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Abstract The Atmospheric Radiation Measurement Mobile Facility-2 was installed onboard the research
vessel Aurora Australis to measure aerosol properties during the 2017-2018 Measurement of Aerosols,
Radiation, and CloUds over the pristine Southern ocean (MARCUS) Experiment, providing unique data on
aerosols latitudinal and seasonal variation, including south of 60°S where previous observations are scarce. Data
from a Cloud Condensation Nuclei (CCN) counter and Ultra-High-Sensitivity Aerosol Spectrometer show that
both the number concentration (Nocy) and size distribution of CCN-active aerosols, with diameters (D) between
60 nm < D < 1,000 nm are different over the North Southern Ocean (NSO) (50°S—60°S) and the South Southern
Ocean (SSO) (62°S-68°S). The average NSO Ny at 0.2% and 0.5% supersaturation were 28% and 49% less
than that over the SSO. This increase of CCN over the SSO is caused by the increase of aerosols with

60 nm < D < 200 nm, consistent with calculations of Aerosol Scattering Angstrom Exponents derived from a
nephelometer. Aerosol hygroscopicity growth factor measured by the Hygroscopic Tandem Differential
Mobility Analyzer stayed close to 1.41 for aerosols with 50 nm < D < 250 nm over the SSO, but increased from
1.30 to 1.67 over the NSO, indicating different chemical compositions. Both CCN and Ice Nucleating Particles
(INPs) showed a stronger variation with season than with latitude. The variation of heat-labile and presumably
proteinacous INPs suggests an increase of ice nucleating-active microbes in summer.

Plain Language Summary The Atmospheric Radiation Measurement Mobile Facility-2 was
installed onboard an ice breaker to measure small particles suspended in the air (aerosols), particularly those
with potential influences on cloud formation and evolution. The 2017-2018 Measurement of Aerosols,
Radiation, and CloUds over the pristine Southern ocean (MARCUS) measurement campaign provides unique
data on the latitudinal and seasonal variation of the suspended particles, including south of 60°S where previous
observations are scarce. Data show that both the number concentration and size distribution of particles that
serve as embryos of cloud droplets are different over the North Southern Ocean (NSO) (50°S—60°S) and the
South Southern Ocean (SSO) (62°S—68°S). There are greater concentrations of these embryos over the SSO for
increased total amount of suspended particles there. These observations are consistent with data collected by
other instruments that show differences over the NSO and SSO in how these suspended particles scatter
radiation and how they absorb water vapor, which shows the particles have different sizes and chemical
compositions respectively. The concentrations of both particles that serve as embryos for cloud drops and ice
crystals both vary more with season than latitude, which has an implication for the energy balance of the
Southern Ocean.

1. Introduction

The Southern Ocean (SO), surrounding the ice-covered Antarctic and sea ice, is the most pristine environment on
Earth due to its remoteness from anthropogenic and continental aerosol sources (Hamilton et al., 2014; Hoose
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etal., 2009; D. T. McCoy et al., 2015; Uetake et al., 2020) confirmed the pristine nature of the SO boundary layer
by documenting the dominance of marine bacteria emitted in sea spray in the marine boundary layer over the SO
in a zonal band at latitudes spanning 42.8—66.5°S. Previous studies have also pointed out that aerosols over the SO
are primarily natural in origin, including wind-driven primary aerosols such as sea spray, and secondary aerosols
such as oxidized products of biogenically produced dimethylsulfide (Quinn et al., 1998). Observations of acrosols
in this pristine environment are unique and invaluable for two reasons.

First, the measurements can be used to quantify natural marine aerosols' contribution to direct radiative forcing
(Brooks & Thornton, 2018) through scattering, reflection, and absorption of solar radiation as conditions over the
SO are as close to pre-industrial as anywhere on Earth. Second, for aerosol-cloud interaction (ACI) research, the
measurements can be used to quantify natural aerosols' influence on the formation and evolution of marine
boundary cloud properties through their role as Cloud Condensation Nuclei (CCN) or Ice Nucleating Particles
(INPs). There is a large bias in shortwave radiation reflected by the cold sectors of extratropical cyclones over the
SO in Global Circulation Models (GCMs), such as those involved in the Coupled Model Intercomparison Project
—Phase 5 (CMIPS5) (Bodas-Salcedo et al., 2014, 2016; Naud et al., 2014), compared to observed radiative fluxes.
This bias may be associated with the over-rapid simulated conversion from liquid cloud droplets to ice crystals
which decreases the cloud albedo and diminishes the reflected shortwave radiation at the top of atmosphere
(Bodas-Salcedo et al., 2014; D’ Alessandro et al., 2021; Flato et al., 2013). Although more recent model simu-
lations have reduced this particular bias, the bias is still prominent over the SO close to the Antarctic coast
(Gettelman et al., 2020; Zhou et al., 2021). Satellite retrievals over the SO highlight the natural marine cloud
brightening over the Antarctic marginalized sea ice area (Mace et al., 2023). However, this has not been captured
by the CMIP6 models yet (Mallet et al., 2023), and essentially the modeled clouds south of 60°S are still not bright
enough.

Prior satellite retrievals over the SO (Huang, Siems, Manton, Hande, & Haynes, 2012; Huang, Siems, Manton,
Protat, & Delanog, 2012) have acknowledged the importance of supercooled liquid water (SLW), which may at
times be more prevalent over the SO than at equivalent latitudes and temperatures in the Northern Hemisphere
(Huang et al., 2015; Y. Hu et al., 2010; McFarquhar et al., 2021). Because the scattering and absorption properties
of liquid and ice differ (Sun & Shine, 1994) and because many parameterizations in models are based on ob-
servations collected in the more polluted and land-based Northern Hemisphere that lead to more efficient ice
nucleation and cloud glaciation (Burrows et al., 2013), global model biases occur, and tend to increase with
latitude (Bodas-Salcedo et al., 2014, 2016).

Updates to GCMs to reflect an enhanced understanding of cloud and aerosol processes have improved the rep-
resentation of the radiative budget north of 60°S; however, the discrepancies south of 60°S are compounded by
the fact that there are very limited air-borne aerosol and cloud measurements over the Antarctic marginalized sea
ice area. The reasons behind the models' inability to capture natural marine cloud brightening are still unknown.
To improve cloud representation over the SO, particularly the Antarctic sea ice marginal zone, more and higher
quality observations of clouds and aerosols over the SO, and the potential physical justification for more frequent
SLW over the SO, are needed.

The microphysical properties of low clouds, such as the concentration of cloud droplets, which influence cloud
reflectance, are sensitive to the concentrations of CCN. Therefore understanding the sources and sinks of CCN is
crucial to understanding SO clouds (Kang et al., 2021). Over the remote SO in the Marine Boundary Layer
(MBL), natural aerosols, especially those in the accumulation mode (Ac, aerosols with diameter (D) between 60
and 1,000 nm), have long residence times of 1-5 days in the boundary layer, 5-10 days between 4 and 8 km, and a
few weeks between 8 and 13 km, because they do not sediment quickly nor coagulate easily (Williams
etal., 2002). They are capable of serving as CCN as they are large enough to nucleate at typical supersaturations in
the atmosphere. Recent in situ observations in the region suggests that 0.3% is a typical in-cloud supersaturation
found in stratocumuli clouds (Fossum et al., 2018; Sanchez et al., 2021; Twohy et al., 2021). Wet scavenging can
be a main sink for Ac, and precipitation intensity together with duration can affect the amount of Ac.

Extratropical cyclones are pervasive over the SO (Hoskins & Hodges, 2005; Lang et al., 2018; Simmonds &
Keay, 2000) and are accompanied by substantial cloud cover, particularly by low clouds below 3 km altitude and
boundary layer precipitation (IPCC, 2013; Mace, 2010; D. T. McCoy et al., 2014). This makes the SO an ideal
natural laboratory for aerosol-cloud-interaction studies. However, the remote and synoptically active environ-
ment of the SO increases the logistical challenges of deploying instruments to measure aerosols, CCN and INPs.
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Therefore few comprehensive aerosol, cloud, and meteorology focused field campaigns have been conducted in
this region, especially south of 60°S, until recently. Recent experiments include the Measurements of Aerosols,
Radiation and CloUds over the Southern Ocean (MARCUS), the Clouds, Aerosols, Precipitation, Radiation, and
atmospherlc Composition Over the southeRn oceaN (CAPRICORN), the Southern Ocean Clouds, Radiation,
Aerosol Transport Experimental Study (SOCRATES), and the Antarctic Circumnavigation Expedition (ACE),
which made observations of aerosols, clouds, and precipitation over the SO (McFarquhar et al., 2021; Schmale
et al., 2019). In particular, MARCUS, conducted in spring and summer of 2017-2018 made observations of the
seasonal variation of aerosol properties at high latitudes over the Australasia sector of the SO. In this study,
MARCUS observations acquired by instruments installed on the icebreaker RSV Aurora Australis, which tra-
versed back and forth between Hobart, Australia and the Australian East Antarctic stations in the 2017-2018
period, are analyzed.

Xi et al. (2022) examined how cloud properties varied by latitude with a demarcation line of 60°S, noting higher
total cloud fractions (90.3%), lower cloud liquid water paths, lower precipitable water, and more mixed-phase
clouds south of 60°S compared to north of 60°S. This discernible shift of cloud properties can be related to
the variation of aerosols over different regions. Humphries et al. (2021) also examined the latitudinal gradient of
aerosol concentrations, specifically those of CCN, but did not examine the latitudinal dependence of
accumulation-mode-aerosol size distributions or aerosol optical and hygroscopic properties. Twohy et al. (2021)
used a combination of SOCRATES and CAPRICORN data to examine the sub-micron aerosol composition
between Tasmania and 65.7°S and CCN species north of 62°S, showing an increase of sulfate and meth-
anesulfonic acid (MSA) concentrations south of 62°S compared to further north.

Other recent studies have examined the influence of Recent Particle Formation (RPF) on the marine aerosol
variability and low cloud properties over the remote ocean. For example, I. McCoy et al. (2020) showed the SO
free troposphere (3—6 km) is characterized by widespread, frequent RPF events contributing to Aitken-mode
aerosol particle (0.01-0.1 pm) concentrations, which subside into the boundary layer and grow into accumula-
tion mode aerosols. However, I. McCoy et al. (2020) only examined airborne observations of Ac below, above
and within the clouds, and did not analyze the surface aerosol conditions which is close to important sources of
primary aerosols.

However, there are limited studies that focus on the distribution of aerosols close to the Antarctic coast thus
preventing the analysis of (a) how cloud properties vary in the context of varying aerosol loading, and (b) how
cloud properties influence boundary layer aerosols over the SSO. MARCUS had more shipborne data collected
over the SSO compared to CAPRICORN, enabling this study extend previous studies conducted over the SO by
providing information about both the seasonality and latitude variation of marine boundary layer CCN-active and
INP-active aerosols over the SSO where analyses have previously been limited. This study also aims at comparing
the properties of CCN and INP between the SSO and NSO, which may be related to the change of clouds shown in
Xi et al. (2022).

The remainder of the study is organized as follows. Section 2 introduces the MARCUS data and quality control
procedures, including the development of a new methodology for removing aerosol data contaminated by the
Aurora Australis ship stack. Section 3 presents observations of accumulation mode aerosols, CCN, aerosol optical
properties and hygroscopicity over the NSO and SSO by season and latitude. Section 4 shows the INP latitudinal
and seasonal variation. Section 5 summarizes the main findings and potential directions for future research.

2. Methodology and Data
2.1. Voyage Overview

During MARCUS, the AA made three full latitudinal transects of the SO on resupply voyages from Hobart,
Australia (42.9°S, 147.3°E) to the Australian Antarctic stations Casey (66.16°S, 110.3°E), Davis (68.3°S, 77.6°
E), and Mawson (67.4°S, 62.5°E). The AA also made one voyage to the Macquarie Island research station (54.4°
S, 158.5°E). Overall data were collected from 29 October 2017 to 24 March 2018 (Figure 1). This 144-day period
included the Austral spring and summer. The nature of the resupply voyages means that specific cloud or weather
systems were not targeted.

The transit time, across the SO and through the sea ice, from Hobart to Antarctica was approximately 2 weeks,
with the AA spending 1-2 weeks moored at a station during the resupply. Data from the aerosol probes while the
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Aurora Australis ship track

Lt

V1 Hobart-Davis (10/29-12/02)

V2 Hobart-Casey (12/13-01/10)

V3 Hobart-Mawson (01/16-03/04)
V4 Hobart-Macquarie (03/09-03/24)

40°S

60°S

. 5 Antarcti : 5
30°E 50°E 70°E 90°E 110°E 130°E 150°E

170°E

Figure 1. Ship tracks during MARCUS with voyage illustrated by color shown in legend. The orange and green shaded area
represent the north Southern Ocean (NSO) and south Southern Ocean (SSO) respectively.

AA was in port were not used for analysis to avoid contamination from anthropogenic pollutants from the
Antarctic stations. The measurements of INP used in this study do include some in-port time period considering
the sample window is 23—48hr. McFarquhar et al. (2021) provide more details on the meteorological systems
sampled during MARCUS, the instruments installed on the AA, and the context of the MARCUS data in terms of
other projects conducted during a similar time period over the SO.

2.2. Instrumentation

McFarquhar et al. (2021) review the instrumentation installed on the AA to measure clouds, aerosols, radiative
and precipitation properties during MARCUS. In this section, a review of only the aerosol, CCN, and INP
instrumentation used in this study (Table 2) are provided together with a description of the processing procedures.

The primary measurements of aerosols were acquired with instruments included in the second ARM Mobile
Facility 2 (AMF2) Aerosol Observing System (AOS) (Uin & Smith, 2020; Uin et al., 2019). The AMF2 AOS
includes a suite of instruments in a container that was located at the top of a wheelhouse (approximately 24 m
above sea level) on the bridge deck of the AA. The AOS inlet was covered by a stainless-steel rain shield with a
meteorological station mounted on the shield top. The exact location of the instruments on the AA can be found in
the Appendix of Humphries et al. (2021).

The TSI Model 3772 Condensation Particle Counter (CPC) was used to detect the concentration of total
Condensation Nuclei (CN), aerosols with 10 nm < D < 3 pm, over a concentration range from 0 to 10* cm™
(Koontz, Kuang, et al., 2018). The CPC condenses and grows particles to super-micron sizes and then counts them
individually with an Optical Particle Counter. Unlike measurements made at a fixed site where uncertainty is
dominated by statistical errors in the single particle-counting mode, the inlet flow rate typically has a variability of
up to 5% for measurements made on a vessel, which primarily contributes to the measurement uncertainty

(Kuang, 2016a, 2016b).

The Ultra-High Sensitive Aerosol Spectrometer (UHSAS) manufactured by Droplet Measurement Technologies,
Inc. provides aerosol size distributions for particles with 60 nm < D < 1,000 nm (Uin, Senum, et al., 2018). Data
were processed with a time resolution of 10 s. The light scattered by particles passing through an infrared laser
(1,054 nm) was measured by optical detectors to determine D. The first five bins (D < 70 nm) were not used since
the data do not have high quality (Janek Uin, personal communication, 28 March 2024). There was a stable
sample flow of around 50 cm™ min~" through the UHSAS during MARCUS, indicating concentrations in the
range of 03,600 cm™ could be detected. The manufacturer specifies the uncertainty of particle sizing as 2.5% in
the laboratory but higher on-site (Uin, 2016c).
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The Cloud Condensation Nuclei Counter (CCN-100) manufactured by Droplet Measurement Technologies Inc.
measures the concentration of CCN as a function of supersaturation in the humidifier (Uin, Andrews, et al., 2018).
The CCN-100 draws a volume of air into one column chamber with an adjustable supersaturation, where an OPC
is used to size and count the particles. For MARCUS, an hourly cycle was adopted such that the Supersaturation
(8S) was changed every 12 min, providing 10 min of observations and 2 min of equilibration at each change. The
SS chosen (in order) were 0.1%, 0.2%, 0.5%, 0.8%, and 1.0% to include the range of typical SS over the SO. The
whole cycle normally lasted for 1 hr and therefore the concentration of CCN at each SS hourly is available.
Uncertainty of single particle counting depends on the total aerosol particle concentration and is less than 4% in
ideal conditions but higher on site (details in Table 2) (Uin, 2016a).

Number concentrations of immersion freezing INPs (Nxp) were measured during MARCUS with the Colorado
State University (CSU) ice spectrometer (DeMott et al., 2018). Composite INP concentrations versus temperature
from MARCUS have been presented in Raman et al. (2023), but additional investigations of latitudinal distri-
bution and inferences to INP types are made herein. An open faced poly-carbonate filter (0.2 micron pore size),
sited approximately 18 m above the ocean surface, was used to collect suspended ambient particles of all sizes
(McCluskey, Hill, Sultana, et al., 2018). Filters were stored frozen until removal of particles into suspensions in
pure water for offline treatment to identify INP type. Measurements were considered below the detection limit if
the INP number concentration or the 95% confidence interval extended below zero. Two treatments were con-
ducted on aerosol samples to determine the contributions of heat-labile and organic material fraction respectively.
A detailed description of these 95°C heating and hydrogen peroxide (H,0,) digestion methods are included in
McCluskey, Hill, Sultana, et al. (2018).

The TSI model 3563 Integrating Nephelometer instrument measures aerosol light scattering as a function of
wavelength (Koontz, Flynn, et al., 2018; Uin, Salwen, et al., 2018). The main observables include the aerosol
particle optical scattering coefficients (total scatter and backscatter) for three wavelengths (700, 550, and
450 nm). It had two impactors installed, one to only sample aerosols with D < 1 pm (PM,) and the other that limit
aerosols with D < 10 pm (PM, ). Based on modeling and experimental results the systematic uncertainty in ideal
conditions is estimated to be within 10% (Uin, 2016b). With the same wavelengths and filters, the Particle Soot
Absorption Photometer (PSAP) collects aerosol particles on a substrate and measures the change in light
transmission relative to a reference filter, which thus provides aerosol absorbing properties.

The Humidified Tandem Differential Mobility Analyzer (HTDMA) 3100 manufactured by Brechtel
Manufacturing, Inc. measures aerosol particle growth factor due to water uptake (Uin, Cromwel, et al., 2018). The
first differential mobility analyzer (DMA) selected a narrow size range of dry aerosol particles (from 50 to 250 nm
in 50 nm steps), which were exposed to 80% RH. The second DMA and a CPC were used to measure the resulting
size distributions. From the initial dry particle size and the size distribution of the humidified particles, a growth
factor was derived. Particle sizing uncertainty is less than approximately 5% in the laboratory but higher in the
field (Uin, 2016d). The HTDMA data quality periodically are affected due to one or more following reasons:
external dry air supply not working, sample contaminated by ship's exhaust, and troubleshooting internal in-
strument issues (low RH, unstable power).

For the above aerosol instruments, the CPC, UHSAS, and HTDMA sampled air after drying with a nafion dryer,
however, the CCN-100, nephelometer.

2.3. Machine Learning Algorithm

Gras (1995) previously found the average CN concentration (N.y) during summertime over the SO was
89.5 cm ™. However, the MARCUS CPC measured frequent and intense CN spikes with concentrations orders of
magnitude larger than observations acquired in close proximity. Furthermore, 71% of observation periods with
CN larger than 2,000 cm ™~ during MARCUS were associated with a CO mixing ratio higher than 0.08 ppmv. This
suggests that the spikes in N, are caused by contamination from the ship stack when hydrocarbon fuels are
burned and a range of combustion products, including CO,, water vapor, nitrogen oxides (NO,), sulfur dioxide
(SO,), carbon monoxide (CO) and particulate matter, including black carbon (BC), etc. (Assessment, 2009;
Turner et al., 2017) are emitted through the chimney. Because ship-stack exhaust contaminated a large fraction of
the aerosol measurements during MARCUS, including measurements of Cloud Condensation Nuclei (CCN), it is
important to isolate time periods contaminated by effluents from the ship stack before analyzing latitudinal and
seasonal trends in aerosol quantities.
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Humphries et al. (2019) developed an algorithm applying the median absolute deviation (MAD) to detect
observation value outliers for the Australian blue-water Research Vessel (RV) Investigator. However, eliminating
time periods with ship-stack contamination without eliminating periods when aerosol probes measured enhanced
concentrations of background aerosols is challenging because peaks and dips in Ny can also be associated with
natural effects such as the presence of plankton blooms and wet scavenging, as well as ship stack contamination.
In addition, the different ship fuel grade, engine power, as well as the location of aerosol probe inlet. also affect
the products and processes of combustion through the chemical reactions happening in and near the chimney
when the exhaust blends with local air masses over the monkey deck (Sinha et al., 2003).

An algorithm was thus developed using a supervised machine learning (ML) model to identify time periods when
the MARCUS aerosol measurements in Table 2 were contaminated and unperturbed by the ship stack in a three-
step process: (a) customizing the embedded Quality Control (QC) flags produced during the ARM standard ingest
processes for the ML input features, CO and O; data, (b) prediction by a ML model, and (c) transferring ML
predictability as ML flags and applying to measurements made with the UHSAS, CCN, CPC, HTDMA, PSAP,
nephelometer, applying original embedded data QC flags, and manual screening.

First, the input data for the ML algorithm uses only data that have passed the ARM data embedded QC in a

ELITS

customized process. In particular, the QC office flagged data with labels such as “calibration mode,” “missing

warning larger than the maximum value,” “invalid larger than the maximum value,” etc. While data

<,

values,
obtained during calibrations and missing data cannot be input to the ML model, data identified by the ARM QC
process as larger than the “maximum warning value” and “maximum valid value” are included because they may
or may not be caused by ship-stack contamination.

Second, data acquired from 11 to 14 November 2017 are manually labeled as time periods with or without ship
stack contamination. By order, the PM, (particles with D < 1 pm) absorption coefficient (B,), the total aerosol
number concentration (Ny) measured by the CPC, and the size distribution of accumulation mode aerosol
particles acquired from the UHSAS are referred to and used for the manual label. B,, is evaluated first since it
emphasizes the existence of black carbon, which is a great tracer for ship stacks in this pristine environment. CN is
then examined as the most sensitive variable to identify ship stack contamination in the AOS for its high sampling
frequency (1 Hz) and instant response to ship stack contaminants. Ac data (0.1 Hz) are then used for cross-
checking. Figure 2 shows the result of this manual labeling. Contaminated periods have an instantaneous and
drastic increase in CN and Ac as shown by the red dots and the brighter stripe in Figure 2a, a drastic increase in CO
as shown in Figure 2c, a decrease in O; as shown in Figure 2d, and values of B,> 0.9 Mm ™" and B, > 0.4 Mm ™" as
shown in Figure 2b with red coloring indicating ship-stack contamination periods.

Thereafter, the CO and O; data acquired from 13 to 14 November 2017 that went through the first and second
steps together with their manual labels are used as training data for a supervised Random Forest algorithm
(Pedregosa et al., 2011), and the data acquired from 11 to 12 November 2017 are used for ML model validation.
The Grid-Search method is used in searching for a reasonable hyper-parameter for the ML model, with 5 used as
the total number of trees, 5 as the depth of branches, and 2 as the minimum number of leaves with no random-
state. The time periods where O; and CO were identified as contaminated/unperturbed by the ML method were
compared against those from the manual identification of the aerosol quantities at 1 Hz frequency as shown in
Figure 2. A validation score F1 is computed as

F1=TP/(TP + 1/2(FP + FN)), ()

where FP is defined as the number of False-Positive events, TP as True-Positive and FN as False-Negative
(Fawcett, 2006). The F1 score for 11-12 November 2017 is 93%. The FP events that prevented a perfect ML
algorithm are caused by the CO spikes on 12 November at 00Z and on 11 November at 06Z. They are manually
labeled as “unperturbed” in Figures 2b-2d, but the ML model predicts them as contaminated in Figure 2a because
of the increased CO.

In general, the CO measured down-flow of the ship stack is substantially higher than in uncontaminated regions
due to insufficient combustion. This is seen on 12 November in Figure 2c, compared to the atmosphere unper-
turbed by flow from the stack for most of 11 November. The chimney also serves as a local point source of NO,,
which in the immediate vicinity of the chimney depresses O through NO, titration which occurs on a time period
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of seconds. This NO, titration process was previously successfully captured by laboratory experiments and
simulated in climate models (X.-M. Hu et al., 2019; Tang et al., 2021). Using Oj; as reference for the ship stack
was also used by Humpbhries et al. (2015) in previous aerosol measurements on AA.

The ML model was applied to all the other MARCUS data for times when the ship was out-of-port. An example of
its application is seen in Figure 3 and in Figures S1-S8 of the Supporting Information S1. Each voyage is plotted
separately and there are no manual screening results included in this step in order to better visualize the ML model
performance. The ML model provides a ship-stack probability as output, a probability close to one implies very
possible ship-stack contamination, and close to zero implies likely unperturbed by the stack.

For each voyage, the 1 Hz ML predicted probability are transferred into a ML flag for each 10-min time window
based on the values and frequencies of the probability during the 10-min. The thresholds used for probability are
different, potentially influenced by the different wind direction relative to the ship motion. The mean probabilities
are calculated accordingly, and the ML flag is set as contaminated when its mean probability is larger than a
threshold. The thresholds here range from 0.001 (between Hobart and Mawson) to 0.01 (between Hobart and
Davis), and to define the acceptable range deserves thoughtful subjective consideration. The ML model output is
applied to all aerosol variables listed in Table 1 so that all aerosol data for periods identified as contaminated are
removed from the analysis.

The final step combines application of the ARM QC flags of each variable together with the ML flag to ensure all
data used in the analysis are both unperturbed and are acquired when instruments operate normally. To clarify the
difference from the first step, QC flags are previously only used to indicate the instruments' operation status, with
the thresholds (warning values, invalid values) designed to test the measurements ignored so that the ML has
informative CO and O; mixing ratio as input. In the final step, the original ARM QC thresholds and ML flags are
both applied before the manual screening. The manual screening contains objective input such as B, and the
aerosol concentrations from the HTDMA using a dry diameter of 50 nm. It also contains subjective inputs. For
example, considering the time resolution of the CPC, CCN-100, and nephelometer are different, when CN
measured from the CPC shows the peaks signals are caused by the ship stack according to the ML flags or ARM
QC flags, the extent to which the hourly N, should be labeled as unperturbed needs manual subjective decision.

To evaluate the ML methodology, the time periods identified as contaminated were compared against those
identified by Humphries et al. (2021) for MARCUS. Humphries et al. (2021) used peaks of total aerosol number
and CO concentration to identify periods of ship stack contamination and removed more than 90% of the aerosol
observations from the MARCUS data set. Although increases of aerosol concentrations frequently occurred in
contaminated periods, avoiding the use of aerosol concentration to identify time periods of exhaust better allows
the time periods of enhanced aerosol concentration due to natural variability to be included in the accepted data.
Although each transit is contaminated to a different extent, overall the ML model identifies 68% of times as
influenced by the ship stack. Conclusions derived using both methods about latitudinal trend are consistent. More
details about the application of the ML algorithm to different time periods are found in Supporting
Information S1.

2.4. Derived Aerosol Optical Property: Angstrom Exponent

An aerosol optical property, the Angstrom Exponent, derived using the MARCUS data was examined to
determine if the latitudinal trends in optical properties were consistent with those of aerosol size.
Angstrém (1929) first noted the spectral dependence of extinction by particles may be approximated as a power
law relationship given by

Figure 2. Time series of (a) size distributions measured by UHSAS with total CN measured by CPC superimposed, (b) PM,
total scattering coefficient (B;) and absorbing coefficient (B,) derived from PSAP, (c) unitless CO mixing ratio, and

(d) unitless O5 concentration. The green colors in (c) and (d) indicate times identified as uncontaminated by ship stack as
determined from manual identification of aerosol data in (a) and (b), whereas red color or shading in (b)—(d) indicate time
periods manually labeled as ship stack contaminated. The red color in (a) indicates the ML predicted contaminated times for
validation and training data set. Both CO and O; shown have been scaled so that the mean is removed, and values are scaled
to unit variance.
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Figure 3. Random Forest model applied to time series of (a) CO mixing ratio and O concentration; (b) PM1 total absorbing
coefficient (B,) derived from PSAP in purple and the ML predicted contamination probability in black; (c) size distribution
measured by UHSAS with CN measured by CPC superimposed. The green and blue colors in (a) indicate times identified as
uncontaminated by ship stack as determined by contamination probability in (b).

AOD(}) = ﬁ(j—())_a, 2

where 4 equals to 1 pm, 4 is the wavelength, AOD is the aerosol optical depth at that wavelength, « is the unitless
Angstrom Exponent (AE) and f is Angstrom's turbidity coefficient which equals AOD at A = 1 pm. Thus, ais a
qualitative indicator of the wavelength dependence of AOD, which gives basic information on the aerosol size
distribution. While the AOD is broadly used in vertical-oriented satellite retrievals, aerosol probes measure bulk
properties such as total scattering and total absorption coefficients instead. In the equations below, the AE is
denoted a.

The ship-borne nephelometer and PSAP measure the total scattering coefficient (B,) and total absorption coef-
ficient, which are, respectively, used to derive the scattering Angstrom Exponent (a) and absorption Angstrom
Exponent. The scattering o is more dependent on the aerosol size, while the absorbing @ more strongly depends on
the aerosol type and chemical composition (;\ngstrém, 1929; Kaufman, 1993; Schuster et al., 2006).

Computing the logarithm of the ratio of AOD at two different wavelengths using Equation 2 (the subscripts 1 and
2 refer to these wavelengths) allows the Angstrom wavelength exponent to be computed from the spectral values
of B, as given by

o= dinBs _ In(Bs,/Bs) )
T odind T In(A/4)
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Table 2
Defined Variables With Acronym

Variable

Acronym

Ac

CN

CCN
CPC
DMA
FBAP
HGF
HTDMA

INP
MSA
NSO
RPF
SSO
UHSAS

Accumulation Mode Aerosol

total Condensation Nuclei

Cloud Condensation Nuclei
Condensation Particle Counter
Differential Mobility Analyzer
Fluorescent Biological Aerosol Particle
Hygroscopic Growth Factor

Humidified Tandem Differential
Mobility Analyzer

Ice Nucleating Particle
Methanesulfonic-acid
North Southern Ocean
Recent Particle Formation
South Southern Ocean

Ultra High Sensitivity Aerosol
Spectrometer

While B, indicates aerosol loading, the spectral variability of B, contains
information about the aerosol size distributions and the average radius. o
close to 4 represents Rayleigh scattering where particles are small compared
to the wavelength, which is the case for visible light. a close to zero or slightly
negative represents geometric optics where particles are large compared to the
wavelength (1), such as for cloud droplets with D > 5 pm and visible light.

3. Latitudinal and Seasonal Variation of CCN-Active
Aerosols

3.1. Cloud Condensation Nuclei

Recent aircraft-based cloud droplet number and below cloud CCN mea-
surements over the Australasian sector of the SO suggest that the typical
maximum supersaturation reached in clouds over the SO is about 0.3%
(Sanchez et al., 2021; Twohy et al., 2021). Therefore, analysis of the lat-
itudinal and seasonal dependence of CCN in this study concentrates on
measurements made at SS of 0.2% and 0.5%.

MARCUS mostly covers the months of (in order) November, December,
January, and February. The cruise between Hobart and Macquarie Island does
not include the SSO region and therefore is excluded from the analysis pre-
sented in Figures 4 and 5. Based on the 2017-2018 sea surface temperature

(SST) record, the hottest and coldest month is February and November within
the observation period respectively, with January warmer than December. Therefore November combined with
December are viewed as spring months for this region, and February combined with January are identified as
summer months in subsequent analysis in this study.

Figure 4a shows the latitudinal distribution of CCN concentration (Ncen) at 0.2% (Neoenoo) and 0.5% SS
(Nceno.s) using data from the first three voyages during MARCUS after the removal of observations contami-
nated by the ship stack. The 1° bin is chosen based on the statistics required for reasonable interpretation of the
data as latitudinally driven instead of synoptically driven. As the latitude changes from 50°S to near the Antarctic
coast (67°S), Ncen,o.2 and Neen o 5 share a similar spatial pattern, with their median values staying low between
50°S and 62°S (NSO) and then increasing south of 62°S (SSO). The boundaries of the NSO and SSO were chosen
based on data significance tests that gave the maximum difference between the NSO and SSO. The boundary
latitude may have a seasonality and the choice of 62°S is consistent with previous observations and modeling
(Humphries et al., 2021). The increased Ny over the SSO can be related to the higher cloud fraction reported in
Xi et al. (2022) and the higher cloud droplet concentration reported in Mace et al. (2023) in this region. Models
struggle to represent cloud characteristics in the vicinity of the Antarctic peninsula (Mallet et al., 2023), and it is
speculated that this may be related to difficulties in representing CCN and aerosols.

Nceno.2 Neeno.s) varied over the NSO from 59 to 86 cm™> with a mean of 71.4 cm™ (79-140 cm ™ and mean of
98.5 cm™), with a local minimum around 57°S. Over the SSO, the Nceno2 (Neenos) generally increased from
60 cm™> (79 cm™) at 62°S to 118 cm ™ (238 cm™>) near the Antarctic coast, with a local maximum of 171 cm™>
(310 em™>) around 65°S. The location of this maximum is consistently at 64°S in both spring and summer, as
shown in Figures 4b and 4d, respectively. However, there are differences in the mean and ranges of Nocy o, and

Nceno.s in spring and summer.

In spring (Figure 4b), Nccen 0.2 and Necn o 5 have persistent and similar low variability, with higher variations over
the SSO than over the NSO. Variations over both the NSO and SSO are larger in summer than in spring. This is
likely caused by the stronger sources and sinks in the summer, such as an intense phytoplankton bloom and wet
scavenging. Therefore, with a comparable number of samples in summer and spring, as indicated in Figures 4c
and 4e, for the seasons combined in Figure 3a, the latitudinal variability over the NSO in Necn o, and Neen o s 18
dominated by contributions from the summer. The black lines in all figures show the number concentration of Ac
(N4.), which is usually between Ncn o2 and Necy o5, but typically closer to Noey o 2- This gives an indication of
aerosol concentrations over size ranges for particles that typically act as CCN. However, there are latitudes, such

NIU ET AL.

11 of 24

85801 SUOWIWIOD AR 3ol jdde au Aq psuAob a1e S9ILE YO ‘8SN JO S3|NJ o ARIGIT3UIIUO A8]IM UO (SUOTHPUOD-PUB-SLUIBI W00 AB| 1M AReiq 1 pul[U//Stny) SUORPUOD pue swie | 8y} 88S *[6Z02/20/82] U0 AiqiTauljuo A8]IM '80,ewwoD JO Juewieded eeoN Aq 9650¥0ArEZ02/620T 0T/10p/wiod A im Akeaq i uo'sgndnfe;/sdny wou pepeoiumod ‘6 ‘v20z ‘96686912



21698996, 2024, 9, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JD040396 by Noaa Department Of Commerce, Wiley Online Library on [28/03/2025]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

— o S
g _ - s
3 3 < a
= 5 o 8
a QO (< L 8
] c < c =
N C - © m
m T © O
Q Q 0 O
) EEE _
o L L
—
S [ o]
—
o
= = I I
=0 =
gogl|e
C
n ©
81 |533 | - S
& E|E E S
=
=¥ * =
=] (0] =
£ : , S
~— =
.h. n
& | o L
S =2
< o
% H#
S| | : |
- L L
w o
on_M m
]
2o #
Lm.. G Re! @)
S _
5}
O o o o o o o o o o o) o o o o o Te}
e o © o o o o re) ~N o o o N N
1= M ~ — M ~N — # M ~ — #
= (g_wW2)NOpN 29Q+NAON (g_ W)y ‘ gad4+uef (¢_wa)N2Ipy
=
—
=
(=]
—
- mﬂ
|Umm 4
U
Dz 2
£2 m
Aﬂ 82 =)
Z



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20231D040396

as north of 60°S during the spring, where the Ac line is higher than both the Nccn g, and Necy o 5» showing that
not all accumulation mode aerosols act as CCN even at 0.5% supersaturation.

While Ac is counted based on particle sizes, the ambient supersaturation and aerosol chemical composition
determine whether an aerosol actually serves as a CCN. In Figure 4b, over the NSO, N, is higher than Nccy o s,
indicating some Ac are not good CCN even at 0.5% SS. On the other hand, over the SSO, N, is higher than
Neen oo but lower than Necy o 5. This means that over the spring SSO, 0.2% SS can activate a significant fraction
of Ac present, but also that there is a larger pool of particles (below the 60 nm threshold used by the UHSAS) that
will activate at 0.5% SS. Further experiments should measure and provide more information about aerosol types
so that the signals seen in Figure 4 can be properly interpreted.

3.2. Hygroscopicity

One would expect that the seasonal and latitudinal gradient of CCN is related to the CCN type in nature, and
chemical composition is an intrinsic quality for analysis. However, few observations about chemical composition
are available from MARCUS and even the closest associated variable is just an indirect reflection of aerosol
chemical composition. Hygroscopicity is a fundamental aerosol property that describes the tendency of an aerosol
to absorb water vapor from the ambient environment in order to grow and controls the propensity of a particle to
actas a CCN. A widely used parameter to quantify hygroscopicity is the aerosol particle size Hygroscopic Growth
Factor (HGF), which is defined here as the ratio of the wet particle diameter at Relative Humidity (RH) of 80% to
the corresponding dry diameter. A higher HGF means that an aerosol is more capable of absorbing water.

The HTDMA used during MARCUS was set at a specific sample flow of 0.8 L per minute. Measurements made
during dry relative humidity (RH) (wet RH is always set at 80%) larger than 20% and ship stack contamination
have been removed. Figure 5 shows a plot of different size aerosols' HGF measured by the HTDMA, colored
based on whether data were collected over the NSO or SSO. Over the NSO, the HGF mostly increases as aerosol
size increases, from a minimum HGF mode near 1.4 for 150 nm to a maximum mode near 1.7 for 250 nm
particles. This increase with particle size indicates that larger particles are more capable of absorbing water vapor
over the NSO. Over the SSO, the HGF has two modes for 50 nm particles, but in general one consistent mode for
larger particles which falls within the range of 1.4—1.6. The spread of HGF is larger as the dry size of the aerosols
increases.

There were no aerosol mass spectrometers used during MARCUS. Thus, aerosol composition is assessed using
the HGF data under the context of measurements obtained in previous campaigns. Previous studies (e.g., Xu
et al., 2020) have assumed some mixture of commonly occurring chemicals for marine aerosols, consisting of
organic matter, non-sea-salt sulfate, nitrate, ammonium, sea salt and black carbon. Various mixing rules are
applied to predict aerosol hygroscopicity. However, the inverse problem of determining composition from hy-
groscopic measurements is much more challenging.

Asmi et al. (2010) measured the hygroscopicity of summertime sub-100 nm aerosols off the Antarctic coast at the
Aboa station using an impactor for the size-segregated composition of marine aerosol particles, reporting that the
measured HGF at 90% RH was 1.71 for 90 nm particles. MARCUS data show a mode of 1.4 and 1.6 for 100 nm
particles over the NSO and SSO respectively, both smaller than these previous measurements. But MARCUS
HTDMA measurements were made at an RH of 80% so exact agreement would not be expected.

Another relevant comparison with previous studies is that of the HGF derived hygroscopicity parameter kappa x
(Petters & Kreidenweis, 2007). For the reason that the CCN measurements acquired during MARCUS were not
dried upstream of the CCN inlet while the UHSAS measurements were dried as a protocol for size measurement,
assumptions of dry particles in Petters and Kreidenweis (2007) used to derive x with paired CCN-UHSAS data are

Figure 4. Latitudinal dependence of Ny and N,. (within one degree bin) and its seasonal components. Subplot (a) is for the
whole MARCUS period, while subplot (b) is for November and December, and (d) for January and February. Shadows fill in
ranges between the 1st and 3rd quartile. The number of 10-min samples measured in each latitude degree bin is shown in
(c) for November and December, and in (e) for January and February. The CCN measured at supersaturation 0.2% and 0.5%
are plotted in blue and red respectively, with points representing mean and lines connecting the median. The black points and
lines stand for mean and median number concentration of Ac measured by the UHSAS. The green lines with dots show the
ratio between Ngen g2 and Neen o s in (€) and (e).
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Figure 5. Aerosol number concentration divided by log scale bin width versus hygroscopic Growth Factor at 80% RH for
particle sizes (50, 100, 150, 200, and 250 nm from a to e) from the HTDMA. Red color and blue color represent NSO and
SSO, respectively, the solid lines and dotted lines plot the median within each bin and shadings cover the range between the
first and the third quartile in each bin. The red vertical line is the mode for the 3rd quartile of HGF over the NSO and the blue
line for the SSO.

not satisfied here. Future experiments over the SO should dry particles measured by both the CCN and UHSAS to
minimize the influences from solid water coating and ice crystals which may occur when the ship is close to the
seaice and snow, considering Gong et al. (2023) showed blowing snow can be a good source for CCN over the sea
ice in polar area. However, the HTDMA measurements mostly satisfy the assumptions in Petters and Krei-
denweis (2007) and the HGF derived « is shown in Figure SO of the Supporting Information S1. Based on
reference values (k of (NH,),S0,4, Na,SO, and organics), the derived x over both NSO and SSO have size
dependence, indicating heterogeneous composition across sizes. To compare with the CCN-derived ks from
previous study, Tatzelt et al. (2022) mentioned that CCN showed variable contributions of organic and inorganic
material (inter-quartile range of hygroscopicity parameter « from 0.2 to 0.9), which is consistent with Figure S9 in
this study of the Supporting Information S1. The derived « for particles with 250 nm dry diameter over the NSO is
close to the « of sulfate (NH,4),S0,, Na,SO,). And the x over the SSO have unique peak values close to the « of
sulpate ((NH4),S04, Na,SO,) for particles with 100 nm dry diameter.

Climate models and laboratory experiments report HGF and x assuming an aerosol is composed of a single
ingredient. Natural aerosols, however, can be a mix of various chemical compositions. Several hypotheses can be
thus formulated. The small value of HGF over the NSO of 1.4 suggests a potential composition of organic
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aerosols, which have a HGF close to 1.2—1.4. The mode of 1.6 over the SSO is consistent with the contribution
from MSA which has a HGF close to 1.6, or/and the contribution from sulfate which has a HGF of 1.7-1.8. The
MSA could be dimethyl-sulfide emitted from the ocean surface from the oxidation of phytoplankton byproducts,
and the organic aerosols could be associated with the oxidation of volatile organic compounds emitted from the
wind-wave interactions. The longer tail present as the dry diameter increases is hypothesized to be related to the
increased composition of sea salt over the NSO whose HGF can be as large as 2.3 for 90 nm particles. The sea salt
aerosols are likely sea sprays from the higher surface winds over the NSO (Humphries et al., 2021). The first
mode of the HGF for 50 nm particles over the SSO is consistent with the presence of iodine which has a HGF of
1.1 and can contribute to polar particle formation processes (Murray et al., 2012).

To summarize Sections 3.1 and 3.2, the hypotheses about the chemical compositions from the HTDMA consistent
with the observations implies there may be more primary CCN over the NSO and more secondary CCN over the
SSO. The distinct hygroscopicity of aerosols and their corresponding sources may be one of the reasons for the
different cloud properties over the NSO and SSO. Further, the SSO has higher number concentration of small
particles as shown in Figures 5a and 5b (blue peaks higher than red peaks), while the NSO has a greater population
of larger particles as shown in Figures 5d and 5e. Examination of the Angstrom exponent in Section 4 offers more
insight into these differences. Future measurements over the SO should include information on the chemical
composition so as to better relate the aerosol species and the HGF distributions. An examination of the aerosol
size distribution may also help interpret the observed increases of Ny over the SSO.

3.3. Accumulation Mode Aerosols

To further look into the causes of the observed N gradient, the variation of CCN size with season and latitude
over the NSO and SSO was investigated. To do this the accumulation mode aerosols (Ac) size distribution
measured by the UHSAS are analyzed in this section.

Figure 6 shows the latitudinal dependence of N,. during the entire time of MARCUS (Figure 6a), and for the
spring (Figure 6b) and summer (Figure 6d) separately. The Ac concentration from small (70 nm < D < 100 nm)
and large (700 nm < D < 1,000 nm) particles, respectively hereafter smaller Ac and larger Ac, derived from the
UHSAS size distribution are also shown. Over the SO, on average 67% of the N,,. is contributed by the smaller Ac
with only an average of 2% from larger Ac. As shown in Figure 6a, the median line in red shows that overall larger
Ac have concentrations >2 cm™ over the NSO and stay below 2 cm™ over the SSO. The larger aerosols have
lower concentrations over the SSO in both spring and summer. As discussed in Section 1, the larger Ac are likely
primarily sea spray aerosols, and the increased concentrations over the NSO are likely the result of higher surface
wind speeds over the NSO (Moore et al., 2022; Sanchez et al., 2021). Wind speed measurements acquired from
the AA show that the mode of the surface wind speed was 10-15 ms™" over the NSO and 5-10 ms™" over the SSO.
The sea ice present over parts of the SSO can also contribute to the low number concentration of larger Ac.

The latitudinal dependence of the total Ac concentration is similar to that of N;,_ 9, Which is not surprising given
smaller particles dominate the total Ac. Another way to show the relative difference in concentrations between the
larger Ac and smaller Ac is the ratio between Nccn g2 and Necy o 5 (Figures 4c¢ and 4e). During the spring, both
latitude bins centered at 58°S and 59°S in Figure 6b show a large gap between total Ac and N;y_,, indicating
fractions of Ac with D > 100 nm as large as 75% and 73%, with large Ac mean concentrations of N-uy_;000 Of 3.5
and 3.7 cm™. The production of large aerosols at these locations can be related to the impact of the higher average
surface wind speeds, 10.7 and 9.9 ms™' respectively measured at 58°S and 59°S during the spring. Similar large
gaps between Ac and small Ac show up at 51°S and 54°S during the spring, both have coincident high values of
large Ac and surface winds. During the spring, small Ac contributes to a larger fraction of Ac over the SSO than
over the NSO. In general, over the NSO, there is a higher fraction of small particles contributing to total Ac in the
summer than in the spring. Further, over the summer SSO, this fraction is less than 40% between 64°S and 66°S.

3.4. Angstrom Exponent

For the sub-micron aerosols over the SO, while the small Ac (N79_,0onm) €an be more related to the secondary
organic aerosols and associated RPF events, the large Ac (N99_1000nm) Can be the results of wind-wave inter-
action and should be better illustrated by optical properties since the optical cross section and not the total number
concentration determines the extinction. Figure 7 shows the normalized frequency distribution of scattering
over the NSO and SSO for aerosols with D < 1,000 nm that were measured by the nephelometer. There are higher
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Figure 6. Latitudinal dependence of N, N;o_100nm> a1d N7g0_1000nm i black (log scale), blue (log scale), and red (linear
scale, ticks on the right) in different seasons. Subplot (a) is for the whole MARCUS period, while subplot (b and d) are
respectively for spring (November and December), and summer (January and February). Points represent median and lines
connect the means. Shadows fill in ranges between the 1st and 3rd quartile. The number of samples measured in each latitude
degree bin in spring and summer are displayed in subplot (c) and (e).

a modes over the SSO for all the pairs of wavelengths with a mode of 1.1 for a measured between 450 and 550 nm
wavelength (a459_550nm)> 1.4 for a measured between 450 and 700 nm wavelength (a4s59_700), and 1.5 for a
measured between 550 and 700 nm wavelength (@ss0_700)- There are lower a modes over the NSO, with 0.5 for
450—550nm> 0-8 for ays0_700 and 1.0 for assg_oo. The differences of a between the SSO and NSO are significant at
the 0.05 level. This shows atmospheric aerosols acquired over the SSO consist of relatively smaller particles and
those over the NSO consist of relatively larger particles in the sub-micron size range. This is consistent with the
analysis of aerosol size distributions shown in Figures 4 and 6.

The decreased values of a compared to those closer to the Antarctic can be explained by more sea spray PM, over
the NSO and more recent formed PM; over the SSO (Humphries et al., 2021; I. L. McCoy et al., 2021; Sanchez
etal., 2021). From the perspective of potential physical processes, this is consistent with the distribution of coastal
sea ice affecting sea spray production under wind stress (Humphries et al., 2021; Twohy et al., 2021), the
sedimentation and/or rain-out of large aerosols during long range transport of pollution over the NSO (Humphries
et al., 2016, 2021; Sanchez et al., 2021), and the varied contributions between primary and secondary aerosol
formation including RPF between the NSO and SSO (Humpbhries et al., 2021; Sanchez et al., 2021).
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Figure 7. Sub-micron SO aerosol scattering Angstrom Exponent (AE) normalized density distribution derived from the
Nephelometer in the latitude range between 50 and 60°S and the latitude range south of the 62°S. Sub-panels (a) through
(c) represent AE derived with different pair of wavelengths, as shown in each figure by text under the legend.

Due to the lack of instruments covering the complete range of aerosols in the measured size distributions, a
complete size distribution is not available, particularly for aerosols with D < 60 nm and D > 1,000 nm, no
conclusion can be made directly about the modes of aerosol sizes outside of the measurement range of the
UHSAS. However, measured optical properties as a function of wavelength can be used to deduce aerosol size
modes over the full range of sizes. For example, over both the SSO and NSO, a increases with wavelength, but the
rate of increase is different. Instead of using the linear relation between A and the natural logarithm of AOD given
by Equation 2, Eck et al. (2001) developed a more precise empirical fit between AOD and wavelength, given by

In Bs(1) = ay + a;Ind + a,(In )2, 4)

where

a'(A) = da = —2a,. 5)
dini

The derived a’ according to Equation 5 is 2.24 over the NSO and 1.80 over the SSO. Both values are positive,
implying a negative curvature (convex of a with 1), which corresponds to a dominance of fine mode aerosols
(Barman et al., 2019; Soni et al., 2011). This confirms that fine mode consistent with prior studies (D < 200 nm)
aerosols are dominant over both the NSO and SSO, with the effective radius over the SSO being smaller than that
over the NSO given the smaller . This is consistent with the measured size distributions and number concen-
trations shown in Figure 6.

Based on various aerosol production mechanisms active over the remote oceans, the chemical composition of a
primary marine aerosol is closely related to its size. For example, the over-micron aerosols and larger Ac can
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originate from the sea spray, while the smaller Ac and Aitken mode aerosols can originate from processes related
to recent particle formation events and cloud droplet residues, and thus contain sulfate. This correlation between
aerosol size and chemical composition derived over the complete possible range of aerosol sizes has been
confirmed by Humphries et al. (2021).

3.5. Primary and Secondary Aerosols

In summary, over the NSO, the higher surface wind speeds can be related to more primary CCN. Humphries
et al. (2021) showed greater precipitation over the NSO, which can be related to heavier wet-scavenging
(collision-coalescence of an aerosol and a water droplet) for both primary and secondary CCN and thus a
lower Ny compared to the SSO. The Ac is also larger by size over the NSO (Figures 4 and 7) which can be more
hygroscopic (Figure 4). This can be related to a greater nucleation scavenging efficiency (CCN inducing for-
mation of cloud droplets in supersaturated water vapor) and thus lower Ny given similar meteorological
conditions. Thus there can be both greater production and greater loss of larger Ac over the NSO, and the pro-
duction of primary CCN can be greater than that over the SSO based on the size distribution. Over the SSO, there
exists greater sea ice coverage and less surface wind speeds. However the greater production of secondary CCN
can overweigh the less production of primary CCN over the SSO, particularly during the summer months. This
overweight together with a less wet-removal (wet scavenging and nucleation removal) efficiency caused by
smaller particle sizes can be related to a higher Ny over the SSO.

Moore et al. (2024) inferred that the marine boundary layer INPs, at least during Austral summer, are dominated
by particles with D < 500 nm. If the above-mentioned discernible latitudinal variation of N between NSO and
SSO is related to the shift from more primary CCN over the NSO to more secondary CCN over the SSO, the
patterns of INPs are also worthwhile to investigate from a seasonal and latitudinal perspective.

4. Ice Nucleating Particles

Given the low values of Np over the SO (McCluskey, Hill, Humphries, et al., 2018; Welti et al., 2020), open-
faced filters were collected over a period of 23—48hr during MARCUS in order to acquire enough total INP for
different treatments. The presence of sea ice over the SSO made the ship speed over the SSO slower than over the
NSO, meaning higher numbers of INP samples were collected over the SSO compared to over the NSO for the
same range of latitudes given comparable sample collection times. Nevertheless, sometimes the lower Nyyp over
the SSO strongly challenges the Ice Spectrometer lowest detection limit, particularly during the offline treatments
to identify INP types.

Figure 8 shows the latitudinal dependence of the Nyyp-temperature spectra over the NSO and SSO. On average,
Ninvp over the SSO is less than that over the NSO, particularly that between 50°S and 55°S. This trend is consistent
with observations shown in Kremser et al. (2021) during the 2018 February—March field campaign across the SO,
from Wellington, New Zealand, to the Ross Sea, Antarctica. The latitudinal dependence of Nyyp over the NSO is
more significant than that over the SSO. At a temperature of —25°C, the standard deviation of Nyyp sampled over
the NSO is twice than that over the SSO. This may imply that there are different or more INP sources present across
the latitudes over the NSO than over the SSO for the period of this study. After heating to 95°, heat-labile INPs such
as those of biological origin are removed. Figure 8b compared with Figure 8a illustrates heat-labile proteinaceous
INP may be more prevalent at higher latitudes (in darker red) consistent with increased biology activities. There is
also an increase of Npyp after the heating of a few of the northern samples, which is consistent with a restructuring of
organic coatings or fragmentation of entities such as gels or bacteria that contain INPs/IN activity. Figure 8e shows
those Nyyp that have the greatest reduction in concentration after the heating treatment, as noted especially by the
lowering of concentrations at temperatures greater than —23°C, were acquired close to the Antarctic coast. This is
consistent with cold carbon-rich, high nutrient up-welling close to the Antarctic coastal area, or the marginal ice
zone, providing heat-labile and presumably proteinacious INPs. It is also possible that land sources of biological
INPs emanate from the Antarctic itself. The exact source remains to be determined. The treatment of H,O,
digestion and heating ensures the remaining refractory INPs are non-organic, primarily dust (McCluskey, Hill,
Humphries, et al., 2018). Figure 8c shows the latitudinal dependence of the refractory non-organic INPs' is not
strong, while Figure 8f shows that the concentration of these refractory INPs is higher when closer to the Antarctic
coast (except for the 68.57°S sample). These results indicate that the majority of INPs observed at all latitudes
during MARCUS had biological or organic influences greater than the influences of in-organics.
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Figure 8. Latitudinal dependence of untreated (a and d), heated (b and e), and refractory (c and f) Ny, temperature spectra
over the NSO (the first row) and SSO (the second row). The legend labels show the latitude in unit of south degrees, with the
black lines representing observations acquired closer to the Antarctic and the red ones closer to Australia. Legends are shown
every four lines.

Figure 9 shows the seasonal transition of Nyyp over the NSO and SSO. Generally, the seasonal dependence is
stronger over the NSO (Figure 9a) than over the SSO (Figure 9d). Over the NSO, Figure 9a shows INPs measured
in November and December have lower concentrations than those in February and March, which passes the
significance test at a 0.01 level given —23°C as a reference temperature. These February and March NSO INPs
also have greater concentrations than SSO INPs in general, which is consistent with the presence of more sea
spray INPs over the NSO. The SSO INPs have less seasonal variability according to Figure 9d. One explanation of
this trend is that the more biologically active SSO releases biogenic INPs during the entire summer and spring,
whereas the biological activity over the NSO varies by season. Further, the NSO releases more sea spray INPs into
the atmosphere given less sea ice cover and higher surface wind speeds. The NSO also has closer proximity to
transport from larger open land regions. Figure 9b shows that Njyp in November and December are most sensitive
to heating for temperature increases above —24°C, indicating the deactivation of ice-nucleating-active-proteins.
Differences between the left and middle columns illustrate the contribution from biological INPs. The samples
collected during March have higher Ny p and are mostly heat-stable, indicating the increased INPs in the NSO in
later summer are coming from organic INP primarily, but not necessarily biological INPs. Most of the March
samples were collected during the cruise between Hobart and Macquarie island, where wind speeds were higher,
suggesting more sea salt INPs would have been released into the atmosphere. Figure 9e shows biogenic Nyyp over
the SSO have limited seasonal variation in the spring and summer. Figure 9c shows a stronger seasonal
dependence of refractory Npp after digestion and heating treatment, which is mostly dust, over the NSO
compared to that over the SSO shown in Figure 9f. This might be influenced by dust transportation considering
the samples collected during the Macquarie island voyage are closer to open land regions and prone to dust events.
But in general, the derived ratio between non-biogenic INPs and all INPs varies between 0.01 and 0.3 at —25°C,
implying that most INPs are biogenic in origin, whether from the sea or from land. Even if the organics are
determined to be attached to dust, the organics are dominating ice nucleation.

Using airborne data collected over the SO, Twohy et al. (2021) showed that the top three components of the
airborne sampled INP composition (active from —27 to —32°C) over the NSO were organic, crustal/metals, and
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Figure 9. Seasonal dependence of untreated (a and d), heated (b and ), and refractory (c and f) Ny temperature spectra over
the NSO and SSO respectively in the first and second row. The legend labels show the dates in 2017 and 2018. Legends are
shown every four lines.

sea spray with high sulfur content, with mean fractions of 0.35, 0.26, and 0.23 respectively. From the combined
analysis of Figures 9 and 8, the following conclusions on the presence of INPs over the SO are reached. Results
from peroxide digestion and heat treatment show that the spring and summertime organics are mostly active at
temperatures higher than —20°C. At this temperature range, most INPs are biogenic in origin, even if attached to
dust, with organics dominating. Specifically, INPs acquired during March had the highest number concentration,
probably from the contribution of sea spray-produced INPs.

5. Summary and Discussion

Measurements of maritime surface aerosols acquired during MARCUS using in situ aerosol probes on the RSV
Aurora Australis (AA) as it traversed over the Southern Ocean provide an opportunity to investigate the latitudinal
and seasonal variations of CN, CCN, and INPs over the SO. Within the pristine boundary layer far from both
anthropogenic emissions and continental sources, sea spray aerosols, normally regarded as primary aerosols,
including sea salts and biological proteinaceous aerosols, that can be effective CCN and INPs, are present. In
addition, sulfur-based secondary aerosols with smaller sizes can contribute to the CCN over the SO. The principal
conclusions from this study are summarized as follows:

(1) Higher CCN concentrations were observed over the SSO than over the NSO, with increased numbers of
Ncenoo.s over the SSO given SO typical supersaturations between 0.3% and 0.4%.

(2) The different aerosol compositions hypothesized to be present over the SO are consistent with observations of
Hygroscopicity Growth Factor from the HTDMA, which provides an indirect measurement of CCN chemical
composition. It indicates that 50-250 nm accumulation mode aerosols over both the SSO and NSO have
different hygroscopicity growth factors (HGFs) which depend on size. The HGF over the NSO mostly in-
creases as size increases, consistent with a change in composition dominated by organic aerosols to one
dominated by sulfates, or/and affected by sea salt composition. The HGFs over the SSO are less sensitive to
dry diameter changes, with the values of HGFs derived hygroscopicity parameter x close to the x of sulfates
for particles with dry diameter of 250 nm.
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(3) Size shifting happened between the NSO and SSO. Accumulation mode aerosols have larger concentrations
for larger sizes over the NSO compared to the SSO as derived from both the measured optical properties and
size distributions. In particular, though both the NSO and SSO have limited N;yy_;00onm that are enhanced
under conditions of high surface winds, the SSO has N5o_o0nm 2 1ow as <cm ™2, and the NSO N-00_1000nm
ranges from 2 to 5 cm™> depending on latitude. Over the SSO, there are substantial concentrations of Aitken
mode and small accumulation mode aerosols compared to further north. One would suspect that biogenic
emissions from the summertime Antarctic coast together with the following gas phase oxidation, and growth
to the accumulation mode could cause these trends.

(4) From the latitudinal perspective, the INPs over the SSO had lower concentrations than over the NSO, but
greater fractions of biological INPs, particularly during January and February, as indicated by the concen-
tration of INPs after a heating treatment.

(5) The seasonal variation of INPs is larger than the latitudinal variation, particularly over the NSO, with
summertime concentrations being up to 10 times larger than those in early spring for a —25°C reference
temperature. The heating treatment and organic carbon digestion treatment of the INP suspensions prior to
immersion freezing testing reveals that INPs originate from primarily organic and biological sources. The
seasonal dependence of INPs over the NSO is stronger than over the SSO and could be associated with a
seasonal shifting of biological proteins and organics from wind-wave interactions.

Based on the conclusions above, one would expect the large seasonal and latitudinal variation of Ny is related to
small sulfur-based aerosols being effective CCN. However, no chemical compositions were measured during
MARCUS to confirm this. Such measurements should be an important component for future field campaigns in
this area. Although the HTDMA data give indirect inferences about chemistry, blowing snow, particularly over
the SSO, may affect the data quality. Future studies should also examine meteorological controls of aerosol
concentration and properties, in addition to the seasonal and latitudinal dependence, in order to better quantify
processes responsible for the observed patterns of CN, CCN, and INPs over the SO. Further studies should also
conduct local high-resolution simulations of aerosols over the SO to better understand the sources and sinks of
aerosols, including their transport, aggregation, coagulation, and dry and wet scavenging. This will ultimately
help quantify aerosol-clouds interactions in the pristine marine boundary layer.

Data Availability Statement

Data sets utilized in this study are all publicly available from the Department of Energy Atmospheric Radiation
Measurement Data Discovery https://adc.arm.gov/discovery/#/results/s::marcus%20aerosol. Citations including
DOIs or URLSs for individual data sets are provided at relevant locations within the paper. Quality controlled
aerosols data after ship stack contamination removal used in this study can be found in Niu (2024), https://doi.org/
10.5281/zenodo.10792712.
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