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Abstract. Long-range transport of biogenic emissions from
the coast of Antarctica, precipitation scavenging, and cloud
processing are the main processes that influence the ob-
served variability in Southern Ocean (SO) marine boundary
layer (MBL) condensation nuclei (CN) and cloud condensa-
tion nuclei (CCN) concentrations during the austral summer.
Airborne particle measurements on the HIAPER GV from
north–south transects between Hobart, Tasmania, and 62◦ S
during the Southern Ocean Clouds, Radiation Aerosol Trans-
port Experimental Study (SOCRATES) were separated into
four regimes comprising combinations of high and low con-
centrations of CCN and CN. In 5 d HYSPLIT back trajecto-
ries, air parcels with elevated CCN concentrations were al-
most always shown to have crossed the Antarctic coast, a lo-
cation with elevated phytoplankton emissions relative to the
rest of the SO in the region south of Australia. The presence
of high CCN concentrations was also consistent with high
cloud fractions over their trajectory, suggesting there was
substantial growth of biogenically formed particles through
cloud processing. Cases with low cloud fraction, due to the
presence of cumulus clouds, had high CN concentrations,
consistent with previously reported new particle formation
in cumulus outflow regions. Measurements associated with
elevated precipitation during the previous 1.5 d of their tra-

jectory had low CCN concentrations indicating CCN were
effectively scavenged by precipitation. A coarse-mode fitting
algorithm was used to determine the primary marine aerosol
(PMA) contribution, which accounted for<20 % of CCN (at
0.3 % supersaturation) and cloud droplet number concentra-
tions. Vertical profiles of CN and large particle concentra-
tions (Dp>0.07 µm) indicated that particle formation occurs
more frequently above the MBL; however, the growth of re-
cently formed particles typically occurs in the MBL, consis-
tent with cloud processing and the condensation of volatile
compound oxidation products.

CCN measurements on the R/V Investigator as part
of the second Clouds, Aerosols, Precipitation, Radiation
and atmospheric Composition Over the southeRn Ocean
(CAPRICORN-2) campaign were also conducted during the
same period as the SOCRATES study. The R/V Investiga-
tor observed elevated CCN concentrations near Australia,
likely due to continental and coastal biogenic emissions.
The Antarctic coastal source of CCN from the south, CCN
sources from the midlatitudes, and enhanced precipitation
sink in the cyclonic circulation between the Ferrel and po-
lar cells (around 60◦ S) create opposing latitudinal gradients
in the CCN concentration with an observed minimum in the
SO between 55 and 60◦ S. The SOCRATES airborne mea-
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surements are not influenced by Australian continental emis-
sions but still show evidence of elevated CCN concentrations
to the south of 60◦ S, consistent with biogenic coastal emis-
sions. In addition, a latitudinal gradient in the particle com-
position, south of the Australian and Tasmanian coasts, is ap-
parent in aerosol hygroscopicity derived from CCN spectra
and aerosol particle size distribution. The particles are more
hygroscopic to the north, consistent with a greater fraction
of sea salt from PMA, and less hygroscopic to the south as
there is more sulfate and organic particles originating from
biogenic sources in coastal Antarctica.

1 Introduction

The marine boundary layer (MBL) over the Southern Ocean
(SO) displays some of the most pristine conditions in the
world, with few anthropogenic influences, making cloud
properties and radiative forcing particularly sensitive to rela-
tively small changes in aerosol source emissions (Downey et
al., 1990; Fossum et al., 2018; Hudson et al., 1998; Li et al.,
2018; McCoy et al., 2015; Murphy et al., 1998b; Pandis et al.,
1994; Pierce and Adams, 2006; Pringle et al., 2009; Whittle-
stone and Zahorowski, 1998; Wood et al., 2015; Yoon and
Brimblecombe, 2002). In spite of a growing number of stud-
ies, climate models still struggle to represent SO cloud radia-
tive properties, partly because their representation of avail-
able cloud condensation nuclei (CCN) is not well constrained
(Bodas-Salcedo et al., 2014; Brient et al., 2019; Carslaw et
al., 2013; Efraim et al., 2020; Hyder et al., 2018; Lee et al.,
2015; Mace and Protat, 2018; Mccoy et al., 2014; Ogunro et
al., 2018; Schmale et al., 2019; Seinfeld et al., 2016; Tren-
berth and Fasullo, 2010). Understanding the impact of SO
particle sources on the cloud system and their variability is
required for accurate prediction of SO cloud properties and
to understand the impact of aerosol–cloud interactions on the
Earth’s energy budget. These issues motivated the Southern
Ocean Clouds, Radiation Aerosol Transport Experimental
Study (SOCRATES), which conducted in situ measurements
of clouds and aerosol over the SO on board the NSF/NCAR
HIAPER Gulfstream V (GV) (Laursen et al., 2006).

Aerosol in the SO typically originates from natural marine
sources and are rarely influenced by continental or anthro-
pogenic sources. These marine sources consist of primary
marine aerosol (PMA) particles produced from sea spray and
bubble bursting, as well as secondary organic and sulfate par-
ticles formed from biologically emitted volatile organic com-
pounds (VOCs) such as dimethyl sulfide (DMS) (Bates et al.,
1998b, 2012; Covert et al., 1992; Frossard et al., 2014; Mid-
dlebrook et al., 1998; Murphy et al., 1998a; Pirjola et al.,
2000; Quinn et al., 2000, 2017; Rinaldi et al., 2010; Saliba et
al., 2019, 2020). Primary particles from the Antarctic conti-
nent are not a major source of particles to the SO because it
is mostly covered in ice (Chambers et al., 2017), leaving the

main sources of primary aerosol from Antarctica limited to
local anthropogenic pollution from research stations, blow-
ing snow, frost flowers, and sea bird emissions (Frieß et al.,
2004; Huang and Jaeglé, 2017; Liu et al., 2018; Schmale et
al., 2013).

New particle formation (NPF) from the oxidation of ma-
rine biologically emitted VOCs occurs mostly in the free tro-
posphere (FT) where the particle condensational sink and
temperature are lower than in the MBL, which are preva-
lent conditions over the SO (Raes et al., 1997; Yue and
Deepak, 1982). While NPF has been observed in the ma-
rine boundary layer, often at coastal locations (Covert et al.,
1992; Humphries et al., 2015; Kyrö et al., 2013; Pirjola et al.,
2000; Weller et al., 2015), it occurs more commonly in the
FT (Bates et al., 1998b; Clarke et al., 1998; Humphries et al.,
2016; O’Dowd et al., 1997; De Reus et al., 2000; Sanchez et
al., 2018; Yoon and Brimblecombe, 2002) owing to the ab-
sence of PMA in the FT (McCoy et al., 2015). Regions of
sea ice melt on the Antarctic coast have been observed to be
a significant source of methanesulfonic acid (MSA) as well
as DMS (O’Dowd et al., 1997; Vana et al., 2007), known pre-
cursors of NPF (Almeida et al., 2013; Dawson et al., 2012).
In addition, NPF is commonly associated with cumulus out-
flow regions due to the DMS-rich air lofted by the convec-
tion and the high relative humidity, creating an environment
allows binary nucleation between sulfuric acid (a DMS oxi-
dation product) and water (Bates et al., 1998b; Clarke et al.,
1999; Cotton et al., 1995; Perry and Hobbs, 1994; Twohy
et al., 2002). Ternary nucleation with ammonia or amines is
also possible, particularly in Antarctic coastal regions down-
wind of penguin colonies (Weber et al., 1998).

The remote midlatitude SO contains much less biologi-
cal activity near the ocean surface relative to the Antarctic
continental coast, which creates a latitudinal gradient in the
contribution of particles from biogenic sources, with the ex-
ception of some biological hotspots such as near South Geor-
gia (Alroe et al., 2020; Humphries et al., 2016; Kim et al.,
2019; O’Dowd et al., 1997; O’Shea et al., 2017; Schmale
et al., 2019; Weller et al., 2018). Shipborne observations
in the region south of Australia show a distinct increase in
aerosol concentrations south of 64◦ S, where CN concen-
trations are about 5 times higher during the austral spring
months (Humphries et al., 2016). The seasonal variability
of biogenically derived particles is linked to seasonal vari-
ations in SO biological activity (Ayers and Gras, 1991; Ko-
rhonen et al., 2008). On the Antarctic peninsula, NPF events
occurred mostly during the austral summer, with CCN con-
centrations (at 0.4 % supersaturation) increasing on average
by 11 % (Kim et al., 2019). Similarly, higher average concen-
trations of cloud droplet number concentrations (CDNC) are
observed in the austral summer (Mace and Avey, 2017; Mc-
Coy et al., 2015). Some studies suggest biologically produc-
tive waters enhance PMA production (Fuentes et al., 2010),
while other studies find that biogenic content has little to no
influence on PMA production (Bates et al., 2020; Collins
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et al., 2016). In any case, PMA CCN is found to have lit-
tle seasonal variability relative to biogenic CCN (Vallina et
al., 2006), likely driven by small seasonal differences in wind
speed (Saliba et al., 2019). Organic enrichment of PMA in bi-
ologically productive waters may further reduce their hygro-
scopicity (Burrows et al., 2018; Cravigan et al., 2020; Law et
al., 2017; Meskhidze and Nenes, 2010).

Long-range transport of aerosol and gaseous precursors in
the MBL and FT from the Antarctic continental coast plays a
significant role in increasing CN, CCN, and CDNC concen-
trations in the SO (Bates et al., 1998a; Clarke et al., 1998,
2013; Dzepina et al., 2015; Korhonen et al., 2008; Wood-
house et al., 2010). With substantial growth of newly formed
particles by the uptake of VOC oxidation products through
cloud processing, particles from biogenic sources may grow
CCN larger and subsequently increase CDNC (Hoppel et al.,
1986; Hudson et al., 2015; Pirjola et al., 2004; Russell et al.,
2007; Sanchez et al., 2018). Cloud processing occurs when
small particles activate to form cloud droplets, leading to en-
hanced condensation of VOC oxidation products onto the
droplet because the droplet surface area is larger than that
of the unactivated particles. Aqueous-phase oxidation of ab-
sorbed VOCs also results in the formation of less volatile
compounds, which remain in the particle phase upon evap-
oration of the water (Hoppel et al., 1986). In the event that
the cloud droplets do not precipitate, the evaporated parti-
cles are larger than their original size since aqueous oxida-
tion of volatile compounds (i.e., DMS, MSA, SO2 and nitric
acid) have formed non-volatile sulfates and nitrates that re-
main in the particle phase. This added mass eventually shifts
Aitken-mode particles to the accumulation mode (Hoppel et
al., 1986; Hudson et al., 2015; Kaufman and Tanré, 1994;
Sanchez et al., 2017; Schmale et al., 2019). Results from
McCoy et al. (2015) show that, despite the ambiguous re-
sults from focused modeling and observational studies of
such aerosol processes, their general global model simula-
tions of natural aerosol account for more than half the spa-
tial and temporal variability in the satellite-derived CDNC
over the SO. These areas of enhanced CDNC also corre-
late with areas of high chlorophyll-a, a tracer for phyto-
plankton activity, which increases secondary sulfate and or-
ganic aerosol concentrations (Krüger and Grabßl, 2011; Mc-
Coy et al., 2015). SO satellite-derived cloud properties such
as liquid water content (LWC), effective radius, and cloud
fraction showed seasonal variations that resulted in a differ-
ence in cloud radiative forcing (i.e., surface cooling) between
14 and 23 W m−2 (Mccoy et al., 2014). Increased CDNC is
also shown to correlate with enhanced cloud fraction, signif-
icantly increasing overall cloud shortwave forcing (Rosen-
feld et al., 2019). If cloud droplets precipitate, CN and CCN
concentrations are reduced through precipitation scavenging
(Croft et al., 2010; Stevens and Feingold, 2009).

In this study, we discuss airborne aerosol measurements
in the SO region south of Australia (Fig. 1) from the
SOCRATES campaign and briefly discuss shipborne CCN

Figure 1. SOCRATES and CAPRICORN-2 study region. Blue and
red lines represent the SOCRATES flight tracks and CAPRICORN-
2 R/V Investigator tracks, respectively.

measurements made on the R/V Investigator for the CAPRI-
CORN2 campaign, which was conducted in the same time
frame and region as SOCRATES. The SOCRATES measure-
ments are divided into four categories based on the total CN
and CCN0.3 (CCN concentration at 0.3 % supersaturation)
to identify differences in processes and sources that lead to
the observed variability of measurements. A back-trajectory
analysis is performed to identify the source of air parcels and
their history with respect to their proximity to clouds and pre-
cipitation. Additionally, a PMA-mode fitting algorithm (Sal-
iba et al., 2019) is utilized to understand the contribution
of PMA to CCN and observed CDNC concentrations. The
findings describe the observed spatial gradients and relative
importance of biogenic sulfate and PMA to CDNCs, which
ultimately contribute to improving estimates of the energy
budget in the SO.

2 Methods

2.1 NSF/NCAR HIAPER GV measurements and R/V
Investigator CCN measurements

Airborne measurements were collected on the NSF/NCAR
Gulfstream-V High-performance Instrumented Airborne
Platform for Environmental Research (GV HIAPER) obser-
vational platform. The GV was stationed at the Hobart In-
ternational Airport, Tasmania, during the austral summer be-
tween 15 January and 24 February 2018. The flight strategy
during SOCRATES involved ferrying out to a predetermined
area of interest followed by a series of straight vertical pro-
files and level legs to sample below, in, and above clouds.
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The GV HIAPER conducted 15 research flights (RFs) over
the SO between 42.5 and 62.1◦ S and between 133.8 and
163.1◦ E at altitudes ranging from 50–7500 m. Flight tracks
are shown in Fig. 1 and flight strategy are discussed in Mc-
Farquhar et al. (2020).

A wing-mounted ultra-high-sensitivity aerosol spectrom-
eter (UHSAS, Droplet Measurement Technologies, Boul-
der, CO) measured particle size distribution between 0.06
and 1.0 µm in diameter; however, the 0.06–0.07 µm diameter
range was not used in this analysis due to instrument noise.
Ambient subsaturated particles collected with the UHSAS
were dried through a de-icing system (designed to vary the
temperature and pressure of sampled air to prevent ice for-
mation in the inlet). A condensation particle counter (CPC,
TSI 3760A) was used to measure total particle concentra-
tions (CN, diameter>0.01 µm). CCN measurements were
performed with two miniature continuous-flow streamwise
thermal gradient chambers, one in scanning supersaturation
mode and one in constant supersaturation mode (Roberts
and Nenes, 2005). The miniature CCN counters are custom-
made and operate with the same physical principles de-
scribed by Roberts and Nenes (2005). Empirical calibra-
tions are derived using dried monodisperse ammonium sul-
fate particles that are measured by the CCN counter and a
CN counter to derive the activated fraction. The critical su-
persaturation in this study was derived by Kohler theory us-
ing a Van ’t Hoff factor of 3.0 as an upper limit for am-
monium sulfate. Using a Van ’t Hoff factor of 2.52 (Petters
and Kreidenweis, 2007; Rose et al., 2008) would shift the
CCN spectra to larger supersaturations by less than 10 %.
An instrument model, discussed in Roberts and Nenes (2005)
showed a standard deviation in the supersaturation estimate
of about±0.01 %. The supersaturation range of the scanning
CCN counter flow rates and temperature gradients vary from
0.09 to 0.22 L min−1 and 8 to 12 K, respectively. A sinu-
soidal pattern from high-flow and high-temperature gradient
to low-flow and low-temperature gradient with a period of
10 min generated a continuous CCN spectra every 5 min that
spanned from 0.06 % to 0.87 % supersaturation. The constant
supersaturation CCN counter operated at constant flow and
temperature gradient of 0.15 L min−1 and 9 K for a 0.43 %
supersaturation (referred to as CCN0.43) at 1 Hz and was
used to identify CCN gradients in vertical profiles (Sect. 3.6).
CCN concentration at 0.3 % supersaturation (CCN0.3, de-
rived from the scanning CCN counter) was used throughout
this study as a reference CCN concentration because CCN0.3
corresponded best to observed CDNCs (Sect. 3.3). The inter-
nal chamber pressure of both CCN counters was controlled
to 400 hPa. A cloud droplet probe (CDP, DMT, Boulder, CO)
was used to measure cloud droplet concentration (2–50 µm
wet diameter). The CCN spectra and UHSAS number con-
centrations on the GV were used to estimate the hygroscop-
icity parameter at 0.07 µm diameter (κ70) for each MBL leg.
For this calculation, the critical supersaturation is derived
from the CCN spectra, where the UHSAS concentration at

0.07 µm diameter is equivalent to the CCN concentration.
All particle measurements were converted to surface stan-
dard temperature and pressure (see the Supplement, for ex-
ample). CN and CCN measurements made in cloud (defined
by CDP measurements of LWC>0.1 g kg−1) were excluded
from the analysis due to the influence of droplet shattering
within the aerosol inlets. During the research flights, areas of
intense precipitation were avoided, but some measurements
were made under drizzle and light rain conditions; however,
there was no evidence of droplet shattering in the inlets under
these conditions.

In addition to the SOCRATES GV HIAPER measure-
ments, the R/V Investigator (CSIRO, Hobart, Tasmania) also
collected aerosol and sea water samples during the second
Clouds, Aerosols, Precipitation, Radiation and atmospheric
Composition Over the southeRn Ocean (CAPRICORN-
2) campaign. The CAPRICORN-2 study was conducted
from 10 January to 21 February 2018, overlapping the
SOCRATES study. The R/V Investigator covered a north–
south transect over the SO, starting at Hobart, Tasmania
(43◦ S), reaching approximately 66◦ S, and then returning to
Hobart (Fig. 1). In this study, CCN measurements collected
on the R/V Investigator were measured with a commercially
available streamwise CCN counter (CCN-100, Droplet Mea-
surement Technologies, Boulder, CO) that measured CCN
concentration between 0.25 % and 1.05 % supersaturation
with a stepwise scan. Each CCN spectrum took approxi-
mately 1 h to complete. R/V Investigator CCN at 0.3 % are
analyzed and compared to the GV HIAPER CCN0.3 mea-
surements. The full CCN dataset collected on the R/V Inves-
tigator during CAPRICORN2 are available at Humphries et
al. (2020). Details of the aerosol sampling system on board
the R/V Investigator are presented in Humphries et al. (2019)
and Alroe et al. (2020). In short, aerosol sampling occurred
via a common sampling inlet mounted on a mast at the bow
of the ship, located 18 m above sea level. The CCN counter
sampled from a manifold located 8 m below the mast in the
ship’s bow.

2.2 Model data

2.2.1 HYSPLIT-GDAS

In this study, HYSPLIT hourly 5 d back trajectories were per-
formed with the Global Data Assimilation System (GDAS,
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas0p5/, last ac-
cess: 23 January 2020) (Rolph et al., 2017; Stein et al., 2015)
at 0.5◦ resolution for each CCN spectrum in the MBL leg
(below the cloud layer if clouds are present). The latitude,
longitude, and altitude (50–500 m) averaged for each CCN
spectra (∼ 150 s, ∼ 15–20 km horizontal distance) collected
during the MBL legs on the GV HIAPER were used as start-
ing points for the back trajectories. Antarctica is the only
continent over which back trajectories passed; none of the
airborne aerosol measurements in the MBL were influenced
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by continental Australia. The only anthropogenic influences
were potentially ship tracks and research stations in Antarc-
tica, which we assume to have a negligible impact in this
study.

2.2.2 ECMWF ReAnalysis (ERA5)

ERA5 is the 5th generation of a climate reanalysis dataset
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (Copernicus Climate Change Service (C3S),
2017). The ERA5 model assimilates satellite, ground, and
airborne measurements to archive the state of the weather
and climate. The ERA5 total precipitation and low-level
cloud fraction was used for the time period covering the
SOCRATES campaign to identify the role of clouds and
precipitation in changing CN and CCN concentrations. The
ERA5 time resolution is hourly, and spatial resolution is
0.25◦.

2.3 Primary marine aerosol (PMA) fitting algorithm

The PMA concentration was determined by fitting the UH-
SAS distribution of particles greater than 0.2 µm diameter to
a single lognormal mode. A single lognormal mode has been
found to represent PMA in ambient measurements (Modini
et al., 2015; Quinn et al., 2017; Saliba et al., 2019). While this
method was previously used on dry particle number size dis-
tributions ranging from 0.02 to 5.0 µm (Saliba et al., 2019),
the UHSAS measures the particle number size distribution
between 0.07 and 1.0 µm diameter. In addition, PMA parti-
cles in the SOCRATES campaign were not fully dried and a
relatively narrow deliquesced mode (geometric standard de-
viation= 1.44± 0.25) is present at approximately 0.6 µm di-
ameter. This deliquesced mode was present despite the find-
ings by Strapp et al. (1992), suggesting the de-icing heaters
of the PCASP-100X (which are identical to those used for the
UHSAS) is expected to dry the particles to less than 40 % rel-
ative humidity. We hypothesize that the low residence time of
the aerosol in the instrument (∼ 0.2 s) prevented the large hy-
groscopic sea salt from fully drying before being measured.
This 0.6 µm deliquescent mode was consistently fit by the
algorithm. The deliquesced PMA particles affect the mode
diameter of the fitted PMA size distribution but not the re-
trieved PMA (and CCN0.3) number concentrations. The con-
centration of particles in this fitted mode correlated moder-
ately with wind speed (Sect. 3.5), similar to previous mea-
surements of PMA estimated with this method (Modini et
al., 2015; Quinn et al., 2017; Saliba et al., 2019), indicating
the fitted mode is a viable approximation of PMA concen-
trations. The estimated PMA mode diameter and geometric
width (0.59± 0.04 µm, 1.44± 0.25, respectively) are consis-
tent with sea salt distributions (from PMA) observed on size-
resolved particles collected in the marine boundary layer dur-
ing SOCRATES and analyzed with transmission electron mi-
croscopy (TEM). The TEM analysis showed that ∼ 70–95 %

Table 1. Mean and standard deviation of CN and CCN0.3 number
concentration for the four identified regimes measured in the GV
MBL legs.

Regime CN (cm−3) CCN0.3 (cm−3)

Aged 485± 81 187± 37
RPF+ aged 958± 92 175± 84
Scavenged 407± 147 83± 31
RPF+ scavenged 860± 98 84± 33

of marine boundary layer particles >0.5 µm in optical diam-
eter are PMA sea spray (Twohy et al., 2021).

3 Results

3.1 Particle regimes

MBL CN and CCN0.3 measured on the GV HIAPER MBL
legs ranged from 116 to 1153 and 17 to 264 cm−3 and aver-
aged 540± 246 and 123± 58 cm−3, respectively. Figure 2b
shows the CN and CCN0.3 concentrations averaged over each
CCN spectra scan during GV HIAPER MBL legs through-
out the SOCRATES field project (with the exception of RF
14 when the scanning CCN counter malfunctioned). To de-
termine which atmospheric processes drove the variability
of nearly an order of magnitude in CN and CCN0.3, the
measurements were divided into four regimes. The regime
thresholds were selected based on the bimodality of observed
CN and CCN0.3 concentrations shown by the histograms and
kernel density functions in Fig. 2a, c. Using this approach,
rather than grouping all values into a single bin, each mea-
surement is represented by a normal distribution and inte-
grated to produce the kernel density estimate. The optimal
kernel density estimate bandwidth was found to be 28 and
91 for CCN0.3 and CN, respectively, and calculated using the
“ksdensity” function from MATLAB (2019), derived from
theory developed by DeVeaux et al. (1999). The Hartigan’s
Dip test (Hartigan and Hartigan, 1985) determined that the
distribution was not unimodal (p value<0.01) for both CN
and CCN0.3, thereby validating the use of a bimodal distribu-
tion for this analysis. The bimodal distribution minima corre-
spond to 125 and 750 cm−3 for CCN0.3 and CN, respectively.
Even though only CCN0.3 was used to determine the parti-
cle regimes, Fig. 3a illustrates the systematic differences be-
tween the averaged CCN spectra and CN concentrations for
each of the regimes. The bimodal CCN0.3 and CN regimes
were combined for a total of four regimes. Table 1 shows the
average CCN0.3 and CN concentrations for each of the four
regimes, which are distinguished by permutations of high
and low CCN0.3 and CN concentrations.

To differentiate the four regimes in the text, we have given
them each abbreviated descriptive names based on their CN
and CCN0.3 concentrations, where the regime with high CN
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Figure 2. Histograms and kernel density estimates of (a) CN con-
centrations and (c) MBL CCN0.3 (CCN concentration at 0.3 % su-
persaturation). (b) MBL CN and CCN0.3. Measurements are di-
vided into four particle regimes based on the observed bimodal dis-
tributions of both CN and CCN0.3. Error bars represent the standard
error.

and CCN concentrations is referred to as “Recent parti-
cle formation (RPF)+ aged”, the regime with low CN and
CCN concentrations is referred to as “scavenged”, the regime
with low CN and high CCN concentrations is referred to as
“aged”, and finally the regime with high CN and low CCN
concentrations is referred to as “RPF+ scavenged”. The
classification of each regime is based on the relative concen-
tration of Aitken+ accumulation-mode particles (CN) and
accumulation-mode particles (CCN sizes), with a naming
convention that describes the corresponding air mass history.
Similar to analyses in previous studies, the relative contri-
bution of the accumulation mode to the total particle con-
centration is used to identify recent particle formation (RPF)
events and growth of small (<0.07 µm diameter) particles
to accumulation-mode or CCN sizes (Kalivitis et al., 2015;
Kleinman et al., 2012; Williamson et al., 2019). The scav-
enged regime is named based on evidence indicating the re-
moval of CCN-sized particles through precipitation scaveng-
ing (Sect. 3.3). The aged regime represents cases in which ac-
cumulation mode is prominent and CCN particle concentra-
tions are relatively high, likely due to atmospheric processes
that increase particle size over time, such as the condensation
of VOC oxidation products or cloud processing (Sect. 3.2 and
3.3, respectively). The RPF regimes exhibit a high CN con-
centration (>10 nm diameter), indicative of recent particle
formation (Sect. 3.2).

3.2 Back trajectories

Previous studies have shown long-range transport of parti-
cles and VOCs can affect locally observed particle concen-
trations and chemical properties (Dzepina et al., 2015; Ko-
rhonen et al., 2008). In addition, atmospheric processes af-
fecting particle concentrations upstream of the measurement
location reduce the correlation of particle properties to in-
dividual (or discrete) processes, such as precipitation, cloud
processing, and NPF (Albrecht, 1989; Bates et al., 1998b;
Russell et al., 2009; Sanchez et al., 2018; Stevens and Fein-
gold, 2009; Stevens and Seifert, 2008; Vallina et al., 2006;
Wood et al., 2015). Lagrangian HYSPLIT back trajectories
initiated at MBL leg altitudes (50–500 m) were used to de-
termine the path traveled by the parcel of air for the previous
5 d for each of the MBL legs (Fig. 4). Consistent patterns
are apparent for each of the particle regimes. Specifically,
the back trajectories for the aged particle regime (Fig. 4d)
are consistently from the south along the Antarctic coast,
which is associated with the elevated ocean surface emis-
sions of DMS and other VOCs produced by phytoplankton
activity (Alroe et al., 2020; Humphries et al., 2016; Kim et
al., 2019; O’Dowd et al., 1997; O’Shea et al., 2017; Weller et
al., 2018). In contrast, the high CN regimes (RPF+ aged and
RPF+ scavenged) exhibit back trajectories generally from
the west from the SO. The scavenged regime consists of back
trajectories from both the west and the south, signifying that
atmospheric processes rather than the parcel paths and ori-
gins influence the observed CN and CCN concentrations.

3.3 Cloud processing

Relating the identified regimes to the observed cloud pro-
cesses provides insight into how cloud processes affect CN
and CCN concentrations. Figure 3c shows that CCN0.3 and
CDNC correlated moderately (r = 0.75), the highest correla-
tion of CCN concentrations relative to other supersaturations,
indicating that CCN0.3 is a good proxy for CDNC, which is
similar to previous estimates of marine cloud-effective super-
saturations (Martin et al., 1994; Snider et al., 2003). For this
comparison, the 90th percentile of CDNC from each vertical
profile is matched to the nearest below-cloud MBL leg CCN
concentration. The use of the 90th percentile of CDNC ex-
cludes measurements that are heavily influenced by entrain-
ment drying and also excludes outliers. As expected, the aged
particle regime accounted for cases with the highest CDNCs
(192± 100), while the scavenged particle regime accounted
for the lowest observed CDNC (111± 72). Few CDNC mea-
surements are associated with the RPF (high CN) regimes,
suggesting fewer clouds are associated with this regime. Fig-
ure 3b shows the cloud-effective supersaturation and its re-
lationship to the CDNC. The cloud-effective supersatura-
tion is calculated as the supersaturation where the CCN con-
centration was equal to the 90th percentile of the measured
CDNC. Typically, clouds contain a range of peak supersatu-
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Figure 3. (a) Mean MBL CCN spectra for each regime. The number of samples (N ) at each supersaturation of the CCN spectra varied from
the number of samples in the legend because CCN spectra scans were occasionally not fully completed by the end of the MBL leg. Error
bars represent the standard error (σ /

√
N ). Correlations of measured CDNC with (b) calculated effective supersaturation and (c) measured

MBL CCN0.3. Empty points did not have a corresponding CCN0.3 or CN measurement. Solid lines in (b) and (c) represent linear fits and
the dashed line in (c) represents the 1 : 1 line. Error bars represent the standard error.

Figure 4. The 5 d HYSPLIT back trajectories starting from MBL legs (at 50–500 m a.m.s.l., magenta points) for each particle regime.

rations, which are controlled by the strength of the updraft
and the cloud droplet number concentration (Hudson and
Svensson, 1995; Pawlowska and Grabowski, 2006; Siebert
and Shaw, 2017). The effective supersaturation accounts for
the CCN that have activated adiabatically near cloud base
and subsequently dried through sub-adiabatic mixing pro-
cesses (Sanchez et al., 2017). In general, the observed CDNC
weakly correlate to the effective supersaturation (Fig. 3b,
r = 0.47). The two regimes with aged particles (high CCN)
consistently had higher CDNCs than the scavenged regime,
highlighting the role of CCN concentrations as CDNC. It is
also important to note that CDNC can still be relatively high
(∼ 200 cm−3) in regimes with low CCN under conditions of
high in-cloud supersaturations generated by strong updrafts
or with relatively low PMA concentrations, which also al-

lows for the generation of higher in-cloud supersaturations
(Fossum et al., 2020).

To identify the effect of precipitation on CCN concentra-
tions, CCN0.3 is compared to the total precipitation (obtained
from ERA5) integrated over a 35 h back trajectory, as shown
in Fig. 5a. Manton et al. (2020) showed that the ERA5 annual
cycle of precipitation across the SO is consistent with in situ
data, but it is important to note that there is large uncertainty
because of the low number of observations to constrain the
ERA5. As expected, the two scavenged regimes (with lower
CCN0.3 concentrations) corresponded to higher total precip-
itation. Figure 5b shows the Pearson correlation coefficient
comparing the base 10 logarithm of the integrated total pre-
cipitation over back-trajectory times of 0 to 120 h and CCN
concentrations between 0.1 % and 0.8 % supersaturation. The
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Pearson’s coefficient r value peaked for 35 h back trajecto-
ries at CCN supersaturations ranging from 0.3 % to 0.5 %
(similar to effective in-cloud supersaturations, Fig. 5b), in-
dicating air parcel history, particularly in the last 1.5 d, is
important for determining atmospheric processes that affect
CCN concentration. The Pearson’s coefficient for CCN0.1
was consistently the lowest, likely because CCN0.1 is asso-
ciated with PMA, which is quickly replenished in the MBL
through sea spray emissions. Similarly, the Pearson’s coeffi-
cient for CCN0.87 was also low, likely because this CCN size
is associated with RPF particles that are replenished in the
FT and subsequently grow to larger sizes (and lower super-
saturation CCN).

Figure 5c shows the MBL cloud fraction (obtained from
ERA5) over the 120 h back trajectory averaged for each par-
ticle regime. Similar to ERA5 precipitation, there are also
a low number of observations to constrain the ERA5 cloud
fraction product. Ship measurements in the region south of
Australia were recently shown to be consistent with daily
averaged observations and ERA5 cloud fraction values of
0.75± 0.23 and 0.71± 0.27, respectively, providing some
confidence in the ERA5 (Wang et al., 2020). The two regimes
with RPF (RPF and RPF+ scavenged; high CN) are as-
sociated with lower cloud fraction (<0.6), which suggests
the presence of cumulus clouds. NPF has previously been
observed in cumulus cloud outflow regions (Bates et al.,
1998b; Clarke et al., 1999; Cotton et al., 1995; Perry and
Hobbs, 1994) and is likely the main source of CN in these
RPF regimes. In contrast, the aged particle regimes corre-
spond to high MBL cloud fraction (>0.6), which is consis-
tent with stratus and stratocumulus clouds. Stratus and stra-
tocumulus clouds typically include less precipitation, allow-
ing more cloud processing of CN to CCN sizes (Flossmann
and Wobrock, 2019; Hoppel et al., 1990; Hudson et al., 2015;
Neubauer et al., 2014). In addition, the concentration of ultra-
fine particles (Dp<30 nm) also decreases through Brownian
scavenging of interstitial particles onto cloud droplets (Croft
et al., 2010), and thus higher cloud fractions further reduce
CN concentrations. The back trajectories associated with the
aged regime (Fig. 4d) typically originate from SO storm
tracks to the south, which is consistent with the elevated
cloud fraction shown in Fig. 5c. The storm track frequency
peaks around 60◦ S (Li et al., 2009), suggesting parcels of air
entering the storm track from the south have also been in-
fluenced by coastal Antarctic biogenic DMS and other VOC
emissions, eventually leading to increases in CCN concen-
trations via cloud processing in the absence of precipitation.
Schmale et al. (2019) and Alroe et al. (2020) also find that
the higher fraction of particles serving as CCN near the coast
of Antarctica are also from biologically derived particles.
The trajectories associated with the RPF and the RPF+ aged
regimes are typically from the west and have fewer clouds.
While these regimes have elevated CN concentrations, they
are not linked to Antarctic coastal sources within the last
120 h (Fig. 4a, b). Long-range transport of aerosol particles

and their precursors for more than 5 d is possible in the ab-
sence of major sinks (i.e., precipitation) (Feichter and Leis-
ner, 2009). The existence of both aged and RPF in the same
regime suggests particles have experienced some cloud pro-
cessing and input from a recent particle formation event.
The cloud fraction for the RPF+ aged regime is significantly
lower than the aged regime (Fig. 5c).

3.4 Latitudinal gradient

Both the airborne GV HIAPER and shipborne R/V Inves-
tigator measurements showed latitudinal (north–south) gra-
dients in CCN concentrations, although differences in the
sampling strategies between the two platforms do result in
slight differences in the observed latitudinal gradients (dis-
cussed in detail below). Both sets of measurements showed
high CCN concentrations near Antarctica (Fig. 6a–c) consis-
tent with Antarctic coastal biological emissions as a source of
aerosol precursors. Back trajectories (Fig. 4d; aged regime)
show that long-range transport of these Antarctic coastal
emissions generates elevated aerosol concentrations as far
north as ∼ 50◦ S, almost 2000 km away from the Antarctic
coast. The Pearson’s coefficient comparing airborne CCN0.3
measurements with latitude suggests there is not a signifi-
cant correlation (r =−0.09; Fig. 6b), unless the particles that
were transported 2000 km across the SO from the Antarc-
tic coast are excluded (r =−0.26). Similarly, there is no
significant trend in airborne CN (Dp>0.01 µm) with lati-
tude (r = 0.16) even though previous studies have noted a
distinct increase in CN and CCN concentrations near the
Antarctic shelf at 64◦ S (Alroe et al., 2020; Humphries et al.,
2016). In SOCRATES, however, airborne measurements on
the GV HIAPER reached only 62.1◦ S and did not capture
the expected distinct increase in CN concentrations above the
Antarctic coastal areas.

A latitudinal gradient is observed in both the GV HIA-
PER UHSAS particle (Dp>0.07 µm) and CCN concentra-
tions; however, the differences in their slopes imply a north–
south gradient in particle composition (i.e., hygroscopicity)
across the SO, as identified by the hygroscopicity parame-
ter (κ70) for Dp>0.07 µm (Fig. 6d). The presence of a latitu-
dinal gradient in aerosol concentrations (Dp>0.07 µm) and
a weak gradient in the GV HIAPER CCN implies a north–
south gradient in particle composition (i.e., hygroscopicity)
across the SO. Figure 6d shows the hygroscopicity parame-
ter (κ) for Dp>0.07 µm derived at each MBL leg. The lower
κ (less hygroscopic aerosol) at high latitudes is consistent
with sulfates and organic aerosol from biogenic emissions,
which have relatively low κ values (κ = 0.6–0.9 and κ<0.2,
respectively) compared to PMA (κ ∼ 1.0; Christiansen et al.,
2020; Zieger et al., 2017) present in primary emissions at
lower latitudes (Kreidenweis and Asa-Awuku, 2013; Petters
and Kreidenweis, 2007). These results are consistent with
findings of Schmale et al. (2019) showing MSA, an aerosol
component associated with biogenic emissions, contributed
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Figure 5. (a) Correlation of MBL CCN0.3 and total precipitation that occurred along a 35 h HYSPLIT back trajectory. Colors correspond to
the legend in (c). (b) CCN and back-trajectory total precipitation correlation coefficient as a function of back-trajectory length. The vertical
dashed line indicates a peak in correlation with CCN0.3 at 35 h. (c) Particle regime averaged ERA5 low-level cloud fraction over the 5 d back
trajectory. Shaded areas represent the standard error.

about 2.5 times more mass in the Antarctic coastal region
compared to the remote SO. Furthermore, the elevated CCN
near the Antarctic coast is also consistent with a higher in-
cidence of cloud processing in the region, despite the lower
particle hygroscopicity (Alroe et al., 2020; Schmale et al.,
2019). As PMA (mostly comprised of sea salt) is present
all over the SO, relatively high κ values are found north
of ∼ 55◦ S, where there are fewer biologically derived or-
ganic and sulfate particles. The latitudinal trend of decreas-
ing κ (i.e., more hygroscopic chemical composition toward
the lower latitudes) implies particles further south in the SO
will need higher in-cloud supersaturations to activate parti-
cles of the same size compared to middle regions of the SO
where there are fewer biologically derived particles. Alter-
natively, particle growth and aging enhances the particle’s
ability to be CCN active even with a low hygroscopicity and
small initial size. Despite the lower observed hygroscopicity
of particles at high latitudes based on the airborne measure-
ments, there are a greater number of CCN available (Fig. 6b)
to increase cloud droplet number and potentially enhance
cloud reflectivity at higher latitudes.

Measurements from the R/V Investigator during the
CAPRICORN-2 study show minima in CCN concentrations
around 60◦ S (Fig. 6a), which corresponds to the maximum
in SO storm track activity (Li et al., 2009); however, this
minima in CCN is not observed from the GV measurements
and is not as pronounced in similar ship measurements at the
same time (Humphries et al., 2021). As expected, based on
the GV measurements, there are elevated CCN concentra-
tions to the south of 60◦ S related to biogenic emissions from
the Antarctic coastal areas. There are also elevated CCN con-
centrations north of 50◦ S measured on the R/V Investigator,
probably related to continental emissions from Australia, el-
evated biomass emissions of VOCs (aerosol precursors), as
suggested by increasing chlorophyll-a concentrations north
of the subantarctic front (McCoy et al., 2015), and even long-

range transport of Antarctic coastal emissions (Ayers and
Gillett, 2000; Twohy et al., 2021). The different latitudinal
trends in CCN observed by the GV HIAPER and R/V Inves-
tigator are likely a result of the different temporal and spatial
sampling strategies between the aircraft and the ship. The GV
transects were repeated 15 times over 40 d while avoiding ac-
tively precipitating clouds and represent the CCN variability
across the SO. The GV typically started MBL measurements
south of 50◦ S, so the trend in CCN concentrations is not as
apparent in the GV measurements compared to the CCN gra-
dient measured on the R/V Investigator. The R/V Investiga-
tor transected the SO twice, with each transect occurring over
20 d.

3.5 Primary marine aerosol (PMA)

To explore the contribution of marine sources to CCN and
CDNC, PMA was estimated from the UHSAS distributions
through fitting of the PMA mode using the algorithm from
Saliba et al. (2019). The retrieved PMA concentrations var-
ied between<1 and 25 cm−3, with an average of 6± 3 cm−3.
The mode diameter of the retrieved PMA number size dis-
tribution was 0.59± 0.04 µm, which is consistent with the
average mode diameter observed in the North Atlantic of
0.54± 0.21 µm (Saliba et al., 2019). The low geometric
width (1.44± 0.25) of the PMA mode relative to Saliba et
al. (2019) (ranging from 1.5–4.0) likely reflects the available
statistics (N = 74) and the possibility that the PMA parti-
cles were not completely dry (Sect. 2.3). The calculated PMA
number concentrations moderately correlated to wind speed
(r = 0.53, Fig. 7a), as also reported by Saliba et al. (2019)
over the North Atlantic and Bates et al. (1998b) south of
Australia. Using the ratio of the PMA and CCN0.3 concen-
tration (Fig. 7b), the PMA contribution to SO clouds can be
estimated. PMA accounts for up to ∼ 20 % of CCN0.3 (and
CDNC), even for conditions with precipitation scavenging in
the previous 1.5 d (Fig. 5a), and only a small fraction com-
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Figure 6. (a) The 5◦ latitude bin averaged CCN0.3 from the R/V
Investigator. Correlation of latitude to (b) HIAPER GV CCN0.3,
(c) total particle concentration withDp>0.07 µm (UHSAS), and (d)
κ derived at 0.07 µm. White points in (c) and (d) did not have a
corresponding CCN0.3 or CN measurement. Pearson’s coefficient
for (b) is r =−0.27 when excluding the three outliers at ∼ 46◦ S
highlighted in the black square. Error bars represent the standard
error.

pared to the biogenically generated aerosol. These results are
consistent with Twohy et al. (2021) who found sea spray
aerosol comprised a minority of cloud droplet residual num-
ber in three SOCRATES cases. Similarly, Quinn et al. (2017)
found that PMA contributed to less than 30 % of CCN num-
ber concentration (at 0.3 % supersaturation) from measure-
ments collected during other field campaigns conducted be-

tween 130◦ E (near Tasmania) and eastward to 60◦W (near
South America). In addition, Schmale et al. (2019) showed
over three measurement legs that spanned the entire lon-
gitudinal range of the SO that the average PMA contribu-
tion to CCN ranged from 19 %–32 % at a supersaturation
of 0.15 %. However, others have reported higher contribu-
tions of >50 % and even up to 100 % at high wind speeds
(>16 m s−1) for supersaturations ≤ 0.3 %, during the aus-
tral summer (Fossum et al., 2018; Yoon and Brimblecombe,
2002).

3.6 Vertical transport

High concentrations of aerosol particles in the MBL can
be formed during NPF events in the FT and subsequently
entrained downward into the MBL (Bates et al., 1998a;
Clarke et al., 1996, 2013; Korhonen et al., 2008; Pirjola
et al., 2000; De Reus et al., 2000; Russell et al., 1998;
Sanchez et al., 2018; Thornton et al., 1997; Yoon and Brim-
blecombe, 2002). The nucleation of new aerosol particles
often occurs in the FT owing to the low total condensa-
tional sink and cold temperatures (Raes et al., 1997; Yue and
Deepak, 1982). It has traditionally been thought that the SO
is a possible exception to this trend because the SO MBL
is a pristine environment with few anthropogenic sources,
relatively low particle concentrations (condensational sink),
and low temperatures compared to other MBLs around the
world (Covert et al., 1992; Humphries et al., 2015; Pirjola
et al., 2000; Yue and Deepak, 1982). To determine if the
SO MBL truly is an exception to the trend of NPF typi-
cally occurring in the FT, we compare the concentrations
of FT and BL CN and UHSAS concentrations across the
MBL. CN (Dp>0.01 µm) and UHSAS (Dp>0.07 µm) con-
centrations in the MBL (CNMBL; UHSASMBL) and above the
MBL inversion (CNInv; UHSASInv) are shown in Figs. 8d
and 9, respectively. To identify if MBL CN concentrations
are higher, similar, or lower than CN concentrations above
the MBL inversion in Fig. 8d, the vertical profiles of CN
are divided into three subsections, corresponding to classi-
fication where CNMBL/ CNInv>1.3 (Fig. 8a), 1.3> CNMBL/

CNInv>0.7 (Fig. 8b), and CNMBL/ CNInv<0.7 (Fig. 8c). Fig-
ure 8a–c show examples of two CN and CCN0.43 vertical
profiles. Figure 8a and c show profiles of CN concentrations
when CNMBL/CNInv>1 (consistent with particle formation
occurring in the MBL) and CNMBL/ CNInv<1 (consistent
with particle formation in the FT or decoupled layer). When
CNMBL/CNInv ∼ 1, particle formation has not recently oc-
curred in either the MBL or above the inversion (Fig. 8b),
and mixing across the inversion homogenizes the aerosol
concentrations between the FT and MBL. During this study,
the CNInv is generally greater than CNMBL, which suggests
particle formation occurs more frequently above the MBL
inversion, either in the FT or a decoupled layer above the
marine boundary layer. Despite the lack of influence from
continental and anthropogenic particles as condensational
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Figure 7. (a) Correlation of estimated PMA concentration and wind speed and (b) the fraction of PMA accounting for CCN0.3 for MBL
legs. Exclusion of the outlier in (a) increases the Pearson coefficient to 0.59.

sinks in the SO, the presence of a small concentration of
PMA particles can lead to a high total particle surface area
(Cainey and Harvey, 2002; Sanchez et al., 2021; Yoon and
Brimblecombe, 2002) and prevent NPF in the MBL. This
is also shown in the histogram of the CNMBL/CNInv ratio
(Fig. 10a), which typically has a value of less than unity.
These results are consistent with previous findings that the
observed long-range transport of particles and their precur-
sors from phytoplankton blooms (Fig. 4d) typically occurs
above the MBL (Hudson et al., 1998; Korhonen et al., 2008;
Meskhidze and Nenes, 2006; Russell et al., 1998; Sanchez
et al., 2018; Thornton et al., 1997; Williamson et al., 2019;
Yoon and Brimblecombe, 2002).

Similarly, Fig. 9 compares UHSAS concentrations
(Dp>0.07 µm) in the MBL to those above the MBL in-
version. As the UHSAS provided vertical profiles of the
aerosol, we use the UHSAS to complement the static CCN
measurements to assess the vertical extent of cloud-active
aerosol. CCN0.3 and CCN0.4 correlate well with UHSAS
(Dp>0.07 µm) concentrations (r = 0.94). Contrary to the
vertical extent of CN, UHSAS (Dp>0.07 µm) and CCN0.43
concentrations are generally greater in the MBL compared
to above the MBL inversion (Figs. 8a–c, 10b), which sug-
gests that high MBL UHSAS concentrations resulted from
the growth of Aitken mode particles to CCN sizes through
cloud processing (Sect. 3.2.2) (Hudson et al., 1998) or gas-
phase to particle-phase condensation in the MBL (Pirjola
et al., 2004; Russell et al., 2007; Sanchez et al., 2018) and
is consequently associated with the aged regime (Fig. 9).
Precipitation also likely played a role in depleting UHSAS
and CCN-sized particles (Dp>0.07 µm) for the scavenged
regimes.

4 Conclusions

GV HIAPER airborne measurements collected during the
Southern Ocean Clouds, Radiation Aerosol Transport Ex-
perimental Study (SOCRATES) of CN and CCN over the
Southern Ocean (SO) during the austral summer were sep-
arated into four regimes based on back trajectories and CN-
to-CCN ratios. Airborne CCN measurements were also com-
pared to shipborne measurements on the R/V Investigator
collected on the second Clouds, Aerosols, Precipitation, Ra-
diation and atmospheric Composition Over the southeRn
Ocean (CAPRICORN-2) campaign. The airborne measure-
ments on the GV HIAPER show a weak gradient in CCN
at 0.3 % supersaturation (CCN0.3) with increasing CCN con-
centrations to the south between 44 to 62.1◦ S, which may be
caused by aerosol precursors from Antarctic coastal biolog-
ical emissions. Shipborne CCN measurements on the R/V
Investigator also show gradients between 44 to 67◦ S, with
a minimum around 60◦ S where the peak frequency of SO
storm tracks occurs (Li et al., 2009). Enhanced ship-based
CCN concentrations north of 50◦ S are likely from Australia.
In one case enhanced CCN concentration measured on the
GV near the Australian coast is shown to be from long-range
transport from Antarctic coastal emissions. Elevated CCN
concentrations to the south of 60◦ S originate from biogenic
emissions from the Antarctic coastal area. The differences
in the observed trends between airborne and shipborne CCN
concentrations is likely due to the different sampling strate-
gies.

The particle regimes from the GV measurements were
determined from the observed bimodal distributions in CN
and CCN0.3 concentrations, with minimum values at 750
and 125 cm−3, respectively. CCN0.3 was used for this analy-
sis because concentrations at 0.3 % supersaturation showed
the highest correlation with observed cloud droplet num-
ber concentrations (CDNCs). Four regimes have been iden-
tified based on back trajectories and CN and CCN0.3 con-
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Figure 8. Vertical profiles of CN and CCN at 0.43 % supersaturation corresponding to (a) elevated CN concentrations in the MBL, (b) well-
mixed CN profiles, and (c) elevated CN concentrations aloft. The cyan and magenta points in (a–c) represent two different vertical profiles.
(d) Comparison of CN measured in the surface-coupled MBL and decoupled layer or FT. Error bars represent standard error. Empty markers
do not have a corresponding CCN0.3 measurement.

centrations, which ranged from 116–1153 and 17–264 cm−3,
respectively. These regimes are labeled (1) scavenged
regime, with low CN and CCN0.3 concentrations; (2) scav-
enged+ recent particle formation (RPF) regime, with high
CN and low CCN0.3 concentrations; (3) aged regime, with
low CN and high CCN0.3 concentrations; and (4) RPF+ aged
regime, with high CN and CCN0.3 concentrations. Back tra-
jectories associated with the aged regime consistently inter-
sected the Antarctic coast, an area with elevated phytoplank-
ton biomass relative to the open ocean and a source of bio-
genic emissions. The Antarctic coastal emissions generate a

latitudinal gradient in the UHSAS (Dp>0.07 µm) and CCN
concentrations, as well as a gradient in particle composition
(inferred from hygroscopicity). The hygroscopicity gradient
was derived from aerosol size distributions (UHSAS) and
CCN spectra and resulted in less hygroscopic aerosol (lower
κ) to the south, indicating CCN contained more biogenic sul-
fate and organics relative to those further north, which likely
contained a larger fraction of more hygroscopic sea salt. Bio-
genic emissions from coastal Antarctic areas accounted for
most of the CCN and CDNC concentrations in the SO dur-
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Figure 9. Comparison of UHSAS concentrations (Dp>0.07 µm) measured in the surface-coupled MBL and decoupled layer or FT. Error
bars represent standard error. Empty markers do not have a corresponding CCN0.3 measurement.

Figure 10. Histogram of (a) CNMBL/CNInv from Fig. 7 and (b)
UHSASMBL/UHSASInv from Fig. 8.

ing the austral summer, while PMA only accounted for about
20 % of observed CCN and CDNC.

Precipitation over the ∼ 1.5 d trajectory inversely corre-
lates with CCN concentrations, indicating precipitation scav-
enging is a major sink of CCN in the SO. The boundary
layer cloud fraction was highest for the aged (high-CCN)
regime, suggesting cloud processing significantly enhanced
CCN concentrations (CCN0.3 = 185± 38 cm−3 for the aged
regime) in non-precipitating clouds. High CN concentra-
tions (Dp>0.01 µm), characteristic of recent particle forma-
tion (RPF), corresponded to cases with low cloud fractions,
which is consistent with particle formation in cumulus out-
flow, also found in previous studies (Bates et al., 1998b;
Clarke et al., 1999; Cotton et al., 1995; Perry and Hobbs,
1994). RPF is the main eventual source of CCN number con-
centration in the SO. In addition, CN concentrations were
typically lower in the MBL relative to concentrations above
the MBL, suggesting that RPF typically occurred above the
MBL inversion – either in the FT or a decoupled layer. In
contrast, CCN and particle concentrations withDp>0.07 µm
(UHSAS) were higher in the MBL, suggesting growth of re-
cently formed particles to CCN sizes occurred after mixing
into the MBL and subsequent aging through gas-to-particle
conversion and cloud processing.

Due to the remoteness of the SO, biogenic Antarctic
coastal emissions appear to be the main CCN source to the
SO MBL. Long-range transport of these emissions is shown
to enhance measured particle concentrations up to 2000 km
away and contribute significantly to the concentration and
variability of SO CCN and CDNC. These results indicate that
changes in future coastal Antarctica SO phytoplankton pro-
duction caused by climate change (Deppeler and Davidson,
2017) could have significant ramifications for CCN concen-
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trations and cloud properties in the SO. This work provides
measurements that are rare for this region of the globe and
may help reduce discrepancies between models and observa-
tions of CN and CCN concentrations.
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