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ABSTRACT
Very few measurements exist of the composition and contribution to cloud condensation
nuclei (CCN) of organic mass (OM) at different sizes for particles over the Southern Ocean.
Airborne and shipboard measurements of organic composition, aerosol number and mass
size distributions, and CCN spectra during the Southern Ocean Clouds, Radiation, Aerosol
Transport Experimental Study (SOCRATES) provide a comparison of organic contributions at
three different size ranges: (1) by scanning transmission X-ray microscope (STXM) with near
edge X-ray absorption fine structure (NEXAFS) for particles 0.25–1.75mm diameter, (2) by
scanning transmission electron microscopy with energy dispersive X-ray spectroscopy
(STEM-EDS) for particles 0.1–0.5 and 0.5–1mm diameter, and (3) indirectly by comparing CCN
spectra to particle size distributions for particles <0.15mm diameter. Organic functional
groups from STXM-NEXAFS microscopy indicate that the majority of particles between 0.25
and 1.75mm diameter with detectable organic components were consistent with marine
organic signatures associated with sea spray particles, which was also true for ice nucleating
particles sampled by immersion freezing <�27 �C. Clustering of the 96 NEXAFS spectra
resulted in 5 distinct types of sea spray related organic mixtures (four salt-containing sea
spray particle types and one organic-rich particle type without a salt core) that accounted
for 76% of the particles, including two that appear primary and three that include acid
groups that are likely from secondary sources. STEM analysis indicates that particles
0.1–0.5mm diameter were mostly sulfate and particles 0.5–1 mm diameter were mostly
sodium-based sea spray. The hygroscopicity of most particles >0.1mm diameter were con-
sistent with sodium-based sea spray and sulfate particles, providing closure between STEM
and CCN measurements. Particles <0.15mm diameter had kappa values of 0.2–0.5, indicating
the substantial presence of OM at these sizes. The organic component fraction estimated
from comparing the size distribution and supersaturation spectra varied from <10% to 70%
for particles <0.15mm diameter. This result shows the impact of the organic composition of
particles <0.15mm diameter on CCN concentrations at typical supersaturations for the SO.
This variable OM fraction accounted for <0.1mg/m3 mass concentrations of particles smaller
than 0.15mm diameter but may play a role at cloud supersaturations greater than 0.3%.
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1. Introduction

Aerosol-cloud interactions are poorly understood and
are the leading source of uncertainty for the top-of-
the-atmosphere aerosol radiative forcing (Stocker
et al., 2013). Depending on their size and chemical
composition particles can act as cloud condensation
nuclei (CCN) on which cloud droplets form, affecting
cloud brightness and precipitation patterns (Andreae
and Rosenfeld 2008). Oceans cover about 70% of

Earth and their dark surfaces makes the radiative
impacts of clouds particularly important. This is espe-
cially relevant over the Southern Ocean (SO), which is
the cloudiest region on Earth, as cloud properties are
sensitive to aerosol concentrations (Whittlestone and
Zahorowski 1998). The often low particle number
concentrations in the SO marine boundary layer
(MBL) and the remote location of the SO, where the
aerosol is minimally perturbed from anthropogenic
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influence, provide a unique environment to investigate
the radiative impacts of aerosol particles (Gabric,
Whetton, and Cropp 2001; Ayers and Gillett 2000;
Andreae et al. 1999; Quinn et al. 1998).

The SO is a biologically active region emitting pri-
mary marine aerosol (sea-spray) (Quinn and Bates
2011) and marine vapor precursors (e.g., dimethyl sul-
fide, DMS, and isoprene) that subsequently form sec-
ondary sulfate and organics (Liu et al. 2018;
Kawamura et al. 1996). Previous studies highlighted
the importance of sulfur-containing particles (from
DMS oxidation) on CCN and cloud properties in the
SO MBL and near Antarctica. McCoy et al. (2015)
found that biogenic sulfate provided the strongest link
to cloud droplet number concentrations as it
explained 48% of variability compared to only 24%
for the organic mass fraction over the SO. Asmi et al.
(2010) found that aerosol particles in Antarctica were
very hygroscopic (growth factor ¼ 1.75 for 90 nm
diameter particles) similar to sulfuric acid particles.
Vallina, Sim�o, and Gass�o (2006) found that the prod-
uct of chlorophyll and hydroxyl radical concentrations
(a proxy for DMS photooxidation products) explained
89% of the variability of CCN concentrations over the
SO. At Cape Grim, Tasmania (41oS), where the
sampled air mass is frequently influenced by the SO,
CCN concentrations at 0.23% supersaturation corre-
lated strongly and positively with DMS-derived MSA
concentrations (Korhonen et al. 2008; Ayers and Gras
1991). At higher latitudes (45oS–60oS) the fraction of
cloud droplets and CCN from sea-spray emissions is
generally larger due to higher wind speeds (Fossum
et al. 2018; McCoy et al. 2015; Korhonen et al. 2008;
Virkkula et al. 2006).

There are also several observations that show the
contribution of sea-spray organic mass (OM) to aero-
sol samples at Cape Grim (Xu et al. 2013; Virkkula
et al. 2006; Middlebrook, Murphy, and Thomson
1998; Murphy et al. 1998), near the Great Barrier
Reef, Australia (Leck and Bigg 2008), and in the
southeastern Pacific (Hawkins and Russell 2010).
Marine OM accounts for between <10% and 30% of
the submicron aerosol mass in the SO MBL, at sizes
relevant for CCN. For instance, Virkkula et al. (2006)
reported that OM accounted for more than 10% of
the submicron aerosol mass in the south Pacific and
near Antarctica. Asmi et al. (2010) found that 20–30%
of the submicron aerosol mass in Antarctica was
organic. Gras and Ayers (1983) reported an OM vol-
ume fraction of 11% at Cape Grim, Tasmania, for par-
ticles smaller than 0.6 mm diameter. Bigg (2007)

reported that up to 30% of particles between 80 and
200 contained primary OM at Cape Grim.

The OM fraction of the submicron marine aerosol
has also been linked to cloud properties. Meskhidze
and Nenes (2006) reported increased CCN concentra-
tions during phytoplankton blooms over the SO.
Kr€uger and Graßl (2011) reported increased CCN col-
umn content over regions with higher chlorophyll
concentrations which decreased cloud droplet effective
radius and increased cloud brightness over the SO
particularly near the Antarctic coast. Similar results
were also reported over the northeastern Atlantic
(Ovadnevaite et al. 2011). These results highlight the
complex interactions of sea-spray OM with clouds
and the climate.

Here airborne measurements of organic functional
groups by STXM-NEXAFS (for particles 0.25–1.75mm
geometric diameter), elemental composition by
STEM-EDS (for particles 0.1–0.5 and 0.5–1 mm geo-
metric diameter), aerosol number size distributions
(for particles >0.07 mm optical diameter) and CCN
number concentrations (for supersaturations
0.1–0.5%) over the remote SO, as part of the Southern
Ocean Clouds, Radiation, Aerosol Transport
Experimental Study (SOCRATES) are compiled to
assess the composition and contribution of organic
components in these different size ranges. We also
examine organic functional groups associated with
collected ice nucleating particles (INPs) over the
Southern Ocean for the first time. The comparison of
independent techniques allows for assessment of the
role of organics on CCN number concentrations.

2. Method

Measurements during the SOCRATES field campaign
were performed onboard the NSF/NCAR Gulfstream-
V High-performance Instrumented Airborne Platform
for Environmental Research (GV HIAPER) observa-
tional platform. Briefly, 15 different research flights
(RF, numbered RF1 to RF15) were conducted between
15 January and 24 February 2018, departing Hobart,
Tasmania, and flying south over the Southern Ocean
to about 62�S. The flights included various level legs
to sample below, in, and above clouds. More details
can be found in Sanchez et al. 2020, Twohy et al.
(2020), and McFarquhar et al. (2020).

Two miniaturized streamwise thermal-gradient
CCN chambers and a CN counter measured online in
the aircraft cabin after collection through the HIAPER
Modular Inlet (HIMIL; (Stith et al. 2009)) or a coun-
terflow virtual impactor (CVI; (Noone et al. 1988;
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Twohy, Strapp, and Wendisch 2003)). An Ultra High
Sensitivity Aerosol Spectrometer (UHSAS, DMT) was
mounted on the aircraft wing to characterize size dis-
tributions of particles with optical diameters between
0.07 and 1 lm. Particles were collected for later ana-
lysis by three methods: (1) CVI with counterflow and
heaters off for below cloud and above cloud samples,
(2) CVI with counterflow and heaters on for cloud
droplet residuals, and (3) a Continuous Flow
Diffusion Chamber (CFDC) for Ice Nucleating
Particles (INP). No CVI samples were collected in
icing conditions. Below and above cloud particles
from the HIMIL, cloud droplet residuals from the
CVI, and INP from the CFDC were impacted on car-
bon-coated electron microscope grids for subsequent
transmission electron microscopy (TEM) analysis and
on silicon nitride windows (Si3N4; Silson Ltd.,
0.5� 0.5mm dimension and 0.1 mm thickness) for
STXM-NEXAFS analysis. INP from near the ocean
surface were also collected aboard the Australian R/V
Investigator ship using a duplicate CFDC as part of
the Clouds Aerosols, Precipitation, Radiation, and
Atmospheric Composition over the Southern Ocean
(CAPRICORN) II experiment.

Particle diameters for TEM-EDS and STXM-
NEXAFS measurements refer to spherical-equivalent
geometric diameter of the particles collected. The
impactors provided aerodynamic cutoffs, but these
diameters have been converted to spherical-equivalent
geometric diameters using a density of 2 g cm�3. A
density of 2 g cm�3 was chosen because it was
between dry ammonium bisulfate and sea-spray,

which we expect to represent the majority of mass in
the >0.1 mm size range. Ambient and cloud residuals
were collected in two different dry size ranges,
�0.1–0.5 mm diameter and >0.5 mm diameter. UHSAS
measurements use optical diameters based on calibra-
tion by PSL. Comparisons of the two measurements
assume that the optical and geometric diameters are
equal since size-resolved refractive indices were not
available for correction. Therefore, except where noted
(see Section 2.6), the term “diameter” is used to mean
spherical-equivalent geometric diameter, with the
equivalent aerodynamic diameter assuming a density
of 2 g cm�3 and the equivalent optical diameter
assuming the refractive index of PSL. The density
assumption has no impact on the results because all
microscopy results are presented for geometric diam-
eter. The uncertainty associated with the refractive
index is discussed in Section 2.4.

2.1. Hysplit back trajectories

Back trajectories (120-h at 100–200m arriving alti-
tudes) were calculated using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT)
(Stein et al. 2015; Draxler and Rolph 2003) model for
specific sampling times during four flights (Figure 1).
Back trajectories were only calculated for periods of
time during which concurrent STEM size-resolved
chemical composition, CCN spectra and UHSAS dis-
tributions were available. The air sampled during
those flights was influenced by Antarctica and by the
SO with little influence from polluted regions.

2.2. Organic functional group composition by
STXM-NEXAFS for 0.25–1.75mm
diameter particles

Particles were analyzed offline at the Lawrence
Berkeley National Laboratories (LBL) Advanced Light
Source (ALS) Beamline 5.3.2.2. by scanning transmis-
sion X-ray microscope (STXM) with near edge X-ray
absorption fine structure (NEXAFS) following estab-
lished protocols (Maria et al. 2004; Russell, Maria, and
Myneni 2002). STXM-NEXAFS characterizes organic
functional groups in the collected particles based on
the energy of radiation absorbed near the carbon
edge. 15 samples collected during different legs for
RF01, RF08, and RF12-15 (with collection times vary-
ing between 2 and 5min) were analyzed to collect 159
complete particle stacks of spectra. These 159 particles
were analyzed by an automated shape-recognition
algorithm, which identified areas of high pre-edge

Figure 1. 5-day HYSPLIT back trajectories calculated for the
different research flights (RF) of interest at arriving altitudes
between 100 and 200m. Letters after flight number denote
different legs.
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density (non-carbon components) and high carbon
density (post-edge minus pre-edge) (Takahama, Liu,
and Russell 2010). 99 particles (61%) passed data
quality control checks, which removed particles for
which the carbon absorbance was within the noise,
and, of those 99 particles, 96 particles had spectra
with sufficient signal to categorize. A summary of
these 96 particles is shown in Table S1 in the online
supplementary information (SI).

STXM-NEXAFS relies on manual identification of par-
ticles within the collected windows as targets for detailed,
high resolution mapping. Finding micron-sized particles
on millimeter windows relies on the density of collection
and the optical density of the particles. The beamline
time available for this project included four sessions with
nine 8-h shifts each, but the fourth session in late March
2020 was canceled due to the COVID19 closure of ALS.
The sizes of particles retrieved by STXM were between
0.25mm diameter at the 5th percentile and 1.75mm diam-
eter at the 95th percentile (Figure 2). All but one of the
samples analyzed were collected on an impactor with

nominal 0.5mm lower cut size, resulting in less than 25%
of the analyzed particles <0.5mm diameter and only two
<0.2mm diameter. Approximately 30% of particles had
geometric diameter larger than 1mm. Note that this
implies that the organic functional groups reported in
this study are mostly representative of particles in the
larger end of the accumulation mode and in the coarse
mode, which represent a large fraction of the mass but
very few of the total number of particles in the MBL. For
this reason, we do not expect the STXM-NEXAFS com-
position to be representative of the majority of CCN-
sized particles. In addition, at approximately six particles
per sample, counting statistics imply that the particle
types for any one sample should be considered qualita-
tively but not quantitatively.

STXM-NEXAFS spectra for the SOCRATES project
were clustered into nine categories using the
MATLAB K-means clustering algorithm (Figure 3,
Table 1). The cluster mean spectra were subsequently
compared to particle spectra collected during several
field campaigns (Laskin et al. 2012; Hawkins and
Russell 2010; Takahama et al. 2007) and inside a wave
flume (Pham et al. 2017). Six categories identified by
Takahama et al. (2007) as types b, d, i, j, k, and l were
identified as similar to six of the categories of sampled
particles. These included combustion-like particles
(types b and d) and particles with organic carbon
around a non-carbon core (types j, k, and l). A pub-
lished reference spectrum was deemed similar if the
clustered mean and reference spectra shared common
peaks and a cosine similarity >0.95 (Table 1). If a ref-
erence spectrum was identified for a particle cluster,
then that cluster was labeled with the name of the
previously published category. In addition, the Type l
category and 2 new categories (Mcarb and Macid,
Figure 4) were similar to two sea-spray categories
identified by Hawkins and Russell (2010) and one cat-
egory identified by Laskin et al. (2012) in that they
identified the same peaks but not in similar ratios.
Three new sodium-based spectra types (named here
Mcarb, Malk, Macid) were identified based on the

Table 1. Summary of STXM-NEXAFS clustered particle spectra shown in Figure 3.

Category Cosine similarity Common peaks N
Size (mm)

m±r Below-cloud In-cloud Above-cloud INP

b 0.98 2 2 1.16 ± 0.04 0 0 0 2
d 0.99 3 9 1.15 ± 0.81 1 2 6 0
i 0.99 3 1 0.53 0 0 0 1
j 0.97 4 10 0.95 ± 0.36 0 0 0 10
k 0.95 4 5 1.67 ± 0.65 2 3 0 0
l 0.99 3 12 0.71 ± 0.20 0 0 1 11
Macid – – 22 0.81 ± 0.42 7 2 7 6
Malk – – 21 0.73 ± 0.37 9 10 1 1
Mcarb – – 14 0.78 ± 0.25 2 2 8 2
Total 96 0.86 ± 0.48 21 19 23 33

Note: Cosine similarity is calculated using the cluster mean spectrum and reference spectra labeled “i,” “l,” “j,” “b,” “d,” and “k” from Takahama et al. (2007).

Figure 2. Cumulative distribution for the spherical-equivalent
geometric diameter of particles analyzed by STXM-NEXAFS.
The black stars indicate the 5th and 95th percentiles.
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criteria that (1) the match with previous spectra had
cosine similarity <0.95 with all prior spectral catego-
ries and (2) one or more functional groups differed
compared to past spectral types. The comparison of
cluster averages and published reference spectra is
shown in Figure 4. Representative images from each
cluster are shown in Figure 5. These images show
some distinctive shapes that appeared in specific clus-
ter types, including for type Mcarb, Malk, Macid, l,
and b. There is also some overlap of the shapes with
multiple spectra categories for the circular shapes
shown in l and Malk and for the coatings around salt
cubes Mcarb, Malk, and Macid. The number of par-
ticles characterized is insufficient to identify or rule
out a characteristic morphology of each cluster.

2.3. STEM elemental composition for particles
0.1–0.5 and 0.5–1 mm diameter

STEM-EDS analysis was used to measure elements
present in individual particles (Twohy et al. 2020).
Because particles were collected on carbon-coated
grids, the ability to measure carbon in particles in the
0.1–0.5 mm size range was limited. The three most
abundant particle types for below and in-cloud par-
ticles in this size range were identified as sulfur-based,
sodium-based sea spray, and sodium-based sea spray
with enhanced sulfur (relative to unprocessed sea
salt). The sulfur-based particles likely included sulfuric
acid and/or ammonium bisulfate (Twohy et al. 2020),
so they are sometimes called sulfate here for simpli-
city. The sodium-based were most likely indicators of

Figure 3. Normalized optical density (thin lines) versus beam energy for spectra in the 9 particle clusters (Table 1). Thick black
lines in each panel are averages (if N> 1). The spectra are arranged by alphabetical order starting with previously identified cate-
gories (b, d, i, j, k, and l from Takahama et al. [2007]) and then with new categories (Macid, Malk, and Mcarb). The vertical scale
for the average spectra is larger than from those of the individual spectra in order to make the peaks easier to see. Vertical dotted
lines correspond to R(C¼ C)R’ (285.0 eV), R(C¼O)R (286.7 eV), R(CHn)R’ (287.7 eV), R(C¼O)OH (288.7 eV), CO3

2- (290.4 eV), and
potassium (297.4 eV and 299.9 eV) transitions.
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the presence of NaCl and other sea salts. Other par-
ticle types accounted for less than 2% of particle num-
ber in each sample and were excluded from analysis.
To obtain individual diameters of particles collected
on STEM grids, particle 2-dimensional areas were cal-
culated using a grayscale threshold of STEM micro-
graphs with a modified version of the MATLAB
Image Segmentation Tutorial. The 2D areas were sub-
sequently converted to a spherical-equivalent geomet-
ric diameter (see SI: Text S2, Figure S1). To account
for particle spreading on grids, sulfate particle diame-
ters were also decreased by 10% (Mcinnes, Covert,
and Baker 1997). Size-resolved STEM composition is
only available for particles sampled during RF11-15. All
samples were taken in clear air at 150m in the marine
boundary except for 12-A, which was above cloud
at 1760m.

The STEM impactor collection efficiency decreases
for particles <0.1 mm diameter size bin (Figures 6a–e).
The smallest particle size measured by the UHSAS is
0.07 mm optical diameter. To account for the size
dependent collection efficiency, the CVI particle num-
bers in Figures 6a–e were used to estimate the num-
ber fraction of each particle type in each bin shown
(Figures 6f–j). The number fraction for each bin was
then used to weight the UHSAS absolute number con-
centration. The bin size resolution was a factor of 10
lower than the UHSAS distribution because of the low
number of particles analyzed in each sample. The
number fraction distribution was scaled to the num-
ber concentrations in the UHSAS bins and then
smoothed using a 20-bin running average to reduce
discontinuity between size bins before being multi-
plied by the UHSAS concentrations. A few particles

Figure 4. Comparison of cluster average spectra measured during the SOCRATES campaign and shown in Figure 3 (solid black
lines) with reference spectra. Solid blue lines are spectra identified by Takahama et al. (2007). The solid green lines shown with
Types Mcarb and l particles are calcareous phytoplankton and Type II Polysaccharide (PsII) identified by Hawkins and Russell
(2010), respectively. The solid red line shown with type Macid was identified by Laskin et al. (2012) as representative of aged sea
spray particles during the CARES study at Point Reyes, CA.
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<0.1 mm diameter were observed but were not used to
weight the UHSAS concentrations due to the low
counting statistics.

2.4. Aerosol hygroscopicity and organic fraction of
<0.15 mm diameter particles

CCN spectra measurements were performed every
5min using a miniature continuous-flow stream-wise
thermal gradient chamber in scanning mode (Roberts

and Nenes 2005). The scanned supersaturations varied
between 0.1% and 0.87%.

We used CCN spectra and number size distributions
to estimate the hygroscopicity (js) of particles
<0.15 mm diameter (limited by the minimum measured
instrument supersaturation of 0.1% and the smallest
measured particle size of 0.07 mm diameter) for 6 legs,
as shown in Figure 7. Specific legs were analyzed
because concurrent UHSAS, CCN, and STEM compos-
ition measurements were available. js values are not
reported whenever CCN concentrations were larger

Figure 5. Total carbon map for representative particles from each cluster category shown in Figure 3. For each image, the red-
blue color scale shown is the relative carbon absorption. Red denotes the maximum carbon absorption and blue denotes the min-
imum carbon absorption. Types labeled as b, d, i, j, k, and l were identified by Takahama et al. (2007). Dark blue rectangular
regions on edges indicate fraction of image omitted by alignment.
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than UHSAS concentrations, which implies that during
those periods the activation diameter was lower than
the UHSAS detection limit (0.07 mm diameter). The
uncertainty in js values was estimated using the one-
standard error range of UHSAS size distributions and
one-standard error range of CCN concentrations for
each leg. If ±8% uncertainty is allowed for the differ-
ence between the UHSAS optical diameter calibrated by
PSL and ambient particles consisting of NaCl or sulfate
(Kupc et al. 2018), then the uncertainty of this calcula-
tion is ±24% uncertainty. The one-standard error for
UHSAS size distributions during the leg was calculated
using 1Hz measurements. The one-standard error for
CCN spectra was available for each 5-min scan. When
multiple CCN spectra were available and averaged, the
standard error of the average spectrum was obtained by
error propagation. The error associated with retrieved
js values is shown in Figure 7 (third column, blue
shaded areas).

The hygroscopicity of particles >0.1 mm in diam-
eter (lower cutoff size of STEM impactor) was also
investigated from STEM size-resolved composition

measurements (jTEM). jTEM values were calculated
assuming an internal mixture and size-dependent com-
position with assumed hygroscopicity of 0.7 for the sul-
fate particle type, 1.1 for the sodium-based sea spray
particle type, and 0.9 for the sodium-based sea spray
mixed with sulfate particle type (Zieger et al. 2017;
Sullivan et al. 2010). Assuming an internal mixture (at
each size bin) and size-dependent composition is con-
sistent with the externally mixed composition obtained
from STEM analysis because the sulfate and sea salt par-
ticle types were at different sizes (Figure 6). jTEM pro-
vides an upper bound for the true particle
hygroscopicity since the carbonaceous components in
small particles are not usually detectable above the back-
ground carbon substrate. The uncertainty for calculated
jTEM values was estimated by propagating counting
error (counting statistics presented in Figures 6a–e) and
a±20% error in the OM fraction present on particles
that could be missed by STEM.

The organic fraction of the submicron aerosol was
investigated using calculated hygroscopicity parame-
ters. CCN spectra were calculated from UHSAS size

Figure 6. (a–e) Low-level-leg STEM composition as a function of size, (d–f) low-level-leg STEM number fraction composition as a
function of size, and (f–j) combined CN and UHSAS externally mixed particle size distributions from the STEM number fraction
composition. STEM particles <0.1mm diameter are crossed out in (a–j) and are shown as not measured (gray) in (k–o). Vertical
lines represent critical diameter based on measured CDNC. The size bin resolution in (a–j) is a factor of 10 lower than (k–o) due to
the low counting statistics.
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distribution and assuming STEM composition (base
case, no organic component present) and artificially
varying the fraction of organic components to best
represent the measured CCN spectra. This approach
assumes the particles at each size are internally mixed,

and specifically that the inferred organic contributions
were internally mixed with sulfate. Organic compo-
nents mixed with sodium-based sea spray particles do
not represent measured CCN spectra because of the
low number concentrations of sodium-based sea spray

Figure 7. (First column) Leg-averaged cumulative concentration number retrieved from inverted size distributions from UHSAS and
its one-standard error (solid black lines and error bars). (Second column) CCN spectra and their one-standard error shown as cyan
lines and error bars. Also shown are CCN spectra calculated from UHSAS size distributions and assuming size-independent effective
kappa values of 0.1 (dotted gray line), 0.5 (dashed and dotted line) and 1.0 (dashed line). If an intermediate effective kappa value
better represented the measurements it is shown as a solid gray line with the kappa value noted. (Third column) Retrieved aver-
age (solid blue line) and range (blue shaded area) for the kappa estimated from UHSAS and CCN measurements (js) as a function
of optical and geometric particle diameter. Also shown are the kappa values calculated from STEM elemental composition (jTEM ,
dashed black lines for the average and shaded gray area for the error). (Fourth column) Bulk average STEM composition for all par-
ticles sampled in each leg.
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particles measured in the size range with most of the
CCN. Estimating the organic fraction of the aerosol
particles using this approach was possible because of
large differences in hygroscopicity parameter between
sodium-based sea spray and sulfuric acid particles
(kappa ¼ 1.1 and 0.7, respectively) and organic com-
ponents (kappa <0.1), (Petters and Kreidenweis
2007). One drawback of this approach is the short
sampling times for each leg (<20min) and the limited
number of particles for each size range, which may
not be sufficient to sample a representative aerosol
population. The uncertainty of this approach is
described by the counting statistics for each size bin,
which is shown in Figure 6.

2.5. Ice nucleating particles (INP) measurements

INP collections were made from the CFDC, the oper-
ating principles for which have been described by
Rogers (1988). INP concentrations from SOCRATES
will be reported in a separate publication. The CFDC
configurations flown on the G-V and used on the R/V
Investigator were identical, and followed that
described in McCluskey et al. (2018). The diffusion
chamber uses cylindrical geometry of higher and
lower temperature ice-coated walls to produce con-
trolled temperature and humidity for a sample air
lamina (1.5 volumetric L min�1) centered in clean
sheath flows. Air from the aircraft and ship inlets was
initially dried by a set of three diffusion driers.
Operating temperatures were controlled to facilitate
measurements above limits of detection, which
required temperatures of �27 to �31 �C for this
study. CFDC RH in the chamber “growth” section
was nominally controlled to 105% for both ship and
aircraft campaigns to simulate immersion freezing
conditions (Demott et al. 2015). Aerosol particles and
activated ice crystals are measured by an optical par-
ticle counter at the CFDC outlet. An impactor holding
a STEM grid or Si-Ni window was placed beneath the
optical particle counter within a 4 mm aerodynamic
cut size, single jet impactor. Aerosol particles larger
than 2.4 mm aerodynamic diameter (50% cutoff) on
the aircraft and 1.5 mm aerodynamic diameter (50%
cutoff) on the R/V Investigator were removed before
entering the CFDC inlet by two identical inertial
impactors. To further assure that large aerosol par-
ticles were not mistaken for residues of ice crystals
collected on the ice crystal impactor, particles larger
than 1.5 mm dry spherical-equivalent geometric diam-
eter were omitted from chemical analysis. There were
very few particles observed in this size range.

3. Classification of organic composition by
STXM-NEXAFS for particles 0.25–1.75 mm

From the LBL ALS STXM-NEXAFS results, 96 par-
ticles had spectra that met all quality checks described
above, and the average organic particle spectra were
clustered into 9 spectra categories. Six of the spectra
categories are sufficiently similar to the categories pre-
sented by Takahama et al. (2007) that they are consid-
ered to be the same category (Figure 4 and Table 1).
One of the categories (Mcarb) was similar to those
reported by Hawkins and Russell (2010), identified
with marine conditions in DYCOMSII and VOCALS-
Rex, and another one (Macid) was similar to those
reported by Laskin et al. (2012) in CARES. Of the 96
classified particles, only 28 had a spherical geometry
(Table S1). Spherical-equivalent geometric diameters
for the different clusters are summarized in Table 1
and given for individual particles in Table S1. The
sampled particles had an average diameter of 0.86 mm
with a 56% relative standard deviation.

Particles with Type b spectra had clear and strong
absorption in the aromatic/alkene (R(C¼C)R’) and
the acid R(C¼O)OH carbon regions, similar to Type
b particles from Takahama et al. (2007), (cosine simi-
larity ¼ 0.98, two common peaks, Table 1). The
strong aromatic absorption implies that these particles
may be light-absorbing particles of combustion origin,
possibly from regional ship traffic or fires in
Australia. Type b spectra particles accounted for only
two out of 96 particles reported and were sampled
during RF08 and RF15. Particles with Type b spectra
were irregular in shape and contained substantial
organic mass, with little to no inorganic components
(Figure 5). The irregular shape of these particles could
also be the result of coagulation or sintering of solid
particles during combustion, although some deform-
ation may result from impaction on Si3N4 windows.

Particles with Type d spectra (cosine similarity ¼
0.99, three common peaks with Type d particles iden-
tified by Takahama et al. (2007), see Table 1)
accounted for 9 out of 96 particles reported. These
particles showed strong absorption from aromatic/
alkene bonds with additional broad absorption in the
alkyl range after the carbonate peak. Type d particles
were previously identified as potentially fresh, primary
combustion particles (Braun 2005; Lehmann et al.
2005), possibly from regional ship traffic. This is fur-
ther strengthened by the irregular shape of the carbon
absorbance within the particle, which is suggestive of
fractal-like black carbon particles (Figure 5). Particles
with Type d spectra were sampled during RF01
and RF12� 14.
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A single particle of Type i was identified because it
had two absorbance peaks in common with that type
(aromatic, carboxylic carbonyl and carbonate) and a
cosine similarity of 0.99 to that type. STEM analysis
revealed that this particle was a sodium-based sea
spray particle.

Particles with Type j had clear absorption in the
aromatic/alkene and carbonyl carboxylic regions in
addition to absorption in the carbonate and potassium
regions (cosine similarity ¼ 0.97 to Type j identified
by Takahama et al. (2007)). Type j particles were
identified as biomass burning particles because they
included a mixture of aromatic and acid signatures
(Takahama et al. 2007). These particles accounted for
10 out of 96 particles reported. The spectra for Type j
particles were similar to Macid spectra but had higher
absorption in the carbonyl region, which could be
associated with fresh sea-spray particles (Pham et al.
2017; Hawkins and Russell 2010). Images for particles
with Type j spectra show an organic component
attached to the surface of a non-carbon core. None of
these particles were analyzed with STEM. The pres-
ence of a clear absorption in the aromatic/alkene
region is unusual for sodium-based sea spray particles
but could be consistent with phenolic compounds
found in sea surface microlayers (Gagosian 1983;
Carlson and Mayer 1980; Hunter 1980) as well as
with aromatic groups present in proteins such as
phenylalanine and tryptophan. The presence of these
organic compounds around a non-carbon core and
the strong absorption from carbonyl carboxylic bonds
could also indicate a mixture of multiple sources that
could include combustion as well as sea spray. The
presence of aromatic bonds could also be from ship
fuel on the ocean surface that can be aerosolized dur-
ing bubble bursting (Frossard et al. 2014). Particles
with Type j spectra were sampled during RF08 and
RF12-14.

Particles with Type k spectra had clear and strong
absorption in the carbonyl carboxylic and potassium
regions, similar to Type k particles identified by
Takahama et al. (2007) (cosine similarity ¼ 0.95, four
common peaks, Table 1). These particles accounted
for five out of 96 particles, were irregular in shape
(Figure 5), and were the largest particles
(1.67 ± 0.65 mm). STEM analysis on three out of the
five Type k particles revealed these were sodium-based
fresh sea spray particles. These particles were sampled
only during RF08 and RF12� 14.

Particles with Type l spectra had a clear absorption
peak in the aromatic/alkene region and a broad,
amorphous absorption in the alkyl and carboxylic

carbonyl regions. These particles were similar to type l
identified by Takahama et al. (2007) (cosine similarity
¼ 0.99, three common peaks, Table 1). Type l par-
ticles accounted for 12 out of 96 particles reported.
Smaller but distinct peaks in the carbonyl and alkyl
regions were also observed (Figure 3). 11 out of 12
Type l particles were spherical in morphology (Figure
5, Table S1). Type l particles were also similar to the
spherical organic-rich Type Polysaccharide II (PsII,
cosine similarity ¼ 0.99, 3 common peaks, Figure 4)
identified by Hawkins and Russell (2010) in the
southeastern Pacific Ocean, suggesting a biogenic, sea
spray, origin for these particles. However, these par-
ticles could have been influenced by combustion sour-
ces given the clear contribution from aromatics at
285 eV, which could indicate polycyclic aromatic
hydrocarbons from combustion (Rogge et al. 1998).
STEM analysis on four out of the 12 Type l particles
collected revealed that three particles were organic
particles and one particle was sodium-based sea spray
with a large carbon ring (Table S1).

Particles with Type marine acid (Macid) spectra
were the most numerous and accounted for 22 out of
96 of particles. These particles had carboxylic carbonyl
(R(C¼O)OH), carbonate (CO3

2-), and potassium
peaks that were sometimes noisy and weak. Macid
particles were mostly irregular in shape and showed
higher carbon absorbance around the perimeter of a
low-carbon core, consistent with the presence of an
organic coating around a salt core (Figure 5). These
particles were not identified by Takahama et al.
(2007) or by Hawkins and Russell (2010). Similar
spectra were reported during the CARES study at
Point Reyes, CA for aged sea salt particles (Laskin
et al. 2012), but with different peak ratio, as shown in
Figure 4. Macid particles were sampled during flights
RF8, 12� 15 although the majority of particles was
collected during RF12� 15 for below-, in-, and above-
cloud legs (Table 1). The peak in the carbonate region
(the prevalent form of carbon in the oceans, (Hansell
and Carlson 2014)) for these particles (Figure 3) pro-
vides further evidence of the sea spray nature of the
Macid particles. Dust may also contain carbonate
(Hawkins and Russell 2010; Maria et al. 2004; Russell,
Maria, and Myneni 2002), and was found above
clouds and in ice nucleating particles during
SOCRATES (Twohy et al. 2020). The additional car-
boxylic carbonyl group in particles with Type Macid
spectra are indicative of the presence of secondary
(oxidized) OM that condensed on fresh sea spray par-
ticles. The presence of potassium peaks, though weak,
supports a seawater source since biomass burning is

AEROSOL SCIENCE AND TECHNOLOGY 11



possible but unlikely in this region. A limited number
of particles with STXM-NEXAFS spectra (12 particles
out of the 22 Macid particles) were also analyzed by
STEM-EDS. Six particles analyzed were identified as
sodium-containing sea spray particles, four were iden-
tified as metal particles with the presence of organic
carbon, one was an organic particle attached to a sea
salt crystal, and one was a sulfate particle (Table S1).
These different components indicate that the Type
Macid particles include a range of different primary
particle sources to which acid groups were added by
secondary processing (Frossard et al. 2014; Russell
2013). These sources include but are not limited to
sea spray particles.

Particles with marine alkyl (Malk) Type spectra
were similar to Type Macid but lacked a clear carbox-
ylic acid group peak (usually associated with second-
ary processes), suggesting that Malk type spectra
particles were primary sea spray that had not yet had
acid groups added. These particles accounted for 21
out of 96 particles reported during the SOCRATES
campaign and had low absorption in several regions,
typically including aromatic/alkene, carbonyl, alkyl,
carbonate, and potassium regions. These absorption
peaks were small and often noisy, consistent with little
organic mass on these particles. The low absorption
signal meant that comparisons to other reference cate-
gories were not conclusive. Images of these particles
revealed an organic coating around a salt core (Figure
5), similar to Macid particles. STEM analysis was per-
formed on 13 out of 21 Malk particles. All 13 particles
were identified as sodium-based sea spray particles
and some (four out of 13 particles) showed a substan-
tial amount of carbon associated with them. Malk
spectra particles were sampled during flights RF8 and
RF12-15 with the majority of particles (19 out of 21)
sampled during below- or in-clouds legs.

Particles with types labeled “Mcarb” in Figure 3
accounted for 14 out of 96 particles reported. These
particles were not identified by Takahama et al.
(2007) but were similar to the calcareous phytoplank-
ton type identified by Hawkins and Russell (2010)
(two common peaks). However, the distinct alkyl
region absorption of the calcareous phytoplankton
type was missing from sea salt particles collected dur-
ing the SOCRATES campaign and calcareous phyto-
plankton particles did not show a sea salt core. Type
Mcarb particles had sharp and strong absorption lines
in the carbonate region with smaller absorption in the
alkyl, carbonyl carboxylic, and potassium regions. The
lack of other distinctive peaks in the carbon region
suggests particles with too little organic mass for

functional group identification. Given the location
and back trajectories, the carbonate likely indicates sea
spray particles, even though there was too little
organic mass to identify other functional groups.
These particles were sampled mostly during above-
cloud legs (eight out of 14 particles, Table 1). STEM
analysis was performed on 10 out of 14 of these par-
ticles, and all 10 particles analyzed were identified as
sea salt particles.

3.1. SOCRATES particle organic composition

Overall, 74 out of 96 of the classified particles that
were analyzed by STXM-NEXAFS during SOCRATES
were consistent with sea spray particles that contain
organic functional groups. 5 different sea spray par-
ticles (Types k, l, Macid, Malk, and Mcarb) were iden-
tified based on differences in organic functional group
signatures. Types k, Macid, Malk, and Mcarb are
sodium-based sea spray particles (based on back tra-
jectories, STXM-NEXAFS potassium measurements,
and STEM-EDS sodium measurements). Type l
(organic-rich particles with no inorganic core) likely
have a marine origin because of their spectral similar-
ity to Type PsII particles (although the PsII particles
identified by Hawkins and Russell (2010) lacked
absorption in the aromatic/alkene region, Figure 4).
The organic components for l and Macid Types
showed clear absorption acid groups that were likely
formed during secondary atmospheric processing of
these aerosols. Furthermore, 84% of the sodium-based
particles that were analyzed with STEM-EDS had a
sodium core, supporting a marine origin for these
particles. For comparison, Hawkins and Russell (2010)
identified a single sodium-based sea spray particle
(Type PsI) and 3 sea spray particles with no sodium
core. Here we report 3 new sodium-based sea spray
particle Types (Macid, Malk, and Mcarb) that were
not previously identified in any ocean regions. These
results indicate that sodium-based sea spray aerosol
accounted for the majority of >0.25 mm diameter par-
ticles analyzed by STXM for carbon, as expected in
the MBL (Saliba et al. 2019, 2020; Sanchez et al. 2018;
Ovadnevaite et al. 2014; Hara, Osada, and
Yamanouchi 2013; Bates et al. 2012; Hawkins et al.
2010; Russell et al. 2010; Murphy et al. 1998).

3.2. Vertical differences in particle organic
composition

For the aerosol particle sampling, there were 21 par-
ticles analyzed from below-cloud samples, 19 from in-
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cloud samples, and 23 from above-cloud samples. The
average spectra of particles sampled below-cloud, in-
cloud, and above-cloud were similar (cosine similarity
>0.95) with pronounced peaks in the carboxylic and
carbonate regions indicative of aged sodium-based sea
spray particles. A one-way ANOVA test revealed no
statistical differences in the relative intensities for the
different OM functional groups (p¼ 0.09 for carbon-
ate region and p> 0.6 for the other OM functional
groups). Additional measurements could improve the
sampling statistics to reveal more subtle differences in
the particles at each level. The carbonyl and carboxylic
groups contents (both indicators of particle oxidation)
of the particles sampled below-cloud and in-cloud
were comparable. In contrast, particles sampled
above-cloud had larger contribution to absorption
from aromatics (six out of nine Type d particles were
sampled during above-clouds legs) and carbonate
groups, which could indicate long range transport of
combustion and dust particles in the free troposphere.

3.3. Ice nucleating particles (INP)

20 out of 33 INPs sampled following activation in the
CSU continuous flow diffusion chamber (processed

via immersion freezing at �27 to �31 �C) during the
SOCRATES campaign exhibited spectra with signifi-
cant contributions from the carbonate and potassium
regions (typical of sodium-based sea spray particles).
This result is consistent with expectations that INPs
emanate from marine organic mass emissions in sea
spray over the SO (McCluskey et al. 2018; Vergara-
Temprado et al. 2017).

11 out of 20 INPs collected during the
SOCRATES campaign were spherical, organic-rich
particles (Type l spectra, Table 1, Figure 5).
Organic-rich particles (with no sea salt attached to
them) were previously identified in the Southern
Pacific (Type PsII). However, an influence of com-
bustion emissions for these particles cannot be ruled
out due to clear absorption in the aromatic/alkene
region (Figure 3).

Two out of 32 INPs sampled over the SO (Type b,
Table 1) were likely fresh or aged combustion par-
ticles that may also contain BC. This indicates that
nearby ship emissions or transported pollution play a
minor role on the INP budget over the SO, consistent
with the prior findings for INP warmer than �30 �C
(McCluskey et al. 2018).

Table 2. STEM composition of below cloud particles and in-cloud droplets for three flights. Colors correspond to Figure 6 legend.
Below Cloud Particle Composition In Cloud Residual Composition

TEM

TEM size-segregated
UHSAS > 100 nm
(Figures 6k–o) TEM Corrected STEM1

Estimated with
STEM-weighted
UHSAS and CDNC

RF112 N/A N/A

RF123

RF134

1Discrepancies between the CVI UHSAS>0.1 mm concentration and CDNC were assumed to be due to the evaporation of non-refractory sulfate particles;
therefore, droplet particle compositions have been scaled to account for the missing sulfate particles. 2In-cloud CVI UHSAS>0.1mm ¼ N/A; CDNC ¼
101 cm�3; Below-cloud UHSAS>0.07 mm ¼ 109 cm�3; Dcrit ¼ 0.071 mm. 3In-cloud CVI UHSAS>0.1mm ¼ 51 cm�3; CDNC ¼ 175 cm�3; Below-cloud
UHSAS>0.07 mm ¼ 274 cm�3; Dcrit ¼ 98 nm. 4In-cloud CVI UHSAS>0.1 mm ¼ 55 cm�3; CDNC ¼ 207 cm�3; Below-cloud UHSAS>0.07 mm ¼ 143 cm�3; Dcrit

� 0.096 mm.
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4. Classification of inorganic composition
by STEM

>0.1 mm diameter impactor samples from below cloud
and in-cloud behind a CVI were collected to identify
MBL particle and cloud droplet residual particle com-
position respectively using STEM analysis (Figure 6,
Table 2) for four flights (RF11-13 and 15). The num-
ber of particles counted in each size bin varied
between 1 and 35 (for 10 logarithmically spaced bins
between 0.1 and 0.5 mm diameter, Figures 6a–e).
Sulfate particles accounted for >80% of the particle
number <0.15 mm dry geometric diameter for RF11D,
RF12D, RF13G, and RF15F but around 60% of the
<0.15 mm diameter particles for RF13I. The number
fraction of sea spray particles increased from <10%
for particles <0.2 mm to >90% for particles >0.4 mm
diameter, consistent with sodium-based sea spray par-
ticles found at larger sizes (Saliba et al. 2019; de
Leeuw et al. 2011; Lewis and Schwartz 2004; Murphy
et al. 1998). Sea spray particles mixed with sulfate
components were also identified but generally
accounted for <20% of the particles counted and
sized. Similar particle composition was observed in
the SO MBL (Middlebrook, Murphy, and Thomson
1998; Murphy et al. 1998; Bigg, Gras, and Evans 1984)
and over Antarctica during periods of time influenced
by continental (Antarctica), as well as in SO air
masses (Budhavant, Safai, and Rao 2015; Hara, Osada,
and Yamanouchi 2013; Asmi et al. 2010). Additional
SOCRATES results from STEM analysis are given in
Twohy et al. (2020).

Table 2 shows the STEM composition and the
STEM-weighted UHSAS composition for particles
greater than 0.1mm diameter. There are only subtle
differences between them, suggesting that the size
dependent collection efficiency did not affect the
measured composition significantly. Here, the
sodium-based sea spray number fraction is compar-
able to previous marine number fractions recorded in
the North Atlantic MBL during late spring (Sanchez
et al. 2018).

Table 2 also shows that the in-cloud droplet
residual composition for RF12 and RF13 had a signifi-
cantly higher fraction of sodium-based sea spray rela-
tive to the below cloud particles. A UHSAS behind
the CVI revealed that cloud droplet residual concen-
trations >0.1mm diameter were much lower than the
observed cloud drop number concentration (CDNC),
indicating the raw STEM measurements were missing
some cloud residuals and therefore, biased low. The
heating by the CVI may have caused some non-refrac-
tory particles to evaporate to sizes smaller than the

>0.1 mm diameter impactor cutoff, or some cloud
droplets may have been below the CVI cut size of
7–8 mm diameter. To account for this bias, the differ-
ence between the CDNC and UHSAS >0.1 mm diam-
eter particle concentration was assumed to be from
non-refractory sulfate particles. This significantly
increased the number fraction of sulfate particles in
the cloud residuals (Table 2).

With the below cloud UHSAS distribution and
observed CDNC, the critical diameter was determined
as the size at which the below cloud cumulative
UHSAS concentration is the same as the CDNC. The
average critical diameters for all the RF11, RF12 and
RF13 cases are 0.071mm (range¼ 0.070–0.107 mm),
0.098 mm (range ¼ 0.070–0.112mm) and 0.096mm
(range ¼ 0.071–0.109 mm), respectively. The critical
diameters are all less than the impactor 0.1mm cutoff
diameter, indicating that in some cases, particles are
too small to be collected on the impactor also acti-
vated to form cloud droplets. Using Figures 6g–i and
the observed CDNC, an estimated cloud droplet
residual composition was determined by integrating
the particle number distribution above the critical
diameter and is shown in Table 2. For all three cases,
a portion of the activated particle composition is
unknown, since the composition for particles below
0.1 mm diameter was not measured. It is likely that a
significant fraction of the particles that were not
measured are sulfate particles that have grown to
CCN sizes, based on trends in the STEM analysis. The
sea salt number fraction for the RF13 corrected in-
cloud STEM residuals and estimated cloud droplet
residual composition (Table 2) are similar, indicating
almost all of the particles in the CCN-size range are
sulfate. Sanchez et al. (2020) have reported that sea
spray particles constitute less than 20% of CCN num-
ber concentrations (at 0.3% supersaturation) and
cloud droplet number concentrations in summertime
over the Southern Ocean. The RF12 critical diameter
is 0.098 mm and close to the 0.1mm impactor cutoff,
which is why the corrected in-cloud STEM residual
composition and estimated residual composition
are similar.

5. Organic fraction of particles <0.15 mm
diameter retrieved from hygroscopicity
measurements

The organic fraction of the particles <0.15mm diam-
eter sampled in the SO was investigated by constrain-
ing the aerosol composition using CCN spectra and
particle number size distributions measurements from
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the UHSAS. Since 78 out of 96 particles analyzed with
STXM-NEXAFS were larger than 0.5 mm diameter and
only 2 out of 96 particles analyzed were <0.2 mm
diameter, they are not representative of the majority
of CCN. Moreover, the organic contribution to super-
micron particles is not the same as the organic contri-
bution to the submicron aerosol because the two size
ranges have different sources and different growth
rates (Betha et al. 2017; Maria et al. 2004). The elem-
ental composition obtained from STEM analysis is
representative of particles >0.1 mm diameter because
smaller particles were not collected by the STEM
impactor. It is also possible that some fraction of the
organic components in the 0.1–0.15 mm diameter
range were not identified by STEM analysis because
these organic components volatilized during sampling
(Frossard et al. 2014; Middlebrook, Murphy, and
Thomson 1998).

The results presented in Figure 7 show trends for
js versus particle (optical and geometric) diameter for
the different legs. js generally increased with particle
size from �0.2–0.3 to �0.5–0.8. In contrast, js was
nearly size-independent for leg RF15F. Differences in
the size-dependence of js in MBL legs can be
explained by air mass origin and evolution during
transport. During RF12D, RF13G and RF13I, proc-
esses that drive condensation of the organic compo-
nents on particles <0.15 mm diameter may be
products from the oxidation of marine biogenic
VOCs. This hypothesis is consistent with back trajec-
tories calculated for RF12 and RF13 which passed
over the Antarctic coast within the five-day back tra-
jectory prior to sampling (Figure 1). Antarctica’s bio-
logically rich continental shelf is a known source of
marine biogenic VOCs (e.g., DMS) during summer
(Moore and Abbott 2000; Liu et al. 2018). These
VOCs are oxidized to produce lower volatility prod-
ucts that subsequently condense on existing particles
(Jung et al. 2020; Minikin et al. 1998). A higher con-
tribution from secondary organic aerosol was also
reported by Decesari et al. (2020) and Rinaldi et al.
(2020) for the air masses originating above sympagic
waters compared to pelagic waters near the Antarctic
peninsula. For RF11D and RF15F, back trajectories
show air masses that spent 5 days over the SO on a
(nearly) constant latitude trajectory at around 60oS
(Figure 1). This latitude is where the maximum fre-
quency of storm tracks occurs (Hoskins and Hodges
2005) and includes persistent cloud processing (and
scavenging) of CCN-sized particles.

The moderately low js values for particles
<0.15 mm diameter are consistent with the presence of

organic components on these particles. This result
suggests a decreasing organic fraction with increasing
particle size (and lower supersaturation) and that con-
densation of SOA (likely MSA) and surface reactions
are potentially the source of the <0.15 mm organic
components (Betha et al. 2018; Zhao et al. 2015),
although a free tropospheric source for these organic
components cannot be ruled out (Quinn et al. 2019).
The moderately low aerosol hygroscopicity inferred
for particles <0.15 mm diameter is consistent with pre-
vious observations. Kim et al. (2017) found an annual
averaged hygroscopicity of 0.15 ± 0.05 at the King
Sejong Station, Antarctica, for <0.3 mm diameter par-
ticles and Lathem et al. (2013) reported a mean
hygroscopicity of 0.32 ± 0.23 (at 0.55% supersatur-
ation) for particles sampled during Arctic background
periods. The sharp increase in js for RF12D and
RF13I at �0.1 mm dry diameter is consistent with
population of larger (cloud processed) sulfate particles
and smaller (fresh) organic-rich particles (Figure 7,
third column).

Retrieved js were within the uncertainty of jTEM
for RF11D, RF13G, RF13I, and RF12A (Figure 7) for
0.1–0.15mm diameter particles. This indicates that
likely <20% organic components were present on par-
ticles in the 0.1–0.15 mm size range (overlapping range
between STEM and CCN measurements). In contrast,
jTEM (calculated from STEM composition) was clearly
larger than js for RF12D, and RF15F for particles in
the 0.1–0.15 mm size range. The effective kappa that
best represented the measured CCN spectra for
RF12D and RF15F at supersaturation <0.2% (calcu-
lated from STEM lower size limit and jTEM) was
between 0.2 and 0.3 (Figure 7, second column). This
difference in kappa values suggests large amounts of
organic components that were not detected by STEM
analysis, potentially due to low counting statistics
(<30 particles were used to estimate jTEM , Figure 6).

An upper limit for the organic number fraction of
particles <0.15 mm diameter sampled during
SOCRATES was estimated using the STEM and sys-
tematically varying the organic fraction (between 0
and 100%). STEM composition was extrapolated to
particles <0.1 mm (high supersaturations) to calculate
CCN concentrations at supersaturations that activate
particles below the size range of the STEM. The
organic fractions inferred from the measured CCN
spectra and size distributions are not consistent with
the low organic fraction measured for STEM samples
for particles in the 0.1–0.15 mm diameter range
(Figure 6) given the respective uncertainties. The com-
parison of measured and calculated CCN
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concentrations is shown in Figure 8 for 5 legs
(RF11D, RF12D, RF13I, RF13G, and RF15F). For
RF11D and RF13G, measured and calculated CCN
spectra compared well without adding organic compo-
nents to the sulfate particles, suggesting an aerosol
composed of sulfuric acid and sulfuric acid partly
neutralized by ammonia (Adams, Seinfeld, and Koch
1999; O’Dowd et al. 1997) and some sea-spray com-
ponents. Similar results were reported by Asmi et al.
(2010) over Antarctica for particles smaller than
0.1 mm diameter. The good agreement between meas-
ured and calculated CCN spectra using no added
organic components suggests that the STEM compos-
ition for the 0.1–0.15 mm diameter range was repre-
sentative of the entire <0.15 mm diameter range. In
contrast, inferred organic contributions of 50%
(RF13I) and 70% (RF12D and RF15F) on the sulfate
particles were required to represent observed CCN
spectra at the measured supersaturations.

Despite the large and variable volume fractions of
the organic components (between <10–70%) of par-
ticles <0.15 mm (optical or geometric) diameter, we
estimated that the mass concentrations for these
<0.15 mm diameter organic components were 0.1 mg/
m3 for RF12D, 0.06 mg/m3 for RF13I, and 0.06 mg/m3

for RF15D. This range of inferred OM concentrations
for <0.15 mm diameter particles during the
SOCRATES campaign is in agreement with the annual
range of submicron FTIR OM measured in Antarctica
(0.04–0.27mg/m3) (Liu et al. 2018), and is consistent
with the low NR-Org concentrations observed during
the project (Twohy et al. 2020).

6. Conclusions

Few observations of the size-dependent organic com-
position of aerosol particles in the Southern Ocean
(SO) MBL have been reported. Here concurrent
chemical and physical aerosol measurements were
used to characterize the organic composition and frac-
tion that span a wide range of aerosol particle sizes
(0.07–1.75mm) sampled in the summertime SO MBL

Figure 8. Comparison of measured (solid cyan lines) and cal-
culated (dashed and solid gray lines) CCN concentrations ver-
sus supersaturation for legs with size-resolved STEM
composition (Figure 6). CCN measurements are shown as solid
blue lines with error bars. Dashed gray lines represent CCN cal-
culation using STEM composition and extrapolating the STEM
composition to particles <0.1mm diameter (high supersatura-
tions). Solid gray lines represent CCN calculations using STEM
composition with added fractions of organics on the sulfate
mode to achieve best agreement with measurements.
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as part of SOCRATES. STXM-NEXAFS was used to
measure the organic composition of particles between
0.25–1.75 mm diameter which are relevant for direct
radiative impacts. STEM analysis was used to measure
the elemental composition for 0.1–0.5 mm and
0.5–1 mm diameter particles, noting that 0.1–0.5 mm
diameter particles often provide the majority of CCN
at supersaturations <0.3%. CCN and size distribution
measurements were used to estimate the hygroscopic-
ity and infer the organic fraction of particles
<0.15 mm diameter which are relevant for CCN budg-
ets at >0.3% supersaturation. By investigating the
organic fraction of <0.15mm diameter particles, this
study provides a more complete assessment of organic
composition compared to other study that have
focused on STXM only.

The analysis of particle samples using STXM-
NEXAFS revealed that the majority of the
0.25–1.75 mm diameter particles collected (74 out of
96 particles) during SOCRATES were consistent with
sea spray particles with some organic component
around a sea salt core. 5 different sea spray Types (k,
l, Macid, Malk, Mcarb) were identified, 3 of which
(Macid, Malk, Mcarb) were not previously identified.
The organic component sometimes included carbox-
ylic acid groups that were likely secondary, indicating
a contribution of “aging” to the sea spray. These par-
ticles were characterized by absorption in the alkyl,
carbonyl, carboxylic carbonyl, carbonate, and potas-
sium regions. STEM analysis of a subset of the par-
ticles analyzed with STXM-NEXAFS confirmed the
sea spray origin for the majority of the particles
between 0.25 and 1.75 mm diameter sampled over the
SO. Ice nucleating particles sampled by immersion
freezing <-27 �C were also largely consistent with sea
salt and sea spray organic functional groups, although
two of 33 particles were consistent with long-range
transport of particles from continental sources.

The organic composition of particles smaller than
0.1 mm diameter could not be investigated with
STXM-NEXAFS or STEM-EDS due to limitations in
collection and analysis. These <0.1mm diameter par-
ticles could be important for CCN budget in the SO
MBL depending on their composition and critical
supersaturations. For that purpose, we used measured
CCN spectra and size distributions to estimate the
particle hygroscopicity and the organic fraction of
particles <0.15mm diameter. The effective hygrosco-
picity of particles between 0.1 and 0.15 mm diameter
(supersaturation <�0.2%) was generally within the
uncertainty of the hygroscopicity obtained from
STEM composition and consistent with sulfuric acid

and sea spray particles. The hygroscopicity of particles
<0.10 mm diameter (supersaturation > �0.2%), which
were not measured by the STEM analysis, varied
between 0.2 and 0.5, corresponding to 0%–70% of the
volume being organic components for sizes that are
relevant to CCN concentrations over the SO. The
large variability in the organic composition of par-
ticles <0.15 mm diameter likely implies significant dif-
ferences in CCN concentrations at typical
supersaturations for the SO.

The calculated OM volume contributions of <10%
and up to 70% for particles smaller than 0.15mm
diameter were consistent with the observed CCN
spectra. The high organic fraction of the <0.15 mm
diameter particles accounted for OM concentrations
of <0.1 mg/m3. The large organic fraction of particles
<0.1 mm diameter may have important implications
for CCN number concentrations and indirect radiative
forcing over the SO, a climatically important region.
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