
1. Introduction
The atmosphere above the Southern Ocean (SO) has very high cloud coverage, with the fraction of clouds below 
3 km in altitude approaching 80% (Haynes et al., 2011; Mace et al., 2009). Many of these low boundary layer (BL) 
clouds are associated with large and complex extratropical cyclones that are prevalent over the SO (McFarquhar 
et al., 2021), and are one of the largest sources of disagreement among General Circulation Models (GCMs) 
(Bony et al., 2006; Vial et al., 2013). An understanding of the processes responsible for the complicated structure 
of SO BL clouds is critical for improving the parameterizations that are used to represent such processes in GCMs 
that model cloud radiative feedbacks in a rapidly warming global climate (McCoy et al., 2015; Tan et al., 2016; 
Trenberth & Fasullo, 2010), as needed to better project future climate change (IPCC, 2021).

Past studies have shown that supercooled liquid water (SLW; liquid water at subfreezing temperatures) is espe-
cially common in SO clouds, and more prevalent than at similar latitudes in the Northern Hemisphere (NH), 
likely due to the lack of ice nucleating particles, which tend to increase glaciation rates, over the SO (Gong 
et al., 2022; Kanitz et al., 2011; Radenz et al., 2021; Vergara-Temprado et al., 2018). SLW is particularly common 
within low clouds, although the ice phase becomes more prevalent at higher latitudes (Haynes et al., 2011; Huang 
et al., 2012). D’Alessandro et al. (2021) found SLW occurrence frequencies of greater than 60% for relatively 
low temperatures between −15 and −20°C. SLW is especially prevalent at cloud top in BL clouds (Morrison 
et al., 2011; Zaremba et al., 2020), and supercooled large droplets (SLD; supercooled water droplets with diam-
eters from 100 to 500 μm, otherwise known as freezing drizzle) can also occur in SO clouds, sometimes simul-
taneously with ice crystals (Chubb et  al.,  2013; Silber et  al.,  2019). Within SO BL clouds, SLD frequently 
occurs within convective generating tops (Wang et al., 2020). SLW and SLD represent significant hazards for 
aircraft as they freeze on an aircraft's exterior, disrupting airflow patterns that generate lift (Cober & Isaac, 2012; 
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Politovich, 1989). Figure 13 of McFarquhar et al. (2021) shows an example of icing observed on cloud probes 
attached to the NCAR/NSF Gulfstream V (GV) aircraft during the recent Southern Ocean Cloud Radiation Aero-
sol Transport Experimental Study (SOCRATES) after penetrating a supercooled cloud. SLW (panel A) freezes to 
the aircraft relatively uniformly, while SLD (panel B) freezes in a more widespread and erratic manner; the latter 
pattern is more disruptive to airflow and makes SLD especially dangerous to aircraft.

Much remains unknown about the structure of SO clouds, particularly in the vertical dimension (Haynes 
et al., 2011; McFarquhar et al., 2021) as passive remote sensing instruments, with the exception of microwave 
sounders, only retrieve vertically integrated or cloud top properties. Active sensors (e.g., radar and lidar) can be 
used to retrieve vertical cloud structure (e.g., Bodas-Salcedo et al., 2016; Bony, 2007; Shupe, 2007), but such 
retrievals are not well evaluated over the SO due to a lack of in situ data (McFarquhar et al., 2021). The lack of 
evaluation data is problematic due to inherent uncertainty present in remote sensing retrievals, such as distin-
guishing between ice crystals and SLD, the attenuation of radar and lidar signals (Chubb et al., 2013; Huang 
et al., 2012), and the relatively low solar zenith angles.

The 2018 SOCRATES field experiment obtained an extensive set of collocated in situ and remote-sensing 
data over the SO that can be used to evaluate remote-sensing retrievals (McFarquhar et al., 2021). The mission 
consisted of 15 research flights of an NCAR/NSF GV aircraft, equipped with airborne radar, lidar and in situ 
cloud probes, over the Australasia sector of the SO in the cold sectors of extratropical cyclones where GCMs 
have historically struggled to show sufficient SLW to produce the observed shortwave fluxes (McFarquhar 
et  al.,  2021; Mülmenstadt et  al.,  2021). This consistent modeling error has led to an underestimate of cloud 
albedo, as liquid-phase clouds are more reflective than ice-phase clouds due to their larger optical depth (Cheng 
et al., 2012; Mülmenstadt et al., 2021). As a result, the potential feedback response of SO BL clouds to global 
warming remains uncertain (e.g., Bodas-Salcedo et al., 2016; McFarquhar et al., 2021; Mülmenstadt et al., 2021).

A major reason for the failure of GCMs to produce sufficient SLW is their poor performance in simulating 
the commonly occurring mixed phase and supercooled clouds within the SO BL (Bodas-Salcedo et al., 2014; 
Komurcu et  al.,  2014; McCoy et  al.,  2015). Within mixed-phase clouds, ice crystals grow at the expense of 
supercooled drops by the Wegener-Bergeron-Findeisen (WBF) process, due to the lower saturation vapor pres-
sure of ice relative to liquid water (e.g., Cesana et al., 2015; Fan et al., 2011; Storelvmo & Tan, 2015; Storelvmo 
et al., 2008; Tan & Storelvmo, 2016). Models typically assume homogeneous mixtures of liquid and ice within a 
model gridbox (Fan et al., 2011; Storelvmo et al., 2008). However, in reality, mixed-phase clouds typically show 
significant heterogeneity within a single model gridbox, with areas of predominantly liquid and areas of predom-
inantly ice both present (Chylek & Borel, 2004; D’Alessandro et al., 2021; Korolev & Isaac, 2003; McFarquhar 
& Cober, 2004). This inconsistency likely leads models to overestimate the efficiency of the WBF process (Tan 
et al., 2016), especially over the SO where SLW is prevalent. Aside from the WBF process, inaccurate param-
eterizations of primary and secondary ice production (SIP) produce further inaccuracies in SLW estimations in 
the models (Field et al., 2017).

Over the SO, attempts to correct modeling errors by forcing GCMs to generate more SLW have been somewhat 
successful by imposing the presence of SLW at lower temperatures (Kay et al., 2016). However, the processes 
for the production of this SLW have not been established, and the addition of SLW has exposed new errors in 
the models and worsened their representation of the current climate (Mülmenstadt et al., 2021). It is clear that 
adjusting a single parameter is insufficient for correctly modeling SO clouds, and thus a complete understanding 
of the basic structure of SO clouds and the interaction of particles within them is required (McCoy et al., 2015; 
Stephens, 2021; Tan et al., 2016). The use of high resolution remote sensing data from SOCRATES can thus have 
important applications.

This study applies a novel particle identification (PID) scheme to in-flight radar data collected during SOCRATES 
to retrieve vertical profiles of cloud phase and the presence of SLD. Evaluation of the PID scheme is performed 
by a comparison against in situ observations where remote sensing and in situ data were collected in close prox-
imity during ramped ascents and descents of the GV through BL clouds. Finally, the composite in situ and PID 
data are used to derive information about common vertical structures of SO BL clouds.

The remainder of this paper is organized as follows. Section 2 discusses evaluation of cloud phase from both in 
situ and remote sensing data. Section 3 analyzes four case studies of vertical BL cloud structure using ramped 
ascents and descents through clouds. Section 4 compares the results of the PID scheme to the in situ observations. 
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Finally, Section 5 shows the use of in situ and remote sensing data to quanti-
tatively assess the typical vertical structure of SO BL clouds.

2. Cloud Phase Classification
2.1. In Situ Data

This section discusses methods of identifying cloud phase using both the 
in situ and remote-sensing data, and compares the identified phases for 
collocated remote sensing and in situ observations. Detailed information 
about the in situ and remote probes installed on the NCAR/NSF GV during 
SOCRATES, their operating characteristics, and the algorithms used to 
process the data are discussed elsewhere (e.g., D’Alessandro et  al.,  2021; 
Järvinen et al., 2022; McFarquhar et al., 2021; Wang et al., 2020; Zaremba 
et al., 2020, 2021). Thus, only a brief summary is provided here together with 
a focus on unique aspects of the processing required for this analysis.

The probes used for determining in situ phase include the Cloud Droplet 
Probe (CDP) (Lance et al., 2010), the 2-Dimensional Stereo Probe (2D-S) 

(Lawson et al., 2006), the airborne Particle Habit Imaging and Polar Scattering probe (PHIPS) (Abdelmonem 
et al., 2016; Schnaiter, 2018; Waitz et al., 2021), and the Rosemount Icing Detector (RICE) (Baumgardner & 
Rodi, 1989; Cober et al., 2001). A Two-Dimensional Optical Array Cloud Probe (2D-C) was also mounted on the 
NSF/NCAR GV (Jensen & Stith, 2021), but often experienced fogging issues, so its data were not used to gener-
ate the base phase distributions (D’Alessandro et al., 2021; McFarquhar et al., 2021). However, 2D-C data were 
used for a segment of one research flight, RF08 from 03:10 to 04:42 UTC, when the 2D-S probe experienced a 
problem with stuck bits (McFarquhar et al., 2018) after additional analysis (see Appendix A) suggested the 2D-C 
data were not contaminated by fogging during that flight segment.

D’Alessandro et al. (2021) combined data from the 2D-S, RICE, and CDP to produce a cloud phase product for 
SOCRATES. Cloud phase is characterized as no cloud, liquid, mixed (liquid and ice), or ice phase for all in-flight 
observations at a frequency of 1  Hz for air temperatures less than 0°C using a machine-learning algorithm. 
Representative images of cloud particles obtained by the 2D-S for time periods identified with the indicated cloud 
phase are shown in Figure 1. Note that SLW is characterized by numerous very small particles on the 2D-S, while 
larger round particles are typical of SLD. The larger round particles frequently appear donut-shaped because 
many drizzle sized drops are outside the 2D-S depth of field. Ice crystals typically appear as large, irregularly 
shaped (non-round) particles. A schematic showing the scheme used to identify cloud phase is displayed in Figure 
2 of D’Alessandro et al. (2021).

As machine learning algorithms are not without error, the phase product was carefully evaluated and improved 
for use in this study. First, a manual assessment of particle images from the 2D-S, 2D-C, and PHIPS probes was 
performed. Although the images do not determine phase on their own, since many water droplets are too small 
to be imaged, and probe resolution makes it difficult to distinguish the shapes of small ice crystals from small 
droplets (e.g., McFarquhar et  al.,  2013), images of larger particles can be used to correct errors, including a 
misclassification of precipitating drizzle as ice crystals that sometimes occurred in the D’Alessandro et al. (2021) 
product. In addition, there were time gaps in the D’Alessandro et al. (2021) product from time periods when the 
2D-S was not available (e.g., during RF08 on 4 February 2018 when data were not available for some of the 
boundary-layer cloud sawtooths, which are instances where the GV repeatedly ascended and descended through 
a cloud layer). For these periods, particle images from the 2D-C and PHIPS probes were used to identify the 
phase of the larger particles, and then in combination with the RICE and CDP data the phase of each 1 s period 
was determined following the D’Alessandro et al. (2021) algorithm. Although there is uncertainty in the use of 
the 2D-C to quantify concentrations and particle sizes due to fogging on the diodes, the images are of sufficient 
quality to manually determine phase.

In total, out of 313,125 1 s in-flight observations (with temperature below 0°C) used by D’Alessandro et al. (2021), 
6,390 observations (2.04%) had the predicted phase modified, with a net increase of 1,720 “in-cloud” observa-
tions (0.55%). Of further note is that 4.4% of ice-phase observations were reclassified as liquid, with almost no 
liquid observations reclassified as ice. A full comparison of the changes is provided in Figure 2.

Figure 1. Selected 2D-S images from 5 February, with phase and time 
labeled. The vertical scale of each plot is 1.28 mm, and each individual pixel 
has dimensions of 0.01 mm × 0.01 mm.
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SLD was distinguished from SLW using a minimum concentration of liquid 
particles above a particular size measured by the 2D-S probe. One of the only 
previous studies to use such a threshold was that of Cober and Isaac (2012). 
They identified the presence of SLD as 30 s time periods when 10 or more 
particles with maximum dimension (D) >100 μm were detected by a 2DC. 
In order to apply this definition to the 1 s SOCRATES data, the sampling 
areas of the 2D-S and 2D-C were used to determine that the Cober and 
Isaac  (2012) definition was equivalent to a number concentration of parti-
cles with D > 100 μm greater than 8.5 × 10 −2 L −1 measured by the 2D-S. 
However, since the 2D-S data were processed so that there was a bin contain-
ing particles with 95 < D < 105 μm, a threshold of D = 95 μm was used for the 
smallest particles representing SLD. For reasons discussed in Section 4, the 
threshold concentration used to define SLD was increased to 1 L −1 to better 
match the identification of SLD from the remote sensing data. In liquid-phase 
conditions, the concentration of all 2D-S particles with D > 95 μm was used, 
as all particles were assumed to be liquid, while in mixed-phase conditions, 
the concentration of only round 2D-S particles with D > 95 μm was used, as 
the non-round particles were likely ice.

Although SLD and ice were observed concurrently on numerous occa-
sions (based on 2D-S and PHIPS images), the concentrations of round and 
non-round particles included in the 2D-S data set (Wu & McFarquhar, 2019) 
do not correspond to concentrations of liquid and ice-phase particles respec-
tively. Some ice crystals are inevitably included in the round concentra-
tions since there are variations in both the shapes and orientations of the 
ice particles that are imaged. Thus, it is assumed that SLD was not present 
when the ratio of the concentration of round particles to that of all particles 
(D > 95 μm) was less than 0.3 in mixed-phase conditions. Although some 
uncertainty exists in the 0.3 threshold used to identify SLD, results were 
generally consistent when compared with manual phase observations in the 
case studies described in Section 3.

While in situ data used in this study were determined at 1 s resolution, a 3 s rolling average was applied in order 
to have a more statistically significant sample of particles for identifying phase than could normally be obtained 
with 1 s resolution (e.g., McFarquhar et al., 2007). This is 10 times finer resolution than used by Cober and 
Isaac (2012), and is necessary to capture the fine-scale heterogeneity in phase observed by Wang et al. (2020) for 
the generating cells present near the tops of these BL clouds. They noted the average widths of these generating 
cells that contained more SLW than surrounding areas was 395 m, which corresponds to about 3 s of penetration 
by the NSF/NCAR GV aircraft.

2.2. Remote Sensing Data

Airborne remote sensing data were collected by the High-Performance Instrumented Airborne Platform for Envi-
ronmental Research Cloud Radar (HCR) and by the High Spectral Resolution Lidar (HSRL). The HCR is an 
airborne, dual polarimetric millimeter-wavelength cloud radar with a vertical resolution of about 19 m and tempo-
ral resolution of 10 Hz; the HCR, its calibrations, and the processing of the SOCRATES data are described in 
Vivekanandan et al. (2015), Rauber et al. (2017), and Romatschke et al. (2021). The HSRL (Albrecht et al., 2019; 
Eloranta et al., 2008; Schwartz et al., 2019) is a calibrated lidar that uses a high-repetition, low pulse-energy laser. 
Zaremba et al. (2020) describes its use during SOCRATES. The sample rate of the HSRL is 2 Hz, with vertical 
range resolution of 7.5 m (Romatschke & Vivekanandan, 2022).

Romatschke and Vivekanandan (2022) describe the development of a remote-sensing based particle-identification 
(PID) scheme that uses data from the HCR and HSRL. As boundaries between particle types within clouds gener-
ally are not sharply and clearly defined, the PID scheme employs a fuzzy-logic algorithm to determine particle 
type. HCR parameters used in the scheme are reflectivity, Doppler velocity, linear depolarization ratio (LDR), 
and temperature, with the HSRL linear depolarization ratio (LLDR) and backscatter coefficient also incorporated.

Figure 2. Comparison of cloud phase for original and modified versions of 
in situ phase product from D’Alessandro et al., 2021. Abbreviations: N, no 
cloud; L, liquid; M, mixed; I, ice. The shaded diagonal indicates where phase 
was unchanged. Number in top row indicates number of observations with 
indicated new phase product (vertical) and old phase product (horizontal). 
Number in parentheses indicates percentage of the total number of 
observations in that category (raw total/313,125).
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Supercooled liquid particles were classified by particle size as freezing rain 
(FZRN), SLD, or SLW, with respective warm liquid categories also present. 
Ice phase particles were simply classified as either small or large. A “melt-
ing” classification indicates melting frozen precipitation at above-freezing 
temperatures. However, if it appears in below-freezing temperatures, it repre-
sents a mix of SLD and ice. As LDR and LLDR are especially important for 
particle type classification and as the HSRL can be easily attenuated, areas 
without either LDR or LLDR were assigned an unknown phase ID as “cloud” 
if smaller particles were observed and “precipitation” when larger particles 
were present.

An example of the PID retrieval for a supercooled boundary-layer cloud 
sampled on RF09 between 01:12 and 01:16 UTC on 5 February 2018 is shown 
in Figure 3. With an approximate airspeed of 150 m s −1, this corre sponds to a 
horizontal distance of about 36 km. The data upon which these retrievals are 
based were collected on an outbound leg from Hobart toward the Antarctic 
(at a latitude around 53°S) when the GV was flying at ∼7 km altitude with 
the radar pointing down. The scheme shows a 50–300 m thick layer of SLW 
in pink near cloud top, particularly between 01:13:30 and 01:15 UTC, with 
a 300–400 m thick layer of SLD in red below. Glaciation and a transition to 

large ice as precipitation is seen at an altitude of 1,700–2,000 m between 01:13:30 and 01:15 UTC, with the gray 
colors indicating uncertainty in precipitation type at heights below 2 km due to the attenuation of the lidar. Less 
layering was seen between 01:13:00 and 01:13:30, where mostly large ice was present. The retrievals terminate 
about 100 m above sea level, as the lowest five bins of data above the ocean surface were masked due to impacts 
from sea spray (Romatschke et al., 2021).

The impact of convection on vertical cloud structure is examined in this study. To quantify convective activity 
(convectivity), the novel Echo Classification from COnvectivity for Vertically pointing radars (ECCO-V) product, 
based on HCR data, is used (Romatschke & Dixon, 2022). This algorithm uses a combination of averaged radar 
reflectivity and radial velocity to classify the convectivity of cloud regions as stratiform, convective, or a mix of 
stratiform and convective elements. The algorithm was shown to be skilled at identifying localized embedded 
convective features in addition to isolated convective or stratiform regions, based on analysis of case studies from 
the SOCRATES and Organization of Tropical East Pacific Convection field campaigns (Fuchs-Stone et al., 2020; 
Romatschke & Dixon, 2022). This is particularly useful in the context of SOCRATES, where convective elements 
frequently were embedded in larger stratocumulus decks.

The ECCO-V classification for the same cloud region and time period as in 
Figure 3 is shown in Figure 4. The cloud region was identified to be mostly 
convective, indicated by the red shaded regions, although a portion of cloud 
between 01:14 and 01:16 UTC and mostly above 1.5 km in altitude is labe-
led as stratiform. Mixed convective and stratiform characteristics are shown 
along the interface of most convective and stratiform regions.

3. Cloud Case Studies
Four examples of the observed vertical structure of BL clouds are discussed 
in this section using data collected during ramped ascents/descents through 
clouds in the BL. These case studies are also used to highlight some of the 
similarities and differences between the PID and in situ identified phase. Two 
of the case studies represent predominantly stratiform conditions, while the 
other two cases are more convective. The stratiform cases show both thin and 
thick clouds, while the convective cases display different amounts of in-cloud 
glaciation.

Figure  5 shows data collected during the ascent of the NSF/NCAR GV 
during RF14 on 22 February 2018 between 03:36 and 03:45 UTC. A very 

Figure 3. Phase retrieved by the particle identification scheme between 01:12 
and 01:16 UTC for RF09 on 5 February 2018, color coded by particle type.

Figure 4. Echo Classification from COnvectivity for Vertically pointing 
radars classifications between 01:12 and 01:16 UTC for RF09 on 5 February 
2018, showing areas of stratiform and convective activity.
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thin layer (thickness 100–200 m) of fair-weather stratocumulus was present, with breaks in the cloud visible 
on satellite (Figure 5a). ECCO-V shows the cloud to be fully stratiform, as indicated by blue color (Figure 5b). 
Figure 5ci indicates virtually no large particles with D > 95 μm (whether ice or SLD) were present. Figure 5cii 
shows that the liquid water contents measured by the CDP were less than 0.15  g  m −3, which is quite small 
compared to that sampled during other penetrations and suggests there was not sufficient liquid water to initiate 
the collision-coalescence process to produce SLD. The in situ phase shown in Figure 5ciii is exclusively SLW 
and the in-cloud temperature averaged −3°C as shown in Figure  5civ. It can further be observed that 2D-S 
images consisted of small round particles, typical of SLW (Figure 5e), and no PHIPS images were obtained. 

Figure 5. Cloud case study, 03:36–03:45 UTC, 22 February 2018. (a) Black and white HIMAWARI satellite image at 03:40 UTC, with the approximate cloud location 
in the red box, and the flight track in blue. (b) Echo Classification from COnvectivity for Vertically pointing radars classifications deduced from the High-Performance 
Instrumented Airborne Platform for Environmental Research Cloud Radar and High Spectral Resolution Lidar data. (c) Vertical profile of in situ measurements plotted 
against altitude (i: 2D-S concentrations of particles with D > 95 μm (none observed), ii: liquid water content from Cloud Droplet Probe (CDP), iii: in situ phase following 
the modified D’Alessandro et al. (2021) algorithm, iv: temperature (red) and dewpoint (blue). (d) Phase derived from particle identification scheme (colors) together with in 
situ derived phase colored on line representing altitude variation of GV aircraft. (e) Representative 2D-S images from the cloud (time refers to when the first image in the 
frame was taken), (f) no images were recorded with the Particle Habit Imaging and Polar Scattering probe probe. The liquid water path from the CDP was 8 g m 2.
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Since the PHIPS only images aspherical particles with D > 20 μm and spherical particles with D > 60 μm (Waitz 
et al., 2021), this indicates few (<0.02 L −1) or no large particles were present.

The pink-colored retrievals from the PID in Figure 5d suggest that almost exclusively SLW was present, in agree-
ment with in situ data, although a few “small ice” retrievals can be seen in light blue along the cloud top; the lack 
of ice in the in situ data and lack of vertical coherence in the “small ice” retrievals suggests that the identification 
of “small ice” at cloud top is an artifact of the algorithm that occurs due to weak HCR/HSRL returns at cloud 
top. The in situ observations are shown in Figure 5d in the form of a color-coded line following the aircraft's alti-
tude, which cuts through the PID retrievals at around 03:38 UTC. A gap in the availability of the PID around the 
location of the aircraft is caused by the ∼100 m zone of invalid data around the radar due to near-aircraft effects 
(Romatschke & Vivekanandan, 2022).

Overall, the cloud layer shown in Figure  5 is homogeneous, with no precipitation occurring. A temperature 
inversion and quickly widening dewpoint depression seen at cloud top (in Figure 5civ), representing the top of 
the atmospheric BL, likely capped the cloud growth. The structure seen in Figure 5 was very typical for thin 
stratiform clouds observed during SOCRATES, with multiple similar examples present in both the in situ and 
remote sensing data.

A thicker (∼650 m thick) cloud deck is shown in Figure 6. Figure 6a shows the location of the cloud deck near 
60°S, in the northwest quadrant of a large extratropical cyclone. Figure 6b shows the cloud is predominantly 
stratiform, although a single convective cell was present around 02:06 UTC. Figure 6cii shows larger values 
of liquid water content (LWC) than shown for the thinner stratiform cloud in Figure 5, with LWCs frequently 
exceeding 0.3 gm −3. In situ phase (Figure 6ciii) indicates that the cloud was fully liquid, with the large particles 
on the 2D-S (Figure 6ci) being circular and those on the PHIPS (Figure 6f) having smooth edges and a Poisson 
spot, both indicating SLD. The non-spherical shape in case of the larger droplets is caused by deformation of the 
droplets in the instrument's inlet. Three vertically adjacent regions of the cloud are noted. In region 1 (near cloud 
top, between 1,400 and 1,100 m altitude and 02:01–02:07 UTC), SLW is present but not much SLD. In region 
2 (bottom portion of cloud between 1,100 and 700 m altitude and 02:01–02:06 UTC), both SLW and SLD are 
present. In region 3 (below cloud, <700 m altitude and 02:01–02:05 UTC), the LWC drops to near zero and a 
notable T/Td spread emerges (Figure 6civ), suggesting the retrievals correspond to below cloud base where some 
evaporation could be occurring. However, SLD is still present as precipitation.

Near and below cloud base, the PID shows similar results to the in situ data, showing patches of SLD lining up 
with the highest SLD concentrations in situ, and SLW elsewhere (Figure 6d). However, in region 1, the PID could 
not determine cloud phase because lidar measurements were unavailable (with no LDR data available from the 
HCR either). A few pixels of “small ice” appear in the area of unknown phase between 1,000 and 1,400 m between 
02:01 and 02:07 UTC; but these appear erroneous due to the lack of any ice in the in situ observations. This 
phenomenon can also be seen in Figures 7d and 8d, and could lead to an overestimation of ice phase by the PID.

Figure 7a shows a cloud region near 55°S with a maximum thickness of at least 1,200 m (see Figure 7b). Data 
from the 2DC probe were used to quantitatively characterize the cloud due to an issue with stuck bits on the 2D-S 
for this time period. A plot supporting the validity of using the 2DC data for a portion of this flight is provided 
in Appendix C. As annotated in Figure 7c, the plane first flew through a developing convective cell from 04:15 
to 04:16 UTC, which extended vertically from around 400 m to about 1,000 m based on combined in situ and 
remote sensing data (region 3 in Figures 7c and 7d), then a more developed convective cell from 04:16 to 04:18 
UTC, with cloud base below 800 m (exact height unknown due to lack of data), and cloud top around 1,800 m 
(region 2 in Figures 7c and 7d).

Note that although the cell in region 3 is labeled as stratiform in Figure 7b, the HCR Doppler velocity (not 
shown) upward motion exceeded 2 ms −1, indicating some convective activity. However, the very early stage of 
development of this cell was not sufficient to justify a “convective” classification due to small HCR reflectivity 
values of 10 dBZ or less and the small extent of the cloud (Romatschke & Dixon, 2022). Both cells contained ice 
crystals, with relatively small LWC values of 0.1–0.15 g m −3. Figure 7ciii shows SLD + ice in region 2 based on 
concentrations of large round particles up to 15 L −1 on the 2D-S (round particle concentrations not shown), but 
2DC and PHIPS images (Figures 7e and 7f) do not show any SLD in the region (instead showing ice crystals in 
the form of rimed needles, needle aggregates, and faceted shapes), so it is assumed that all the large particles seen 
in Figure 7ci are ice crystals.
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Figure 6. Cloud case study, 02:01–02:10 UTC, 29 Jan 2018. Panels are as described in Figure 5, with a satellite image from 02:00 UTC. In panel Ci, 2D-S 
concentrations of particles with D > 95, 195, 295, and 495 μm are shown in green, light blue, blue, and purple, respectively. No images were recorded on the PHIPS in 
labeled region 1. The liquid water path was 164 g m −2.
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Figure 7. Cloud case study, 04:13–04:22 UTC, 4 Feb 2018. Panels are as described in Figure 6, with a satellite image from 04:20 UTC. All in situ “ice” is labeled in 
light blue in panel (d), since no large versus small ice classification exists in situ. No images were recorded on the Particle Habit Imaging and Polar Scattering probe in 
labeled regions 1 and 3. The liquid water path was 51 g m −2.
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Figure 8. In situ and remote sensing data from 03:30 to 03:40 UTC, 5 Feb 2018. Panels are as described in Figure 6, with a satellite image from 03:30 UTC. No images 
were recorded on the Particle Habit Imaging and Polar Scattering probe in labeled region 1. The liquid water path was 217 g m −2.
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The PID scheme showed similar results (Figure 7d), with “large ice” determined for time periods when the in situ 
observations (Figure 7ci) showed many large ice crystals (∼20 L −1 for particles with D > 495 μm) in region 2, 
and “small ice” where smaller concentrations of ice crystals (<1 L −1 for crystals of any size) existed in region 3. 
Note that there is no category of “SLW + ice” in the PID scheme because the larger ice crystals will make larger 
contributions to the radar reflectivity than the smaller water drops, so the “large ice” retrievals seen in region 2 
are consistent with the in situ data.

Next, the GV flew through a higher cloud deck consisting of SLW (as indicated in Figure 7ciii), labeled as region 
1 in Figure 7c (04:15–04:20 UTC; altitude 1,500–1,800 m). The PID classification agreed with the in situ data, 
also showing SLW. The presence of the stratiform layer can be attributed to dry air and a capping inversion at the 
top of the BL preventing further cloud growth upwards (Figure 7civ).

Figure 7d shows variations in the vertical structure within the convective cell of region 2. SLW at cloud top is a 
reasonable assumption if the SLW identified at 04:19 UTC and a height of 1,700 m is extrapolated to time peri-
ods during the identified convective cell. Small ice is seen beginning around 200 m below cloud top, suggesting 
significant ice production first starts there. The appearance of “large ice” only 100 m further below suggests a 
rapid increase in ice crystal size and concentration, consistent with SIP by rime splintering. It is likely that frozen 
precipitation was present below cloud. Since the stratiform regions were mainly liquid phase, it appears that the 
convective activity acted to enhance SIP processes.

The most convective of the four examples is shown in Figure 8. The cloud varies from 1,000 to 1,500 m in 
thickness (assuming cloud base is between 1,000 and 1,200 m, based on the lowest LWC values >0.01 g m −3 
in Figure 8cii), compared to average thicknesses of 150, 650 and 1,200 m in the prior 3 examples. This cloud 
occurred around 58°S, near the center of the low pressure system seen in Figure 8a. The presence of convection 
is suggested by the patchiness of the clouds in the surrounding region. The ECCO-V classification (Figure 8b) 
shows a couple of large convective cells in the flight path, with regions of stratiform cloud in between.

Three regions are labeled in the in situ data in Figure 8c. Region 1 falls in a stratiform region according to the 
ECCO-V, extending from 03:37 to 03:38 UTC, with cloud top around 2,400 m, and cloud base unknown due to 
lack of data. Region 2, extending from 03:35 to 03:36 UTC, is within a convective region, consistent with the 
presence of a top overshooting the BL at about 03:35 UTC. The region extends vertically from the localized top 
around 2,700 m to at least 1,200 m based on the LWC seen in the in situ data, although it is not clear if cloud 
base is right at 1,200 m as the aircraft appears to have entered the cloud from the side, rather than from below. 
In region 3, from 03:32 to 03:34 UTC, the aircraft was below-cloud, shown by a lack of LWC in situ; cloud base 
was likely between 1,000 and 1,200 m based on elevated LWC readings at 1,200 m at 03:35 UTC, while cloud 
top was around 2,700 m within a localized top between 03:33 and 03:34 UTC.

Figure 8ci indicates peak 2D-S concentrations of large particles were about an order of magnitude smaller than 
in the last two cases (note the axis scale), although maximum LWC concentrations were similar to those in 
the stratiform deck displayed in Figure 6 at around 0.4 g m −3. Little difference was seen between the strati-
form area in region 1, and the convective area in region 2, with large variations in the LWC measured by the 
CDP (Figure 8cii). Concentrations of larger particles on the 2D-S did exceed 1 L −1 more frequently in region 2 
(Figure 8ci), with these particles appearing in the form of both SLD and ice (as seen in Figures 8e and 8f). These 
large particles occurred alongside localized peaks in LWC, typical of convective generating cells as described in 
Wang et al. (2020).

Region 3 of Figures 8c and 8d designates the precipitation associated with another convective cell that the GV 
flew beneath. Figure 8ciii shows ice (in the form of graupel) as the dominant phase for much of this region, but 
shows SLW + ice around 03:34 UTC, which would more appropriately be labeled as SLD + ice based on 2D-S 
images from that time. With 2D-S concentrations of particles larger than 95 μm only around 1 L −1, the precipi-
tation was not very intense.

The preceding analysis indicates the presence of two convective cells of similar vertical extent (∼1,500 m) and 
width (15–25 km) in close proximity, yet with very different phases. The PID scheme showed that ice was relatively 
widespread in the cell occurring within region 3, whereas the cell within region 2 contained almost exclusively 
SLW and SLD, with only a small amount of ice. This strong variation in the existence of different phases was 
frequently noted in the flight-level data during SOCRATES, and there is no clear explanation of what causes  
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these variations in phases in relatively short distances (e.g., different lifetimes of cells, role of new aerosol particle 
formation in causing large variations in aerosol amount (McCoy et al., 2021), etc.).

These four case studies offer a good overview of the types of BL clouds sampled during SOCRATES as relates 
to vertical and horizontal variability in cloud microphysical properties and cloud depths. To more thoroughly 
investigate the properties of such clouds, a statistical analysis of the cloud properties is performed in Section 4.

4. Comparison of In Situ and Remote Sensing Data
Before using the PID scheme to investigate the properties of SO BL clouds statistically, it is necessary to evaluate 
its performance against the collected in situ data. In their initial verification of the PID scheme, Romatschke and 
Vivekanandan (2022) found hit rates (averaged among all particle classifications) of approximately 71% during 
SOCRATES when compared to the in situ, collocated University of Washington Liquid-Ice Discriminator data 
set (Atlas et al., 2021). The following comparison procedure serves to double-check this result against the modi-
fied D’Alessandro (2021) phase product.

First, a group of PID values corresponding to the time/location of the in situ data was gathered, encompassing 
all range gates within 200 m of the GV's location vertically, and within 1 s of the given measurement time (i.e., 
the group spans an interval of 3 s). Given an airspeed near 150 ms −1, this corresponds to a horizontal distance 
of around 450 m. A maximum of 15 valid PID retrievals will exist in the group given these dimensions and the 
location of the first valid bin being 107 m vertically separated from the aircraft.

Cloud phase for the group of PID values was determined as the mode of all non-null values within it. To focus the 
comparison on in-cloud segments, only points when the in situ cloud phase was not “out-of-cloud,” and at least 
one non-null value existed in the group of PID values were considered. To focus on supercooled BL clouds, only 
locations with altitudes less than 3,000 m and temperatures less than 0°C were included. Data from flight 15 were 
excluded because the 2D-S did not record data. Data were also excluded if the mode of all non-null values was 
an unknown phase category. In total, 18,718 measurements were identified for the in situ and PID comparison, 
with the results shown in Figure 9.

Overall, the PID scheme shows skill in retrieving phase compared to the in situ data. Comparisons were quali-
tatively labeled as “ideal” (exactly matches the in situ data when considering the limitations of remote sensing 
data), “somewhat ideal” (one particle characteristic (size/phase) is wrong but “borders” a correct characteristic, 

Figure 9. Comparison of in situ and particle identification (PID) phase. Raw numbers of comparisons landing within each 
box are given, as well as percentages of the total number of measurements (18,718). For example, the red box on the top 
left indicates that 11 points, or 0.1% of the total number of 18,718, had freezing rain according to the PID scheme, and 
supercooled liquid water according to the in situ data.
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e.g., mixed instead of liquid phase), and “nonideal” (one particle characteristic is wrong and does not “border” a 
correct characteristic, or multiple are wrong, e.g., rain instead of SLW). 11,532 (62%) of measurements landed in 
the green “ideal” comparison boxes, and a further 4,265 (23%) landed in the “somewhat ideal” comparison boxes, 
leaving a total of 2,921 (16%) in the “nonideal” boxes where the retrieved and in situ phases were very different. 
Using a hit rate formula of (%ideal) + 0.5*(%partially ideal) results in an effective hit rate of 73%, which is in line 
with the 71% hit rate from Romatschke and Vivekanandan (2022). Given uncertainty with how “partially ideal” 
results should be included in the hit rate, this value could fall between 62% and 85%.

Some notable areas of error do exist. For instance, despite adjusting the in situ SLD threshold to account for the 
sensitivity of the PID scheme (see Figure 10), 54% of in situ SLD classifications (or 13% of all compared points) 
were identified as SLW by the PID scheme; one reason for this may be that SLW drowns out the signal from rela-
tively small amounts of SLD in regions with high LWC. The reverse problem was rare; only 5% of in situ SLW 
observations, or 2% of all comparisons, were labeled as SLD by the PID scheme.

Another area of discrepancy is that the PID category of “small ice” did not compare well to the in situ data, a 
phenomenon that was noted within all four case studies described in Section 3. 44% of points classified as “small 
ice” by the PID were SLW or SLD in the in situ data, or 9% of all points. This means that approximately half 
the time “small ice” was predicted by the PID scheme, the in situ phase was liquid, making it a poor predictor of 
phase. In contrast, only 3% of “large ice” retrievals (representing 0.1% of all comparisons) contained no ice in 
situ, apparently making it an effective indicator of ice presence, although confidence is limited by a small sample 
size.

Finally, both “FZRN” and “SLD + ice” were rare in this comparison, adding up to only 3.1% of all compared 
points. Perhaps due to the small sample size, neither category was very likely to indicate one particular in situ 
phase over any of the others, although “SLD + ice” tended to occur when the in situ phase was “SLW + ice” or 
“ice.”

It should be noted that this comparison is likely to underestimate the accuracy of the PID scheme, due to the verti-
cal offset of 100–150 m between the in situ observations and the first valid PID retrievals. This is an important 
offset given the analysis in Section 3 showed that phases and the transition from SLW to SLD often occurred over 
such a vertical displacement. For instance, if SLW was present at the GV's location but ice existed 100 m below, 
the PID scheme would be labeled as wrong in comparison to the in situ data if the scheme shows ice, even though 

Figure 10. Sensitivity test used to find the ideal threshold of 95 μm droplets on the 2D-S probe to classify a measurement as 
“supercooled large drops.”
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it would be correct considering the actual conditions; such an instance likely occurred at 04:17 UTC between 
1,450 and 1,550 m elevation in Figure 7d. Thus, it appears that the PID scheme is sufficiently accurate to enable 
the retrieval of information about the vertical variation of phase in SO BL clouds.

Using the same comparison technique as described above, sensitivity tests using different threshold concentra-
tions for D > 95 μm to identify SLD were conducted to determine the best threshold for maximizing agreement 
between the in situ data and PID scheme for detecting SLD. Although SLD is defined as D > 100 μm within the 
PID scheme, 95 μm is well within the margin of error for the minimum bound for SLD in the remote sensing data, 
allowing a comparison to be made. Probabilities of detection, or “hit rates” for SLW and SLD were calculated 
for situations where both the in situ and PID phase were fully liquid, ensuring that the presence or misidentifica-
tion of ice did not impact the retrievals. The mean hit rate as a function of the in situ SLD threshold is shown in 
Figure 10. The SLW hit rate is calculated as (SLW&SLW)/(SLW&SLD + SLW&SLW), and the SLD hit rate is 
(SLD&SLD)/(SLD&SLW + SLD&SLD), where, for example, SLW&SLD is the number of comparisons where 
the PID phase is SLW and the in situ phase is SLD.

At the threshold where the SLW and SLD hit rates are the same, it is equally likely for a “SLW” retrieval from the 
PID to be “SLD” in situ as it is for a “SLD” retrieval from the PID to be “SLW” in situ, suggesting similar SLD 
detection sensitivities between the two methods. This point occurs at a concentration threshold close to 1 L −1. 
Thus, this threshold was used to define the presence of SLD in the in situ data, even though it is approximately an 
order of magnitude greater than the equivalent value used by Cober and Isaac (2012). The understanding of the 
strengths and limitations of the PID and in situ data allow their use to determine the structure of supercooled BL 
clouds using the complete set of data measured during SOCRATES, as presented in the next section.

5. Typical Vertical Structure of Southern Ocean Boundary Layer Clouds
This section discusses vertical phase structures of SO BL clouds and their variability observed over the summer 
months during which SOCRATES was conducted. It is unknown if the typical vertical structure varies at different 
times of the year. This section is split into two subsections, showing average vertical cloud structure using in situ 
and PID phase classifications.

5.1. Vertical Structure From In Situ Data

The main uncertainty in obtaining vertical cloud phase profiles with in situ data is caused by the variability 
associated with the small horizontal sizes of clouds and their features (e.g., 200–600 m wide generating cells 
discussed by Wang et al. (2020)) and the relatively small sample size of 34 profiles obtained from the ramped 
ascents and descents conducted. The 34 profiles were selected by finding flight segments for which the GV flew 
vertically through an entire cloud, or at least a large portion of one, using areas of valid PID retrievals to help 
identify the location of clouds. Segments when the GV flew in-cloud at a constant altitude were not included 
because they provide no information about vertical variability. Clouds for which the cloud base temperature was 
greater than 0°C were also not included to focus on supercooled clouds. Cloud top and cloud base were defined 
as the topmost and bottommost elevations for which the LWC measured by the CDP was greater than 0.01 g 
m −3. In addition, 11 out of 34 profiles had precipitation emanating from cloud base, defined by at least 10% of 
observations in the 500 m below cloud base having a 2D-S concentration (D > 95 μm) greater than 1 per liter.

In order to examine the vertical variability of phase in a common framework for all profiles, the average cloud 
phase was plotted as a function of the normalized altitude parameter (Zn, McFarquhar et al., 2007) where Zn = 1 
for cloud top and Zn = 0 for cloud base. Ten equally spaced bins for Zn were used and separate average profiles 
are given for convective and stratiform clouds. For the average cloud thickness of 550 m, a change of 0.1 in Zn is 
roughly a change of 55 m. This relatively large number of vertical layers is chosen to highlight phase variability 
at cloud top.

Figure 11 shows an example of how the in situ data were located and classified by convectivity. The small line 
segment, colored in teal, represents a segment of in situ phase data covering one tenth of the vertical distance 
between cloud base (yellow line) and cloud top (green line), which counts as one datapoint. If there are 10 in situ 
observations within the segment, with four identified as SLW and six identified as SLD, this datapoint would be 
given an averaged phase value of 40% SLW and 60% SLD. To assign the point as convective or stratiform, all echo 
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classifications within 200 m vertically and 1 s in time (within around 225 m 
horizontally at typical aircraft velocities) of the cloud segment are retrieved 
(the black box in Figure 9). If at least 10% of these classifications are convec-
tive, the point is considered convective, and if at least 90% are stratiform, 
the point is considered stratiform. If neither of these are true, the point is not 
included in either the convective or stratiform data set; this can occur when a 
portion of echo classifications are “mixed.” A lopsided percentage threshold 
was required due to the relative infrequency of convective clouds compared 
to stratiform clouds and a very small in situ data set, with no more than 34 
datapoints available for each cloud layer. In this example, the datapoint would 
be labeled as convective, with a normalized altitude between 0.1 and 0.2.

Figure  12 shows the average vertical phase profiles from the in situ data. 
An additional sensitivity test with the SLD threshold as found in Cober and 
Isaac (2012) is included in Appendix B. For all clouds (Figure 12a), the prob-
ability of SLW (P[SLW]) was 80% at cloud top (Zn > 0.9), declining to near 
50% for Zn of 0.5 and then varying less than 5% for 0 < Zn < 0.5. SLD was 
present around 10% of the time near cloud top, increasing to around 25% 
for Zn  =  0.8 and remaining relatively constant for Zn  <  0.8. Note that all 
probabilities are approximated to the nearest 5% in this discussion (denoted 

by ∼) due to uncertainty in the data. SLD was also present an additional ∼5% of the time when coincident with 
ice (SLD + ice), except at cloud top. This suggests that SLD is relatively common in SO clouds, with P[SLD or 
SLD + ice] ∼30% for Zn < 0.8.

SLW+ice was relatively infrequent (P[SLW + ice] ∼5%–10%), for all Zn. Ice without liquid had P[ice] ∼0 for 
Zn ≥ 0.5, increasing to ∼10% for 0.2 < Zn < 0.3, and returning to near zero at cloud base. However, the disap-
pearance of ice without liquid may simply be because the cloud base was defined as the lowest altitude with CDP 
LWC > 0.01 g m −3; hence phase at cloud base must contain liquid by definition.

Major differences in the vertical variation of phase with Zn exist between convective (Figure 12b) and strati-
form clouds (Figure 12c). Cloud top exhibited P[SLW] ∼80% regardless of convective activity. However, for 
Zn ≤ 0.5, P[SLW] was around 10% in convective clouds, compared to 60% or greater in stratiform clouds. 
Conversely, SLD was more frequent in convective clouds for Zn < 0.8 (P[SLD] ∼35%) compared to stratiform 
clouds (P[SLD] ∼20%), with SLD+ice present a further ∼20% of the time in convective clouds compared to 
infrequently in stratiform clouds. This is consistent with the upward motion in the convective clouds being 
associated with the initiation of the collision-coalescence process that is necessary for the formation of SLD 
in these types of clouds.

A direct relationship is also seen between convective activity and ice formation. SLD + ice, SLW + ice, and ice 
phase were more frequent in convective clouds than in stratiform clouds. In convective clouds, a gradual increase 
in the presence of ice downward in cloud was noted when Zn decreases from 1 to 0.2, with a peak P[any ice] 
∼60%, with P[any ice] meaning the sum of probabilities for each ice-containing phase (SLW + ice, SLD + ice, 
and ice), occurring at 0.2 < Zn < 0.5, compared to a peak P[any ice] ∼15% in stratiform clouds (occurring at 
0.0 < Zn < 0.2). The peak probability of a phase occurring in any single layer of the cloud is hereafter used to 
provide a rough estimate of the probability of observing the phase at some point within the entire cloud, which in 
reality is greater than or equal to this peak value.

Among the individual ice-containing phases in convective clouds, a peak is seen in the frequency of SLD + ice 
for 0.6 < Zn < 0.8, of SLW + ice for 0.4 < Zn < 0.5, and of ice for 0.2 < Zn < 0.3, with another peak in SLD + ice 
near cloud base (Zn < 0.2). Due to the limited sample size and some uncertainties in phase identification, it is 
unclear the extent to which these peaks are representative of convective cloud processes in general. On the other 
hand, in stratiform clouds, SLW + ice retains a low probability of occurrence (∼5%) throughout the entire vertical 
depth of the cloud, while the probability of SLD + ice was near zero, except for Zn < 0.2 (P ∼ 5%). Ice without 
any liquid was very rare in stratiform clouds.

The role of convective activity on the development of ice is consistent with past studies that have shown 
the role of updrafts in forming preferential environments for the production of ice in supersaturated regimes  

Figure 11. Illustration of data collection for the in situ vertical cloud phase 
classification.
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(e.g., McFarquhar et al., 2011; Rosenow et al., 2014; Wang et al., 2020). More surprisingly, convective clouds 
showed more vertical heterogeneity with normalized altitude relative to stratiform clouds, considering that more 
vertical mixing of particles would occur within the stronger updrafts and downdrafts of convective cells, such as 
previously observed in the Arctic (McFarquhar et al., 2011). To extend the analysis to a larger and more repre-
sentative set of data, similar analysis was conducted using the results of the PID retrievals.

5.2. Vertical Structure From PID Scheme

Vertical cloud structure was assessed using the PID scheme by isolating vertical in-cloud segments of PID 
retrievals. A combination of nadir and zenith-pointing retrievals were used to maximize the effectiveness of the 
HSRL data, which can only penetrate a few hundred meters into a cloud.

For a vertical column of nadir-facing retrievals, cloud top, if present, was considered to be the highest altitude in 
the column with two consecutive “in-cloud” retrievals. If the first two valid bins beneath the GV were “in-cloud,” 
however, the data were excluded, as the location of the data relative to cloud top is unknown in these cases. Data 
were also excluded for clouds with tops above 3,000 m.

Figure 12. Average cloud phase in the vertical dimension from in situ data, using normalized altitude (Zn).
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For zenith-facing retrievals, cloud top was defined as the topmost two consecutive “in-cloud” retrievals below 
3,000 m if any cloud was present. If a cloud was present at 3,000 m, the data were not included.

For all retrievals, data were sorted into 40 bins below cloud top, with each bin representing 19 m corresponding 
to the vertical resolution of the PID retrievals. If there were fewer than 40 valid retrievals, all were used. This 
corresponds to about 750 vertical meters, and is chosen in order to be close to the average in situ average cloud 
thickness of 550 m for comparison, but skewed larger in order to obtain more information on the structure of 
deeper convective clouds. Zn was not used for the altitude scale due to the inability to distinguish cloud base with 
the PID scheme.

Each valid PID value was added to a running tally of phase observations for each vertical cloud layer. Since not 
all data columns had 40 valid retrievals, the total number of data varied from one cloud layer to the next, but 
thousands of data points were still present for all layers. The fraction of phase occurrence for each altitude below 
cloud top was determined as the total incidences of each PID type divided by the total number of valid retrievals 
in each bin, to produce normalized percentages of cloud phase frequencies. The categories “rain,” “drizzle,” and 
“cloud liquid” were not included because only subfreezing temperatures were considered, and “FZRN” was not 
included because it appeared on a rare enough basis to be considered negligible.

For each valid PID retrieval, ECCO-V was used to determine cloud convective activity in that location so that 
separate statistics could be generated for convective and stratiform clouds. If the echo type was “mixed,” the 
value was not included in either the convective or stratiform statistics, although it was included in the statistics 
for all clouds. Since convectivity was checked one measurement at a time, this means that if, for instance, the 
convectivity was stratiform at cloud top but convective 20 bins below cloud top within one vertical column, the 
phase at cloud top was included in the stratiform statistics, while the Phase 20 bins below cloud top was included 
in the convective statistics.

The results of the PID cloud phase profiles are given in Figure 13. The vertical phase distribution for all clouds 
is shown in Figure 13a. SLW showed a very similar variation with height as was seen for the in situ data in terms 
of frequency of occurrence. SLW was most common near cloud top (P[SLW] ∼80%) and decreased in frequency 
with altitude, but remained common (P[SLW] >40%) within 750 m below cloud top; this is close to P[SLW] 
∼80% near cloud top and P[SLW] ∼55% at Zn < 0.5 seen in the in situ data. SLD showed a similar vertical varia-
tion as seen with the in situ data, being least common at cloud top (P[SLD] <5%) and increasing in frequency for 
the first 200 m below cloud top before reaching a relatively constant value of 15%–20% below 200 m. SLD was 
less common than observed in situ in general, with P[SLD] <20% everywhere compared to 25% with the in situ 
data; one explanation is that some of the SLD is being incorrectly identified as “small ice” instead. SLD + ice 
showed no change in prevalence with altitude with P[SLD + ice] ∼5%, similar to trends in the in situ data. Small 
ice, which would be most comparable to “SLW + ice” or “ice” in situ, occurred throughout the depth of the cloud, 
but increased in frequency from cloud top (P[small ice] ∼20%) to 200 m below cloud top (P[small ice] ∼35%). 
Large ice increased steadily in frequency with decreasing altitude from cloud top (P[large ice] ∼0%) to 750 m 
below top (P[large ice] ∼20%). This shows that the clouds were increasingly glaciated with decreasing altitude. 
This trend was visible in situ as well, but only weakly.

As with the in situ data, major differences are present between convective (Figure 13b) and stratiform (Figure 13c) 
clouds. SLW was about equally likely (P[SLW] ∼75%) at cloud top for convective and stratiform clouds, but 
quickly declined in frequency to ∼5% 300 m below cloud top for convective clouds. In stratiform clouds, P[SLW] 
declined only slightly with altitude, reaching a relatively constant value of around 70%. SLD was rare at cloud 
top for both convective and stratiform clouds, but more common in general for convective clouds with a slight 
peak in P[SLD] ∼35% 100 m below cloud top, with a relatively constant frequency of 25%–30% 150–750 m 
below in agreement with the in situ data. In stratiform clouds, SLD peaked in frequency at ∼15% ∼400 m below 
top. SLD +  ice generally occurred at a low but nonzero frequency everywhere in both cloud types, and was 
slightly more frequent in the convective cases.

In convective clouds, small ice showed a peak P[small ice] ∼50% 200 m below cloud top. There was then a 
transition to large ice, increasing from near zero at cloud top to above 50% 750 m below top. While no direct 
comparison exists in situ for the small/large ice distinction, the peak P[any ice] of approximately 70%, shows 
general agreement with the in situ data, with peak P[any ice] ∼60%.
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Much less ice was observed in stratiform clouds, with large ice virtually nonexistent. Stratiform clouds had 
P[small ice] ∼15% from 0 to 150 m below cloud top, and P[small ice] ∼30% for 150–300 m below, resulting 
in about double the probability of ice being present than in the in situ data (peak P[any ice] ∼30%, compared 
to peak P[any ice] ∼15% for the in situ data). It is likely that some or all of this increase is due to errors in the 
PID scheme, as evidenced by the overestimation of ice in the in situ/PID comparison shown in Figure 9, and 
the patches of erroneous small ice within a general region of unknown phase in Figures 6d and 8d. Thus, SLW 
and SLD are likely more common than suggested by the PID scheme. It was also noted that there was a large 
difference between the nadir and zenith-pointing retrievals, which gives evidence that there are uncertainties 
in the PID retrievals causing the differences from the in situ data. The limitations of the HSRL in penetrat-
ing thick clouds is responsible for much of the difference between nadir and zenith-pointing retrievals; these 
limitations also cause thick clouds to be underrepresented in the PID phase statistics. For instance, among all 
clouds, there was P[SLW] ∼30% 700 m below cloud top in the nadir-facing retrievals, compared to P[SLW] 
∼60% for the zenith-facing retrievals. The differences between the nadir and zenith-facing retrievals are further 
detailed in Appendix C.

Some differences in the results between the in situ and remote sensing data can also be attributed to the fact that 
the cloud base is frequently farther than 750 m from cloud top in convective clouds, meaning that cloud base is 
not included in the remote sensing profile at all. Further, the in situ data may be biased because the GV avoided 
areas where large concentrations of SLD were anticipated, likely due to strong radar returns. In addition to SLD, 

Figure 13. Average cloud phase from the particle identification scheme, using cloud top adjusted altitude.
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these areas likely contained large ice crystals and frozen precipitation in many cases, which would lead to both 
SLD and ice being underrepresented by the in situ observations.

6. Conclusions
An extensive set of airborne in situ and remote sensing data were acquired during the SOCRATES. Data from 
the CDP, the airborne PHIPS, the RICE, and the Two-Dimensional Stereo Probe (2D-S) were used to identify 
cloud phase in situ, while a PID scheme applied to the HCR and High-Resolution Spectral Lidar was used to 
classify cloud phase from the remote sensing data. Cloud phase was generally classified as supercooled liquid 
water (SLW; D < 95 μm), supercooled large droplets (SLD; D > 95 μm), ice, or some combination thereof; the 
PID scheme also had separate classifications for small and large ice.

A comparison of the results of the PID scheme to phase identified from the in situ observations within SO 
BL clouds indicated an agreement rate exceeding 70%, comparable to previous evaluation of the PID scheme 
(Romatschke & Vivekanandan,  2022). Discrepancies between the PID scheme and the in situ observations 
include an underestimation of SLD (SLD was only about half as frequent in the PID scheme as in the in situ 
data), and an overabundance of ice (about half of “small ice” classifications were liquid phase in situ; though 
“large ice” compared well). However, it is possible that these discrepancies will be lessened or eliminated if the 
areas of unknown phase can be classified using other available remote sensing parameters in areas without LDR 
or LLDR data. The results of the comparison are generally quite favorable, especially considering that some of 
the discrepancies are due to a 100–150 m vertical gap between the in situ observations and the PID retrievals 
due to the dead zone of the remote sensors. Overall, the PID scheme proved useful as a means of expanding the 
available data set for assessing vertical cloud structure.

In situ and PID phase classifications were used to assess the average vertical phase structure of SO BL clouds, 
plotted as a function of normalized altitude (Zn) for in situ data (McFarquhar et al., 2007), and as a function of 
distance below cloud top for PID retrievals. A much larger sample of vertical cloud phase observations was 
obtained from PID data than from the in situ data. However, the in situ data are useful for evaluating the PID 
retrievals because they are based on higher resolution observations, showing the two data streams can be used 
synergistically. When summarizing conclusions, it can be assumed that general agreement between the PID 
retrievals and the in situ phase occurred unless explicitly stated otherwise. Among all SO BL clouds, the follow-
ing features were identified:

1.  SLW was found to be most frequent at cloud top (P[SLW] >75%), with ice rather rare (P[any ice] <15%). 
SLW decreased in frequency below cloud top, declining to P[SLW] ∼50% at Zn < 0.5, corresponding to about 
300 m below cloud top for an average thickness of 550 m. This decrease of SLW below cloud top has previ-
ously been seen in simulations (Morrison et al., 2010) and remote sensing retrievals (Zaremba et al., 2020).

2.  SLD was uncommon at cloud top but became increasingly likely in the 300 m below cloud top, with in situ 
data indicating P[SLD] ∼25% at Zn of 0.5, and PID observations showing P[SLD] ∼15%–20% at 300 m (anal-
ogous to a Zn of 0.5). SLD + ice was present a further ∼5% of the time at a Zn of 0.5.

3.  Cloud glaciation increased with decreasing altitude. In situ, there was P[any ice] <10% for Zn > 0.9 and P[any 
ice] >20% for Zn < 0.5. For the PID, there was P[any ice] <20% at cloud top and P[any ice] >40% 550 m 
below cloud top; this also reflects a higher frequency of ice overall according to the PID.

Observations were also separated according to their convectivity using the ECCO-V product. Below, comparisons 
between convective and stratiform clouds are listed: 

1.  While SLW was very common (P[SLW] >75%) at cloud top for both convective and stratiform clouds, it 
became very infrequent (P[SLW] <10%) 250 m below cloud top for convective clouds, compared to a much 
larger P[SLW] >50% throughout cloud depth for stratiform clouds.

2.  For convective clouds, P[SLD] increased from near zero at cloud top to above 30% 200  m below cloud 
top. Below 200 m, the PID showed a subsequent decrease to P[SLD] ∼25% 300 m below cloud top, but the in 
situ data had P[SLD] >30% for all Zn < 0.7 (150 m below cloud top), reaching as high as 45% near cloud base. 
The in situ data also showed P[SLD + ice] ranging from 10% to 30%. Stratiform clouds had P[SLD] ∼20% 
except at cloud top (P[SLD] ∼10%), in situ, with P[SLD] 5%–10% lower throughout according to the PID 
scheme. Both methods suggest that the peak P(SLD) is 1.5–2 times larger in convective clouds.



Journal of Geophysical Research: Atmospheres

SCHIMA ET AL.

10.1029/2022JD037277

20 of 27

3.  There was a connection observed between convective activity and ice presence. The PID scheme showed more 
ice than the in situ data at all altitudes, although this is likely at least partially due to a known overabundance 
of small ice in the PID as seen from a comparison for the collocated data (discussed in Section 4). In stratiform 
clouds, there was P[any ice] ∼15% at cloud top and P[any ice] ∼30% below 200 m from cloud top, with virtu-
ally all of this in the form of “small ice.” Rates of ice-containing phases were much larger in convective clouds 
with P[any ice] ∼20% at cloud top, increasing to P[any ice] ∼70% 250 m below. Further, the PID scheme 
suggests ice growth occurs with decreasing altitude in convective clouds, with P[large ice] ∼10% 150 m below 
cloud top and P[large ice] ∼50% 700 m below cloud top. This is consistent with previous studies that have 
shown higher updraft velocities provide a preferential environment for the growth of ice in supersaturated 
regimes (McFarquhar et al., 2011; Rosenow et al., 2014; Wang et al., 2020), and that SIP during SOCRATES 
was enhanced in convective regions exhibiting multiple updrafts (including embedded convective elements 
within stratocumulus clouds), with thin stratiform clouds with a lack of significant updraft activity exhibiting 
little SIP and remaining mostly composed of SLW (Järvinen et al., 2022; Lasher-Trapp et al., 2021; Mace 
et al., 2021). The peak P[any ice] for any part of the cloud averaged among both methods is ∼65% for convec-
tive clouds and ∼20% for stratiform clouds, suggesting that ice is about 3 times more likely in convective 
clouds than in stratiform clouds. In the ∼25%–45% of cases with little or no ice in convective clouds, SLD 
was virtually always present at 150 m or more below cloud top, suggesting that collision-coalescence is an 
efficient process in these convective regimes.

4.  Averaged vertical cloud structure profiles revealed convective clouds to be more vertically heterogeneous than 
stratiform clouds, with SLW at cloud top giving way to SLD or ice within 150 m below top, and continuing 
growth of ice crystals with further altitude decrease in the 50%–70% of cases with ice present. In contrast, 
SLW was present more than 60% of the time at all heights for stratiform clouds. These results suggest a 
stronger dependence of cloud phase in convective clouds with height than noted by McFarquhar et al. (2007, 
2011), and is a surprising finding given that convective generating cells tend to produce strong turbulent 
mixing that would be expected to homogenize phase in the vertical dimension.

Many avenues exist for future work. For instance, the analysis in this study was restricted to the assumption that 
a single cloud layer was present, even though multiple cloud layers commonly exist over the SO. Further study is 
needed to determine the effects of these multiple cloud layers on vertical structure. In addition, the amount of in 
situ data used here is limited because only 15 flights over a 6-week period in a small geographic area were avail-
able. Although these data are insufficient to thoroughly investigate seasonal and spatial variations in the vertical 
profile structure, they still represent a first of a kind set of data giving unique characterizations of the vertical 
structure of clouds in this region. However, more data of this type is still needed to better characterize the depend-
ence of cloud structure on environmental and aerosol conditions. A comparison of the structure and properties 
of these SO clouds to those obtained in polar regions of the NH is of interest, such as those obtained during the 
Indirect and Semi-Direct Aerosol Campaign (McFarquhar et al., 2011) and the recent Multidisciplinary drifting 
Observatory for the Study of Arctic Climate expedition. Further, the competing effects of variations in aerosol 
properties and vertical velocities on the distribution of phase need to be better determined. The consistency 
between the in situ measurements and the PID retrievals suggests that the remote sensing data are sufficiently 
robust to perform such a study. Finally, the attenuation of the HCR and HSRL in thick clouds makes the retrieval 
of cloud phase challenging. Nevertheless, these new findings on vertical cloud structure represent an important 
data set that can be used for the evaluation of models of SO clouds, by comparing model simulated vertical cloud 
phase structure to the results described here.

Appendix A: 2DC Versus 2D-S Data Comparison for RF08
Figure A1 shows the correlation between the 2DC and 2D-S probes on RF08, for concentrations of particles of 
sizes greater than 100, 200, 300, and 500 μm on the 2DC probe. Due to the mismatch in bin boundaries between 
the 2DC and the 2d-S, 2d-S concentrations use particles beginning at sizes 5 μm smaller; however, the potential 
error due to this bin mismatch is expected to be negligible compared to uncertainties in probe measurements (see 
Baumgardner et al., 2017). The slopes of the comparison lines (see the chart legend in Figure A1) between 0.5 
and 0.75 indicate that the 2DC did not systematically display the erroneously high concentrations associated with 
fogging, which justifies the use of 2DC data for the time period where the 2D-S was not working.
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Appendix B: Sensitivity Test of 0.085 L ‒1 Droplet Concentration SLD Threshold
This section examines the impact of using different threshold concentrations of particles with D > 95 μm to 
define SLD presence. Figure B1 shows a the in-cloud phase probabilities derived from the in situ data when 
the Cober and Isaac (2012) threshold concentration of 0.085 L −1 is used to define the presence of SLD rather 
than the 1 L −1 threshold used in the main text of this paper. With this threshold, SLW frequencies decreased by 
about 30% for all levels of the cloud compared to at the 1 L −1 threshold, with this decrease more pronounced 
in convective clouds than in stratiform clouds. Frequencies of “SLW + ice” decreased by 10%–20% throughout 
convective clouds, as many observations were reclassified as “SLD + ice.” A decrease of about 5% was seen for 
“SLW + ice” frequencies in stratiform clouds.

One particularly notable change is the frequency of SLD at cloud top (Zn > 0.9) for convective clouds compared 
to for stratiform clouds. While SLD was seen with nearly identical probabilities (∼5% for convective clouds 
and ∼10% for stratiform clouds) at the 1 L −1 threshold, SLD was seen ∼40% of the time in stratiform clouds 
and ∼65% of the time in convective clouds using the 0.085 L −1 threshold. This suggests that SLD frequently 
develops in small concentrations at cloud top for convective clouds in particular, but rarely becomes very prev-
alent for these SO clouds. Thus, the choice of parameters used to define SLD have an impact on the findings 
of this study.

Figure A1. Comparison of 2D-S (x-axis) and 2D-C (y-axis) particle concentrations for RF08, excluding the period from 
3:10:41 to 4:42:40 when the 2DS was not working correctly.
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Appendix C: Vertical Cloud Phase Profiles for Nadir and Zenith Facing PID 
Retrievals
Some differences in the frequency of phases from the PID scheme at cloud top and base were noted depending 
on whether nadir facing or zenith facing retrievals were used. Among all clouds, for the zenith-facing retriev-
als, SLW was about 20% less frequent 700 m below cloud top, with frequencies relatively similar compared to 
nadir-facing retrievals. SLD was about 15% more frequent 700 m below cloud top, and 10% less frequent 200 m 
below cloud top. Small ice was about 15% less frequent in the middle portions of the cloud (∼300 m below top) 
compared to the nadir-facing retrievals, while large ice was up to 40% less frequent 750 m below top. However, 
the nadir and zenith facing retrievals agree on the high frequency of SLW at cloud top to within 10%. The differ-
ence in phase fractions between the nadir and zenith facing profiles varies some for convective and stratiform 
clouds, but shows the same trends.

Differences between nadir and zenith pointing retrievals occur because the radar and lidar become increasingly 
attenuated when passing through clouds. As a result, the PID is effective at identifying relatively small SLW and 

Figure B1. In situ cloud phase probabilities for 2D-S supercooled Large Droplets concentration >0.085 L −1, as specified in the Cober and Isaac (2012) study.
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SLD at close range, but is often only able to distinguish the phase of the larger particles when some attenuation 
has occurred. For the nadir-facing retrievals, cloud top data is least attenuated, while the data closest to cloud base 
is least attenuated for zenith-facing retrievals Figures C1 and C2.

Figure C1. Average vertical cloud profile from particle identification scheme using only nadir-facing retrievals.
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Data Availability Statement
Most of the data sets used in this study can be located on the EOL data archive. These data sets include the 
PID scheme, ECCO-V classifications, and raw remote sensing data (NCAR/EOL HCR and HSRL teams, 2022), 
the PHIPS images (Schnaiter,  2018), the 2D-S particle size distributions (Wu & McFarquhar,  2019), 2D-S 
imagery (NCAR/EOL, 2018), probe microphysics data (NCAR/EOL, 2022), and in situ phase classifications 
(D’Alessandro et al., 2022).
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