amounts of graupel/frozen raindrops to initiate much rime splintering within their short lifetimes. The modeling
also suggests that a single updraft in a slightly deeper cloud than observed during the two SOCRATES flights
could produce more graupel/frozen raindrops to initiate rime-splintering as a result of not only increased primary
ice nucleation from the colder cloud top but also the increased cloud water that produces raindrops more quickly,
that then can freeze by immersion to generate the first large riming particles, earlier in the cloud lifetime. None-
theless, the model also suggests that even a slightly deeper, single updraft cloud would be unlikely to produce the
10 to 100 L~! ice number concentrations observed. Even though some rime-splintering was active, it had negligi-
ble effects upon precipitation formation in these single-updraft clouds (comparing Figures 6h and 61).

3.2.2. Multiple Thermals

It was hypothesized from the observational analysis that multiple updrafts within a cloud might provide more
cloud water for graupel (and frozen raindrop) production, which are major drivers of the rime-splintering pro-
cess, and extend the time that they can be created and traveling through the rime-splintering zone, increasing
the numbers of ice created by rime splintering. Simulations with a series of eight successive updrafts (Table 1)
produced ice number concentrations within the range of maxima observed during the 17 Feb case (over 10 L™1;
Figure 7c). [Presumably different combinations could be found for the forcing characteristics that could attain the
same amount of ice with fewer, or require more, updrafts. The use of eight updrafts here is not meant to indicate
this is a general number needed.] The increasingly stronger forcing of the first four updrafts was found to be
necessary to prevent “destructive interference” between the previous turret's collapse and the updraft of the new

! with values close to the aircraft-measured

turret, leading to 75th/90th percentiles of updraft speeds of 5/10 m s~
values near cloud top. The cloud top pulsed up to 3.2 km at times, attaining temperatures less than —12°C, but
within the range suggested by satellite estimates at this time in the sampling region for the 17 Feb case (Figure
S2 in Supporting Information S1). The overall simulated cloud lifetime exceeds 80 min but does not seem un-
reasonable for a multi-turret cloud, although the lack of continuous radar data on any particular cloud prevents a

formal assessment of its realism.

The first updraft/turret of this simulation (lasting up to about 1000 s) was about 500 m deeper than the stronger
single-updraft case, and thus also contained about 0.5 g kg~! more cloud water (Figures 6e and 7a). It thus at-
tained an order of magnitude more small ice by immersion-freezing (Figures 6f and 7c). Graupel/frozen raindrop
number concentrations in the first turret were similar to those of the stronger single updraft case, but extended
higher into the cloud (Figures 6g and 7¢). The amount of small ice in the cloud was only 10~ L=! at this time
(Figure 7c¢).

A comparison of the multi-updraft simulation with rime splintering permitted and disabled shows the signifi-
cance of multiple cloud updrafts/turrets in enhancing ice production by rime splintering. After the first updraft/
turret reached its peak height (near 700 s), its collapse carried ice downward with it, but some was again lifted by
the second stronger updraft into regions of higher cloud water where riming was enhanced. At the time of the col-
lapse of the second updraft (~1400 s), the descent of graupel (including frozen raindrops) through the rime-splin-
tering zone contributed to additional small ice (Figures 7c and 7d near —5°C level). Subsequent updrafts followed
a similar scenario, replenishing cloud water (Figure 7a) for enhanced riming within the rime-splintering zone,
such that an order of magnitude more small ice became apparent in the rime-splintering zone after 2200 s (Fig-
ures 7c¢ and 7d), and continued to increase at those altitudes (and above, as the rime-splinters were carried aloft
in new updrafts). In time (by 3200 s), this extra ice fed back into the freezing of more supercooled raindrops by
collection (Figures 7e and 7f), that further enhanced rime splintering. In both simulations, the liquid rain mass
dominated the graupel mass (not shown) by several orders of magnitude until 4200 s, after which time the graupel
and rain masses were comparable, and the simulated cloud even produced a strong shower of graupel at the ocean
surface (Figure 7e). [In the simulation without rime splintering, the graupel mass was quite limited (Figure 7f)].
The collapse of the seventh updraft (near 4600 s) yielded the simulation-maximum small ice number concentra-
tion (Figure 7¢; exceeding 20 L1), five orders of magnitude higher than without rime splintering (Figure 7d), and
in accord with some of the observed maxima on 17 Feb found in clouds with multiple updrafts. Although rime
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Figure 7. Pairs of time-height diagrams for the multi-updraft “Multi” simulation, and the same simulation but with rime splintering disabled “no RS.” Panels show (a)
and (b) Maximum cloud water mixing ratio; (c) and (d) Maximum small ice number concentration; (e) and (f) Maximum graupel (including frozen raindrops) number
concentration, and (g) and (h) Total precipitation (rain, snow, and graupel) mass. Color bar in the middle of each pair denotes values used in shading. Horizontal lines

denote isotherms in °C as labeled in panel
-5°C.

(a), with the pair of aqua lines denoting the rime-splintering zone, with the dark blue line showing the peak production at

splintering greatly increased the maximum ice number concentrations, its effect in the cloud upon precipitation
was still minimal (Figures 7g and 7h).

Despite the high ice number concentrations produced in the simulation with rime splintering, and the feedback
into additional graupel/frozen raindrop mass, the maximum frozen mass (also including snow and small ice) in
the cloud only comprised 17% of the total cloud mass by the end of both simulations. The supercooled cloud
drops and raindrops still greatly dominated the total hydrometeor mass in the cloud, in accord with satellite stud-
ies and other observational studies of clouds in the Southern Ocean, including those of SOCRATES.

Given the uncertainty of the true amount of INP active in the temperature range of the rime-splintering zone, ad-
ditional multiple updraft simulations were conducted with different amounts of INP (Figure 8). The results were
generally straightforward, at first. Initiating three orders of magnitude more INP in the model [more consistent
with the extrapolated INP estimates of Vignon et al. (2021) at —5°C] decreased the time (and thus number of
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updrafts) required to attain ice number concentrations of 10 L~!. Reducing
the INP by three orders of magnitude failed to produce ice number concentra-
tions more than 0.1 L~!. Even the simulation using many more INP was still
incapable of producing much larger amounts of ice within a single updraft.

The low amounts of INP in this region appear to limit the effectiveness of

/ s 7‘\ rime splintering unless the cloud lifetimes can be extended through a number

of successive updrafts. Interestingly, near the second half of the simulations,

the percentiles of ice number concentration across the simulations differed

Sy (e

less, and the maxima were all attained at nearly the same time, when the

updraft forcing was weakening and no longer sufficient to support graupel/

frozen raindrops so they fell through the rime-splintering zone. This result
demonstrates the importance of cloud dynamics to rime splintering. The
conversion of water mass to ice mass (not shown) did proceed faster in the
simulation with a factor of 1000 more INP, however. The additional prima-
ry nucleated ice allowed more plentiful diffusional and/or riming growth to
make more snow and graupel to also enable rime splintering, with 41% of the
total cloud mass consisting of ice (at the time of the maximum graupel mass
in the cloud) compared to the 17% simulated with the original INP amounts.
Thus, although the simulations were not carried out to complete glaciation

1000 2000 3000 4000 5000 6000

of the clouds, these results suggest that the speed of cloud glaciation, even
when considering rime splintering, is highly dependent upon the amount of

Time (s) INP ingested by the cloud.

Figure 8. Time series of percentiles of small ice number concentration
as labeled for the default multi-updraft simulation using INP based on the

observed values (black), and for the same multi-updraft simulation but using
a factor of 1000 fewer INP (purple) or a factor of 1000 more INP (brown).
Orange arrows at bottom denote the time that the forcing for each updraft was

4. Conclusions and Discussion

This study sought to understand why numerous studies have indicated that

applied as listed in Table 1, with the maximum strength in m s~2 labeled.

the Southern Ocean shallow cumuli mainly consist of supercooled water,
while others have sometimes observed large numbers of ice particles in the
clouds that implicated a productive rime-splintering mechanism. This study
is the first to use observations of INP acquired in the same environment as

the sampled Southern Ocean cumuli to constrain primary nucleation of ice and its feedback into rime splintering

in accompanying idealized, high-resolution numerical simulations. The main conclusions from this study are:

1.

Of the 32 cloud passes through cumuli sampled at temperatures from —3 to —9°C, 62% had at least 1 L~ ice
detected by the PHIPS probe, or exhibited graupel/frozen raindrops in the 2DC images. Possible impacts of
particle shattering on the PHIPS probe were carefully addressed.

These cloud passes were analyzed for evidence of rime splintering, using criteria requiring supercooled cloud
droplets exceeding 25 pm diameter, 2DC images of graupel/rimed frozen raindrops, and ice between 20 to
60 pm diameter detected by the PHIPS probe exceeding 3.8 L~!. Rime splintering was deemed likely in 34%
(11) of these cloud passes, with an additional 9% (3) possibly having rime splintering but lacking definitive
quantification of the small ice. Averaged ice number concentrations often ranged from tens to hundreds per
liter, while the ice-nucleating particle (INP) measurements, extrapolated to the higher temperatures of the
sampled clouds, were on the order of 107° L~ or less.

. All cloud passes that were deemed as likely or possibly having rime splintering had a multiple updraft struc-

ture and contained graupel/rimed frozen raindrops.

Numerical simulations based on the observed clouds, nucleating primary ice not only from extrapolations
of the observed immersion-freezing INP but also including the effects of rime splintering, were unable to
reproduce the high ice number concentrations observed if they only contained a single updraft, but created
up to seven orders of magnitude more ice crystals when containing a sequence of multiple updrafts. The later
updrafts enhanced liquid water for riming and re-introduced graupel/frozen raindrops into the rime-splintering
zone for creation of additional ice.

Even in the multiple-updraft simulations where rime splintering created ice prolifically, the overall liquid
mass still tended to dominate over the mass of ice in the clouds, but less so when the number of INP were
greatly increased.
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Thus, it appears that the prevalence of supercooled liquid clouds in Southern Ocean cumuli may result from (a)
the paucity of INP in that region and (b) their inability to initiate significant rime splintering in the cloud without
the assistance of multiple updrafts to extend cloud lifetimes and allow more larger frozen hydrometeors to form.
The results indicate that if high numbers of INP, from parameterizations based on data in other locations, are
assumed valid for regions with far fewer INP like the Southern Ocean, the speed of cloud glaciation (assisted by
rime splintering) may be overestimated, which in turn would underestimate their reflection of solar radiation, as
discussed and corroborated by past studies listed in the introduction. The suggestion of multiple updrafts enhanc-
ing the rime-splintering process over time in cumulus clouds has also been suggested in past studies (e.g., Blyth
& Latham, 1993, 1997; Heymsfield & Willis, 2014; Lasher-Trapp et al., 2016; Mossop et al., 1970) and appears
in this dataset to be a necessary factor for rime splintering to be effective; disregard of that dependency may also
inflate glaciation rates (and thus underestimate solar radiation reflection) in this region. This study does not pre-
clude the importance of other possible secondary ice production mechanisms such as the shattering of freezing
raindrops (Lauber et al., 2018) that has been implicated in studies for other regions (e.g., Lawson et al., 2015).
It seems reasonable that other time-dependent mechanisms of secondary ice production would also benefit from
multi-updraft clouds for similar reasons.

Uncertainty in the results due to both observational and numerical modeling limitations motivates future work.
The major limitations include:

1. The INP active at the temperatures of interest were too rare to be detected during the aerosol sampling period,
so the observations had to be extrapolated to higher temperatures for numerical modeling. Interestingly, the
succession of updrafts containing those rare INP was capable of producing enough ice to initiate rime splin-
tering in the model. Perhaps no major, yet undiscovered source of INP active at higher temperatures is needed
to explain the high numbers of ice sometimes observed.

2. Only two days during the SOCRATES field campaign were dedicated to sampling small cumuli. A larger
number of cases in this region having different environmental thermodynamic conditions would test the gen-
erality of the results presented here.

3. The quantification and sizing of ice hydrometeors was still limited by the airborne microphysical probes. The
PHIPS instrument was of great use in this study, but the small sampling volume required for single-particle
analysis necessarily limits the representativeness of the data collected in small clouds, and particularly of the
rarer hydrometeors. Those probes with larger sampling volumes like the 2DC are less conclusive in discrimi-
nating between smaller liquid and frozen hydrometeors.

4. The dynamical history of the sampled clouds was unknown. Thus, the minimum cloud top temperature of the
sampled clouds is also unknown, as well as the realism of the dynamically forced updrafts, including their
strength, placement and longevity in the simulated clouds. Documentation of the cloud dynamics and lifetime
requires a ground-based radar, perhaps deployed on a small island (e.g., the Rain in Cumulus over the Ocean
field campaign- Rauber et al., 2007). Having a time history that extended into the stage of cloud dissipation,
along with in situ sampling by aircraft, would also help create a complete picture of the glaciation process.
The mechanism(s) responsible for exciting multiple updrafts in oceanic clouds, and controls on their timing
and characteristics, awaits further study.

Data Availability Statement

The NSF SOCRATES campaign data set is publicly available and can be accessed at https://data.eol.ucar.edu/
master_lists/generated/socrates/. The CM1 model is freely available for download, and the model name lists,
sounding, and alterations to the code for this study, are available through the Illinois Digital Environment for
Access to Learning and Scholarship (IDEALS; http://hdl.handle.net/2142/111645), a digital depository library at
the University of Illinois at Urbana-Champaign.
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