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Abstract: Five overcast marine stratocumulus cases during the Southern Ocean Clouds Radiation
Aerosol Transport Experimental Study (SOCRATES) aircraft field campaign were selected to examine
aerosol and cloud condensation nuclei (CCN) properties with cloud influence. The Aitken- and
accumulation-mode aerosols contributed approximately 70% and 30% of the total aerosols, respec-
tively. The aerosol properties before and after periods of drizzle were investigated using in situ
measurements during one case. Sub-cloud drizzle processes impacted accumulation-mode aerosols
and CCN distribution. There was a nearly linear increase in CCN number concentration (NCCN)
with supersaturation (S) during the ‘before drizzle’ period, but this was not true for the ‘after drizzle’
period, particularly when S > 0.4%. Using the hygroscopicity parameter (κ) to quantitatively inves-
tigate the chemical cloud-processing mechanisms, we found that higher κ values (>0.4) represent
cloud-processing aerosols, while lower κ values (<0.1) represent newly formed aerosols. When the
supersaturation is less than the Hoppel minimum (0.22%), cloud processing is dominant, whereas
sea-spray aerosols are dominant contributors to CCN activation when S exceeds 0.22% but is less
than 0.32%, the effective supersaturation threshold. Sea salt is considered a non-cloud-processing
aerosol and is large and hygroscopic enough to form cloud droplets.

Keywords: aerosol and CCN properties above and below cloud regimes over the Southern Ocean;
chemical and physical cloud-processing mechanisms

1. Introduction

Marine boundary layer (MBL) aerosols and clouds are important for the Earth’s
hydrological cycle, radiation budget [1,2], and, ultimately, climate [3–5]. Despite their
importance, realistically simulating MBL aerosols and clouds in global climate models
(GCMs) remains a challenge. Many improvements have been made in phase 6 of the
Coupled Model Intercomparison Project (CMIP6) [6–8], but aerosols, clouds, precipitation,
and their interactions continue to be problematic in climate models, as concluded in the
IPCC AR5 and AR6 [9–11].

Given these challenges and the existing problems in most GCMs, it is imperative to
investigate MBL aerosol, cloud, and precipitation properties and their interactions over
different climate regions. The Southern Ocean (SO) is one of the cloudiest and stormiest
regions on Earth [12,13], and most of the aerosols are naturally produced via oceanic sources
given the remote environment. The uncertainties of aerosol forcing caused by natural
emissions have larger variances than anthropogenic emissions, and dimethyl sulfide (DMS)
flux contributes significantly to the bias [14]. The SO is a unique natural laboratory that can
be used to address natural aerosol emissions and their contributions to these uncertainties
because the SO has rich ecosystems and is remote from human activities [15].

The influence of anthropogenic and biomass-burning aerosols is mostly negligible over
the SO, particularly in the austral summertime, leaving sea-spray and biologically sourced
aerosols as the primary contributors to the aerosol budget [16,17]. In the summertime in the
SO and other biologically active pristine marine regions, DMS plays a key role in both the
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production of Aitken-mode aerosols [18,19] and the growth of cloud condensation nuclei
(CCN) [20–22]. Lifting, scavenging, and cloud outflow nucleation mechanisms lead to the
ascent of DMS and the generation of newly formed aerosols in the free troposphere (FT)
and marine boundary layer (MBL) [23–25]. Using aircraft in situ measurements during the
Southern Ocean Clouds Radiation Aerosol Transport Experimental Study (SOCRATES) [26],
McCoy [24] found that the Aitken-mode aerosols produced from biological emissions from
phytoplankton are dominant in the FT through uplifting, scavenging, and cloud outflow
nucleation mechanisms. Some of these Aitken-mode aerosols can grow to accumulation-
mode aerosols as they descend to the MBL through advection and turbulence, which may
easily become CCN. This can, in turn, inhibit the formation of precipitation because the
smaller mode particles can compete for the available water vapor, reducing the opportunity
for net condensational growth.

Cloud processing plays an important role in the conversion between aerosols, CCN,
and cloud droplets over the SO. The chemical process is a process where large Aitken-mode
aerosols originating from the sub-cloud regime can act as CCN and incorporate certain
precursors to form cloud droplets. This chemical process involves the oxidation of dis-
solved gases within the droplets, resulting in an increased particle mass upon evaporation.
Following the evaporation of cloud droplets, the aerosols regenerate with the previously
oxidized precursors adhering to them, leading to an increase in aerosol sizes compared to
their original sizes before evaporation. DMS, a biogenic emission from the ocean, is the
largest natural sulfate source [27], particularly over the SO. The aqueous-phase oxidation of
DMS can lead to the enlargement of aerosol size without greatly increasing aerosol number
concentration [28]. This oxidation mechanism generates sulfur species such as methane
sulfonic acid (MSA) and sulfuric acid (H2SO4) [27]. Physical cloud processing includes
coalescence among cloud droplets and Brownian scavenging, involving the capture of
interstitial aerosols by cloud droplets. Such physical processes can decrease the aerosol
number concentration but increase the aerosol size. We describe the cloud-processing
mechanisms in Section 3.2 using a schematic diagram and in situ measurements from a
selected case study. The hygroscopicity parameter (κ) is a parameter that represents the
characteristics of aerosol water uptake and CCN activity. Chemical cloud processing can
impact this parameter, while physical processing cannot.

In this study, we investigate the MBL aerosol and CCN properties in above- and
sub-cloud regimes using aircraft in situ measurements from five selected cloud cases that
occurred during SOCRATES. We also partially prove the chemical and physical cloud-
processing mechanisms, as defined by Hoppel [28], which can influence aerosol properties
and have a significant relationship with cloud properties, such as drizzle formation [29].
These mechanisms can enlarge the aerosol mass and redistribute the aerosol size distri-
bution from Aitken mode to accumulation mode. The typical characteristics of marine
cloud-processed aerosols are a bimodal CCN spectrum via supersaturation distribution
and aerosol size distribution [30,31].

2. Datasets and Methods

The SOCRATES field campaign was carried out over the Southern Ocean, spanning the
region between Tasmania, Australia, and Antarctica. The study domain covered coordinates
42.5◦ S to 62.5◦ S and 134◦ E to 163◦ E during January–February 2018. Aerosol and cloud
properties were measured using probes installed on the NSF/NCAR Gulfstream-V High-
performance Instrumented Airborne Platform for Environmental Research (GV HIAPER)
research aircraft [26].

2.1. Aerosol Properties

The total particle number concentration (Ntotal) was measured using a condensation
particle counter (CPC) model TSI 3760A [32]. The CPC is capable of detecting particles
with sizes larger than 0.011 µm in diameter. The number concentration of accumulation-
mode aerosol (NAcc) was determined using an ultra-high-sensitivity aerosol spectrometer
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(UHSAS) manufactured by Droplet Measurement Technologies in Boulder, CO. The UHSAS
provided measurements for particles within the size range of 0.06 µm to 1.0 µm in diameter.
However, due to instrument noise, the bins between 0.06 µm and 0.07 µm from the UHSAS
were excluded from this study. For the purposes of this study, the accumulation-mode
aerosols were defined as particles with sizes ranging from 0.07 µm to 1.0 µm in diameter,
as measured with the UHSAS. The Aitken-mode aerosol number concentration (NAit)
was calculated as the difference between Ntotal and NAcc, representing particles less than
0.07 µm in diameter. Additionally, apart from NAcc, the UHSAS measurements were
utilized to calculate particle size and volume distributions.

CCN number concentration (NCCN) was measured using a scanning CCN counter.
The CCN counter employed different supersaturations ranging from 0.06% to 0.87% in
5 min intervals for each supersaturation level [33]. The CCN data represent 10 s averages
during the measurement period and are subject to standard error. In this study, a total of
11,362 samples were collected at a 1 s resolution. These samples were analyzed to determine
the aerosol’s physical properties and chemical composition specifically within the sub-cloud
regime.

The hygroscopicity parameter (κ) was calculated using sub-cloud and above-cloud
CCN and UHSAS measurements using the method in Petters and Kreidenweis [34],
where R is the universal gas constant, the droplet surface tension σw = 0.072 Jm−2,
T = 298.15 K, ρw = 997.1 kg

m3 , and the molecular weight of water Mw = 0.018015:

κ =
4A3

27 ∗ D3
d ∗ lnSc

(1)

A =
4σw ∗ Mw

R ∗ T ∗ ρw
(2)

The supersaturation (S) was selected from 0.1% to 0.8% with an interval at 0.1% S to
obtain the corresponding NCCN and Dd. The corresponding NCCN is the NCCN at a certain S. The
corresponding Dd is a parameter that should meet the condition that cumulative aerosol
numbers with particle diameters greater than Dd are equal to corresponding NCCN.

Ambient aerosol particles were collected via scanning transmission electron mi-
croscopy (STEM) using Energy-Dispersive X-ray Spectroscopy (EDS) by intermittently
interrupting a Counterflow Virtual Impactor (CVI) inlet airstream to minimize the loss
of volatile species during sample collection. Two dry diameter ranges were targeted, ap-
proximately 0.1–0.5 µm and 0.5–5 µm, assuming particle densities of 2 g cm−3 at 1000 mb.
Particles were categorized according to the spatial mapping of their detected elements
(atomic weight) with offline analysis after the flight. The main categories of particles
used in this paper are sulfur-based, organic, and sea-spray aerosols [35]. The sulfur-based
aerosols are composed primarily of sulfur and oxygen. Organic aerosols primarily consist
of carbon. The salt-based sea-spray aerosols primarily consist of two categories: one is
mostly sodium chloride, and the other is more enriched in sulfur due to the uptake of
sulfuric gases. Despite these particles being dominated by certain chemical elements, other
elements are also present in the particles, which can influence particle hygroscopicity.

2.2. Cloud and Drizzle Properties

Due to the challenges associated with retrieving accurate vertical profiles of cloud
and drizzle microphysical properties over the SO using ground-based and satellite remote
sensing techniques [36,37], this study relies on in situ measurements collected during the
SOCRATES field campaign [38]. Cloud droplet particle size distributions were obtained
using a cloud droplet probe (CDP) with bins ranging from 2 to 50 µm in diameter and a
2 µm resolution. The first bin was excluded from the analysis due to instrument noise.
The 2-dimensional stereo probe (2DS) was used to provide drizzle size distribution data.
While the 2DS has the capability of identifying particles with diameters between 10 µm and
1280 µm, only drizzle microphysical properties for droplets larger than 50 µm in diameter
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were considered in this study because the 2DS resolution is coarser compared to the CDP
and suffers from limitations at smaller sizes. The focus of this study is liquid clouds within
the marine boundary layer (MBL) with temperatures above 0 ◦C. The cloud droplet number
concentration (NC) and drizzle drop number concentration (Nd) were utilized to determine
whether the aircraft was with cloud or drizzle influence (NC > 5 cm−3 or Nd > 0.01 cm−3).
The thresholds are adopted from previous studies conducted with multiple aircraft field
campaigns that sampled MBL stratocumulus clouds [39,40]. Note that the threshold in
this study is slightly different from that used in a recent study, where NC > 10 cm−3 was
considered the threshold for clouds [41]. Though this difference might lead to uncertainties
in determining the cloud layer extent, it does not affect our final results in this study.

The HIAPER Cloud Radar (HCR) on the NSF/NCAR GV HIAPER research aircraft
provided reflectivity measurements of hydrometeors with a spatial resolution of 19 m
and a temporal resolution of 20 Hz [42]. The cloud radar data were averaged into 1 Hz
bins to match the temporal resolutions of other datasets. According to the reflectivity
differences between cloud droplets and drizzle drops as defined in [43], drizzling clouds
were identified as having observed radar reflectivity greater than −19 dBZ [44], while cloud
layers with reflectivity below −19 dBZ were considered to contain only cloud droplets.
The combination of remote sensing and in situ measurements improves the accuracy of
observations [45], and the HCR, CDP, and 2DS instruments facilitate the determination of
flight statuses, including above-cloud, in-cloud, and sub-cloud conditions. In this study,
the analysis focuses on the aerosol and CCN properties in the above-cloud and sub-cloud
regimes. The aircraft data also provide geolocation information and ambient atmospheric
data, such as GPS-measured position and altitude (for detailed information, please refer
to the SOCRATES Project Manager Report). To represent large-scale cloud patterns and
characteristics, Himawari-8 satellite cloud optical depth (COD) data are used in this study
with a spatial resolution of approximately 2 km × 2 km and a temporal resolution of
10 min, which provides a detailed description of the cloud features [46].

2.3. Methods

In this study, five overcast marine boundary layer (MBL) cloud cases (research flights
(RFs) 11–15) were selected to measure aerosol properties in the above-cloud and sub-cloud
regimes. The criterion for selecting these five cases was based on the STEM–EDS-measured
chemical composition of aerosols in the sub-cloud regime. Because STEM–EDS data were
only available for five sub-cloud cases, we extrapolated these cases to encompass the entire
sub-cloud dataset. Additionally, the corresponding cloud-top cases were (a) limited to
below 3 km in height, (b) located in middle latitudes (50◦ S to 62◦ S), and (c) contained a
horizontal flight track. Out of the five selected cases, one typical case (RF13) was used for
detailed analysis of aerosol and CCN properties before and after drizzle periods and for
demonstrating the chemical and physical cloud-processing mechanisms.

3. Results and Discussions
3.1. Aerosol Properties during RF13

To demonstrate the HCR radar and in situ measurements during SOCRATES, we
selected the RF13 research flight on 20 February 2018 under an overcast stratocumulus
cloud from 51◦ S to 53◦ S latitudes. As shown in Figure 1a, the flight track in RF13 was
at an altitude of 160 m above mean sea level, while the HCR-radar-measured cloud-top
heights slightly increased from 1000 m at 3:33 UTC to 1200 m at 3:42 UTC and stabilized at
a height of 1200 m. By examining the HCR reflectivity measurements, RF13 can be divided
into 3 time periods: the drizzle occurred at ~3:42 UTC, and the other two periods before
and after 3:42 UTC are defined as the ‘before drizzle’ and ‘after drizzle’ periods. During
the drizzle period, drizzle drops may have negatively influenced aerosol inlet accuracy
due to the shattering effect. Therefore, we mainly focus on discussing and analyzing the
sub-cloud aerosol properties over the other two periods, which can represent the influence
of drizzle on sub-cloud aerosol properties.
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Figure 1. (a) Cloud radar reflectivity (contour) onboard aircraft and RF13 aircraft flight track (black
line) between 3:30 to 3:52 UTC during SOCRATES. Time series of (b) total particle number concentra-
tion Ntotal, (c) accumulation-mode aerosol number concentration NAcc, and (d) cloud condensation
nuclei concentration NCCN collected at the sub-cloud aircraft horizontal leg.

As illustrated in Figure 1b, the Ntotal values in both regimes vary dramatically with
time as well as in space (in Figure 2). During the ‘before drizzle’ period, the Ntotal values
increased monotonically from 450 cm−3 to 550 cm−3 with a mean value of 496 cm−3.
For the ‘after drizzle’ period, the Ntotal values suddenly decreased from 550 to 450 cm−3

within ~2 min (3:42–3:44 UTC) and then increased slightly from 450 cm−3 to 500 cm−3.
The significant drop in Ntotal during the period 3:42–3:44 UTC can be attributed to the
precipitation scavenging process. The nearly constant NAcc values before, during, and after
the drizzle periods, as shown in Figure 1c, reveal that the accumulation-mode aerosols
were less efficiently scavenged than the Aitken-mode aerosols (Ntotal − NAcc). The ratio
of mean NAcc to Ntotal is 48.5%, indicating that Aitken- and accumulation-mode aerosols
contributed the same amount to the total aerosol concentration in RF13.
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Figure 2. Himawari-8-satellite-retrieved cloud optical depths (CODs) during different time periods
of RF13: (a) 03:20, (b) 03:30, (c) 03:40, and (d) 03:50 UTC. The horizontal flight tracks are overlayed as
a solid line and represent the same portion of flight track shown in this figure (red lines represent the
first half and blue lines represent the second half). All panels display an area from 51◦ S to 53◦ S and
156◦ E to 158◦ E, which covers the selected portion of flight path.

According to the number concentration of the drizzle droplets measured with the
2DS instrument, we have identified that the drizzle drop concentration between 3:41 and
3:44 UTC exceeded 0.01 cm−3. Additionally, the average effective radius of these drizzle
drops is calculated to be 51 µm. Combining the Nd and HCR observations, we conclude
that drizzle drops may have influenced the accuracy of the aerosol measurements, and thus
we excluded the aerosol measurements during the drizzle period from 3:41 to 3:44 UTC
from this study.

Paying close attention to the radar reflectivity in Figure 1a and the trends of Ntotal in
Figure 1b and NAcc in Figure 1c, we found that there were anti-correlation relationships
between cloud-base height and the Ntotal/NAcc ratio. During the period of 3:33–3:36 UTC,
the cloud-base heights increase and NAcc values decrease while the Ntotal values vary
slightly. On the other hand, the Ntotal values increase with the decreased cloud-base heights
and drizzle influence during the period of 3:45–3:48 UTC, while the NAcc values remain
nearly constant. The lower cloud-base heights correspond to a higher Ntotal/NAcc and vice
versa. Figure 1d presents a CCN spectrum with different S values during the ‘before drizzle’
and ‘after drizzle’ periods. During the ‘before drizzle’ period, it is evident that there is a
near-linear increase in NCCN values with S. However, this linear relationship does not hold
for the ‘after drizzle’ period, particularly when S > 0.4%. With nearly the same NAcc values
during the period of 3:36–3:50 UTC, three different NCCN values (306, 227, and 278 cm−3)
at S = 0.8% are highly attributable to different accumulation-mode aerosol composition and
size distribution, as shown in the next section.

The highest NCCN, 319.5 cm−3 at 0.85% S observed around 3:37 UTC, represents
the true linear relationship between NCCN and S, with the corresponding highest values
of Ntotal (485 cm−3) and NAit (237 cm−3). These measurements were not affected by
drizzle or precipitation. Conversely, the lowest NCCN, around 240.7 cm−3 at 0.85% S
observed at approximately 3:45 UTC, cannot accurately represent this relationship, as it
was significantly impacted by drizzle. The corresponding Ntotal and NAit values were also
the lowest, measuring 464 cm−3 and 201 cm−3, respectively. The decrease in Ntotal/NAit



Atmosphere 2023, 14, 1246 7 of 18

indicates the removal of Aitken-mode aerosols through physical cloud processing, in
which aerosol may be highly influenced by Brownian capture and phoretic effects with the
drizzle drops [31]. Finally, the NCCN of 270 cm−3 at ~3:47 UTC was moderately impacted
by drizzle.

To provide the spatial distributions of the cloud and drizzle properties, we plot the
CODs retrieved from the geostationary satellite Himawari-8 during RF13 in Figure 2.
Combining the HCR radar reflectivity measurements and Himawari-8-retrieved CODs,
we can generate a 4D (2D spatial + vertical + temporal) RF13 cloud structure. The aircraft
flew along the southeast–northwest direction with lower CODs in the southeast region
and higher CODs in the northwest region, representing four snapshots from 3:20 UTC to
3:50 UTC. The Himawari-8-retrieved CODs are consistent with the aircraft HCR reflectivity
and aerosol measurements, where the higher CODs correspond to higher HCR reflectivity
(blue lines for the ‘after drizzle’ period) and the lower CODs correspond to lower HCR
reflectivity (red lines for the ‘before drizzle’ period).

In Figure 1, we provide the sub-cloud aerosol and CCN properties, as well as their
possible interactions with the sub-cloud drizzle. Figure 3 presents the same flight (RF13)
but includes the above-cloud HCR radar reflectivity, aerosol properties, and NCCN during
the period of 1:54–2:15 UTC, which was closest in time and location to the sub-cloud results
in Figure 1. Unlike the sub-cloud regime, the aerosols in the above-cloud regime were
influenced by turbulence. From the observed vertical temperature profile, we found that
the flight track was conducted within an MBL inversion layer. Following the method in
Albrecht [47], we estimated the entrainment rate near the cloud top to be approximately
0.45 cm s−1. This entrainment rate falls within the typical range of 0.1–0.8 cm s−1 observed
during the presence of marine stratocumulus clouds [48]. The estimated rate also highlights
the presence of sufficient turbulence along the entrainment interface layer, which facilitates
the downward mixing of aerosols from the FT into the MBL.
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Note that the above-cloud aerosol and CCN measurements were not affected by the
drizzle drops at all. As illustrated in Figure 3, the aircraft flew at an altitude of 1080 m at
1:54 UTC and then climbed to 1200 m after 2:05 UTC due to the increasing cloud-top height.
Compared to the mean Ntotal (489 cm−3) and NAcc (237 cm−3) for the sub-cloud regime, the
mean Ntotal and NAcc are about 100 cm−3 less. The lower Ntotal (378 cm−3) mainly resulted
from a lower NAcc (116 cm−3), whereas the NAit was slightly higher than its sub-cloud
counterpart (263 cm−3 vs. 252 cm−3). The large variation in Ntotal (and NAit) and minor
variation in NAcc in the above-cloud regime reveal that there are probably more newly
formed particles, especially for Aitken-mode aerosols above the cloud layer. The ocean
surface through upward turbulence and the cloud-top entrainment may have contributed
to the high sub-cloud NAcc, which needs to be further analyzed by investigating their
chemical composition (see Figure 4). Another possible contributor is the cloud-processing
mechanism [31], which is explained in the next section.
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Figure 4. DMS mixing ratios from MERRA2 at 03:00 UTC, 18 February 2018. The white color
represents the location with DMS mixing ratios < 100 ppt. The larger red rectangle represents
the location of the whole SOCRATES field campaign, while the smaller rectangle in the sub-plot
represents the location of flight tracks.

3.2. Demonstration of Cloud-Processing Mechanisms Using RF13 Results

The cloud-processing mechanisms encompass both physical and chemical attributes
as described in Section 1. Because cloud processing plays an important role in aerosol
size enhancement and cloud formation, especially over the SO, we describe the chemical
cloud-processing mechanisms using a schematic diagram in Figure 5 and the aerosol
and CCN properties measured during RF13. The cloud-processing mechanisms were
originally proposed by Hoppel [28] with the following distinct characteristic: a bimodal
size distribution emerging after the evaporation or dissipation of cloud or fog droplets.

During the austral summer season, the Antarctic coastline experiences a rich presence
of oceanic phytoplankton, whose biogenic activities release significant amounts of DMS
into the atmosphere. These substantially higher DMS mixing ratios serve as sufficient
precursors for both cloud processing and new particle formation over the remote oceanic
regions of the Southern Ocean. However, due to limitations in the instruments used, the
aircraft is unable to provide in situ measurements regarding the mass of different chemical
components or the increase in solute size within the CCN. To show the global distribution
of DMS mixing ratios, we rely on MERRA2 data, as depicted in Figure 4. Notably, the
DMS mixing ratios are found to be highest over the Southern Ocean and near the Antarctic
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coastline, and the ratio is locally highest near the flight track. The high DMS mixing ratio
provides enough precursor for cloud processing.
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Figure 5. A schematic diagram to illustrate the chemical cloud-processing mechanism for large
Aitken-mode aerosols to form accumulation-mode aerosols.

Figure 6 illustrates the sub-cloud aerosol number and volume distributions during the
‘before drizzle’ and ‘after drizzle’ periods in order to investigate the drizzle’s influence on
the sub-cloud aerosols. The aerosol number distributions for both periods exhibit a bimodal
distribution with one peak at Dp ~ 0.09 µm and the other peak at Dp ~ 0.15 µm. The aerosol
volume distributions for both periods exhibit unimodal distribution with a diameter peak
at Dp ~ 0.7–0.9 µm. Focusing on the differences between the two periods, Figure 6 also
shows the evolution of aerosol size within clouds. As Figure 6a illustrates, NAcc is lower
when particles with diameters smaller than 0.085 µm during the ‘after drizzle’ period are
present. However, these particles become larger than in the ‘before drizzle’ period when
the diameters increase from 0.085 µm to 0.15 µm. These results demonstrate that chemical
cloud processing (sulfuric oxidation) enlarges the small aerosol particles. The results in
Figure 7 demonstrate that the chemical cloud-processing mechanism plays a crucial role in
enlarging the aerosol mass and redistributing the aerosol size. Furthermore, the drizzle
Brownian capture and coalescence-scavenging effects slightly deplete the NAit shown in
Figure 1 as the NAit = Ntotal − NAcc.
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‘before drizzle’ and ‘after drizzle’ periods. A vertical dash line at 0.1 µm diameter is present.

Figure 6 also helps explain the results in Figures 1 and 3, where the NAit values are
almost the same in the above- and sub-cloud regimes (262 cm−3 and 252 cm−3), while the
NAcc in the sub-cloud regime (237 cm−3) is nearly double that in the above-cloud regime
(116 cm−3). The much-higher NAcc in the sub-cloud regime is most likely attributable to the
cloud-processing mechanism during which the large Aitken-mode aerosols formed cloud
droplets. Once these cloud droplets evaporated, an abundance of accumulation-mode
aerosols in the sub-cloud regime was left behind. The aircraft-measured turbulence showed
more upward turbulence than downward during the period in Figure 1. As more new
particles are formed more frequently above the MBL over the SO [24], the sea-spray aerosols
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are less sensitive to CCN formation [49]. The biomass emissivity of phytoplankton from
the Antarctic coastline is the dominant source of aerosols, as illustrated in Figure 4. With
sufficient entrainment (0.45 cm s−1 for RF13) near the cloud top, such FT aerosols can be
effectively entrained into the MBL. Hence, the biomass emission serves as the precursor for
forming DMS over the SO up to 50 ◦ S, resulting in the formation of newly formed aerosols
in the FT.
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Figure 7. Differential CCN concentrations ((NCCN(S + ∆S) − NCCN(S))/(log(S + ∆S) − log(S)))
against critical supersaturation (S) over (a) sub-cloud ‘before drizzle’ period and (b) sub-cloud ‘after
drizzle’ period, same as in Figure 1. The entire supersaturation range is classified into 3 three regimes
denoted as A, B, and C based on the local minimum of differential CCN spectra values (dN/dlog(S)
at S = S1 is lower than those at adjacent values S = S1 + ∆S and S = S1 − ∆S). Gray solid line marks 0.
Vertical red dash lines show the local minimum of CCN spectra values.

Figure 7 shows two differential CCN spectra plotted against S for the sub-cloud ‘before
drizzle’ and ‘after drizzle’ periods. Due to the discrete dataset with only one CCN value
per 0.05% S, it is challenging to fit differential CCN spectra to S. The entire supersaturation
range is classified into three regimes denoted as A, B, and C based on the local minimum
of the differential CCN concentration values (dN/dlog(S) at S = S1 is lower than those
at adjacent values S = S1 + ∆S and S = S1 − ∆S). The relatively large variation in regime
C is due to a combination of the physical cloud-processing mechanism and instrumental
error. When the S is high enough, noted as regime C in Figure 7a,b, the differential CCN
spectra during the ‘before drizzle’ and ‘after drizzle’ periods displayed relatively large
variations with a mean value near 0. The NCCN values at 0.4–0.5% S in regime C are about
200 cm−3 for both periods. Such values are comparable to the NAcc values, indicating
that when S is higher than 0.5%, the newly activated CCN are mainly formed from large
Aitken-mode aerosols. Moreover, this can lead to a strong CCN variation because of the
physical cloud-processing mechanism, instrumental error, and spatial differences.

Physical cloud-processing mechanisms, such as Brownian capture, phoretic effects,
and coalescence scavenging, can impact small particles and effectively reduce the number
of aerosols, and thus the differential CCN spectra can be below zero as illustrated in
Figure 7. Furthermore, we cannot rule out the possibility of standard error in the CCN
probe. The CCN counter samples data with a rate of 1 Hz but averages it into 0.1 Hz
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bins in order to reduce white noise. The standard error is the standard variation in the
original 1 s data, serving as an indicator of the intensity of white noise. When the S exceeds
0.5%, the standard error surpasses 10 cm−3, signifying a substantial variation in the CCN
measurement. Therefore, the CCN measurements under higher supersaturation levels
(>0.5%) should be considered with caution. Furthermore, the high flight speed can lead to
large spatial differences in particles collected by the CCN counter, which may also result in
some CCN variation.

The Hoppel minimum, shown in Figure 7 as the dividing line between regimes A
and B, represents the minimum concentration between the bimodal distributions of CCN
spectra. However, the sub-cloud ‘before drizzle’ period exhibited a bimodal distribution
with a Hoppel minimum at 0.22% S, which is the same as the ‘after drizzle’ period. Focusing
on the original CCN and S data, the mean NCCN during the ‘before drizzle’ period was
approximately 157 cm−3 at 0.22% S, while it was about 171 cm−3 at 0.22% S during the
‘after drizzle’ period from 3:36 to 3:45 UTC, as shown in Figure 1d. This slight increase can
be explained by the chemical cloud-processing mechanism. This increased size facilitated
the activation of processed aerosols, resulting in a corresponding increase in NCCN at the
Hoppel minimum.

In Figure 7b, regime A represents the cloud-processed aerosols, whose mean NCCN
values are 157 and 171 cm−3 at 0.22% S for the ‘before drizzle’ and ‘after drizzle’ periods,
respectively. Regime B represents the unprocessed aerosols, and their mean NCCN values
are 208 cm−3 and 206 cm−3 at 0.4% S. The increments of NCCN are 51 and 35 cm−3 for both
periods from 0.22% S to 0.4% S, primarily resulting from the unprocessed aerosols. In the
RF13 case, the aircraft also collected two chemical composition measurements, named 13-G
and 13-I. The two composition measurements did not strictly correspond to the time period
shown in Figure 1, but the results can provide additional support for our analysis. For
the 13-G sample, the composition percentages by aerosol number are 79.4% sulfur base,
19% sea spray, and 1.6% organic aerosols with a range of diameters from 0.1 to 0.5 µm. For
the 13-I sample, they are 68.4% sulfate and 31.6% sea-spray aerosols. Because sea-spray
aerosols do not easily form CCN in this regime, they are marked as unprocessed aerosols.
Moreover, the ratio of sea spray to sulfate aerosols is the same as the ratio of unprocessed
aerosols to cloud-processed aerosols.

The effective S is a supersaturation value at which NCCN is the same as NC. This
value can be used to analyze both aerosol–CCN–cloud interactions and model simulations.
Figure 8 illustrates the overlapped NC profiles for the sub-cloud ‘before drizzle’ and ‘after
drizzle’ periods. Despite the potential depletion of NC due to cloud-top entrainment and
in-cloud collision–coalescence, it is evident that the NAcc and NC under both periods are
comparable. Compared to the ambient CCN spectrum with overlapped NC, the effective
S is 0.32% with a mean NCCN of 206 cm−3 during the ‘before drizzle’ period and 0.31% S
and 181 cm−3 during the ‘after drizzle’ period. Therefore, the effective S is higher than the
Hoppel minimum, indicating that some of the non-cloud-processing aerosols, such as sea
spray, can be also activated to become CCN and cloud droplets, whereas sea-spray aerosols
alone can contribute up to 20% of the total activated aerosols.

In order to investigate the characteristics of the above-cloud aerosols over the Southern
Ocean, we present Figure 9, the differential CCN spectra selected from the flight period
of 2:06–2:15 UTC at an altitude of 1200 m as shown in Figure 3. As illustrated in Figure 3,
the flight was near the cloud top for Case I, but the cloud-top height decreased in Case II,
and thus the aircraft was about 200 m higher than the cloud top in Case II. Like the
sub-cloud regime, the Case I spectra exhibit a bimodal distribution. The criterion S and
the corresponding NCCN were 0.26% and 55.2 cm−3, respectively, suggesting that the
aerosols were impacted by strong turbulence and cloud-top entrainment near the cloud
top. Furthermore, some cloud droplets evaporated to add to the population of cloud-
processed aerosols. In Case II, the NCCN is only 2.0 cm−3 at 0.22% S. The lower NCCN and
the unimodal distribution indicate that the flight track was sufficiently above the cloud
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layer and that the influence of cloud droplets created by accumulation-mode aerosols via
the cloud-processing mechanism was greatly reduced.
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Figure 8. Cloud droplet number concentration from the cloud above the flight track during the
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From the aerosol and CCN profiles, we can obtain six hygroscopicity parameters (κ)
representing the sub-cloud regime, three hygroscopicity parameters representing the above-
cloud regime for Case I, and five parameters for Case II under different S. The sub-cloud
parameters are 0.45, 0.37, 0.20, 0.18, 0.10, and 0.08 at a range of supersaturations from 0.1%
to 0.6%, and they are 0.45, 0.40, and 0.42 from 0.1% S to 0.3% S for the above-cloud regime
in Case I. For Case II, they are 0.10, 0.04, 0.04, 0.06, and 0.08 for 0.1% to 0.5% S for the
above-cloud regime.

From Figure 9, we find that Case II exhibits a lack of cloud-processing aerosols. The
above-cloud aerosol should mainly come from long-range transport aerosol and newly
formed aerosol. Combining the distance from the flight track to the continent, we can easily
determine that the aerosol observed should have been dominated by newly formed aerosol.
Because particles were collected on carbon-coated grids in STEM, the ability to measure
carbon in particles within the 0.1–0.5 mm size range was limited. Therefore, above-cloud
aerosols should have had some organic components, but those components could not be
detected. However, the low κ for Case II can also prove our hypothesis, as the sensitivity of
CCN to newly formed DMS was low [50].
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Figure 9. Two differential CCN concentrations against critical supersaturation in above-cloud regime.
The case (a) was selected from 2:07–2:10 UTC, the case (b) was selected from 2:11–2:15 UTC. Gray
solid line marks 0. Vertical red dash lines show the local minimum of CCN spectra values.

The mean hygroscopicity parameters are about 0.4 for above-cloud Case I, indicating
that the aerosols at the above-cloud regime are dominated by the same type of aerosol.
The high but constant κ at the above-cloud regime in Case I reveals that the aerosols have
undergone cloud processing. Cloud-top entrainment leads to the evaporation of cloud
droplets and the formation of aerosols.

The lower and monotonically decreased κ in the sub-cloud regime is due to the
mixing of cloud-processing aerosols, sea-spray aerosols, and the newly formed aerosols
with higher organic content. When supersaturation is less than the Hoppel minimum,
the corresponding diameters Dd are 0.14 µm and 0.10 µm at 0.1 and 0.2% S, respectively,
representing the aerosol at the second peak shown in Figure 6a. The κ values in the sub-
cloud regime are 0.45 and 0.37 at 0.1 and 0.2% S, respectively, similar to their cloud-top
counterparts in Case I, suggesting that the cloud-processing aerosols are dominant. When
supersaturation is 0.3% and 0.4%, it is greater than the Hoppel minimum, but near the
effective S, the parameters are much lower (0.20 and 0.18, respectively), indicating that sea-
spray aerosols are dominant. According to a previous study, organic components within
small particles may remain undetectable with STEM, especially volatile components [51].
Sea-spray aerosol may also co-locate with magnesium, calcium, oxygen, and some organic
components. The presence of these ions and organic components in seawater links to
their interaction with biological exudates, such as fatty acids [52]. These components can
impact the hygroscopicity of aerosols. Despite the hygroscopicity being 0.7 for pure sulfate,
1.1 for sodium-based sea spray, and 0.9 for sodium-based sea spray mixed with sulfate
particles, respectively [53,54], the mixing of other elements and organic components leads
to the much-lower observed hygroscopicity of the SO. The diameters Dd are 0.09 µm and
0.08 µm at 0.3% and 0.4% S, respectively, corresponding to the first peak in Figure 6a. As
for S > 0.4%, the κ values are 0.1 and 0.08, which are the same as the above-cloud Case II,
indicating that those aerosols are the newly formed aerosols that directly sank into the MBL
without aqueous oxidation. Such results indicate the size, component, and hygroscopicity
of aerosol.

3.3. Statistical Results from the Five Selected Cases

The statistical results regarding the sub-cloud aerosol physical properties from the five
selected cases are illustrated in Figure 10. The datasets were selected at or below an altitude
of 200 m without precipitation influence. The shape of Ntotal is characterized by a unimodal
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and near log-normal distribution with a median, mean, and standard deviation of 466, 487,
and 174 cm−3, respectively. The median and mean values of NAcc are 137 and 147 cm−3,
respectively, much less than their Ntotal counterparts. The accumulation-mode aerosols
contributed approximately 30% of the total aerosols in the five selected cases, indicating
that Aitken-mode aerosols contributed approximately 70% of the total aerosols in this study.
The median, mean, and percentage of accumulation-mode aerosols from all flights during
SOCRATES are nearly the same as those in Figure 10. Notice that the average percentage
(30%) of the five selected cases is about 18.4% lower than that of RF13.

Atmosphere 2023, 14, x FOR PEER REVIEW 15 of 20 
 

 

particles may remain undetectable with STEM, especially volatile components [51]. Sea-

spray aerosol may also co-locate with magnesium, calcium, oxygen, and some organic 

components. The presence of these ions and organic components in seawater links to their 

interaction with biological exudates, such as fatty acids [52]. These components can impact 

the hygroscopicity of aerosols. Despite the hygroscopicity being 0.7 for pure sulfate, 1.1 

for sodium-based sea spray, and 0.9 for sodium-based sea spray mixed with sulfate parti-

cles, respectively [53,54], the mixing of other elements and organic components leads to 

the much-lower observed hygroscopicity of the SO. The diameters Dd are 0.09 μm and 0.08 

μm at 0.3% and 0.4% S, respectively, corresponding to the first peak in Figure 6a. As for S 

> 0.4%, the κ values are 0.1 and 0.08, which are the same as the above-cloud Case II, indi-

cating that those aerosols are the newly formed aerosols that directly sank into the MBL 

without aqueous oxidation. Such results indicate the size, component, and hygroscopicity 

of aerosol. 

3.3. Statistical Results from the Five Selected Cases 

The statistical results regarding the sub-cloud aerosol physical properties from the 

five selected cases are illustrated in Figure 10. The datasets were selected at or below an 

altitude of 200 m without precipitation influence. The shape of Ntotal is characterized by a 

unimodal and near log-normal distribution with a median, mean, and standard deviation 

of 466, 487, and 174 cm−3, respectively. The median and mean values of NAcc are 137 and 

147 cm−3, respectively, much less than their Ntotal counterparts. The accumulation-mode 

aerosols contributed approximately 30% of the total aerosols in the five selected cases, 

indicating that Aitken-mode aerosols contributed approximately 70% of the total aerosols 

in this study. The median, mean, and percentage of accumulation-mode aerosols from all 

flights during SOCRATES are nearly the same as those in Figure 10. Notice that the aver-

age percentage (30%) of the five selected cases is about 18.4% lower than that of RF13. 

 

Figure 10. (a) Probability density functions (PDFs) and statistical results of the CPC-measured total 

aerosol number concentration (Ntotal, D > 0.01 μm) and (b) UHSAS-measured accumulation-mode 

aerosols (NAcc, D > 0.07 μm) for the sub-cloud regimes of the five selected cases (RF11–15, 11,362 1 s 

samples) during SOCRATES. Gray dashed line marks the median of variables. 

Figure 11 shows the above-cloud and sub-cloud accumulation-mode aerosol size dis-

tributions from all five selected cases. Figure 11a illustrates that the above-cloud aerosols 

are dominated by Aitken-mode aerosols with a diameter peak at Dp ≤ 0.07μm, suggesting 
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Figure 10. (a) Probability density functions (PDFs) and statistical results of the CPC-measured total
aerosol number concentration (Ntotal, D > 0.01 µm) and (b) UHSAS-measured accumulation-mode
aerosols (NAcc, D > 0.07 µm) for the sub-cloud regimes of the five selected cases (RF11–15, 11,362 1 s
samples) during SOCRATES. Gray dashed line marks the median of variables.

Figure 11 shows the above-cloud and sub-cloud accumulation-mode aerosol size
distributions from all five selected cases. Figure 11a illustrates that the above-cloud aerosols
are dominated by Aitken-mode aerosols with a diameter peak at Dp ≤ 0.07µm, suggesting
no high organic or sea-spray aerosols. The above-cloud aerosol volume distributions
are shown in Figure 11b with peaks at Dp ~ 0.15 µm. Due to probe limitations, the
UHSAS cannot measure aerosols with Dp < 0.07µm. The sub-cloud aerosol number and
volume distributions are shown in Figure 11c,d as having different characteristics, especially
regarding volume distribution, where the large aerosols become dominant.
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aerosol size number and volume distributions. Red dashed line marks 0.1 µm.
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4. Summary and Conclusions

In this study, five overcast marine stratocumulus cases during the Southern Ocean
Clouds Radiation Aerosol Transport Experimental Study (SOCRATES) aircraft field cam-
paign have been selected to examine the aerosol and CCN properties within the sub-cloud
and above-cloud regimes and investigate the chemical and physical cloud-processing mech-
anisms. According to the in situ measurements and a comprehensive analysis, we draw the
following conclusions:

1. A research flight case (Research Flight 13) was selected to demonstrate the HCR radar
and in situ measurements obtained onboard research aircraft during SOCRATES
including two sub-cloud periods: ‘before drizzle’ and ‘after drizzle’. Sub-cloud drizzle
impacts are more evident in the presence of Aitken-mode aerosols than accumulation-
mode aerosols. There was a nearly linear increase in NCCN with supersaturation
(S) during the ‘before drizzle’ period, but this was not true during the ‘after drizzle’
period, particularly when S > 0.4%, due to the precipitation scavenging effect. The
effective S of the sub-cloud aerosols is nearly 0.32%, which is higher than the Hoppel
minimum (0.22% S). This suggests that all the accumulation-mode aerosols (80% of the
total activated aerosols) and 20% of the sea-spray aerosols presented in the sub-cloud
regime can be converted into CCN and, subsequently, cloud droplets.

2. Physical and chemical cloud processing plays an important role in aerosol size en-
hancement and cloud formation, especially over the SO. The aqueous-phase oxidation
of DMS in the chemical cloud-processing mechanism can lead to the enlargement
of the aerosol size but stasis of the aerosol number concentration. The oxidization
of sulfate aerosols plays a key role in this process, and this oxidation mechanism
generates sulfur species. Using the hygroscopicity parameter (κ) to quantitatively
investigate the chemical cloud-processing mechanisms, we found that higher κ values
(>0.4) represent cloud-processing aerosols, while lower κ values (0.1–0.2) represent
the mixing of sulfate and sea-spray aerosols. The lowest value (<0.1) represents the
non-cloud-processed aerosol. When the supersaturation is less than the Hoppel mini-
mum, cloud processing is dominant, whereas sea-spray aerosols are dominant when S
is 0.22%–0.32%. While these are non-cloud-processing aerosols, they are large enough
to form cloud droplets, and their κ values are normally less than cloud-processed
aerosols (κ~ 0.4) but greater than newly formed aerosols (κ~0.09).

3. A schematic diagram (Figure 5) was drawn to illustrate the cloud-processing mech-
anism where the newly formed aerosols in the FT descend into the sub-cloud layer
due to high turbulence and the small particles are convected into the cloud layer and
then evaporated to become accumulation-mode aerosols following the experience
of physical and chemical cloud processing. Physical processing, such as Brownian
scavenging by the clouds, can reduce the NAit (Ntotal − NAcc) (shown in Figure 1b,c
before and after 3:42 UTC), while chemical processing enlarges the aerosol size (shown
in Figure 6). The sea-spray aerosol from the sea surface also provides 20% of the
accumulation that can form CCN.

4. Five cases were selected that were conducted at or below an altitude of 200 m without
precipitation influence during the SOCRATES field campaign. The median and mean
of Ntotal are 466 and 487 cm−3, respectively, while those of the NAcc are 137 and
147 cm−3, respectively. The accumulation-mode aerosols contributed approximately
30% of the total aerosols from the five selected cases, indicating that the Aitken-mode
aerosols contributed approximately 70% of the total aerosols in this study. The peaks
of aerosol number and volume size distribution in the above-cloud regime are at
<0.07 µm and 0.12 µm in diameter, respectively. In contrast, those in the sub-cloud
regime are at 0.1 µm and 0.9 µm.

This study primarily investigates the aerosol and CCN properties for above- and
sub-cloud regimes, ‘before drizzle’ and ‘after drizzle’ periods, and cloud-processing mecha-
nisms over the Southern Ocean using the in situ measurements from five selected cases.
These results provide valuable information for the community on MBL aerosols, CCN,
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and the cloud-processing mechanisms over the SO and have the potential to enhance our
understanding and analysis of aerosol and CCN properties, while also offering insights for
improving model simulations specifically focused on the Southern Ocean. However, it is
important to note that further studies with more cases are necessary to draw more robust
conclusions in the future.
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