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Abstract Supercooled liquid water (SLW) and mixed phase clouds containing SLW and ice over the
Southern Ocean (SO) are poorly represented in global climate and numerical weather prediction models.
Observed SLW exists at lower temperatures than threshold values used to characterize its detrainment
from convection in model parameterizations, and processes controlling its formation and removal are
poorly understood. High-resolution observations are needed to better characterize SLW over the SO. This
study characterizes the frequency and spatial distribution of different cloud phases (liquid, ice, and mixed)
using in situ observations acquired during the Southern Ocean Clouds, Radiation, Aerosol Transport
Experiment Study. Cloud particle phase is identified using multiple cloud probes. Results show occurrence
frequencies of liquid phase samples up to 70% between —20°C and 0°C and of ice phase samples up to

10% between —5°C and 0°C. Cloud phase spatial heterogeneity is determined by relating the total number
of 1 s samples from a given cloud to the number of segments whose neighboring samples are the same
phase. Mixed phase conditions are the most spatially heterogeneous from —20°C to 0°C, whereas liquid
phase conditions from —10°C to 0°C and ice phase conditions from —20°C to —10°C are the least spatially
heterogeneous. Greater spatial heterogeneity is associated with broader distributions of vertical velocity.
Decreasing droplet concentrations and increasing number-weighted mean liquid diameters occur within
mixed phase clouds as the liquid water fraction decreases, possibly suggesting preferential evaporation of
smaller drops during the Wegener-Bergeron-Findeisen process.

1. Introduction

Clouds over the Southern Ocean (SO) strongly influence the energy budget over this region, with satellite
observations showing an annual mean spatial fraction around 80%-90% (e.g., Kay et al., 2012; Matus &
L'Ecuyer, 2017; McCoy et al., 2014). Climate models struggle to correctly simulate radiative fluxes over
the SO (50°S-80°S), commonly underestimating reflected shortwave radiation in part because they (e.g.,
Bodas-Salcedo et al., 2016; Cesana & Chepfer, 2013; Kay et al., 2016; Trenberth & Fasullo, 2010; Wang
et al., 2018) produce lower cloud fraction and less supercooled liquid water (SLW, liquid water at tempera-
tures below 0°C) than observed. Similar problems have been noted in output from higher-resolution models
(e.g., Huang et al. 2014, 2015; Naud et al. 2014).

SLW plays a critical role in determining cloud radiative forcing (e.g., Ceppi et al., 2014; Lawson & Get-
telman, 2014; Shupe & Intrieri, 2004), cloud feedbacks (e.g., Gettelman & Sherwood, 2016; Tsushima
et al., 2006), and equilibrium climate sensitivity (e.g., Frey & Kay, 2017; Tan et al., 2016). A negative cloud
phase feedback resulting from the transition of ice to liquid under surface heating was first proposed by
Mitchell et al. (1989). Additional considerations must be made for mixed phase clouds by characterizing the
mass fractions and spatial distribution of ice and liquid phases, as well as their degree of mixing, which can
substantially impact the radiation budget (e.g., McFarquhar & Cober, 2004; Sun & Shine, 1994). Commonly
referred to as the Wegener-Bergeron-Findeisen (WBF) process, ice particles grow at the expense of neigh-
boring SLW droplets given that the equilibrium water vapor pressure with respect to liquid is greater than
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that with respect to ice (Bergeron, 1928, 1935; Findeisen, 1938, 1940; Wegener, 1911). Several microphysical
and dynamical mechanisms have been introduced to describe mixed phase clouds and their evolution (e.g.,
Jackson et al., 2012; Korolev & Field, 2008; Korolev et al., 2017; Kreidenweis et al., 2018). However, con-
siderable work is required to constrain such mechanisms and further improve the understanding of these
clouds. For example, although mixed phase clouds are thermodynamically unstable due to the differences
in the saturation vapor pressures of liquid and ice, they are commonly observed to persist for hours or even
days in the high latitudes (e.g., Morrison et al., 2011; Verlinde et al., 2007).

The spatial distribution of liquid and ice particles can have major impacts on the WBF process (Korolev &
Isaac, 2006; Korolev et al., 2003). Further, the relatively coarse spatial resolutions of climate models require
smaller scale/subgrid cloud heterogeneities to be parameterized. Differences in these parameterizations
can significantly impact simulated cloud lifetimes and microphysical properties (e.g., Storelvmo et al., 2008;
Zhang et al., 2019). Previous studies have examined the spatial heterogeneity of cloud phase at different
locations (e.g., Chylek et al., 2006; Field et al., 2004; McFarquhar et al., 2007a; Stubenrauch et al., 1999)
including the SO (D'Alessandro et al., 2019; Zaremba et al., 2020). However, most of these studies merely
comment qualitatively on observed heterogeneity from time series and vertical cross sections. Improved
characterizations of phase spatial heterogeneity are crucially needed to provide clear and definite results
for the evaluation of model simulations. This study uses in situ observations from the 2018 Southern Ocean
Clouds, Radiation, Aerosol Transport Experimental Study (SOCRATES) to characterize the frequency and
spatial distributions of cloud phases over the SO. Section 2 introduces the in situ instrumentation and data
processing techniques, Section 3 presents the findings, Section 4 provides further interpretation of the re-
sults, and Section 5 summarizes the key findings.

2. Data Set and Experimental Setup

2.1. In Situ Observations

This study uses 1 Hz airborne measurements collected from the National Science Foundation (NSF)/Na-
tional Center for Atmospheric Research (NCAR) Gulfstream-V (GV) research aircraft during SOCRATES.
SOCRATES was based out of Hobart, Tasmania and took place from January 15 to February 28, 2018, sam-
pling over the SO from 42°S to 62°S and from 133°W to 163°W. Fifteen research flights were conducted
during SOCRATES. The aircraft primarily targeted cold sector boundary layer clouds. Flight plans were
designed to ideally sample 10 minute level legs above cloud, in cloud, and below cloud, followed by saw-
tooth legs to obtain vertical profiles. Additional details on flight objectives and analyses can be found in
McFarquhar et al. (2021). Observations are restricted to temperatures less than 0°C to exclude warm clouds
(i.e., clouds with no ice or SLW), so that approximately 14 h (7,680 km) of in-cloud data between —40°C
and 0°C were available for analysis. The flights during SOCRATES primarily sampled the cold sector of
cyclones with some passes through frontal systems, mostly associated with strong westerly flow over the
SO (McFarquhar et al., 2021). These synoptic-scale conditions coupled with a cool ocean surface led to
frequent cloud cover over the SOCRATES flight domain, including many cases of low-level and midlevel
stratus and stratocumulus. Multilayer stratus and single-layer stratocumulus were frequently observed in
several flights. Temperature was measured using a fast-response Rosemount temperature probe; for steady
conditions, the estimated accuracy and precision are 0.3 and 0.01 K, respectively. Table 1 includes informa-
tion of all the instrumentation used in this study, all of which are introduced and discussed further below.

A suite of cloud probes was installed on the GV. Probes for measuring size distributions included a 2-Di-
mensional Stereo probe (2DS, manufactured by SPEC, Inc.), a 2-Dimensional Cloud probe (2DC, a Particle
Measuring Systems instrument, modified for fast response), a Precipitation Imaging Probe (PIP, manufac-
tured by Droplet Measuring Techniques (DMT), a Particle Habit Imaging and Polar Scattering probe (PHIPS
HALO) and a DMT Cloud Droplet Probe (CDP). Second-by-second comparison of the size distributions
of the 2DC and 2DS showed marked differences between probes. Examination of particle images showed
degraded 2DC image quality occurred for more than half of the flight hours due to fogging, and hence these
data were unusable. A problem with the time record on the PIP prevented use of the PIP image data, and
hence information about the size distributions of large particles was not available. Thus, the base size dis-
tributions were characterized by a combination of the CDP and 2DS data. Data from the CDP were used to
characterize particles with maximum dimension (hereafter size D) ranging from 2 to 50 um. Although the
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Table 1
A List of all Instrumentation and Relevant Information Used in This study
Instrument Measurement Uncertainties Manufacturer
Bulk cloud properties Cloud droplet probe (CDP) Size distribution (2-50 pm) Uncertain size distribution of non- DMT
spherical particles
Two-dimensional Stereo probe Size distribution (10-1280 um)  Highly uncertain depth of field at ~ SPEC, Inc.
(2DS) D < 50 um
Rosemount Icing Detector (RICE)  Presence of SLW Theoretical threshold liquid water =~ Rosemount
content limit of ~0.025 g m™
or less
KING probe Liquid water content Underestimates liquid water DMT
content in presence of drizzle
Additional instrumentation Rosemount temperature probe Temperature Accuracy of 0.3 K Precision 0.01 K Rosemount
Radome Gust Probe, inertial Vertical air speed Net uncertainty of 0.12 m st -
system, and GPS (likely higher uncertainty for
SOCRATES)
25 Hz Vertical Cavity Surface Water vapor Accuracy of ~6% Precision of 1% Southwest
Emitting Laser (VCSEL) Sciences
hygrometer Inc.

Sources related to uncertainties are contained within Section 2.

2DS can nominally detect particles with D ranging from 10 to 1,280 um, only particles having maximum
dimensions (D,ps) greater than or equal to 50 um were used because of a small and highly uncertain depth
of field for D,ps < 50 um (e.g., Baumgardner & Korolev, 1997). The SOCRATES 2DS size distributions and
particle morphological data (Wu & McFarquhar, 2019) were determined using the University of Illinois/
Oklahoma Optical Probe Processing Software (UIOOPS, McFarquhar et al., 2017, 2018), and include cor-
rections for removal of shattered artifacts (Field et al., 2003, 2006). Mass distribution functions are deter-
mined using the habit-dependent mass-size relationships summarized by Jackson et al. (2012, 2014) for
the different particle habits that are identified in UIOOPS (McFarquhar et al., 2018) following a modified
Holroyd (1987) approach.

A 1-s sample is identified as in-cloud if either of the following two conditions is met: a) CDP measurements
reporting mass concentration (Mcpp) greater than 107> g m™> where Mcpp is estimated from the size distribu-
tions assuming all particles are spherical water droplets, or b) 2DS measurements report number concentra-
tions of at least one particle having D,ps > 50 um (N2ps). The rest of the time periods are defined as outside
of cloud. Although this definition of cloud allows for thinner and more tenuous cloud than previous studies
that assumed mass thresholds of 0.01 g m™ for identifying cloud (e.g., McFarquhar et al., 2007a), it allows
thin layers at lower temperatures to be included in the analysis. Further, although Mcpp is not a well-defined
quantity for ice clouds as forward scattering probes assume Mie theory and spherical particles in their sizing
and the CDP does not properly sample non-spherical particles (McFarquhar et al., 2007b), a threshold based
on Mcpp was chosen to eliminate sea spray (and other large aerosols) as confirmed by comparing time series
with images from the forward-facing camera, which reported encounters with sea spray. The CDP threshold
was also chosen by evaluating a joint frequency distribution controlled by mass and number concentrations
(Figure A in supplementary material) and finding a significant bimodality, by which the modes are separat-
ed by Mcpp greater than and less than the threshold chosen, consistent with inspection of time series and
the forward-facing camera of in-cloud samples and sea spray.

Liquid water was sampled by two instruments, a Rosemount icing detector (RICE), and a King style hot
wire instrument (KING; King et al., 1978, manufactured by DMT. The presence of small amounts of SLW
can be ascertained from the Rosemount icing detector (RICE). The RICE is a metal protrusion which vi-
brates at a constant frequency; if supercooled droplets collide with it, the droplets freeze and alter the fre-
quency of the vibrating rod. The output is translated into a voltage signal, which increases as more, or
decreases as less (e.g., by sublimation) ice accumulates on the protrusion. The theoretical performance of
the RICE is described in Mazin et al. (2001). The response of the instrument is dependent on airspeed, air
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Figure 1. Probability density function of dV/dt of RICE for Ncpp > 1 cm™ and Ncpp < 1 cm™ (a), as well as for Nepp at temperatures from —20°C to —5°C and
less than —20°C (b). Vertical profile of dV/dt colored by Ncpp (c). Samples in (a and b) are all considered in-cloud for CDP (i.e., Mcpp > 10~° g m ™) and in (c) for
CDP or 2DS (Mcpp > 1073 g m™ or Nops > 0). The gray points in (c) represent in-cloud samples having Ncpp = 0. The dotted and dashed lines are at 0.002 and

0.01 Vs, respectively.

density, and humidity as well as the sizes of droplets, as large drops may splash upon hitting the probe.
Mazin et al. (2001; Figure 4a) suggest a theoretical threshold liquid water content limit of ~0.025 g m™
or less at conditions similar to those sampled in this study; however, the response to liquid water may
vary from probe-to-probe, requiring independent calibration for quantitative results. During the lower-level
cloud conditions in SOCRATES, droplets were found to not freeze on the RICE protrusion for temperatures
greater than —5°C due to dynamic heating of the sensor. Further, data are not usable during the reheating
cycle of the RICE that removes the frozen particles accumulated on the rod (e.g., Mazin et al., 2001), which
are shown in Figure 1c where dV/dt < 0 V s™'. Thus, the RICE offers an independent detection of SLW
conditions, but is not used here as a stand-alone quantitative measure of supercooled water concentrations.
Sensitivity tests were performed to determine the best method to discern the cloud phase using the RICE
probe in combination with data obtained from other probes, as discussed in the next section.

For results examining the characterization of mixed phase microphysical properties (Section 3.2), the KING
probe was utilized. King et al. (1978) report a sensitivity of 0.02 g m™>, a response time of better than 0.05 s
and an accuracy of 5% at 1 g m™>, but these parameters can vary depending on flight speed as discussed
in Baumgardner et al. (2017) and McFarquhar et al. (2017). Similar to the RICE probe, the KING probe
responds to smaller liquid droplets (e.g., volume-weighted mean diameter less than 0.15 mm as reported
by Biter et al., 1987) so it underestimates SLW in the presence of supercooled drizzle (e.g., Schwarzenboeck
et al., 2009), but also can overestimate SLW in the presence of ice (Cober et al., 2001). Thus, the KING probe
is best for measuring the liquid water contents in the presence of exclusively smaller drops, while estimates
of SLW content in the presence of drizzle are best obtained by integrating the size distributions. Water va-
por is measured using the 25 Hz Vertical Cavity Surface Emitting Laser hygrometer (Zondlo et al., 2010),
which has an accuracy and precision of ~6% and <1%, respectively. The calculation of relative humidity
with respect to ice (RHi) is based on Murphy and Koop (2005). For temperatures from —40°C to 0°C, the
uncertainties in RHi range from 6% to 8%. Vertical velocity (w) is measured using the Radome Gust Probe in
combination with pitot tubes and the differential Global Positioning System, where Cooper et al. (2016) re-
port a net uncertainty in the standard measurement of vertical wind of 0.12 m s™', although this represents
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ideal sampling conditions. More information on the performance of the GV gust probe processing and other
instrumentation performance is provided in the manager's report (EOL, 2018; https://www.eol.ucar.edu/
system/files/SOCRATES%20PM%20Report.pdf). The report describes methods that were used to correct for
drift with altitude in the system, which likely increases the uncertainty, especially over the whole range of
altitudes in SOCRATES (although the performance at constant altitudes should be steady). Further research
on the performance of the system is planned to better document these uncertainties. The project manager's
report also provides additional information on the processing and data quality issues related to the other
routine instruments.

2.2. Determining Cloud Phase

Figure 1a shows normalized probability density functions of the RICE change in voltage (dV/dt) for dif-
ferent ranges of number concentrations from the CDP (Ncpp). Greater voltage changes are associated with
greater liquid mass. Results show changes in voltage are positively skewed and noticeably greater for Ncpp
>1 cm™’, suggesting that high Ncpp are generally liquid samples. This is consistent with previous studies
(e.g., Finlon et al., 2019; Heymsfield et al., 2011; Lance et al., 2010) which have noted that a threshold in
CDP concentrations can serve as a first estimate for the presence of SLW in the absence of information from
other probes. Figure 1b shows a sharp bimodal distribution of Ncpp for temperatures less than —20°C where
more ice would be expected. Thus, a threshold value of Ncpp > 1 cm™ is used to identify time periods where
cloud particles with D < 50 um are liquid. Examination of the CDP and RICE data confirmed that time pe-
riods with Nepp < 1 cm™ correspond to minimal voltage responses from RICE, further suggesting low Ncpp
corresponds with ice phase observations. Figure 1c shows vertical profiles of the RICE dV/dt for all in-cloud
samples acquired during SOCRATES with results colored by Ncpp. The dashed line at 0.01 V s™* roughly
intersects between data points where Ncpp = 0 (gray points), and Ncpp >0 (colored points) over most of the
vertical column. The dotted line at 0.002 Vs, based on a previously proposed threshold to infer the exist-
ence of liquid (Heymsfield & Miloshevich, 1989), shows that this threshold would overestimate the frequen-
cy of liquid based on the CDP measurements, especially those at low temperatures. Thus, results presented
here suggest a 0.01 Vs™" threshold is less susceptible to overestimating the frequency of liquid (for example,
the large number of samples >0.002 V s'at temperatures less than —20°C where Ncpp = 0 cm™).

The phase of the 2DS particles with D,pg > 50 um is calculated using multinomial logistic regression (MLR),
which models nominal outcome variables. Logistic regression is commonly accepted as a successful method
for classification (e.g., Bishop, 2006). Specifically, MLR produces the logarithmic odds of outcomes modeled
as a linear combination of the predictor variables. Previously, this method was used to derive the habits of
ice crystals from two-dimensional particle images using multiple optical array probes, including the 2DS
(Praz et al., 2018). The 2DS provides two-dimensional particle imagery, of which 1,362 s worth of particles
with D,ps > 50 um were visually inspected and classified as either liquid, mixed, or ice phase (i.e., the train-
ing set). Spherical particle images are assumed to be liquid drops whereas all other particles are assumed
to be ice particles. The predictor variables used in MLR were M;ps, Nzps, number-weighted mean D,pg
(Mean D;ps), standard deviation of D,ps (op ps), standard deviation of number concentrations in 10 um
bins (on 2ps), the maximum particle D,ps (Max D;ps) and Nepp. Since the presence of smaller cloud droplets
(D < 50 um) was found to be a successful proxy for larger supercooled droplets (D'Alessandro et al., 2019;
Finlon et al., 2019; Heymsfield et al., 2011), Ncpp was included as a predictor in the MLR. The phase having
the highest likelihood of the three as determined by the MLR is selected. Additional visual inspection of a
separate 1,287 s worth of 2DS imagery was performed following the MLR analysis in order to evaluate its
success (i.e., the validation set). A decision tree similar to that used for the 2DC in D'Alessandro et al. (2019)
was developed for the 2DS and compared with results from the MLR as a baseline model. The Heidke skill
score gives an indication of a prediction's success, where values approaching one indicate improving predic-
tions and a value of 0 indicates the prediction performs as well as a randomized data set. It was calculated
as a multi-category forecast (one phase per category), of which further information of can be found in Jol-
liffe and Stephenson (2011). The MLR classification was found to perform well, as highlighted by Heidke
skill scores of 0.88 and 0.68 for the MLR and baseline data sets, respectively. The phase flag was manually
corrected for the “missed” predictions, including an additional 751 samples from further visual inspection
of 2DS images showing spherical particles where neither the RICE nor CDP was flagged as liquid. The use
of RICE and CDP as proxy data for the phase of particles having D > 50 pum is believed to improve upon
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In-cloud:
Mcpp = 103 g m=3 (small particles) or Max D,ps 2 0.05mm (large particles)
cop 20s

| Mcpp 2103 gm3 | | Max D,ps 2 0.05mm |
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dV/dt >0.01V st dV/dt<0.01V st MLR algorithm
or Nepp 21 cm?3 and Nepp < 1 cm?3

CDP=liquid | cop=ice | | 2DS=liquid || 2Ds=mix | | 2DS=ice |

Figure 2. Flow chart highlighting how phase is determined using the CDP, RICE, and 2DS probes. The phase is
reported for every second, whereby the combination of CDP and 2DS phases determines the phase at every second (e.g.,
CDP = liquid and Max D,ps < 0.05 mm is classified as liquid, CDP = liquid and 2DS = ice is classified as mixed phase,
etc.).

the MLR phase classification, as distributions of RHi for these cases center around 100%, most notably at
temperatures less than —20°C (Figure B in supplementary material). A flow chart highlighting phase cate-
gorization using the RICE, CDP, and 2DS is shown in Figure 2. The phase is determined separately for cloud
particles having D < 50 um (CDP and RICE) and D > 50 um (2DS). Thus, a sample is liquid when liquid is
reported for all particle sizes, and similarly for ice. A sample is mixed phase when both liquid and ice are
reported. Cloud phase is determined every second, amounting to horizontal spatial resolutions of ~150 m
depending on the aircraft flight speed.

A time series including 2DS images and cloud phase classification results is shown in Figure 3. Examples
of images for all three phases are shown underlying the time series, where the images correspond with the
overlying boxes. The top two rows show temperature, particle size distribution statistics from the 2DS (Max
D;ps and Mean D;pg), and Ncpp. The third row shows particle mass distribution functions from the 2DS over
all available bin sizes and the fourth row shows cloud phase results. For the liquid case, Max D,ps reveals
that SLW drops can often have D > 0.3 mm, consistent with observations that drizzle is sometimes present
in low-level cloud regimes. Mean D,ps is exceptionally low (typically less than 0.2 mm), due to the vast ma-
jority of droplets having relatively small D,ps. This is similarly observed for the mixed phase case, although
in contrast Max D,ps far exceeds the sizes of supercooled drizzle drops due to the large ice particles observed
that may preferentially grow due to riming or the larger supersaturation over ice compared to water. The ice
phase case similarly has large Max D;ps, and in contrast to the liquid and mixed phase case has much larger
Mean D;,pgs, since there is no longer a large concentration of smaller liquid drizzle particles. These variations
in 2DS particle statistics highlight how the listed statistical parameters can be used to derive the phase of
larger particles (D > 50 um). Similarly, large segments of the mass distribution functions are relatively
homogeneous, highlighting relatively static microphysical properties over short durations of observations
having similar phase.

3. Results
3.1. Cloud Phase Frequency Distributions

The relative frequency distribution of cloud phase as a function of temperature is shown in Figure 4. Cloud
samples are primarily liquid phase at the highest temperatures, and ice phase at the lowest temperatures.
Mixed phase samples are the most infrequent, which may be expected since the mixed phase is thermody-
namically unstable. In fact, previous analyses have shown that mixed phase clouds, where the fraction of
liquid water content to total water content is between 0.1 and 0.9, are not common (e.g., Korolev et al., 2003).
This may also be related to the inability to discern the coexistence of ice and liquid particles having diame-
ters less than 50 (due to CDP and RICE limitations) to 100 um (due to coarse resolution of relatively small

D’ALESSANDRO ET AL.

6of 18



A .
NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD034482

ADVANCING EARTH
AND SPACE SCIENCE

ice mixed liquid
£ 15
E
! M Laal
o 05 ‘ . ,
2 \~v/

E(C)
o S ¢
F
T

-20

1.2 A
£08 510 D z 5
Eos
004

02

ce - by ko a
Mg(&g — esseommmme = ° ®  o— 0 o oo —

1 1 | 1 | 1 1 I | | ! 1 1 1 |

02:20:10 02:21:15 02:22:20 02:23:25 02:24:30 02:25:35 02:26:40 02:27:45 02:28:50 02:29:55 02:31:00 02:32:05 02:33:10 02:34:15 02:35:20 02:36:25 02:37:31

ice b . a > |mixed | | A0EY B EUIEER 30 b
'Qi.“i ' ._] Ve / P LVl | el e _liquid

UTC (hour:minute:second)

Figure 3. Time series from RF06 showing Max D,ps and N¢pp (top row), temperature and number weighted mean D,ps (second row), the mass size distribution
normalized by bin width (third), and the phase derived from the phase algorithm in Figure 2 (bottom row). The red, green, and blue boxes correspond with
underlying 2DS optical array imagery of liquid, mixed, and ice phase samples, respectively.

particles in 2DS particle imagery), which might result in an underestimation of mixed phase samples. In-
terestingly, ice-only observations were observed at temperatures greater than —5°C, and SLW was observed
at temperatures near —35°C. Samples of ice at these high temperatures were often observed as precipitating
ice particles below the cloud base, which may have originated at colder temperatures. Further, there appears
to be a sharp decrease in the frequency of the liquid phase once temperatures drop below —20°, suggesting
the possibility of ice nucleating particles being activated at these temperatures; conversely, there is a sharp
increase in the frequency of the ice phase at these low temperatures. Below a temperature of —20°C, liquid
phase samples are present but relatively sparse. Approximately 500 CDP and RICE samples meet the con-
ditions for SLW occurrence at temperatures less than —30°C, with the lowest temperatures dropping a few
tenths of a degree below —35°C. Visual inspection of the images confirmed that these samples were indeed
liquid, with these liquid clouds typically being sampled during the high altitude transit legs of the GV.

3.2. Mixed Phase Characterization

Figure 5 shows the probability density function of liquid water fraction within clouds identified as mixed
phase for different temperature ranges, where the liquid fraction is the liquid content (LWC) divided by
the total condensed water content (TWC). LWC and ice water content are determined using LWCxgyg and
M;ps, respectively. Sensitivity tests relating LWCgng to Mcpp were found to be highly correlated for Ncpp
>5 cm™ (Figure C in supplementary material). Previous studies have shown a clear U-shaped distribution
of liquid water fraction for in-cloud samples within the temperature range focused on in this study (e.g.,
D'Alessandro et al., 2019; Korolev et al., 2003). However, results here are only shown for mixed phase
samples, which show a reasonable number of samples from 0.1 < LWC/TWC < 0.9, producing relatively
uniform distributions. This is consistent with the nature of mixed phase conditions observed over this
region, whereby few and large ice aggregates are surrounded by swaths of SLW, which are evidently not
depleted significantly by the occasional ice particle. Results show a maximum frequency at LWC/TWC >
0.9 for the highest temperatures (—20°C to 0°C) and a maximum frequency at LWC/TWC < 0.1 for the
lowest temperatures (—40°C to —20°C). Interestingly, the LWC/TWC at —10°C to 0°C is the most uni-

D’ALESSANDRO ET AL.

7 of 18



A )
NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD034482

ADVANCING EARTH
AND SPACE SCIENCE

Probability
S8SED JO JaquinN

Figure 4. The relative frequency distribution of liquid, mixed, and ice
phase samples are shown as the colored lines, whereas the number of in-
cloud samples from the SOCRATES campaign is shown by the black line.
Results are binned at 5°C intervals.

formly distributed compared to other temperature regimes, whereby the
frequency at LWC/TWC > 0.9 is lower for this regime (~0.18) compared
with that from —20°C to —10°C and —30°C to —20°C (~0.35 and ~0.22,
respectively).

Figure 6 shows multiple microphysical properties sorted by LWC/TWC
for only those samples identified as mixed phase, whereby moving right
to left along the respective abscissas corresponds to more glaciated con-
ditions. The parameters in red correspond with CDP measurements and
those in blue correspond with 2DS measurements, which generally cor-
respond to liquid and ice phase observations, respectively. Further, mixed
phase samples are restricted to those having CDP meet the definition of
liquid as shown in Figure 2, which amounts to ~97% of all mixed phase
samples. Figure 6a is a histogram of the LWC/TWC samples binned at
intervals of 0.1. There is a slight peak at LWC/TWC < 0.1 and the larg-
est peak is at LWC/TWC > 0.9, however, the distribution is relatively
uniform.

Focusing on liquid microphysical properties, op cpp and Mean Dcpp in-
crease with LWC/TWC until LWC/TWC reaches about 0.4, and then sub-

sequently decrease (Figures 6b and 6c). Noting that Ncpp also increases with LWC/TWC (Figure 6d), this
is consistent with smaller droplets preferentially evaporating during the WBF process, as LWC is reduced
by transfer to the ice phase. This may be expected as a volume of smaller droplets has a greater total sur-
face area relative to a volume of larger droplets having an equivalent liquid mass content. For ice phase
properties, N,ps slightly increases with decreasing LWC/TWC for LWC/TWC > 0.4, whereas mean D,p; is
relatively constant and begins to increase with decreasing LWC/TWC when LWC/TWC < 0.4. Further, N;pg
decreases with decreasing LWC/TWC when LWC/TWC < 0.4. Examination of 2DS particle size distribu-
tions and particle imagery show drizzle drops are often collocated at LWC/TWC > 0.4, and the number of
drizzle drops decreases as LWC/TWC decreases below 0.4. Because of this, caution must be taken when
interpreting the 2DS results, as there may still be an overlap of ice and liquid particles.

1.0 T T T T
—-10°<T<0°C: 2627 ||
—-20°<T<-10°C: 1274
0.8F —-30°<T<-20°C: 115

1

—-40°<T<-30°C: 78

0 0.2 0.4 0.6 0.8 1
LWC/TWC

Figure 5. Probability density functions of liquid to total condensate

mass ratio for SOCRATES. Results are only shown for mixed phase cases.
Different colored lines correspond with different temperature regimes. The
number of samples for each temperature regime is provided in the legend.

3.3. Cloud Phase Spatial Heterogeneity

An additional goal of this study is to describe the phase spatial heteroge-
neity within low-level SO cloud regimes. A novel quantitative approach
to describe spatial heterogeneity is developed here. Figure 7a provides a
visualization of three terms that are introduced to aid in the phase hetero-
geneity analysis. A sample has a time resolution of one second (~150 m).
A segment is defined as a set of samples whose neighboring samples all
have the same phase. A transect is defined as the total length of the cloud
sampled (i.e., a set of consecutive in-cloud samples or segments with no
clear air between). Utilizing these terms allows the spatial heterogeneity
to be quantified by directly relating the number of samples to segments
within a transect. Namely, a cloud with a greater number of segments
will be more spatially heterogeneous than one with fewer segments, giv-
en similar transect lengths. Further, a completely heterogeneous cloud
would have the same number of samples as segments, as the phase would
change along the flight path at every second. In contrast, heterogeneity
is minimized by having the minimum number of segments possible (i.e.,
one segment for a cloud with one phase, two segments for a cloud with
two phases, and three segments for a cloud with three phases). The visu-
alization in Figure 7a is an example of a cloud transect having the mini-
mal amount of heterogeneity, since only three segments are observed in
the transect containing three phases. Increasing the number of segments

D’ALESSANDRO ET AL.

8 of 18



A .
NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD034482

ADVANCING EARTH
AND SPACE SCIENCE

: Average o (um)
1000 A Number of mixed phase cases _ B D 300
10 ¢
» 800 ¢}
3 8
© 1200
S 600 | o -
o O, 6 ks
e O
S 400} SEA "’
= 1100
>
< 200 ol
0 0 : : . - 0
0 0.2 0.4 0.6 0.8 1
C Average mean D (um) 500 D average N (L'1) 0
30| 5¢ \ :
[F=2 __45]
o [l r = |
G20} 100 & 8 4 5
o) . z t 2
= o ©35¢ S
3 } 1200 87 o | | 2
= 10} = 5 B 128
1100 05|
0 : : : : 0 2 : : : -3
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
LWC/TWC LWC/TWC

Figure 6. Number of 1 s samples for analysis (a). The mean values of o;, (b), number weighted mean D (c) and N (d) of CDP and 2DS observations controlled
by LWC/TWC. Colored lines represent one standard deviation. Results are shown for the CDP (2DS) in red (blue) and are primarily representative of liquid (ice)
particles. Results are restricted to mixed phase samples where CDP is classified as liquid.

would increase its spatial heterogeneity. The heterogeneity would be maximized if every sample was a dif-
ferent phase from its neighboring sample(s).

Figure 7b shows the length of cloud transects (derived from the true aircraft speed) related to the total
length of each phase contained within the cloud transects. The results are restricted to —20°C-0°C in order
to focus on boundary layer clouds; and in any event, ice phase samples dominate lower temperatures. The
number (percentage) of one phase transects between —20°C and 0°C having at least five samples were 268
(39%), 1 (~0%), and 54 (~8%) for liquid, mixed, and ice phase conditions, respectively. For transects contain-
ing at least two phases, 369 (53%) were observed between the same temperatures. At temperatures between
—40°C and —20°C, 73% were one phase transects containing ice and 23% contained at least two phases.
Figure 7b does not include one phase transects, as the markers would lie directly on the one-to-one line
(black line). The colored lines show average phase lengths as a function of the cloud transect length. For all
transect lengths, the total length of liquid phase samples is greater than the lengths of mixed phase samples
and nearly equal to or greater than the lengths of ice phase samples, as the red line is closest to the one-to-
one line. This is consistent with the relative frequency distributions in Figure 4. The lengths of the ice phase
samples are relatively close to those of the liquid phase samples for transect lengths less than ~4 km and
closer to those of the mixed phase samples at transect lengths greater than ~4 km. Overall, results reveal
that the liquid phase is more frequent (i.e., has greater total lengths) than the ice phase for transects greater
than 4 km but is equally frequent for transects less than 4 km. In addition, the mixed phase is less frequent
than the ice phase for transects less than 4 km and less frequent than the liquid phase regardless of transect
length, but is approximately as frequent as the ice phase for transects greater than ~5 km.
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Figure 7. An idealized diagram highlighting the introduced terms “samples”, “segments”, and “transects” (a), a scatterplot of the cloud transect length vs. the
total length of the respective phases (colored markers) contained within the transects (b) and the number of samples of a cloud transect (black dots) and phase
contained within a cloud transect (colored markers) vs. the respective number of segments (c, d). Results in (b-d) are restricted to temperature ranges shown in
their respective panels, and cloud transects containing at least two phases. Colored lines in (b) show average phase lengths. The lines in (c, d) are best fit linear
regressions for the respective phases (colored lines) and entire cloud transects (black line). The black line in (b) shows the one-to-one line. The dotted (dashed)
line in (c, d) represents the minimal possible heterogeneity for cloud transects containing two (three) phases. The dotted dashed line represents a completely
heterogeneous cloud (i.e., the number of samples equals the number of segments). The markers in (b, ¢) correspond with those shown in the legend of (d).

Figures 7c and 7d show the number of segments within a cloud transect as a function of the number of
samples within the transect as black dots, whereas the number of samples and segments for each phase con-
tained within the cloud transects are given by the colored markers. Cloud transects with greater spatial het-
erogeneity are generally farther up the y-axis (i.e., clouds with a relatively large number of segments will ap-
proach the one-to-one line). Overall, the data points are relatively scattered for the cloud and phase samples,
and the best fit linear regressions (black and colored lines for the cloud and phase markers, respectively) lie
between the minimum (dotted and dashed lines) and maximum (dotted dashed line) heterogeneous values.
This allows for an absolute measure of the relative heterogeneity between different phases. Figure 7c shows
results at temperatures between —10°C and 0°C, which reveal the most spatially heterogeneous phase is the
mixed phase, as the green markers have the greatest number of segments. In contrast, the least heterogene-
ous phase is the liquid phase, as the red markers have the least number of segments. Figure 7d shows results
at temperatures between —20°C and —10°C, revealing the most spatially heterogeneous phase is the mixed
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Figure 8. Histogram of SHS, (black line; right ordinate) and probability
density functions of SHS;;4, SHS,,;r, and SHS;, (colored lines; left ordinate).
The results are restricted similar to Figure 7B, as well as limited for a given

To determine a quantitative measure of heterogeneity, a parameter is de-
veloped to define the spatial heterogeneity, which is called the spatial het-
erogeneity score (SHS). The equation is simply a normalization equation

number of samples (shown in the legend). described as

samples, — segments,,
SHS, = (€))
samples, —1

where n is substituted for cld when SHS is calculated for the entire transect (SHS ), and for liq, mix, or ice
when calculated for the respective phases contained within a given transect (SHSq, SHS,;, SHSy..). A more
homogeneous cloud has SHS,,; approach one and a more heterogeneous cloud will have SHS,; approach
zero. Figure 8 shows histograms of SHS.y and SHSjig mixice. The frequency of SHS,,4 cases exceeding 0.5 far
exceeds the frequency of cases less than 0.5, suggesting clouds over the SO are generally spatially homoge-
neous. Similarly, the frequencies of SHS;;; and SHS,. exceeding 0.5 are much greater than those less than
0.5. In fact, nearly 50% of SHS;;; and SHS,. are greater than 0.9. In contrast, SHS,;, is nearly a uniform dis-
tribution. This is consistent with Figures 7c and 7d, highlighting the greater degree of spatial heterogeneity
of mixed phase samples. Note the frequency distribution of SHS,,; has a peak frequency between 0.8 and 0.9,
which may seem to conflict with SHS;;; and SHS;,, having peak frequencies greater than 0.9 and SHS,,,;. hav-
ing comparable peak frequencies between 0.8 and 1.0. However, values of SHS,,; are inherently more heter-
ogeneous since they always contain at least two segments for cloud transects containing at least two phases.
Following the normalization equation, a cloud transect with two segments would require a minimum of 12
samples to exceed 0.9 and 22 samples for a cloud transect with three segments to likewise exceed 0.9.

The linkage between meteorological and microphysical properties to the

0.3 | = coupled
[ IDecoupled

Probability
o
N

o
—

0
0 0.2 0.4

SHS

degree of spatial heterogeneity is also investigated. An example of the
analysis is shown in Figure 9 where the frequency distribution of SHS4
depends on whether the sampled clouds were coupled or decoupled from
the layer immediately above the ocean surface; previous studies (e.g., Mc-
Farquhar et al., 2021; Wang et al., 2016) have suggested the degree of
coupling might affect cloud composition. Generally, potential tempera-
ture and moisture profiles are examined to determine coupling based on
the relation between the lifting condensation level and the cloud base
height. However, Wang et al. (2016) examined decoupling in subtropical
environments by looking for discontinuities in vertical profiles of poten-
tial temperature, moisture content, and aerosol number concentrations.
They developed a metric whereby environments are considered decou-
pled if the differences in the top and bottom of the subcloud layer (i.e.,
the cloud base and surface, respectively) potential temperature and water
vapor mixing ratio exceed 1.0 K and 0.6 g kg™', respectively. Otherwise,
cld an environment is considered coupled. This metric is applied here us-
ing the nearest dropsonde profile to each cloud transect. Figure 9 shows

0.6 0.8 1

Figure 9. Probability density function of SHS.q for coupled and decoupled  that coupled and decoupled environments have similar distributions of

environments. SHS,,; are only shown for cloud transects with >5 samples
as in Figure 8. Coupling is determined following Wang et al. (2016)
whereby the nearest dropsonde to a given cloud transect is used.

SHS,4, suggesting there is no relation between cloud phase heterogeneity
and surface coupling.
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Figure 10. Probability density functions of temperature (leftmost column), w (left column), M,ps (right column), and Mean D,pg (rightmost column) for
varying ranges of SHS. Results are shown for liquid (a—d), mixed (e-h), ice, (i-1) and all phases combined (cloud; m-p). Analyses of liquid, mixed, ice, and cloud
samples are applied using SHS;;q, SHS,ix, SHS;c.. and SHSq, respectively. Cloud transects longer than 20 samples are broken down into intervals of 20 samples.
Transects shorter than 20 samples must contain at least 5 samples. The number of samples for each range of SHS,; are included in the legend. Homogeneous
represents transects containing only one phase.

A Whitney-Mann U-test and two-sample Kolmogorov-Smirnov test are performed on the two distributions
to further evaluate their similarity. The Whitney-Mann U-test determines whether the median of one dis-
tribution is significantly greater or less than the other, whereas the two-sample Kolmogorov-Smirnov test
determines the significance of the maximum absolute difference between the two cumulative frequency
distributions, both of which use lookup tables. These tests are chosen since they do not require prior knowl-
edge of the distributions’ shapes. Results suggest there is no statistically significant difference between the
two distributions. Both tests do not reject the null hypothesis, namely, that the distributions are similar, at
a significance level of 10%.

Heterogeneity analyses are applied to other meteorological and microphysical parameters as shown in Fig-
ure 10, which provides probability density functions of 1 Hz observations of temperature, w, Mean D,pg, and
M ps for varying SHS. Results are shown for liquid phase (a-d), mixed phase (e-h), ice phase (i-1), and all
phases combined (cloud; m-p). The liquid, mixed, ice, and cloud results use SHS;;j, SHS v, SHS;c., and SHS-
«d> Tespectively. In order to provide an analysis of cloud transects having comparable spatial scales, as well
as allowing for the analysis of localized regions of heterogeneity within relatively long transects, transects
containing more than 20 samples are split into intervals of 20 samples, which are defined as sub-transects.
Additionally, a minimum of 5 samples is required for a transect to be included in the analysis (e.g., a cloud
transect having 68 samples is broken up into three sub-transects, each having 20 samples and one sub-tran-
sect having 8 samples). Results were not significantly different when splitting transects into intervals of 10,
30, 40, and 50 samples (Figures E1-4 in supplementary material).
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Distributions of temperature for each phase are visually relatively similar among the different heterogeneity
ranges, namely, the frequencies at different ranges of SHS generally decrease with decreasing temperature.
However, there are differences worth noting. Larger frequencies of greater SHS;; and SHS,,,;, occur at tem-
peratures greater than —5°C, suggesting more spatial heterogeneity for these phases is observed at relatively
lower temperatures (Figures 10a and 10e) which is consistent with Figures 7c and 7d. In addition, more
homogeneous distributions of ice are observed at temperatures less than —20°C. This is seen with probabili-
ties of ice greater for SHS,,, > 0.8 and completely homogeneous sub-transects exceeding those of lower SHS
at temperatures less than —20°C (Figure 10i). Finally, sub-transects are generally found to increase in het-
erogeneity (decreasing SHS,;4) with decreasing temperature from —20°C-0°C (Figure 10m). Other notable
trends are observed for additional parameters. For example, distributions of w are slightly broader for spa-
tially heterogeneous sub-transects compared with more homogeneous sub-transects (Figures 10b, 10f, 10j
and 10n), which exhibit slightly higher peaks. Statistical tests confirmed that this difference is significant
(using two-sample Kolmogorov-Smirnov tests at a significance level of 1%). This trend is most notable when
examining the heterogeneity over entire sub-transects (Figure 10n), as seen by peak frequencies of ~0.29,
~0.23, and ~0.18 at w ~ 0 m s~ for completely homogeneous, 0.8 < SHS.4 < 1.0 and SHS,4 < 0.8, respec-
tively. The broader distributions of w suggest stronger turbulence may be related to the increase in hetero-
geneity within cloud transects.

In contrast, only ice particles appear to correlate with spatial heterogeneity, as highlighted by results of
mean D,ps and M;ps. M,ps decreases with decreasing SHS,,;x and SHS;., (Figures 10g and 10k), whereas
distributions are similar for varying SHSy, (Figure 10c). Likewise, mean D,pg decreases with decreasing
SHS;.. (Figure 10L). However, distributions of mean D,pg are nearly identical for the liquid and mixed phase,
although this is due presumably to the large number of 2DS samples containing both liquid droplets and
ice particles, of which liquid droplets dominate the number concentrations and number-weighted mean. In
addition, Ncpp, 0p_cpp, and Mcpp were similarly analyzed (as well as N,ps, horizontal windspeed, and wind
direction relative to flight direction; Figure F and Figure G in supplementary material, respectively) and
were found to be similarly distributed regardless of SHS.

The distributions of the microphysical properties do not show any relation with SHS, i.e., when observa-
tions from all phases are combined (Figures 100 and 10p). This is most likely due to the similarly distributed
liquid phase data at varying ranges of SHS, (Figures 10c and 10d) smoothing out the combined liquid,
mixed, and ice phase distributions used with SHS,. Thus, differences are only observed in the microphys-
ical properties of ice particles when related to the spatial heterogeneity of their respective phases and not
that of the overall cloud sub-transects.

4. Discussion

In-cloud samples are determined to be either liquid, ice, or mixed phase using a combination of cloud probes
(CDP, RICE, and 2DS). Potential caveats of the proposed phase classification method include the inability
to discern whether a sample of particles having D < 50 um includes both ice and liquid particles. Further, a
degree of subjectivity is inherent when visually classifying particles having D > 50 um. Aspherical particles
can appear spherical in 2DS imagery, and spherical particles may even be frozen drops. However, it was
shown in Section 2.2 that CDP and RICE can be used as a proxy to infer whether the phase of the larger par-
ticles was correctly classified. Additionally, ice is often expected to be associated with larger particle sizes, as
theory dictates that under most conditions near water saturation, ice particles will quickly grow larger than
droplets, such as in the types of cloud regimes sampled during SOCRATES. It is also important to note that
the aircraft would have experienced significant icing and aborted in-cloud measurements if flown through
regions of SLW containing high LWC and large droplet sizes at temperatures below which kinetic heating
fails to offset below-freezing ambient temperatures, although SLW contents are often low in clouds sampled
during SOCRATES. However, the most noticeable uncertainty of the phase ID is discerning supercooled
drizzle (associated with minimal aircraft icing) and precipitating ice. While caution was taken to visually
examine samples of precipitation, this may introduce slight biases in the frequency of liquid and ice phase
samples primarily from —10°C to 0°C (samples below cloud base) in Figure 4. Overall, the observational
strategy discussed in Section 2 provides a relatively uniform in-cloud sampling distribution to minimize any
sampling bias associated with the structure of boundary layer clouds.
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In situ measurements cannot be used to examine the evolution of mixed phase conditions in a Lagrangian
framework due to the aircraft's inability to sample an air parcel throughout its trajectory, which also was
not a major objective of the SOCRATES flight missions. However, theoretical and modeling studies show
the evolution of mixed phase volumes almost always transitions from mostly liquid to all ice (e.g., when
the WBF process and/or riming dominates). Therefore, by examining mixed phase samples as a function
of LWC/TWC, different microphysical properties can be ascertained, where values near 1 depict conditions
before the start of the glaciation process and values approaching 0 correspond to complete glaciation.

Figure 5 reveals U-shaped distributions in the frequency distribution of LWC/TWC for mixed phase sam-
ples, showing relatively uniform distributions from —20°C to 0°C and distributions resembling inverse
exponential functions from —40°C to —20°C. Samples from all temperatures are combined in Figure 6a,
revealing an exponential shape consistent with the study of McFarquhar et al. (2007a). They also sampled
stratocumulus boundary layer clouds, but over the Arctic, finding a relatively uniform distribution of LWC/
TWC near cloud base with an increasing frequency of LWC/TWC > 0.9 toward cloud top in single layer
stratocumulus mixed phase clouds. The uniform distribution of LWC/TWC near cloud base is consistent
with results in Figure 5, which show the most uniform distributions of LWC/TWC at —10°C to 0°C, which
generally includes most samples near the base of the lowest cloud layers.

Liquid number concentrations decrease as LWC/TWC decreases, whereas the number weighted mean D
and op of liquid drops increase as LWC/TWC decreases from 1 to 0.4. This may be due to smaller droplets
preferentially evaporating at the expense of the larger droplets. Secondary ice production mechanisms (e.g.,
Field et al., 2017) may also play a role in these trends. Flight scientists on the G-V during SOCRATES often
found drizzle collocated with ice particles, potentially suggesting that precipitation can be induced while
the WBF process is acting (discussed in flight reports such as RF05, RF12, RF15). Korolev (2007) performed
a box model study highlighting that the WBF process only occurs given prerequisite background require-
ments and discusses the range of vertical velocities whereby WBF can occur. The study found that both ice
crystals and liquid drops could grow given sufficient updraft speeds. Another potential mechanism may be
the removal of smaller liquid droplets via accretion. This is consistent with the increase in N,ps as LWC/
TWC decreases from 1.0 to 0.4, which could be related to secondary ice production such as rime splintering
activating via accretion (i.e., the Hallett-Mossop process).

Results examining the spatial heterogeneity of liquid, mixed, and ice phase occurrence within clouds sug-
gest the mixed phase appears to be the most spatially heterogeneous. Further, SHS,; are often between
0.6 and 1.0, suggesting relatively homogeneous regions often occur within transects along with “pockets”
of increased heterogeneity, such as that observed in Figure 3 around 02:28:50 UTC. In fact, results in Fig-
ure 10 are split up into sub-transects in order to focus on localized regions of heterogeneity within larger
transects. Such localized regions of heterogeneity, associated with “pockets” of ice and mixed phase within
large swaths of supercooled liquid, could be nucleating via heterogeneous nucleation. Recent work has
highlighted the relatively sparse but present ice nucleating particles observed over this region (e.g., Finlon
et al., 2020; McCluskey et al., 2018).

The existence of small-scale generating cells at cloud top may also be impacting the heterogeneity as Wang
et al. (2020) showed that the horizontal scales of generating cells from which the precipitation emanates
range from approximately 200 to 800 m, smaller than those observed over the mid-latitudes (Rosenow
et al., 2014) or the Arctic (McFarquhar et al., 2011). Further, the lengths of cloud segments may be di-
rectly related to generating cells, as segment lengths are often within the range of generating cells as de-
scribed in Wang et al. (2020) for lower SHS. However, they found number concentrations of particles having
D > 200 um (of which ice particles dominate) were greater within generating cells compared with outside
of them. Work presented here shows the mass and number-weighted mean D of ice particles generally de-
creases as cloud segments decrease in horizontal length (i.e., increase in spatial heterogeneity). Additional-
ly, a similar analysis was performed on N,ps having D > 200 um as in Figure 10 (Figure H in supplementary
material) and values slightly decreased with increasing spatial heterogeneity. However, Wang et al. (2020)
only selected 16 flight legs for analysis, when the GV aircraft was sampling near cloud top. Future work will
focus on relating spatial heterogeneity to physical features within the environment.
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A physical reason describing the decrease in M,ps and Mean,ps with increasing heterogeneity may be relat-
ed to cloud lifetimes. If SHS is considered as a proxy for the evolution/lifecycle of a cloud region, whereby
“pockets” of supercooled liquid nucleate and freezing events spread spatially, then lower SHS;;; and higher
SHS;.. would be expected with an “aged” cloud region. This would be consistent with the increase of ice
mass and mean D (and relatively constant liquid mass and number concentrations) observed with increas-
ing homogeneity.

In situ data are the measurements best suited for determining the heterogeneity of phases in SO clouds, and
this has important implications for modeling studies. Zhang et al. (2019) showed that parameterizing mixed
phase clouds as pockets within supercooled cloud fields for arctic clouds improved model agreement with
observed liquid water contents from in situ observations taken during the Mixed Phase Arctic Cloud Exper-
iment (Verlinde et al., 2007). Tan and Storelvmo (2016) performed a quasi-Monte Carlo sampling of varying
parameters in the Community Atmospheric Model version 5.1 (CAMS5) and found the vapor depletion rates
associated with the WBF process contributed to the greatest amount of variance of the mass partitioning
of mixed phase clouds. They further tested CAMS5 for the spatial heterogeneity of phase by parameterizing
mixed phase clouds as having “pockets” of liquid and ice vs. the assumption of ice and liquid as homoge-
neously mixed, and found the simulations improved cloud macro-scale features when compared to satellite
observations. They noted that the assumption of mixed phase clouds as homogenously mixed ice and liquid
particles in the model results in irregularly large rates of vapor depletion, rapidly evaporating liquid at the
expense of ice growth. The results presented here confirm that mixed phase regions are often on the scale of
100 m-10 km, and adjusting models to parameterize the spatial distribution of phase as such will increase
cloud fraction and lifetimes, which in turn may improve representations of radiative profiles over the SO.

5. Conclusions

The purpose of this study is to present the characteristics of cloud phase over the SO using airborne in situ
observations acquired during SOCRATES, which primarily sampled low-level clouds over the SO. The rel-
ative phase frequencies controlled by temperature reveal an exceptionally large frequency of supercooled
liquid between —20°C and 0°C. Ice was observed at temperatures near freezing and supercooled liquid at
temperatures near —35°C. A sharp decrease in supercooled liquid was observed once temperatures dropped
below —20°C, suggesting that the activation of ice nucleating particles might be the primary influence on
the presence of different cloud phases. This is consistent with similar findings of a sharp increase in ice
phase occurrence frequencies observed over Cape Grim, Tasmania (Alexander & Protat, 2018).

The spatial heterogeneity of cloud phase is examined by relating the number and lengths of different cloud
phases contained within each cloud. A metric is also introduced which diagnoses a degree of spatial hetero-
geneity to each cloud sampled. Results show that most clouds are relatively spatially homogeneous as high-
lighted in Figures 7c, 7d and 8. The spatial heterogeneity of specific phases are also examined, and results
show that the mixed phase is the most spatially heterogeneous from —20°C to 0°C, whereas the liquid phase
is the least spatially heterogeneous from —10°C to 0°C and the ice phase from —20°C to —10°C. Correctly
characterizing the spatial heterogeneity of low-level clouds over the SO is crucial, as assumptions on phase
mixing can have major impacts on cloud cover, lifetime, and microphysical properties.

Finally, local microphysical and meteorological properties are related to the spatial heterogeneity of both
the individual phases and of the cloud transects. Transects generally increase in heterogeneity with decreas-
ing temperature from —20°C to 0°C, and the distribution of w slightly broadens with decreasing SHS;. In
addition, the mass and mean diameter of ice particles are found to decrease with increasing heterogeneity.
Future work will further examine the trends of microphysical properties in relation to spatial heterogeneity.

Data Availability Statement

The NSF SOCRATES campaign data set is publicly available and can be accessed at
http://www.eol.ucar.edu/field_projects/socrates.
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