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Abstract Single- and multi-layer clouds are commonly observed over the Southern Ocean in varying
synoptic settings, yet few studies have characterized and contrasted their properties. This study provides a
statistical analysis of the microphysical properties of single- and multi-layer clouds using in-situ observations
acquired during the Southern Ocean Cloud-Radiation Aerosol Transport Experimental Study. The relative
frequencies of ice-containing samples (i.e., mixed and ice phase) for multi-layer clouds are 0.05-0.25 greater
than for single-layer clouds, depending on cloud layer height. In multi-layer clouds, the lowest cloud layers have
the highest ice-containing sample frequencies, which decrease with increasing cloud layer height up to the third
highest cloud layer. This suggests a prominent seeder-feeder mechanism over the region. Ice nucleating particle
(cloud condensation nuclei) concentrations are positively (negatively) correlated with ice-containing sample
frequencies in select cases. Differences in microphysical properties are observed for single- and multi-layer
clouds. Drop concentrations (size distributions) are greater (narrower) for single-layer clouds compared

with the lowest multi-layer clouds. When differentiating cloud layers by top (single- and highest multi-layer
clouds) and non-top layers (underlying multi-layer clouds), total particle size distributions (including

liquid and ice) are similarly broader for non-top cloud layers. Additionally, drop concentrations in coupled
environments are approximately double those in decoupled environments.

Plain Language Summary Weather and climate models continue to struggle simulating cloud
microphysical properties over the Southern Ocean, including cloud phase occurrence frequencies. High
resolution observations of Southern Ocean clouds are crucial toward improving model simulations. This paper
uses in situ observations to compare and contrast microphysical properties and phase frequencies of single- and
multi-layer clouds, as well as relates phase frequencies with ice nucleating particle and cloud condensation
nuclei number concentrations. In situ observations used in this study were acquired during the Southern
Ocean Cloud-Radiation Aerosol Transport Experimental Study. A suite of cloud probe instrumentation is used
to classify 1 Hz cloud samples as either liquid, ice or mixed phase (i.e., liquid and ice particles in the same
sample volume). The lowest occurrence frequency of liquid phase samples is observed in the lowest cloud
layers of multi-layer clouds, whereas the highest frequency is observed in single-layer clouds. Ice nucleating
particle number concentrations are negatively correlated with liquid phase occurrence frequencies in select
cases. In contrast, cloud condensation nuclei number concentrations are positively correlated with liquid phase
frequencies, although this is only observed for clouds above the boundary layer.
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1. Introduction

Clouds over the Southern Ocean have been notoriously difficult to simulate in both climate models (e.g.,
D’Alessandro et al., 2019; Kay et al., 2012; Matus & L’Ecuyer, 2017; McCoy et al., 2014) and high resolution
models (Huang et al., 2014, 2015; Naud et al., 2014). Climate models have overestimated shortwave absorption
over this region (Trenberth & Fasullo, 2010), which has been attributed to the underestimation of liquid water
content and cloud fraction (e.g., Bodas-Salcedo et al., 2016). This may be due in part to extremely low ice nucle-
ating particle (INP) concentrations (V) present over the Southern Ocean as observed from ships (McCluskey
et al., 2018). While recent model changes have improved simulated clouds with an increased frequency of super-
cooled liquid, work is still required to further improve the representation of microphysical properties (e.g., Fiddes
et al., 2022; Gettelman et al., 2020; McCoy et al., 2021; Yang et al., 2021) and the understanding of processes
producing and sustaining supercooled water.

Single- and multi-layer clouds are commonly observed over the Southern Ocean, with prior observations indicat-
ing multi-layer clouds accounted for 34% of cases when clouds were present (Haynes et al., 2011). Multi-layer
clouds refer to the presence of multiple cloud layers separated by a cloud free interstice, containing either
precipitation or clear-sky (e.g., Intrieri et al., 2002; Liu et al., 2012). This is distinct from vertically heteroge-
neous clouds, in which cloud properties embedded within a single-cloud layer vary (e.g., Verlinde et al., 2013).
Although climate models often fail to capture multi-layer clouds due to their coarse vertical resolution (e.g., Atlas
et al., 2020), multi-layer clouds occur frequently and substantially impact the radiative budget. Because of this,
climate models often parameterize vertical cloud overlap to adequately treat radiative fluxes throughout vertical
columns (e.g., Collins, 2001).

Although the reasons that multi-layer clouds form is still uncertain, multiple explanations have been proposed.
For example, Tsay and Jayaweera (1984) found that a combination of large-scale processes can account for
multi-layered stratus. Herman and Goody (1976) showed that shortwave absorption by droplets within a cloud
layer leads to evaporation within the cloud deck, which along with destabilization due to longwave cooling at
cloud top can lead to the formation of two layers. Multiple cloud layers can also result from inhomogeneous
temperature/moisture horizontal advection (Luo et al., 2008). They are also associated with additional complex-
ities which do not need to be considered for single-layer regimes, such as seeder-feeder mechanisms (e.g.,
Fleishauer et al., 2002; Hobbs & Rangno, 1998; Houze, 2014).

Differences in cloud layering can impact the zonally averaged top-of-atmosphere longwave and shortwave radi-
ative fluxes by the order of 10 W m~2 (Li et al., 2011), attributed in part to differences in the cloud layer heights
and thicknesses. Further, overlying cloud layers can substantially impact the evolution of the underlying boundary
layer clouds. Their presence increases downward longwave radiative flux by an average of 30 W m~2, impact-
ing turbulent mixing, vertical development and precipitation rates of the underlying cloud layers (Christensen
et al., 2013).

Cloud layer microphysical properties substantially impact turbulent, precipitation and radiative properties. Thus,
high vertical resolution measurements of cloud profiles are needed for both single- and multi-layer clouds. A few
studies showing vertical profiles of cloud microphysical properties over the Southern Ocean using in situ obser-
vations have been performed (e.g., Ahn et al., 2017, 2018; Boers et al., 1996, 1998; Chubb et al., 2013, 2016).
However, they were primarily case studies lacking statistically significant datasets, and they primarily focused on
single-layer clouds. Little effort has been put toward contrasting the microphysical properties of single- versus
multi-layer clouds, and the dearth of prior in situ observations over the Southern Ocean relative to the Arctic
warrants a statistical analysis of the varying properties of single- and multi-layer clouds. Further, satellite obser-
vations are often restricted to cloud top (Coopman et al., 2020; Riedi et al., 2010), and there are uncertainties with
low-level cloud retrievals due to attenuation (Hu et al., 2009) and low solar zenith angles (Khanal & Wang, 2018).
For these reasons, in situ observations can be extremely beneficial toward analyzing both low-level cloud layers
as well as multi-layered clouds commonly observed over this region.

This study aims to produce a statistical overview of single- and multi-layer clouds over the Southern Ocean using
in situ observations. It extends the study of Schima et al. (2022) who used a combination of in-situ and remote
sensing data to identify common features of the vertical cloud structure over the Southern Ocean, but who did
not stratify clouds into single- or multi-layers, and who did not examine how cloud properties varied with the
concentration of ice nucleating particles (INPs) or cloud condensation nuclei (CCN). The following section will
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describe the instrumentation and the methodology used to obtain vertical profiles as well as classify the measured
profiles as either single- or multi-layer clouds. Section 3 presents the cloud microphysical properties and phase
occurrence frequencies for single- and multi-layer clouds, as well as comparisons of CCN and INP in relation to
cloud properties. Section 4 discusses the significance of the results presented in Section 3, and Section 5 delivers
concluding remarks.

2. Methodology
2.1. Instrumentation and Cloud Presence/Phase Methodology

This study uses observations acquired with instruments onboard the National Science Foundation/National
Center for Atmospheric Research Gulfstream-V (G-V) aircraft during the Southern Ocean Cloud-Radiation Aero-
sol Transport Experimental Study (SOCRATES). SOCRATES was based out of Hobart, Tasmania and consisted
of 15 research flights. SOCRATES took place from 15 January to 28 February 2018, sampling the atmosphere
over the Southern Ocean from 42° to 62°S and from 133° to 163°W. Flight plans were designed to ideally sample
10-min level legs above cloud, in cloud, and below cloud, followed by sawtooth legs (i.e., sawtooths) to obtain
vertical profiles. A variety of synoptic conditions occurred during the campaign, including the passage of multi-
ple extra tropical cyclones as well as an atmospheric river (1/28/2018, Finlon et al., 2020; Rauber et al., 2020).
The aircraft primarily targeted cold sector boundary layer clouds, although regions of both synoptic ascent and
descent were commonly sampled. Prevailing winds were primarily westerly and southwesterly. Additional details
on synoptic conditions, flight objectives and analyses can be found in McFarquhar et al. (2021).

A suite of cloud probes and other instrumentation was installed on the G-V. The cloud droplet probe (CDP) is a
single-scatter particle probe which gives information of cloud particle size distributions for particles with maximum
dimension (hereafter size D) ranging from 2 to 50 pm. Because the CDP sizes particles assuming Mie theory which
corresponds to diameters of spherical particles, there are large uncertainties in the derived particle sizes and mass
contents for ice clouds. The two-dimensional stereo probe (2DS) is an optical imaging array probe with a photodiode
array having a resolution of 10 pm from which particle number size distribution information can be derived. Although
the width of the photodiode array of the 2DS corresponds to particles with maximum dimensions ranging from 10
to 1,280 pm, only particles having maximum dimension (D, ) greater than or equal to 50 pm were included in the
derived particle number size distributions because of its small and highly uncertain depth of field for D,4 < 50 pm
(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 Soft-
ware (UIOOPS; McFarquhar et al., 2018; McFarquhar et al., 2017), and include corrections for removal of shattered
artifacts (Field et al., 2003, 2006). Particles larger than the width of the photodiode array are included due to the use
of particle reconstruction provided the particle center occurs within the array (Heymsfield & Parrish, 1978). Mass
distribution functions are determined using the habit-dependent mass-size relationships summarized by Jackson
etal. (2012, 2014) for the different particle habits that are identified in UIOOPS (McFarquhar et al., 2018) following
a modified Holroyd (1987) approach. Hereafter, bulk properties of cloud particles measured by the CDP and 2DS
correspond with the properties of cloud particles with D less than and greater than 50 pm, respectively.

Samples are determined to be either in-cloud or clear-sky following D’Alessandro et al. (2021), which utilizes
measurements from the CDP and 2DS. Samples are considered in-cloud if the derived mass content of CDP
observations (M) is greater than 10~ g m~2 or if any particles are detected with D,;q > 50 pm. These thresh-
old values were selected to eliminate sea spray and other large aerosols. The low threshold of M, ensures
that even optically thin clouds are included in the sample. The phase of in-cloud samples is also determined
following D’Alessandro et al. (2021), which determines the phase of small cloud particles (D < 50 pm) using
a set of threshold values for the CDP and Rosemount Icing Detector measurements, whereas the phase of large
particles (D > 50 pm) uses a combination of multinomial logistic regression and visual examination of particle
imagery from the 2DS. The phase of large particles may be classified as either liquid, ice or mixed (i.e., a sample
volume containing both liquid and ice particles) whereas the phase of small particles may only be classified as
either liquid or ice. Number concentrations of the CDP (N,,,) greater than 10 cm~2 are generally liquid samples
(D’Alessandro et al., 2021; Finlon et al., 2019; Heymsfield et al., 2011; Lance et al., 2010). Additional informa-
tion of the phase classification and associated uncertainties can be found in D’Alessandro et al. (2021).

Additional instrumentation to obtain measurements utilized in this study are described below. Filters were collected
using a forward-facing inlet (Stith et al., 2009) on the G-V for offline immersion freezing measurements. INP
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number concentrations were determined from particles collected onto the filters and released into suspensions
that were analyzed using the Colorado State University ice spectrometer (DeMott et al., 2017). The INP filter
sample collection and analysis approach similarly follows that of previous aircraft studies (Levin et al., 2019;
Twohy et al., 2016), wherein further details on the methodology can be found. Measurements of CCN were
obtained using two miniaturized stream-wise thermal gradient CCN counters (Roberts & Nenes, 2005; Sanchez
et al., 2021). One gathered 1 Hz data at a constant supersaturation of 0.43%, while the other operated with a
scanning flow and temperature to measure CCN spectra from 0.06% to 0.87% supersaturation every 5 min. This
study uses measurements from the latter, but only CCN data with supersaturations between 0.26% and 0.34%.
This range of supersaturation is chosen since CCN concentrations at this range are similar to observed Ny
concentrations (Sanchez et al., 2021). Shortwave irradiance measurements were taken with a Kipp and Zonen
CMP22 Pyranometer. Infrared irradiance measurements were taken using two Kipp and Zonen CGR4 Pyrge-
ometers. 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. Water vapor was measured using the
25-Hz Vertical Cavity Surface Emitting Laser (VCSEL) hygrometer (Zondlo et al., 2010). Additional labora-
tory calibrations of the VCSEL water vapor measurements were conducted in summer 2018, and the final data
were reprocessed (Diao, 2021). Relative humidity (RH) is calculated following Murphy and Koop (2005). The
combined uncertainties from temperature and water vapor measurements results in the uncertainty of RH ranging
from 6.3% to 6.7% from 17° to —31°C, respectively, which is the temperature range of the cloud layers in this
study (discussed in more detail in the following section). Vertical air motion was measured with the Radome
Gust Probe in combination with pitot tubes and the differential Global Positioning System. Cooper et al. (2016)
reports a net uncertainty in the standard measurements of vertical wind to be 0.12 m s~!, although this represents
ideal sampling conditions. Additional information on the G-V gust probe performance and processing is provided
in the manager's report (EOL, 2018; https://www.eol.ucar.edu/system/files/SOCRATES %20PM %20Report.pdf).
Remote sensing platforms onboard the aircraft include the High-performance Instrumented Platform for Envi-
ronmental Research (HIAPER) Cloud Radar (Vivekanandan et al., 2015) and High Spectral Resolution Lidar
(Eloranta, 2006).

2.2. Cloud Layer Classification

Clouds measured during all sawtooth maneuvers, ascents and descents during SOCRATES are classified as either
single- or multi-layer clouds. In the analysis, transects are first defined as ascending or descending legs, and
included in the analysis provided the rate of altitude change was consistently greater than 3 m s~ for the transect.
The typical ascent or descent rate of the G-V during sawtooths was 5-7.5 m s~!. Transects with vertical lengths
less than 60 m are removed from this analysis, all of which only contained one single-cloud layer. Level legs are
not included in the analysis because they do not provide information about the vertical profile.

An automated cloud layer classification method is introduced to provide an objective measure for identifying individ-
ual layers within each transect. For data obtained during each transect, a smoothing filter is applied to all 1-s in-cloud
samples defined as having M, > 1073 g m™. A binary array is first created (a cloud flag) where samples with
Mpp> 1073 gm= are set equal to one and all other samples equal to 0. A Savitzky-Golay smoothing method (Savitzky
& Golay, 1964) is applied with a moving window of 30 1-Hz samples to each binary array. The Savitzky-Golay filter
is used since it better preserves peak heights and widths of data features compared with lower order moving averages.
Individual layers are identified where consecutive samples of the smoothed binary arrays exceed 0.5. Clear interstices
between layers on the order of meters can potentially be captured using this method, with the exact threshold depend-
ent on the aircraft rate of ascent or descent. The smallest distance between layers found here was 30 m. The vertical
extent of the cloud layer within an area where the smoothed binary array exceeds 0.5 is determined to be between the
highest and lowest in-cloud sample having M, > 1072 g m~>. The lower M, threshold applied prior to smoothing
ensures cloud top and base is contained in each area of the smoothed binary area exceeding 0.5. All layers identified
using this method are shown by the shaded rectangles in Figure 1. The CDP is solely used to identify cloud layers
without the use of the 2DS to ensure that the presence of precipitating ice or drizzle is not used to identify a cloud
layer when small droplets or ice crystals are not present. A cloud layer is only included in the analysis if the entirety
of the layer (cloud base to cloud top) is contained within the transect. Sensitivity tests were performed to determine
how cloud top and base changed when the mass threshold was decreased to 10~ ¢ m~3 and increased to 0.05 g m~3
(not shown). Although the lower (higher) threshold increased (decreased) the total number of cloud layer samples by
~5% (~8%), the trends presented in the manuscript do not change regardless of the threshold used.
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Figure 1. Vertical profiles of M, from select sawtooths that meet criteria described in Section 2. Profiles are only shown for transects where the highest and lowest
altitude samples of each transect are considered clear-sky. Colored circles show M, where M, > 0.001 g m~3. Solid black lines show the vertical extent of each
transect. Black shaded regions represent samples where M, > 0.01 g m=3 and M, < 0.001 g m~>. Red, green and blue markers to the right of the transects in the
magnified panel indicate liquid, mixed and ice phase samples, respectively. Phase markers are only shown for temperatures less than 0°C. Transects are from research
flights which incrementally follow the flight numbers in the x-axis (e.g., all transects greater than or equal to 2 and less than 3 on the x-axis are from RF02). Note that
cloud layers are slightly enlarged in order to encapsulate enlarged M, markers.

Although flight plans were designed with the intent of sampling all cloud layers during sawtooth maneuvers, it is
possible that some layers were missed if the G-V did not ascend or descend to the altitude where these layers were
located. Furthermore, for transects where there was a very narrow interstice between layers, the irregular clus-
tering of CDP measurements make it difficult to determine the number of layers. Thus, the G-V forward-facing
camera was inspected for each transect to evaluate the classification. This was additionally required for cases
when the G-V intersected the same cloud layer twice (e.g., protruding filaments of cloud below cloud base).
Reflectivity profiles from the HIAPER cloud radar and retrievals from the HSRL acquired during the transects
were similarly used to distinguish cloud layers and check for cloud layers directly above and below the aircraft.
Manual inspection of the layer classification resulted in 16% of the layers requiring correction.

Figure 1 shows M, from vertical transects flown by the G-V aircraft, with layers indicated by the coloring
within each rectangular box. Each column represents a single-vertical transect, arranged in the order they took
place as shown by the research flight number (RFO1-RF15) underlying the respective columns. The color of the
rectangular box surrounding the M., shading represents the identification of that profile as either a single-layer,
or the lowest (Multi-1st), second lowest (Multi-2nd), third lowest (Multi-3rd) or higher layer (Multi-grt3rd) in
a multi-layer cloud as determined from the cloud layer classification. Both single- and multi-layer clouds were
regularly encountered in approximately half the flights, whereas other flights predominantly sampled either
multi-layer or single-layer clouds (e.g., RFO1 only has two-layer clouds, RF12&13 primarily have single-layer
clouds). The magnified panel in Figure 1 shows profiles representative of most of the layers sampled and includes
phase information as colored markers immediately to the right of the transects. Cloud layers were typically
composed of supercooled liquid and mixed phase samples. A case of light ice precipitation (M,pq < 0.01 gm=2) is
observed for the highest cloud layer in the middle transect, indicated by the blue phase markers immediately to the
right and underlying the top cloud layer. Cloud layers were often found to precipitate either supercooled drizzle or
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ice, which has been previously documented (Alexander et al., 2021; Schima
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Figure 2. (a) A bar chart showing the number of cloud layers with given

depth, sorted according to different cloud layer types. (b) Relative cloud phase

frequency shown for different cloud layer types. Results in (b) are only shown 3. Results

at temperatures less than 0°C. The blue numbers are relative frequencies of the

mixed phase to all ice-containing samples (mixed and ice phase). Results are 3.1. Cloud Layer Overview

only shown for sawtooths.

Figure 2 shows the number of profiles with different layer depths (i.e.,

geometric thickness) for the single- and multi-layered cases (Figure 2a), as
well as the normalized occurrence frequency of different phases that occur in single-layer and multi-layer clouds
(Figure 2b). The number of Multi-2nd layers (70) is greater than the number of Multi-1st (64) layers because
every sawtooth does not necessarily capture every cloud layer within a given atmospheric profile. Figure 2a shows
that relatively thin cloud layers with depths <200 m are more frequent than deeper layers for both single-layer and
multi-layer clouds, and for all different layers of the multi-layer clouds, with these thin cloud layers representing
59% of the layers sampled during SOCRATES. Cloud layers with average temperatures less than 0°C make
up 76% of all the layers sampled, with 63% of all such layers having depths <200 m. Here cloud layers above
and within the boundary layer are explored separately due to inherent differences in air properties and aerosol
profiles at these heights. Approximately 72% of the multi-layer clouds were observed within the boundary layer
and 28% above the boundary layer, and approximately 70% of single layer clouds were observed within the
boundary layer. The boundary layer heights were determined from dropsonde data using a maximum gradient
method developed by Hande et al. (2012) where boundary layer heights are determined as the altitude where the
maximum gradient of virtual potential temperature occurs. The range of possible heights is restricted to 100 and
2,500 m, and the virtual potential temperature is smoothed with a five-point moving average. Other methods
have been proposed for determining boundary layer heights using alternative gradient methods utilizing other
parameters (e.g., Engeln & Teixeira, 2013) or using a bulk Richardson number (Seidel et al., 2012; Vogelezang &
Holtslag, 1996) where the boundary layer height is the lowest altitude where the bulk Richardson number exceeds
0.25. From visual inspection, it was determined that the maximum gradient method produces better estimates of
the boundary layer height than the bulk Richardson method, possibly because the Richardson method is only a
measure of local turbulence, which may not be suitable for convective boundary layers. The mean and median
boundary layer heights using the maximum gradient method are both ~1,450 m with a standard deviation of
510 m. For flights without dropsonde data (dates 1/15, 2/3, 2/4), boundary layer heights are estimated via visual
inspection from in situ temperature measurements acquired during sawtooths. Finally, boundary layer heights are
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interpolated using a nearest neighbor method over each respective flight. Some layers could therefore be incor-
rectly characterized as either above or within the boundary layer based on uncertainties or limitations associated
with the interpolation method.

Figure 2b shows that single-layer clouds contain the smallest percentage of ice-containing samples (6%), where
ice-containing samples are either ice-phase or mixed-phase clouds, whereas the lowest layers of multi-layer clouds
have the highest observed frequency of ice-containing phases (32%). The frequency incrementally decreases with
increasing multi-layer cloud height up to the third lowest cloud layer. The highest layers of multi-layer clouds
have nearly similar frequencies of ice-containing samples (31%) as the lowest layers. The phase frequencies
are separately analyzed for above and within the boundary layer (not shown), and the trends discussed above
are observed in both cases (i.e., greatest liquid phase frequencies in single layer clouds, lowest liquid phase
frequencies in lowest multi-layer clouds and increasing liquid phase frequencies up to the third highest cloud
layers). Frequency values within the boundary layer are all within 10% of those in Figure 2b, whereas values
are much more variable above the boundary layer. The fraction of samples that are mixed-phase compared to all
ice-containing samples is greatest for single-layer clouds, with slightly lower frequencies for multi-layer clouds,
with the frequency decreasing with increasing cloud height (blue text within respective columns of Figure 2b).
Within all cloud layers, over 95% of ice-containing samples are mixed-phase showing the dominance of super-
cooled water regardless of layering.

The vertical distances and properties between the layers of multi-layer clouds are also explored in an effort
to document differences in dynamical and precipitation characteristics. The frequency distribution of distances
between cloud layers is shown in Figure 3a. The distances are skewed to the left, with approximately half less than
200 m and a median distance of 209 m. A wide variety of synoptic conditions were sampled during SOCRATES,
with winds primarily westerly (~270°) or southwesterly (~220°). Figure 3b shows that winds were primarily
southwesterly for closely residing cloud layers (i.e., distance between layers less than 200 m), whereas they were
primarily westerly for other multi-layer clouds, suggesting a dynamical link for multi-layer clouds with varying
distances in-between the layers.

Normalized frequency distributions of RH between cloud layers in Figure 3c show the air was often nearly
saturated between all cloud layers, with peak occurrence frequencies of 90%—95%. These peaks are greater for
closely residing cloud layers (~0.2) compared with layers further apart (~0.1). To explore whether this is related
to the presence of in-cloud samples within the layers, clear-sky frequencies (number of clear-sky samples to all
samples) and liquid phase frequencies (number of liquid phase samples to all phases) are shown in Figure 3d for
temperatures from —20° to 0°C, which contained 99% of samples for depths less than 200 m and 95% for depths
greater than 200 m. To determine the fraction of in-cloud samples that are precipitating, the clear-sky and liquid
phase frequencies are computed using only in-cloud samples that contain particles with D > 50 pm. The clear-
sky frequencies vary from ~0.7 to 0.95 for depths exceeding 200 m and 0.4-0.7 for depths less than 200 m. The
relatively high clear-sky frequencies may not necessarily indicate the top cloud layer never was precipitating,
since the aircraft may have penetrated the layers after the event. However, the clear-sky frequencies are lowest
from —5° to 0°C for closely residing cloud layers, with over half of the samples within the layers associated with
precipitation. This is also the temperature range which contains half of all closely residing cloud layer samples.

The liquid phase frequencies of the precipitating samples vary from 0.25 to 0.75 for depths less than 200 m and
0.05-0.45 for depths exceeding 200 m. The lowest liquid phase frequencies are observed in the highest temper-
ature bin consistent with precipitating ice beneath liquid topped cloud layers. The liquid phase frequency from
—20° to 0°C for both depth ranges is approximately 0.32, highlighting a higher frequency of ice-containing
samples relative to liquid-only samples.

3.1.1. INP Related to Cloud Phase

Determining the concentration of INP over the SO is difficult in part due to their relatively sparse concentrations
over the region (McCluskey et al., 2018; McFarquhar et al., 2021), which means long averaging times are required
to get statistically significant samples. The following discussion provides context for the INP observations
gathered from the G-V aircraft during SOCRATES and used in this analysis. It is worth noting that these obser-
vations are the first airborne INP measurements taken over the Southern Ocean region. Sampling of INP is taken
over continuous durations on the order of minutes, which here are defined as sample areas. To accommodate the
low aerosol loadings over the Southern Ocean, filters were collected during periods (i.e., within given sample
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Figure 3. (a) Histogram of depth lengths in between cloud layers. The mean and median depth lengths are shown in the
panel. (b) Normalized frequency distributions of wind direction for different conditions. The legend in C applies to subsets
here, and the sample size of the subsets is provided in the legend. The purple (green) line represents the distribution of
samples within cloud layers where the depth is less than (more than) 200 m. The outside layer includes all samples from the
northbound portion of the research flights, excluding samples between and within cloud layers, as well as samples lower than
the lowest altitude of samples within layers (<450 m). (c) Normalized frequency distributions of relative humidity. Subsets
of distributions are similar to those in (b). (d) Liquid phase (solid line) and clear-sky (dashed line) relative frequencies of
samples in between layers binned in 5°C temperature intervals. Results are similarly restricted to depths less than and greater
than 200 m as in (b and c). The black and purple (green) dashed line shows the number of samples for depths less (greater)
than 200 m (right ordinate).

areas) of clear-air that were representative of the below-cloud layer, above-cloud layer and in the free troposphere.
The sample areas were often combined in post-campaign processing accounting for flow rates which ranged
from a few to 13 L per minute (depending on altitude). Sample areas above and within the boundary layer were
separately combined, with the combined areas spanning up to 15° latitude. This resulted in accumulated sample
volumes ranging from 129 to 840 standard liters of air per flight. The total data acquisition time of all samples
amounts to approximately 23 hr, with a total of 32 filter samples obtained. Since the reported activation temper-
atures vary for different combined sample areas, reported Ny, are averaged at 1°C intervals to obtain Ny, with a
constant activation temperature resolution of 1°C.

The following analysis relates Ny, with relative phase frequencies. To obtain adequate cloud phase sample
size(s), combined INP sample areas are interpolated using a nearest neighbor method over the respective flights.
Cloud phase data within the interpolated sample areas (including sawtooth and level-leg data) is then related to
N\p from the same sample area(s). The interpolation is separately performed for sample areas above the bound-
ary layer and within the boundary. This mostly results in interpolated sample areas derived from single sample
areas above and within the boundary layer spanning the entire research flights, with the exception of research
flights 1, 3, 4, 10. Namely, with the exception of the research flights listed, all in-cloud data above (within) the
boundary layer is related with a single set of reported Ny, above (within) the boundary layer.
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Figure 4. Scatterplots of Ny, related to liquid phase frequency (i.e., the frequency of liquid phase samples relative to all
in-cloud samples) for samples within the boundary layer (a) and above the boundary layer (b). Samples are taken within the
interpolated ice nucleating particle (INP) sample areas as described in the text. Different colored markers show liquid phase
frequencies taken within specified temperature ranges compared with N, having different ranges of activation temperatures.
The purple circles compare phase frequencies within the boundary layer to N, above the boundary layer using the above
boundary layer interpolated area. Best fit lines and correlations correspond to the respective phase frequency and INP
activation temperature ranges. The size of the data points represents the number of in-cloud samples associated with a given
data point (i.e., the number of in-cloud samples within a specified temperature range located within a given interpolated
sample area).

Scatterplots relating Ny, and liquid phase frequency are shown in Figure 4. Results are separately shown within
the boundary layer (Figure 4a) and above the boundary layer (Figure 4b). The different colored markers denote
cases where the liquid phase frequency is taken within a specified temperature range (left-hand side of legend
text) located within a given interpolated sample area and relates it to N, having activation temperatures within
a specified range (right-hand side of legend text) associated with the same interpolated sample area. The N,
values over the specified activation temperature ranges are the sums of the averaged Ny, values determined for
the constant 1°C activation temperature bins. Measurements of INP are reported with activation temperatures
ranging from —30° to —10°C, noting N, is only measurable for activation temperatures <—10°C. Phase data
for temperatures below —20°C are not included because D’Alessandro et al. (2021) previously showed there is a
sharp decrease in supercooled liquid below —20°C, with ~93% of samples between —30° and —20°C being ice
phase. Strong negative relationships would likely indicate a prevalence of primary nucleation over the region.
Perhaps the most likely temperature range and N, activation temperature range expected to show such relation-
ships would be those having similar ranges. However, data points representing liquid phase frequencies from
—20° to —10°C and N, with activation temperatures in the same range (red points) are associated with low
sample sizes (i.e., number of in-cloud samples). This is observed with only three data points within the boundary
layer, and seven above the boundary layer (three of which have sample sizes less than 200; denoted by marker
size). This is due in part to the fact that the number of in-cloud samples from —10° to 0°C is more than a factor of
two greater than the number of samples from —20° to —10°C (D’Alessandro et al., 2021); N, have their lowest
concentrations at relatively higher activation temperatures which increase semi-exponentially with decreasing
activation temperatures (Jarvinen et al., 2022).

There are a few Ny, ranges which capture negative relationships between liquid phase frequency and Ny, asso-
ciated with primary nucleation. One is for N, with activation temperatures from —30° to —10°C within the
boundary layer, where the correlation between Ny, and liquid phase frequencies from —20° to —2°C is —0.41.
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This negative correlation may be related to the fact that INP measurements below —20°C are more reliable, and
thus may better reflect N, having higher activation temperatures. The correlation is similar (—0.51 to —0.41)
when decreasing the range of activation temperatures toward those greater than —30°C, until activation tempera-
tures exceed —25°C (not shown). However, this negative correlation is only observed within the boundary layer,
which is unexpected since there were no in-cloud samples obtained below —20°C within the boundary layer.
Therefore, the correlation may be related to sedimenting INP from above the boundary layer even though there
is no notable relationship between similar N, and liquid phase frequency temperature ranges above the bound-
ary layer. One possible explanation for this observation may be the prominence of efficient ice nucleation due
to pre-activated INP (Mossop, 1956), whereby localized regions above the boundary layer may only experience
significant primary nucleation via pre-activated INP. Thus, primary ice nucleation may occur at lower temper-
atures above the boundary layer, and contributions from alternative processes such as accretion and seeding
mechanisms may decrease liquid phase frequencies at higher temperatures underlying the localized areas. There
is indirect evidence for this when relating N, above the boundary layer with phase frequencies within the bound-
ary layer (Figure 4b; purple circles). This is done by obtaining the phase frequencies below the boundary layer
using the above boundary layer interpolated sample areas. A correlation of —0.96 is observed between N, with
activation temperatures from —30° to —20°C and phase frequencies from —20° to —7°C for datapoints exceeding
200 samples, and a correlation of —0.87 is observed by removing the only datapoint with less than 200 samples
having a liquid phase frequency of ~0.5. This finding is not directly indicative of a significant contribution from
pre-activated INP, as results may also be indicative of a seeding mechanism resulting from INP which are not
pre-activated. Further, it is important to note that to the authors' knowledge there are no prevailing studies which
similarly suggest the importance of pre-activated INP in any region globally.

All the other N, ranges are weakly correlated with liquid phase frequency (Irl < 0.2), with the exception of Ny,
with activation temperatures from —20° to —10°C and liquid phase frequencies within the same temperature
range within the boundary layer, although this data set only contains three points. Aside from select combina-
tions of N, and phase frequencies discussed above, there are no clear relationships between most combinations
of the listed phase frequencies and Ny, suggesting a prominence of alternative ice initiation/growth processes
(secondary ice nucleation, accretion, etc.). Relationships may be sensitive to whether INP sampling took place
above or below clouds, although it is at best extremely difficult to incorporate this distinction due to the interpo-
lated sampling area method discussed above. Additionally, results may be sensitive to the fact that Ny, values in
Figure 4 are biased toward reported N, at the lowest end of their respective activation temperature ranges, due to
the semi-exponential increase in reported N, with decreasing activation temperatures. At the very least, results
here provide a benchmark analysis toward directly relating INP to the frequency of ice over the Southern Ocean.

3.1.2. CCN Related to Cloud Phase

Liquid phase frequencies are also related to CCN number concentrations (Nqy) to determine the potential
impacts of CCN on cloud phase. Due to the greater spatial resolution of CCN measurements compared with INP
sample areas, a method is derived to obtain a CCN number concentration associated with each cloud sample.
Since droplet shattering on the community aerosol inlet of the CCN counter introduces error in its measure-
ments (Hudson & Frisbie, 1991), CCN measurements cannot be used within in-cloud samples. To avoid such
errors, suitable CCN concentration measurements (hereafter referred to as N) are determined using a moving
window =+n seconds (n ranges from 100 to 500 s) from each cloud sample. Within this window, the average Ny
is calculated only using clear-sky samples. The averaging method is also restricted to samples above or within
the boundary layer, depending on the location of the in-cloud sample. Thus, each in-cloud sample is associated
with a “background CCN concentration” value based on the moving window average. Results applying this
methodology are shown in Figure 5, showing the liquid phase frequency for different temperature ranges (where
temperature values are used at the in-cloud location) above the boundary layer (Figures 5a—5c¢) and within the
boundary layer (Figures 5d-5f). The different color lines denote the liquid phase frequencies for different terciles
of N,

coN
blue line in the upper tercile. Terciles are determined within the respective temperature bins, whereas terciles

where the red line denotes samples in the lower tercile, the black line in the middle tercile and the

determined over the entire temperature range (—20° to 0°C) are shown in the respective panels. Each column
shows results using a different moving average window size (100, 250 and 500 s), shown overlying the respective
columns. Results are relatively consistent over the different window sizes but not location. Within the boundary
layer, liquid phase frequencies are either relatively constant or slightly increase with decreasing temperature for
all the moving window sizes (Figures 5d—-5f). The possible exception is the lower tercile at smaller windows, with
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Figure 5. Liquid phase frequencies within 5°C temperature bins above (a—c) and within (d—f) the boundary layer for different
Ny terciles. A “background cloud condensation nuclei (CCN) concentration” (N ) is determined for each in-cloud sample
by averaging the CCN concentration measurements over the clear-sky samples within a window of +n seconds from each
in-cloud sample. Results are shown for different moving window sizes, which are shown overlying each respective column.
Temperatures are from the location of the respective in-cloud samples. Frequencies are determined for different ranges of
average Ny (shown by the colored lines). Average N terciles are calculated within the respective temperature bins,
whereas terciles calculated over the entire temperature range are included in the respective panels. The number of in-cloud
samples are denoted by the dotted-dashed lines.

an initially low liquid phase frequency from —10° to —5°C which increases with increasing window size as the
sample size increases. Although inconsistent with observed increases in the frequency of ice-containing cloud
samples with decreasing temperatures (D’Alessandro et al., 2021), results here are consistent with the increasing
liquid phase frequencies with increasing cloud height (Figure 2b). In contrast, most liquid phase frequencies
generally decrease with temperature over all the CCN percentiles above the boundary layer (Figures Sa—5c). Stark
contrasts in the liquid phase frequencies above the boundary layer are observed for the different CCN percentiles
which were not observed within the boundary layer. Namely, liquid phase frequencies are much greater within
high N environments than low N, environments at temperatures less than —10°C. In fact, with the exception
of one temperature bin (from —10° to —5°C for the +100 s window; Figure 5a), the liquid phase frequencies in
the high N environments are greater than the low Ny environments for all temperatures and moving window
sizes. Liquid phase frequencies for the middle tercile do not always lie between the upper and lower terciles, and
are often closer to frequencies of the lower terciles at temperatures less than —10°C. This suggests relatively high
CCN perturbations may be required to maintain the absence of ice at these relatively lower temperatures. Previ-
ous studies have found high Ny environments correspond with increased frequencies of supercooled liquid in
low-level Arctic clouds, which has been suggested to be due to increasing lifetimes of supercooled liquid clouds
(Filioglou et al., 2019). Alternatively, varying N, environments may be representative of different air mass
source regions, and differences in phase frequencies may be the result of the different aerosol sources. Sanchez
et al. (2021) identified four aerosol regimes sampled during SOCRATES, and found environments with high
N¢cy commonly originated or passed over the Antarctic coast, where elevated phytoplankton biomass (relative
to the open ocean) is a major contributor of biogenic emissions (Sanchez et al., 2016). Additional explana-
tion(s) may be related to varying secondary ice production mechanisms related to the presence of large droplets,
which would be limited in a high N environment. For example, drops having maximum dimensions exceeding
~50 pm have been observed to eject small ice particles as they freeze (i.e., droplet fragmentation), primarily at
temperatures less than —10°C (Korolev & Leisner, 2020). However, Jarvinen et al. (2022) found little evidence to
suggest this is a prominent secondary ice production mechanism over the SOCRATES region. A more prominent
mechanism is referred to as the Hallett-Mossop process, which is characterized by splintering of small ice parti-
cles off of graupel during riming (Hallett & Mossop, 1974). Previous studies have noted its likely presence over
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3000 ans T the Southern Ocean (Huang et al., 2021; Jérvinen et al., 2022), although this
:gzggf;e%%}?gshg?n’m) process is primarily restricted to temperatures from —8° to —3°C where the
2500 greatest liquid phase frequency differences are not observed.
Lg 2000 An analysis comparing differences in drop concentrations in decoupled
g and coupled environments is provided in Figure 6. Results separated in this
,_; 1500 manner can provide insight into how surface-sourced parameters impact drop
5 concentrations (e.g., sea spray acting as CCN). Most of the boundary layers
-’é 1000 were decoupled with the exception of RF12 and RF13, where the presence
2 of coupling was determined using the dropsonde data following (Z. Wang

500

et al., 2016). Figure 6 shows a distinct bimodality in N, due to differences
of N¢pp in the coupled and decoupled environments. The mode of N, for
decoupled flights is 70 cm™3 and for coupled flights 160 cm~3, consistent
with high aerosol number concentrations emitted from the ocean serving
as effective CCN in the coupled cases. Perhaps unexpectedly, average Ny
within the boundary layer is not the highest for either of the coupled research
flights, but rather is highest for RF09 (191 cm~), second highest for RF12

Figure 6. Frequency distribution of N, for in-cloud conditions for all flights (175 cm™) and the third highest for RF13 and RFO8 (both are 136 cm™?)

(blue bars). Green and red lines show distributions of N, for decoupled and
coupled environments, respectively. Results here include level periods and

sawtooths.

Furthermore, average N for RF12&13 above the boundary layer were the
fifth and sixth highest of all 15 research flights. The tendency for RF12&13
not having the highest average N is similarly observed when evaluat-
ing Ny at supersaturations greater than and less than 0.3% (not shown).
This is indicative of higher updraft speeds associated with these two flights, which is consistent with a less
kurtotic distribution of vertical air motions (kurtosis = 4.2) observed for in-cloud observations from these flights
compared to the other research flights (kurtosis = 10.3; not shown). Note that kurtosis is used to capture the tail
ends of distributions (greater updraft and downdraft speeds) rather than skewness which may not capture the
greater updraft speeds if greater downdraft speeds are also present. However, Sanchez et al. (2021) suggested that
recent particle formation above the boundary layer and particle growth/processing within the boundary layer are
the primary source(s) of CCN in this region. Alternatively, lower drop concentrations associated with decoupled
flights could be related to greater entrainment-mixing or precipitation scavenging.

3.2. Cloud Layer Properties and Profiles of Radiative Fluxes and Drop Clustering

Figure 7 shows normalized frequency distributions of Npp, Mpp, the standard deviation of D from CDP drop
size distributions (o.pp) and the mean volume weighted diameter (MVD,,,) for single-layer clouds and the
different layers of multi-layer clouds using data from all flights. In Figure 7a it is seen that the N, mode for
single-layer clouds is greater than 102 cm~3, coinciding with the N, mode for flights taken in coupled envi-
ronments shown in Figure 6 (RF12 and RF13, both of which primarily sampled single-layer clouds as seen in
Figure 1). To examine the effect of coupling on the distribution of N, results for single-layer cases restricted
to decoupled environments are separately shown by the dashed line. When comparing the solid and dashed
black lines for the properties in all panels, N, is the only property shown that significantly diverges for the
coupled and decoupled environments. N, distributions in single-layer decoupled environments are more similar
to distributions of multi-layer clouds than to single-layer cloud distributions in coupled environments. In contrast,
the modes for Mpp, 6pp and MVD ., are relatively similar in coupled and decoupled environments (all of which
are between 0.1 and 0.3 g m—3, 3—4 and ~16 pm, respectively).

When comparing single-to multi-layer cases, single-layer cases are slightly skewed to larger M, values, whereas
both 6, and MVD,,, (Figures 7c and 7d) are skewed to larger values for multi-layer cases. These results
suggest multi-layer clouds observed during SOCRATES had less liquid water content than single-layer cases, but
broader droplet distributions and larger mean particle sizes. The significance of these differences is tested using
Mann-Whitney U-Tests and Kolmogorov-Smirnoff tests. Mann-Whitney U-test determines whether the median
of one distribution 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 do not require prior knowledge of the distributions'
shapes. Every test comparing single-layer and the varying multi-layer types' Mpp, 6cpp and MVD(, rejects the
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Figure 7. Normalized probability distributions of Ny (a), Mpp (b), 6cpp (€) and MVD ., (d) for different cloud layer
types. The black solid and dashed lines show all single-layer samples and single-layer samples from decoupled environments,
respectively. The number of samples for each layer type is shown in the legend. Results are only shown for sawtooths.

null hypothesis that both sample sets are taken from the same population at a significance level of 10%. These
tests were similarly performed for only liquid phase samples to test whether differences are related to the relative
phase distributions of liquid and mixed phase samples. For example, available liquid in mixed phase samples may
be partitioned to large ice particles which often exceed sizes detectable by the CDP (directly impacting M)
However, with the exception of 6, in Multi-1st, all the tests reject the null hypothesis, signifying differences in
M pp, 6cpp and MVD ;. for the different cloud types are not related to cloud phase.

Parameters in Figure 7 are also separately evaluated within and above the boundary layer for single- and
multi-layered clouds in Figure 8 to determine if significant differences exist. Note the relatively low sample size
of single-layer samples above the boundary layer might contribute to the multi-modal distributions for N, and
MVD,,, although uncertainties associated with the interpolated boundary layer height may be significant as
well. Distributions of N, and M, are shifted toward larger values for multi-layered clouds within the bound-
ary layer, consistent with higher Ny within the boundary layer. Although distributions of o, and MVD,,
appear similar for both multi-layer cloud cases, Mann-Whitney U-tests and Kolmogorov-Smirnov tests reject the
null hypothesis that both sample sets are taken from the same population at a significance level of 10%. Overall,
distributions of 6, and MVD,, are more positively skewed for both multi-layer cases compared with the single
layer cases, confirming differences in the different cloud types is unrelated to differences in boundary layer and
free tropospheric conditions.

It is crucial to examine how the properties vary in relation to their location within the cloud layer to get insight
into physical processes occurring in the clouds and impacts on vertical profiles of radiative heating. Figure 9
shows joint histograms of both shortwave (solar) and longwave (terrestrial) irradiance as a function of the normal-
ized height within a cloud layer, defined following McFarquhar et al. (2007) as

(Z - ZCloudibase)

Zp = (N

(ZCIOud_Iop - ZCloud_buse)

where z refers to the altitude of the local 1 Hz sample, Zqyoq op 200 Zejguq_pase TefeT t0 the altitudes of cloud top
and cloud base for a particular layer, respectively (i.e., the highest and lowest samples within a layer having
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Figure 8. Similar to Figure 7, except single- and multi-layer cloud properties are separately evaluated for samples above the
boundary layer and within the boundary layer.
Mecpp > 0.01 g m™3). Cloud layers are split into two categories: those that are the highest layer of their respective
regime (top cloud layers; Figures 9a—9c) and those that are underlying another cloud layer (non-top cloud layers;
Figures 9d-9f). Layers in the non-top category are only associated with multi-layer clouds and should receive
less solar radiation than top layers. This is precisely what is observed when comparing the solar irradiance (F,)
in Figures 9a and 9d: most measurements in the top cloud-layers occur between 400 and 600 W m~2 at z, > 0.9
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Z
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Figure 9. Joint histograms showing the frequency of downwelling solar irradiance (F,,; (a and d), net terrestrial irradiance
(Ferr_ners (b and €) and associated heating profiles from terrestrial irradiance (c and f) as a function of z,, for layers including
single-layer and the highest layer of multi-layer clouds (top cloud layers; a—c) and for underlying cloud layers (non-top cloud
layers; (d—f). Vertical red lines show average irradiance and heating rates and horizontal lines denote standard deviations.
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whereas there are nearly zero (<~10) cases of solar irradiance greater than 400 W m~2 for the non-top cloud layer.
) ranges from -110-0 W m~2 for the top cloud
<=50 W m™

Likewise, most measurements of net longwave irradiance (F,, .,

layer at z, > 0.9, with a mean value of =50 W m~2. In contrast, there are nearly zero cases of F’ terr net

for non-top cloud layers.

The heating profiles shown in Figures 9c and 9f reveal relatively weak cloud top cooling associated with long-
wave radiation for both the top and non-top layers. The terrestrial heating rate is computed as

6T _ 1 dEcrrinct

ot 3 dz 2)
Z piCp.i
i=1

where T'is temperature, ¢ is time, z is vertical distance, p; is the total density of the air, liquid or ice mass, and C,,;
is the specific heat of either air, water or ice at constant pressure (Braslau & Dave, 1975; Petty, 2006). In mixed
phase samples, the specific heat of water at constant pressure is used for the entire cloud mass since efforts are
not made to derive the cloud mass separately for the ice or liquid phase (therefore there are only two iterations
in the summation). However, exchanging it for the specific heat of ice at constant pressure is inconsequential
to the results as the air density is significantly greater than that of the cloud mass. Average cooling rates are
~0.5 K hr~! at z, > 0.9 for non-top cloud layers, and lower than ~2.5 K hr~! for top cloud layers. Such low cool-
ing rates are associated with emitted longwave radiation from overlying cloud layers for non-top cloud layers, as
well as relatively low mass contents of clouds over this region, as seen with M, having modes ranging from 0.1
to 0.2 g m~3 for all cloud layer types (Figure 7b). Weaker cooling rates may result in weaker cloud top turbulent
mixing for non-top cloud layers, resulting in different lifetimes or evolutions for different cloud layer regimes.
Higher cooling rates are associated with greater average liquid mass of the top cloud layers. Specifically, aver-
age cloud top cooling rates are 1.5 K hr~! greater for cloud layers with average M, above the 50th percentile
(0.2 g m~3) than below the 50th percentile (not shown).

The clustering of droplets, which can have implications for many factors such as precipitation onset (Shaw
et al., 1998) and the evolution of raindrop size distributions (McFarquhar, 2004), is evaluated using joint histo-
grams in Figures 10a and 10b and Figures 10c and 10d for all top cloud layers and all non-top cloud layers, respec-
tively. The clustering index (CI) is a commonly used metric (e.g., B. A. Baker, 1992; Chaumat & Brenguier, 2001;
Jaczewski & Malinowski, 2005) that is defined as

- (1)

where M is the mean and V is the variance of a given parameter over a given number of samples. This metric
takes advantage of the fact that a Poisson distribution has an equal mean and variance. By subtracting 1 from
VIM, a droplet distribution sampled from a population with a constant mean rate results in CI equaling 0 cm—3
(in the case of drop concentrations per cubic centimeter), and CI increases with increasing droplet heteroge-
neity. Note that CI less than 0 cm=3 (V < M) is simply characterized as underdispersed (i.e., having a variance
lower than that expected for a Poisson distribution). In this study, CI is calculated every second using 10 Hz
observations, providing a measure of inhomogeneity over scales of ~120 m (depending on flight speed). In
order to scale results on a logarithmic scale, the subtraction of 1 is removed from Equation 2 so all results have
a minimum possible value greater than 0 cm=3. The altered calculation (i.e., altered CI; ACI) used in this study
is given by

ACI = logm(%> “

Figures 10a and 10c show ACI for N, (ACly ¢pp), whereas Figures 10b and 10d show ACI for M, (ACLy pp)-
Joint histograms of ACly ., are relatively similar for layers from 0 < z, < 0.8, with most values between —0.4
and 0.2 ecm~. Near cloud base (z, = 0), ACIy ¢pp varies from ~0 to 1 cm™ and average values are slightly
greater than those from 0.2 < z, < 0.8. Values increase near cloud top, with most ACIy ., between 0.5 and
2 cm~3, Increased droplet clustering has previously been found to occur at cloud top, which has been attributed
to mixing and cloud top entrainment in the past (B. A. Baker, 1992; Dodson & Small Griswold, 2019; Small &
Chuang, 2008).
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Figure 10. Joint histograms shown with ACIy (pp (a and ¢) and ACly cpp (b and d). The red vertical lines show average
ACI ¢pp and ACL; pp and the horizontal lines denote standard deviations.

Discernible differences in clustering at cloud top are observed between the top and non-top layers near cloud
top, which are likely due to differences in entrainment and/or mixing strength. Namely, average ACly pp and
ACIy, (pp are greater at cloud top for the top cloud layers compared with non-top layers. The most notable differ-
ences are observed for ACIy,; (,p, Where the greatest occurrence frequencies exceed ACIL, (p equal to —1 g m™
only for the top cloud layers. In addition, the variability of ACIy; ., between cloud top and the underlying cloud
is greater for top cloud layers than for non-top layers. These indicators of greater entrainment and/or mixing (e.g.,
greater clustering values) are expected with greater cooling rates at the top of top cloud layers compared with
non-top cloud layers (Figures 9c and 9f).

Other factors may account for the small-scale variability of N, and M, at cloud top, such as previously
observed generating cells (Y. Wang et al., 2020) or upsidence waves (i.e., gravity waves visible within a cloud
deck) (Rahn & Garreaud, 2010). The influence of large-scale factors on ACIy (pp is evaluated in Figure 11, which
shows level leg cloud top observations from two research flights. Satellite imagery for both cases reveal undu-
lations in cloud cover surrounding the two transect regions, although cirrus immediately overly the flight path
for RF13 (not shown). The Brunt-Vaisala frequency for both cases is determined (using ambient virtual potential
temperature) from nearby sawtooths and is 0.016 rad s~ and 0.027 rad s~! for RF06 and RF13, respectively.
These values suggest both environments are conducive for upsidence waves, and are consistent with the lengths of
the wavelike structures observed for N, Namely, that the wavelength is longer for RF06 (~15 km; Figure 11a)
than for RF13 (~2 km; Figure 11b). Autocorrelations of N, for RF06 (Figure 11c) and RF13 (Figure 11d)
capture the wavelike structures of N, having peak autocorrelation values above the bands of rejection at lags
of 15 km for RF06 and at ~2, 4.5 and 7 km for RF13. Jiang and Wang (2012) found evidence that liquid water
content increases in the regions of upward motion from upsidence waves. A similar analysis is performed for both
cases using M, and a similar wavelike structure and autocorrelation is found for RF06, although not for RF13
(not shown).

For both cases, ACIy ¢pp does not possess the wavelike structures observed for N, which is observed when
applying autocorrelations to AClLy pp A wavelike structure in ACly p appears in RF06, but most amplitudes
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Figure 11. Two time series of level legs taken at cloud top showing N, (blue) and ACIy o (red) from RF06

(01:47:00 to 01:51:55 UTC; (a)) and RF13 (02:19:00 to 02:24:00 UTC; (b)). Correlations are included in the respective
panels. Autocorrelations of N, and ACIL p are shown for RF06 (c) and RF13 (d). Bands for rejection testing each
autocorrelation = 0 under the assumption of white noise are shown as dashed lines, which are provided at the 95th
percentiles. Autocorrelations are determined for flight data interpolated onto a 1D grid with a constant incrementally
increasing distance (lag) of 130 m, based on the average flight speed for both cases (~130 m s~!). The autocorrelation of
ACI ¢pp from O to 17 km is also provided for RF06, due to missing data from ~17.5 to 19 km (missing data is also observed
at ~16 km, but the interpolation method captures the fine scale variability).

do not exceed the significance bounds. In contrast, autocorrelations exceed the significance bounds for Ny,
at lags comparable to the observed wavelengths (e.g., a 15 km wavelength where peak N, are observed at
~5 + 2 km and 20 + 3 km for RF06). Correlations of N, and ACIy pp are —0.10 and —0.46 for RF06 and
RF13, respectively. Increases in ACI pp often correspond with decreases in Nepp (e.g., at 2.5 and 12 km for
RF13, Figure 11b), consistent with trends expected from entrainment-mixing.

Average normalized cloud particle size distributions, such that the integrated concentration equals one, are shown
in Figure 12. Specifically, normalized size distributions are obtained by weighting number concentrations of
the respective bins by the total cloud particle concentration. Distributions include contributions from both the
CDP and 2DS and are normalized over their combined range (2—-1,280 pm). To characterize their height varia-
tion, normalized particle size distributions are first interpolated to a 2D grid with z, spaced over 0.01 intervals.
Additionally, normalized particle size distributions are interpolated to the 2D grid over 80 logarithmically scaled
bins ranging from 2 to 1,280 pm. Results are then smoothed using a two-dimensional convolution and a 3 X 3
box kernel (i.e., averaging kernel). This method is analogous to that commonly used in image smoothing (Kim
& Casper, 2013), allowing for a clear visual depiction of particle size distributions over the range of z,. Focusing
on the top cloud layers (Figure 12a), the maximum normalized N(log(D)) (i.e., dN/dlog(D)) > 0.01 at z, < 0.1
occurs at D from 2 to 20 pm. These maximum N(log(D)) shift toward larger sizes with increasing z,. At z, > 0.6,
maximum normalized N(log(D)) > 0.05) occur at D from approximately 10 to 30 pm. This shift is consistent with
droplet activation occurring near cloud base producing small droplets, which grow with increasing height due to
condensational growth and collision-coalescence.

There are notable differences for the non-top cloud layers (Figure 12d) compared to the top cloud layers
(Figure 12a). The non-top layers have greater small droplet concentrations at z, > 0.4 compared to the top layers
with normalized N(log(D)) at D < 10 pm being ~0.05 throughout the entire cloud depth, whereas values at
D < 10 pm decrease well below 0.01 for z, > 0.5 in top cloud layers (green shading). Further, N(log(D)) greater
than 0.01 reach sizes up to 40 pm throughout most of the cloud for non-top cloud layers. This is not seen for the
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Figure 12. Normalized size distribution functions combining cloud droplet probe and 2DS observations are averaged over
Z,» using an image smoothing method outlined in the text. The top (bottom) row shows results for top (non-top) cloud layers.
Results are shown for all in-cloud samples in the left column (a and d), liquid phase samples at temperatures less than 0°C
in the middle column (b and e) and for mixed phase samples in the right column (c and f). Purple lines show the average
standard deviation of particle size over the entire size distributions, applied prior to the convolution. The dashed and dotted
lines correspond with D = 20 pm and D = 40 pm, respectively.

top cloud layers throughout most of the cloud. These trends highlight the differences seen in Figures 7c and 7d,
namely that non-top cloud layers which only occur in multi-layer clouds have broader droplet size distributions.
These broader distributions contain larger relative frequencies of both smaller (D < 10 pm) and larger (D from
30 to 50 pm) drops. Purple lines show the average ¢ of D for the normalized size distributions, and these values
are larger for non-top cloud layers compared to top cloud layers over the entire depth. Normalized N(log(D)) at
D > 50 pm are also greater for the non-top cloud layers throughout the cloud depth.

Broader distributions are likely related to a greater frequency of mixed phase samples within non-top cloud layers,
which may be associated with a broader range of ice crystals. This is suggested by plotting results separately for
liquid phase samples (Figures 12b and 12e) and mixed phase samples (Figures 12¢ and 12f); normalized values
of D > 10% pm are clearly greater for the mixed phase samples of both top- and non-top cloud layers compared
with liquid phase samples. However, differences in cloud phase frequency do not account for all the observed
differences between the layer types. Non-top cloud layers still have broader drop size distributions (D < 50 pm)
than top cloud layers regardless of the cloud phase, which is likely due to particle interactions occurring vertically
through local cloud layers. This is confirmed by computing average 6, within the vertical profile, which shows
values are ~0.5 pm greater for liquid phase samples and ~1.5 pm greater for mixed phase samples in non-top
cloud layers at z, > 0.5 (not shown). In fact, average ice concentrations in mixed phase samples with maximum
dimensions exceed 200 pm (aspherical Nypg 1. 500,,) are nearly an order of magnitude greater in non-top cloud
layers (1.7 L") than top layers (0.2 L~"). The average ¢ are much lower for mixed phase samples in the top cloud
layers compared with non-top layers. This is due to mixed phase samples in the top cloud layers having much
greater drop concentrations (average N, = 120 cm~2) than non-top cloud layers (average Nqpp = 40 cm ). Simi-
larly, drop concentrations are greater in the top layers for liquid phase samples as well (average Nqpp = 110 cm =)
than non-top layers (average Ngpp = 70 cm™), consistent with the lowest N, observed for the lowest cloud
layers in Figure 7a. The higher concentrations in top cloud layers are observed even when removing samples from
coupled environments, which causes the average N, of top layers to decrease ~10 cm=* for both phases.
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Figure 13. Cloud phase frequency as a function of z, (solid lines) colored according to the cloud layer for single-layer and
multi-layer clouds, where ordering of multi-layer height is characterized by incremental order from the lowest layer (a) and
by whether layers are the lowest, highest, or middle layer (b). Dotted lines show the number of samples for respective cloud
layers following the top abscissa. Results are restricted to temperatures less than 0°C.

3.3. Vertical Distributions of Phase and Average Cloud Properties

In addition to characterizing multi-layer clouds based on the relative height within the cloud layer and based
on whether in the top or non-top cloud layer, the relative frequency of liquid phase with respect to z, is shown
in Figure 13. Results for multi-layer clouds are sorted by cloud height relative to the lowest cloud layer (as in
Figures 2 and 7; left panel) or by the lowest, middle and highest layers (right panel). Results for the lowest cloud
layers (Multi-1st and Multi-lowest) are the same for both categorizations. Single-layer clouds are seen to contain
the most liquid phase samples, which is consistent with Figure 2b. Furthermore, the liquid phase frequency is
lowest for z, < 0.4, which is similar to previous findings that Arctic single-layer mixed phase clouds contain the
highest frequency of ice particles in the lower half of the cloud (McFarquhar et al., 2007; Mioche et al., 2017).
The lowest cloud layers in multi-layer clouds have much lower liquid phase frequencies than in single-layer
cases (consistent with Figure 2b), with liquid phase frequencies decreasing from 0.75 to 0.60 from cloud base to
cloud top.

For multi-layer clouds, the second and third highest layers (Multi-2nd and Multi-3rd, respectively; Figure 13a)
have liquid frequencies varying between 0.75 and 0.95 throughout the normalized heights. Cloud layers overly-
ing the third highest layers have lower liquid phase frequencies which are comparable to the lowest cloud layers,
varying from 0.55 to 0.70 throughout their depth. These layers typically occur at lower temperatures. Figure 13b
shows results discriminating multi-layer clouds into the highest (Multi-top) and layers residing between the
highest and lowest cloud layers (Multi-middle). The middle layers have much lower liquid phase frequencies
compared with the top cloud layers. In fact, the liquid phase frequencies are comparable between the middle and
lowest layers, whereas the highest cloud layers have liquid phase frequencies comparable to single-layers. Note
that Multi-grt3 has frequencies resembling middle layers rather than the top layers, because top layers are heavily
weighted by cases where there are only two cloud layers in the atmospheric column. The phase frequency struc-
ture of multi-layer clouds is consistent with what would be expected from a prominent seeder-feeder mechanism.
Primary nucleation may occur at the highest cloud layers where temperatures are lowest, of which 61% were
between —10° and 0°C and 78% between —20° and 0°C. Low liquid frequencies at the top of the lowest cloud
layers may indicate seeding from above.
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Figure 14. Averaged Npp (a), Mpp (b), Mean D, (c), relative humidity (RH) (d), N, (€), Mg (f), Mean D, ¢ (g) and ACIy pp (h) as function of z, for
single-layer cloud regimes. Horizontal lines are standard deviations. Results are shown for liquid phase samples with the red lines and mixed phase samples with the
green lines. Properties are averaged within z, bin sizes of 0.125. All panels show results for z, between 0 and 1 except for RH (d), which includes additional bins above
and below the cloud (dashed lines). Black circles in RH denote clear-sky samples. Note error bars for the liquid phase in G are smaller than most of the data points.

The remainder of the findings address how other microphysical properties vary as a function of z, for the differ-
ent layers, whose sample sizes are found in Figure 13. Figure 14 shows vertical profiles for single-layer clouds.
Results are separately shown for liquid and mixed phase samples by the red and green lines, respectively. Ice
phase samples are not included due to the relatively small sample size of ice phase compared with mixed phase
samples (e.g., blue text in Figure 2b). The top row shows Ny, Mpp and number weighted mean diameter
reported by the CDP (Mean D) (Figures 14a—14c). All of these variables, with the exception of N, for
mixed phase samples, increase with height. The discussion for the remainder of this section focuses on liquid
phase samples due to (a) the small sample size of mixed phase observations for all cloud layers and (b) the fact
that such observations do not necessarily represent a secondary vertical structure, because the majority of mixed
phase samples were embedded within primarily liquid phase cloud layers.

Figures 14e—14g shows vertical profiles for the properties of particles with dimensions greater than 50 pm (V,,
M, and Mean D,,¢). Both N, and M, increase with z,, whereas Mean D, ¢ decreases with z,. Note that M,
and Mean D, are larger for mixed phase throughout most of the cloud depth, consistent with the coexistence
of larger particles which are primarily ice. Mixed phase Mean D,,q were separately determined for spherical
and non-spherical particles greater than 200 pm, and Mean D, ¢ for non-spherical particles were greater than
spherical particles at all z, (not shown). Figure 14h shows ACIy pp, Which has a U-shaped distribution similar
to Figures 10a and 10c meaning that maximum ACI pp are at cloud base and cloud top. Vertical profiles of
RH in Figure 14d are ~100% throughout the cloud dépth, with a deviation of ~95% at cloud top. Black dots
with dashed lines show RH for clear-sky regions which primarily occur above cloud top (z, > 1.0). Since the
layer classification allows for clear-sky samples to exist within a profile, such samples (although very few) may
also occur within a cloud layer (0 < z, < 1). The analysis of RH is also shown above cloud top and below cloud
base (z, > 1 and z, < 0, respectively). Above cloud top and below cloud base data is simply the neighboring
1 Hz clear-sky samples to the respective cloud edges. Clear-sky samples below cloud base are nearly saturated,
whereas clear-sky samples above cloud top have an average RH of 60%, with significant variability (standard
deviation of ~25%).

Figure 15 shows vertical profiles for the lowest cloud layer in multi-layer clouds. Similar to single-layers, Mp,
Mean D, and N, all increase with height. Average ACI ., and Mean D, have similar distributions,
with peak values near cloud top and cloud base for ACL pp and decreasing values with height for Mean D, .
Differences between the cloud layer types are primarily observed for N¢pp and RH, where N, roughly decreases
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Figure 15. Similar to Figure 14 except for the lowest layer of multi-layer clouds.

with height and clear-sky RH above cloud top is nearly saturated (~96%) with little variance (standard devia-
tion ~ 3%) for the lowest layer in the multi-layer clouds.

Figure 16 shows a similar analysis for the top cloud layers (Figures 16a-16d), the non-top cloud layers
(Figures 16e-h), and middle layers (Figures 16i—161) of multi-layer clouds. Average Nqpp, Mean Dp, N, and
RH are shown for the layer types. N, increases with increasing height and peaks above z, = 0.5 for top cloud
layers, and below 0.5 for non-top layers. When removing single-layer clouds from the top cloud layer analysis,
N¢pp similarly peaks above z, = 0.5 (Figure S1 in Supporting Information S1). Mean D, increases with height
for all layer types. However, differences are observed in the overlying clear-sky RH for the top and non-top layers.
Similar to the differences in single- and lowest multi-layer clouds (Figures 14d and 15d), the air is nearly satu-
rated above non-top cloud layers while RH is only ~70% above top layers. When separately evaluating highest
multi-layer clouds and removing single-layer clouds from the analysis, the overlying RH is ~90% (Figure S2 in
Supporting Information S1). Differences in overlying RH may be expected as single-layer clouds will often be
capped by rather strong inversions, whereas layers above one another will be associated with weaker inversions.
In contrast, reduced longwave cooling at cloud top will be associated with underlying cloud layers of multi-layer
regimes rather than top cloud layers.

4. Discussion

The results presented in Section 3 showed the dependence of cloud phase on relative cloud layer height, and on
INP and CCN concentrations. There is a clear tendency for underlying cloud layers of multi-layer clouds to have
greater frequencies of ice-containing samples, regardless of whether cloud layers were classified by the height
relative to the lowest cloud layer or by bottom, middle and highest layers. The frequency of precipitating ice
in-between cloud layers was examined to test whether its presence was associated with a prominent seeder-feeder
mechanism. About 70% of precipitating samples in-between cloud layers contain ice (Figure 3d), and the large
frequency of precipitating samples as well as nearly saturated samples within cloud layers (Figure 3c) is further
evidence of a prominent seeder-feeder mechanism over the region.

The distribution and vertical structure of drop clustering was characterized to compare against previous studies
that examined entrainment-mixing and its impacts based on drop size distribution inhomogeneities (Bower &
Choularton, 1988; Paluch, 1986; Paluch & Knight, 1984). Entrainment-mixing is often characterized as homo-
geneous or inhomogeneous. Homogeneous mixing characteristically results in a shift of drop size distributions
toward smaller drop sizes due to rapid mixing causing all droplets to experience partial evaporation, whereas
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Figure 16. Similar to Figures 14 and 15 except results are shown for the top cloud layers (a—d), non-top cloud layers (e-h) and for all cloud layers enclosed within the
lowest and highest cloud layers of multi-layer clouds (i-1). Unlike Figures 14 and 15, results here are only shown for N, (a, €, and i), Mean D, (b, £, and j), N, (c,
g, and k) and relative humidity (d, h, and 1).

inhomogeneous mixing results in a reduction of droplet number concentrations but not in droplet sizes due to
slower mixing causing different drops to experience different amounts of subsaturation (M. B. Baker et al., 1980;
Latham & Reed, 1977). The latter pertains to extreme inhomogeneous mixing, whereas most mixing events do
not necessarily follow one or the other extreme (e.g., Korolev et al., 2016).

Drop clustering was greater at cloud top of the highest cloud layers (including single layer clouds) compared with
underlying layers, likely due to differences in entrainment and mixing strength between the different layer types.
Lower clustering values at cloud top, as well as the lower variability of these values between cloud top (z, > 0.9)
and the cloud beneath (z, < 0.9) for the underlying layers compared with the highest cloud layers (Figure 10), is
consistent with weaker entrainment-mixing (potentially indicative of extreme inhomogeneous mixing) for under-
lying layers. It is important to note that clustering values are sensitive to the spatial scales used (e.g., B. A. Baker
& Lawson, 2010) and can be computed in different ways, such as utilizing drop interarrival times to determine
clustering values on smaller scales, of which further information can be found in Kostinski and Shaw (2001)
and Shaw et al. (2002). The purpose of this study is to compare relative differences between cloud layer types,
rather than provide an absolute measure of clustering. Clustering on the order of tens to a hundred meters (used
here) has previously been directly correlated with entrainment and associated mixing (e.g., Dodson & Small
Griswold, 2019; Small & Chuang, 2008).

The mixing of nearly saturated air would have a diminished impact on drop populations compared with consid-
erably subsaturated air. Namely, the mixing of drier air likely results in local pockets of evaporation on relatively
large spatial-scales, which increases drop clustering (e.g., B. A. Baker, 1992). The drier air above cloud for top
layers compared with non-top layers (Figures 16d and 16h) is consistent with greater cloud top clustering for the
top layers. The saturated air overlying non-top cloud layers may be important, as previous modeling studies have

D’ALESSANDRO ET AL.

22 of 27

858017 SUOWWOD SAIERID 3|qedlidde ayp Aq peusenob afe ssjo e VO ‘88N JO S3INI 104 ARIqIT8UIIUO AB]IM UO (SUORIPUOD-PUR-SWLIBIALID™AB | 1M AtRIq 1 BU1|UO//SONY) SUORIPUOD PUe SWB | 8U) 88S *[S5202/60/82] Uo ARIqIT8UlIUO AB]IM ‘80:ew0D JO Juswireds BeoN Aq 0T98E0ArEZ0Z/620T OT/I0p/wod A8 imAreiqijpuluosqndnfe;/sdny woy papeoumoq ‘ST ‘€202 ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD038610

shown the presence of humidity inversions are required to maintain low-level mixed phase clouds in the Arctic
(Curry, 1986; Curry et al., 1988; Solomon et al., 2011). The saturated air could also be associated with evapo-
rating drizzle or sublimating ice from overlying cloud layers. Following Pruppacher and Klett (1996) and Lamb
and Verlinde (2011), a spherical ice particle ranging from D = 50 to 150 pm in environments having RH with
respect to ice ranging from 60% to 80% at temperatures ranging from —20° to 0°C results in ice particles which
can fall for distances ranging tens of meters to ~1.5 km before completely sublimating. In this study, cloud top
observations less than 200 m from the overlying cloud layer account for 47% of the cases, and observations less
than 1 km from the overlying cloud account for 86%, showing that seeding would be expected to have an impact.

Despite differences in above cloud RH as well as cloud top clustering and cooling rates for top and non-top layers,
droplets greater than 50 pm are observed at cloud top of all layer types with average concentrations ranging from
~20 to 50 L~! (Figures 16¢ and 16g). Other factors may contribute to the common occurrence of droplet diam-
eters exceeding 50 pm, such as sea salt acting as giant CCN (e.g., CCN with maximum dimensions exceeding
2 pm; Jensen & Nugent, 2017). Additionally, mean D, generally increases from cloud top toward cloud base
(Figures 14g and 15g), suggesting collision-coalescence may begin near cloud top.

5. Conclusions

The microphysical properties of single- and multi-layer clouds over the Southern Ocean were evaluated and
contrasted using airborne in situ observations acquired during SOCRATES. Cloud layers were classified using
a novel smoothing method applied to in-situ cloud observations acquired during sawtooths of the aircraft. This
resulted in 55 profiles of single-layer clouds and 183 profiles of individual multi-layer clouds. Single-layer clouds
have greater cloud liquid droplet mass and number concentrations than multi-layer clouds, with number concen-
trations in single-layer clouds from two research flights in coupled environments approximately double those in
decoupled environments. Multi-layer clouds have broader drop size distributions than single-layer clouds. When
cloud layers are separated according to whether they are underlying other cloud layers (non-top cloud layers) or
not (top cloud layers), non-top cloud layers have broader drop size distributions (D < 50 pm) and total particle
size distributions throughout the vertical cloud depth compared to top cloud layers.

The liquid phase most frequently occurs in single-layer clouds compared with multi-layer clouds. Liquid phase
frequencies in multi-layer clouds are the lowest in the lowest cloud layers and increase with higher cloud layers
until the third highest layer is reached, suggesting a prominent seeder-feeder presence in multi-layer clouds
(Figure 2b). When classitying the layers of multi-layer clouds as lowest, highest, and those lying in-between, the
highest cloud layers have the greatest frequency of liquid phase samples, and the middle layers have similarly low
relative frequencies as the lowest layers (Figure 13b). These findings show that caution should be taken when
quantifying cloud phase frequencies solely from satellite imagery due to potential biases in cloud top phase as
well as overlapping cloud layers, as well as caution in classifying phase frequency by temperature alone.

Relative phase frequencies are also explored in relation to CCN and INP concentrations. There is some evidence
of INP concentrations being positively related to ice frequencies (e.g., a correlation of —0.41 is observed for
INP with activation temperatures from —30° to —10°C and liquid phase frequencies from —20° to —2°C in the
boundary layer), but it is only observed for select temperature and INP activation temperature ranges (Figure 4).
The lack of a relation for other temperature and activation temperatures suggests alternative processes, such as
secondary ice production and accretion, play a major role in phase determination. Phase frequencies are found
to be directly related to CCN concentrations, but only above the boundary layer and primarily at temperatures
less than —10°C (Figure 5). Namely, ice is less likely to be observed in such environments with high CCN
concentrations.

The dependence of cloud microphysical properties on cloud layer normalized height was also examined. The
number weighted mean diameter of drops less than 50 pm increases with height for all cloud layer types, whereas
number concentrations peak near cloud top for top cloud layers and near cloud base for non-top cloud layers
(Figure 12). The number concentration and mass of drops greater than 50 pm also increase with cloud height,
whereas the mean diameter decreases with increasing height. These similarities are observed between single- and
multi-layer clouds in spite of differences in cloud top droplet clustering, radiative cooling profiles, overlying RH
and relative phase frequencies, highlighting a propensity for precipitation initiation in both single and multi-layer
clouds. However, robust differences in the microphysical properties of single- and multi-layer clouds warrants
further investigation to distinguish and constrain physical responses resulting in the differences provide here.
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