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ABSTRACT OF THE DISSERTATION

Characterization of Atmospheric Aerosols over the Southern Ocean and Coastal East

Antarctica

By Guojie Xu

Dissertation Director:

Dr. Yuan Gao

Marine aerosols can directly and indirectly influence climate. To characterize the
chemical and physical properties of marine aerosols over the Southern Ocean and coastal
Antarctica, bulk and size-segregated aerosol samples were collected during a cruise from
November 2010 to March 2011. Results showed that sea salt was the major component of
the aerosol mass, accounting for 72% over the Southern Ocean and 56% over coastal East
Antarctica. Aerosol mass had a bimodal size distribution over coastal East Antarctica,
peaking at 0.32-0.56 pm and 3.2-5.6 um, respectively. nss-SO,>, MSA and oxalate were
mainly enriched in the fine mode, contributing to chloride depletion. Na, Mg and K were
accumulated in the coarse mode, and Al, Fe and Mn displayed a bimodal size
distribution. Based on particle-size distributions, enrichment factors and correlation
analysis, Na, Mg and K mainly came from the marine source, while Al, Fe and Mn were
contributed by the crustal source. High enrichment factors were associated with Ni, Cd
and Se, indicating mixed sources from the Antarctic continent, long-range transport,

il



marine biogenic emissions and anthropogenic emissions.

As a comparison, aerosols collected over Asian marginal seas, South Indian Ocean and
Australian coast during the same cruise showed that sea salt and nss-SO4> were the main
components in aerosols. MSA concentrations and MSA/nss-SO,” ratios increased
southward. Sea salt and NOs” were accumulated in the coarse mode, while nss-SO4> and
NH," mainly peaked in the fine mode. Oxalate displayed a bimodal size distribution in
both fine and coarse modes. A good relationship was found between total dissolved iron
and nss-SO,”, indicating that acid processing during long-range transport could affect

fractional iron solubility in aerosols.

Results from this study fill in the data gap and serve for better understanding aerosols
over the Southern Ocean and coastal Antarctic regions. Aerosol chemical composition and
size distributions obtained from this study in these regions can be used to improve
atmospheric model simulations, better interpret ocean biogeochemical cycles and

evaluate aerosols’ climate effects.
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Chapter 1: Introduction

1.1 Overview

Marine aerosols play an important role in global climate change, both directly and
indirectly, with the oceans covering more than 70% of the earth’s surface [Anttila and
Kerminen, 2002; Fitzgerald, 1991; Murphy et al., 1998; Myriokefalitakis et al., 2011; D
O'Dowd and de Leeuw, 2007; Yum et al., 1998]. Chemical compositions and size
distributions are important properties of marine aerosols, affecting their transport,
transformation, removal and extent of aerosol radiative forcing [ Cruz and Pandis, 1997,
Fuetal.,2011; Lapina et al., 2011; Ovadnevaite et al., 2011; Saxena et al., 1995;
Seinfeld and Pandis, 2006; Vallina et al., 2006; Whitby, 1978]. Marine aerosols are made
up of a variety of individual species, including water-soluble inorganic and organic
species, such as sea salt, sulfate, MSA and oxalate etc. and trace elements, such as Al, Fe,
Zn etc. The concentrations and size distributions properties of these species in the

atmosphere are of great importance.

First, water-soluble inorganic aerosol species, such as sea salt and sulfate aerosols are the
two dominant inorganic aerosol components in the marine atmosphere [Bates et al., 2008;
Read et al., 2008; Rempillo et al., 2011; Yang et al., 2011]. Other water-soluble inorganic
aerosol species include nitrate, which is mainly formed by the reaction of HNO; with sea-
salt particles over remote oceans and predominately accumulated in the aerosol coarse
fraction [Andreae et al., 1999; Kogak et al., 2007; Zhuang et al., 1999]. Ammonium
(NH,") is also an important inorganic aerosol compound affecting the acidity of the

marine atmosphere, which is a secondary product of NH3 through gas-phase and



aqueous-phase reactions with acidic species (e.g., HoSOu) [Zhang et al., 2008].

Second, besides inorganic aerosol species, marine aerosols also contain a variety of
water- soluble organic compounds (WSOCs). Among these organic species, methane
sulfonate (MSA) is a species known to be mainly produced by the oxidation of
dimethylsulfide (DMS) from marine phytoplankton, and thus MSA has been proposed as
a tracer of marine biogenic production to separate sulfate of marine biogenic origin from
other sources [Bates et al., 2001; Davis et al., 1999; Legrand et al., 1991; Minikin et al.,
1998; Read et al., 2008]. Other water-soluble organic species include a group of
carboxylic acids, mainly monocarboxylic acids (formic (C1) and acetic (C2)) and
dicarboxylic acids (oxalic (C2), malonic (C3), and succinic (C4)) [4bbatt et al., 2005;
Kawamura et al., 1996a; Vallina et al., 2006; Wang et al., 2010]. Oxalic acid (H,C,04) is
the most abundant dicarboxylic acid associated with tropospheric aerosols [Kerminen et
al., 1999], with its concentration being about a few ng m™ over remote oceans [Kerminen
et al., 1999; Warneck, 2003]. Since these organic acidic aerosol species are highly water-
soluble, they can modify the hygroscopic properties of aerosol particles in the marine

atmosphere [Hara et al., 2002; Yu, 2000].

Third, trace elements are the important aerosol species over many oceanic regions, which
is also an important contributor to deep-sea sediments [Hesse, 1994; Rea, 1994]. The
aerosol particles are produced from multi-sources, i.e., natural sources, such as rock, soil
dusts and ocean primary emissions through bubble bursting processes or anthropogenic

activities, such as human activities on Antarctic scientific stations, fossil fuel



combustions, ship emissions and even long range transport from Northern Hemisphere.
Therefore, several trace elements distribution characteristics in aerosols may represent
the anthropogenic impacts on the Antarctic atmosphere. On the other side, in the mineral
dust, iron is believed to be a limiting micronutrient over many remote oceanic regions
[de, Baar et al., 1995; Jickells et al., 2005]. The concentrations of the total Fe and its
interactions with acidic aerosol species including S-containing species have been
suggested to affect Fe solubility [Sholkovitz et al., 2012; Gao et al., 2013], in particular in
the marine atmosphere affected by anthropogenic emissions [Baker and Croot, 2010; Hsu
et al., 2010; Buck et al., 2013]; Other elements associated with dust could also play an
important role in the biogeochemistry of the oceans. It is widely documented that
transition trace metals, such as Mn, Co, Zn, Cu, and Ni are essential nutrients to marine
biota [Bruland et al., 1991; Butler, 1998; Whitfield, 2001], which also mean bioactive
elements. In the remote oceans, particularly in the high nutrient, low-chlorophyll (HNLC)
areas of the open oceans, atmospheric depositions are a vital source of bioavailable Fe
and bring about biological stimulation [Bishop et al., 2002; Jickells et al., 2005]. Recent
field measurements have shown that the enhancement in nitrogen fixation and biological
blooms in the remote oceans corresponds to the episodic supply by atmospheric

deposition [Baker et al., 2003; Yuan and Zhang, 2006].

Chemical compositions and size distributions of aerosol water soluble compounds and
their role as CCN during the cloud formation processes over remote ocean areas remain
unclear, especially the water-soluble organic compounds are still poorly understood;

Information on aerosol trace elements components over the Southern Ocean and coastal



East Antarctica is very important for better understanding of biogeochemical cycles in
these regions, however, it has not been in investigated simultaneously yet; Chemical
composition, size distributions and iron solubility of marine aerosols and precipitation
over Asian marginal seas, South Indian Ocean and Australian coast remain limited. The
purpose of this study is to fill in theses gaps and to better understand the characteristics of
aerosols over the remote and coastal oceanic regions. The results can be used to assist
scientists to evaluate the model results compared with field observation results and then

to improve atmospheric model simulations.

1.2 Research Objectives

The primary goal of this thesis is to quantify the chemical and physical properties of
atmospheric aerosol over remote and costal oceanic regions. Within this content, several
specific objectives are listed as follows:

(1) Quantify the mass and chemical concentrations, size distributions and spatial
distributions of water-soluble inorganic and organic species, evaluate the
possible sources for these species;

(2) Quantify the chemical concentrations, size distributions and spatial
distributions of trace elements, explore their possible sources and implicate
their potential for phytoplankton utilization;

(3) Quantify the chemical concentrations, size distributions, spatial distributions
and iron solubility of marine aerosols and precipitation over Asian marginal

seas, South Indian Ocean and Australian coast.









of aerosols and trace gases over the Antarctica was made through several large field
measurements, including: The Sulfur Chemistry in the Antarctic Troposphere Experiment
[Berresheim and Eisele, 1998; Minikin et al., 1998], Investigation of Sulfur Chemistry in
the Antarctic Troposphere (ISCAT) [Arimoto et al., 2001; Davis et al., 2004], and
Antarctic Tropospheric Chemistry Investigation (ANTCI) [Arimoto et al., 2008; Eisele et
al., 2008]. Measurements of sulfur aerosols were also conducted at several coastal
Antarctic stations, Dumont d’Urville (66.7°S, 140°E) [Legrand et al., 1998], Mawson
(67.6°S, 62.5°E) [Savoie et al., 1992] and Neumayer (70.7°S, 8.3°W) [Savoie et al.,
1993; Wagenbach, 1996; Wolff et al., 1998]. However, few efforts have been made to
study water-soluble organic compounds (WSOCSs) in aerosols over the Southern Ocean
and coastal Antarctica. The properties of these aerosol species, in particular the mass-size
distributions and their relationships with other aerosol species, are largely unknown in

these regions.

To characterize water-soluble inorganic and organic species over the Southern Ocean and
coastal East Antarctica, shipboard aerosol measurements were conducted in the regions
between November, 2010 and March, 2011. In this paper, we report the new results from
this shipboard experiment on the concentration distributions of ten water soluble
inorganic and organic species in aerosols and their particle size distributions. Possible
sources and factors affecting their properties are discussed. We also explore the potential
implications of the observed aerosol properties for chlorine depletion in aerosols and
cloud formation. We hope that our results from this work may fill the gaps of and enrich

the database for the Southern Ocean and coastal Antarctica. The new data set can also be






consequently affecting the production of marine biogenic aerosols. In austral summer,
large areas between 40°S and 65°S were ice-free, while the region of 65°S-69°S was often
covered with pack ice and experienced substantial sea ice melting, and higher emissions
of dimethyl sulfide (DMS) from seawater were observed in the coastal Antarctic sea ice

zone compared with those in the Southern Ocean [Trevena and Jones, 2006].

Air samplers were installed on a 3 ! 6 m? platform on the ship’s 8" floor front deck about
25 meters above the sea surface. To attain size-segregated aerosol samples, two aerosol
sizing samplers were used. One was a High-Volume (H-V) cascade impactor (CI) for
sampling in the Southern Ocean, with a flow rate of ~Im®min™ (Graseby, Smyrna, GA)
and Whatman 41 cellulose filters (Whatman International Ltd., England) as the sampling
media based on the procedures by Gao [2002]. The sampling duration with the CI
sampler was ~ 4 days. The aerodynamic diameter cutoff sizes of the CI sampler were
0.49,0.95, 1.5, 3.0, and 7.2 um. In this study, the particle size 1.5 pum was used as a
cutoff size to separate the fine and coarse mode particles for this sampler. Another
sampler was a 10-stage micro-orifice uniform deposit impactor (MOUDI, MSP Corp.,
Shoreview, MN) with a flow rate of 30 L min™ and sampling duration of ~4 days, which
was used for sampling in coastal East Antarctica. Teflon filters (Pall Corp., 47mm
diameter, 1.0 pm pore size) were used as sampling substrates for MOUDI. The 50% cut-
off sizes of the MOUDI were 0.056, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10 and 18
um in aerodynamic diameter. The particle size 1.8 pm was used as a cutoff size to
separate the fine and coarse fractions for MOUDI samples [Zhao and Gao, 2008a]. Bulk

aerosols or total suspended particles (TSP) were collected on Whatman-41 filters by a
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High-Volume sampler (Aquaero Tech, Miami, FL) for aerosol composition, which
operated with a flow rate of ~1 m® min™ and sampling duration of ~ 2 days [Xia and Gao,
2010]. A Low-Volume (L-V) ChemComb cartridge (Thermo Scientific, MA, USA) was
used to collect bulk aerosol particles for aerosol mass determination, which operated at a
flow rate of 15 L min™', with sampling duration of ~48-72 hours and Teflon filters as
sampling media (Pall Corp., 47mm diameter, 1.0 pm). To avoid contamination from the
ship, all sampling instruments were controlled with a wind speed and direction system
installed on the same sampling platform, which operated sampling only when the wind
was from a sector 90° left and right on the center line of the ship’s path and at wind

velocities > 2 m s™.

During sampling, loading and unloading of the filters were conducted in a 100-class
laminar flow clean-room hood in the ship’s chemical laboratory, following clean-room
operation procedures. After sampling, sample filters with field blanks were stored in the
refrigerator at 4°C aboard the R/V XueLong. A total of 17 H-V bulk aerosol samples, 17
L-V bulk aerosol samples, 4 H-V CI samples, and 2 MOUDI samples were collected
during this cruise. Detailed sampling information is given in Table 2.1. For aerosol
gravimetric mass, teflon sample filters from the L-V ChemComb cartridge and MOUDI
were pre- and post-weighed by a microbalance (Model MT-5, Metter Toledo) in a
weighing chamber where relative humidity and temperature were kept at 32% and 20°C,

respectively, at Rutgers University [Song and Gao, 2011].

2.2.2 Chemical Analyses



11

A Dionex ICS-2500 ion chromatograph (IC) was used to analyze aerosol samples for
water soluble ions (Na*, NH4", acetate, formate, MSA, CI', NOs’, succinate, SO,%,
oxalate). The cations were analyzed with a CS12A analytical column and a CG12A guard
column, and the anions were analyzed with an AS18 analytical column and an AG18
guard column. Experimental methods, similar to Zhao and Gao [2008a], were as follows:
a portion of each filter was placed in 15 mL of deionized water, ultrasonicated for 40
minutes and leached overnight. Then the sample solutions were injected into the IC
system through 0.22 um filters. The detection limits were 0.40 ng m™ for chloride, 0.13
ng m™ for sulfate, and 0.29 ng m™ for nitrate for H-V samples. The detection limits for
water soluble organic species in H-V samples were 0.02 ng m™ for acetate, 0.029 ng m™
for formate, 0.13 ng m™ for succinate, 0.095 ng m™ for oxalate, and 0.016 ng m™ for
MSA. The concentrations of these organic species in H-V samples were 47-82% higher
than their blank values, and their concentrations in H-V CI samples were from 70% to
>100% higher than their blank values. The concentrations of these organics in MOUDI
samples were from 60% to >100% higher than the values in their blanks. Final
concentrations of these species were obtained after correction with field blanks, and their
standard deviations were below 0.001. The precision of the analytical procedures based

on seven spiked samples was <5%.

2.2.3 Data Analysis
In this study, sea salt aerosol concentrations were calculated using the equation: Sea salt
= CI' +1.47xNa’, where 1.47 is the mass ratio of (Na"+ K"+ Mg*" + Ca* + SO4* +

HCO5) to Na™ in seawater [Bates et al., 2001]. nss-SO,” was calculated based on the
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equation of nss-SO4> = [SO4> Jrew - [Na]x0.25, where 0.25 is the value of SO,*/Na’in
seawater [Millero and Sohn, 1992]. Chloride depletion was calculated with the equation:
% Chloride Depletion = (1.81 x [Na'] — [CI'])/(1.81 x [Na'] x100, assuming all Na" in
aerosol was from sea water in which the average ratio of CI' to Na™ equals to 1.81
[Finlayson-Pitts and Pitts, 2000, Zhao and Gao, 2008b]. Relevant meteorological
parameters measured in the ship (Wind speed, direction, relative humidity, air
temperature and pressure) are in Table 2.1. In addition, the positive matrix factorization
(PMF) method was applied to the aerosol mass data obtained by one set of MOUDI
samples to create a general aerosol mass-size distribution [Kim et al., 2003], and this

method gave the resolved size distribution data with lognormal distribution functions.

2.3 Results and Discussions

2.3.1 Spatial Concentration Distributions by Bulk Aerosols

2.3.1.1 Aerosol Mass and Inorganic Species

Figure 2.2(a) shows the latitudinal distributions of aerosol mass based on bulk aerosol
samples collected on Teflon filters by the L-V sampler. The average mass concentrations
of bulk aerosols were 6.5+5.0 ug m™ (n=6) over the Southern Ocean and 4.6+3.8 pg m™
(n=11) over coastal East Antarctica. The average mass concentration of bulk aerosols
over the Southern Ocean was 1.6 times higher than that in coastal East Antarctica. The
sea-salt aerosols in bulk samples contributed to ~72% of the mass over the Southern

Ocean and ~56% in coastal East Antarctica.

Sea-Salt Aerosol: Figure 2.2(b) shows the latitudinal distribution of sea salt aerosol
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represented by the Na™ concentrations. The average concentration of sea salt aerosol in
bulk samples was 5900+5600 ng m™ over the Southern Ocean, more than two times
higher than that observed over coastal East Antarctica (2600£2300 ng m™). The higher
sea salt aerosol concentrations over the Southern Ocean is clearly a result of strong
westerly winds in that region, as the ship encountered several cyclones during the
sampling period, while the average wind speeds often exceeded 13 m s™ with whitecaps
being present, generating a tremendous amount of sea salt aerosol particles in the marine
atmosphere. Jourdain and Legrand [2002] also found that sea salt particles contributed
substantially to the total marine aerosol mass relative to other aerosol species in coastal

Antarctica.

nss-Sulfate: The latitudinal distribution of nss-SO4” is shown in Figure 2.2(c). Over the
Southern Ocean, the average concentration of nss-SO,” was 420+150 ng m™, ranging
from 230 ng m™ to 600 ng m™. Over coastal East Antarctica, the average concentration of
nss-SO4> was 480+290 ng m™, with a range of 230-1200 ng m™. High DMS emissions
from marine phytoplankton were observed around coastal Antarctica [Berresheim et al.,
1998], which could contribute to the observed high nss-sulfate concentrations observed in
this region. The results from this study were consistent with those in several Antarctic
coastal stations. Minikin et al. [1998] reported that the mean concentrations of aerosol
nss-SO4” in austral summer were 250 ng m™ at Neumayer, ~300 ng m™ at Dumont
d’Urville, and ~100 ng m~ at Halley (75°S, 26°W). These summer-time concentrations of
nss-SO4> were significantly higher than the annual average concentrations also reported

by Minikin et al. [1998], indicating high marine biogenic emissions in austral summer.
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Nitrate: The average concentrations of nitrate were 41+8.0 ng m™ over the Southern
Ocean and 50+20 ng m™ over coastal Antarctica (Figure 2.2(d)). The observed aerosol
nitrate could come from several sources. The long-range transport of substances from the
mid-latitude continents was suggested as the primary source of nitrate in aerosols
observed at Mawson Station in East Antarctica [Savoie et al., 1992]. However, the impact
of continental sources on aerosol samples collected during this study was low based on
the air mass back-trajectory analyses, and this result is consistent with the finding by
Wagenbach et al. [1998] that the continental source for nitrate at coastal Antarctica was
relatively unimportant. Higher concentrations of aerosol nitrate observed at coastal
Antarctica compared with those over the Southern Ocean during this study suggests
additional sources. One such source could be the release of NOyx from the Antarctic
snowpack into the atmosphere, which could undergo photochemical reactions to form
nitric acid that consequently reacted with alkaline sea salt and dust particles to form
aerosol nitrate [Seinfeld and Pandis, 2006]. Based on the measurements at German
Neumayer Station during austral summer 1999, Jones et al. [2001] estimated that an
annual NOy emission from the snowpack was in the order of 0.0076 Tg N over
Antarctica. Wolff [1995] suggested that the dominant contribution of nitrate in Antarctica
snow was natural sources that included the production of NOy by lightning in the
troposphere and the entrainment of NOy into the troposphere that was produced through
the oxidation of N,O in the lower stratosphere. Nitrate derived from reactions involving
NOy in the troposphere was deposited onto Antarctic snow and ice and undergone post-

deposition photolysis, resulting the formation of NOy in the Antarctic snowpack [Honrath
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et al., 1999; Zatko, et al., 2013]. Other sources of nitrate over coastal Antarctica may
include human activities, such as the emissions from vehicles used at research bases, in
particular during the austral summer, the peak season for conducting research at many
Antarctic stations. Mazzera et al. [2001a] utilized the chemical mass balance model to
study the aerosol source apportionment at McMurdo Station in Antarctica and found that
nitrate aerosol at this site in austral summer was mainly originated from local vehicles

and power plant emissions.

Ammonium: The average NH;" concentration over the Southern Ocean was 42+31 ng m’
3, while its average concentration over coastal East Antarctica was 96 + 43 ng m™ (Figure
2.2(e)). The observed NH,;" values from this study are consistent with the observed NH,"
concentrations of 37- 47 ng m™ near Vanda Station (77°32'S, 161°38'E) during
November and December 1980 [Gras, 1983] and 61 ng m™ at Mawson Station (67°36'S,
62°30'E) [Savoie et al., 1992]. The highest concentration of NH,", 160 ng m™, was
observed at 69°S, 77°E, suggesting potential local sources for NH;" in austral summer. A
seasonal variation of NH;" was observed at Dumont D’Urville with the maxima in spring
and summer and minima in winter [Legrand et al., 1998]. In addition to possible impact
of solar radiation intensity on the NH," production, the seasonal variation of NH;" may
be linked to the presence of a large Adélie penguin population in the region. Legrand et
al. [2012] showed that at Dumont d'Urville the high levels of ammonia (NHs) in the air
were found in the area where guano decomposition in the large penguin colonies was
present. Zhu et al. [2011] collected penguin guano and ornithogenic soils from four

penguin colonies and seal colony soils in coastal Antarctica and found that the NH;
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emissions fluxes were 7.66 + 4.33 mg NH; kg h™! from emperor penguin guano and
1.31+ 0.64 mg NH; kg™ h™' from Adélie penguin guano. The importance of NH3
emissions from sea birds has been recognized by recent studies [Legrand et al., 1998 and
2012; Blackall et al. 2007]. Blackall et al. [2007] conducted ammonium emission
observations from seabird colonies, suggesting that seabird colonies could stand for the
largest point sources of ammonia in the region south of 45°S. These observations suggest
that the emissions of NH3 from sea birds and animals and ornithogenic soils could be an
important sources of NHj in coastal Antarctica, contributing to the high concentration of
NH," in aerosols in the Antarctic coastal marine atmosphere observed during this study.
The importance of air-sea exchange of NH3 gas to the formation of marine aerosols and
its climate feedback has long been recognized [Liss and Galloway, 1993]. Recently,
Jickells et al. [2003] utilized the isotopic signatures of ammonium to identify the
existence of marine sources for aerosol ammonium. Johnson and Bell [2008] proposed
that the DMS emissions from the ocean indirectly controlled the flux of NH; from the

ocean through neutralization processes involving acidic DMS oxidation products.

Legrand et al. [1998] reported that ~5 millions Adélie penguin inhabitations around
Antarctica contributed to 2.5x10™* megatonne (Mt) of NH3-N emissions during the austral
summer, while the marine biogenic emissions of ammonia were estimated to be up to 640
x 10 Mt of NH3-N in summer in the oceanic regions south of 50°S. Thus, the NH3
emissions from the Adélie penguins source could account for ~0.4% of the total oceanic
NHj; emissions during austral summer. However, this percentage may represent the lower

end of the range of the total NH3 emissions from all seabirds and sea animals as other
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seabirds beside Adélie penguins and sea animals were not included in the calculation.
Moller [2010] calculated NH3 emission fluxes with models and suggested that the best
estimates of the NH; emissions from the global oceans were in the range of 10-15 Tg N
yr''. Riddick et al. [2012] studied the global NH3 emissions from seabird colonies and
suggested an estimate of 0.27 Tg NH3-N yr' of NH; emissions from seabird colonies;
thereby the NH3 emissions from seabirds can explain for 1.8-2.7 % of oceanic emissions.
The uncertainties, such as temperature dependence of NH3 emission, seasonal changes in
biological productivity, variation in air/sea exchange rates and breeding colony
populations, exist in estimating the relative contribution of seabird colony emissions in

the ammonia production budget [Legrand et al., 1998 and Riddick et al., 2012].

2.3.1.2 Organic Aerosol Species

Methane sulfonate: The concentrations of MSA did not vary dramatically over the

Southern Ocean, ranging from 63 to 87ng m™ (average concentration: 77+8.7 ng m™).
However, the concentrations of MSA over coastal East Antarctica showed more
variations, ranging from 46 to 170 ng m™ (average concentration: 86 + 40 ng m™) (Figure
2.3(a)). The two highest MSA values, 140 ng m™ and 170 ng m™ were found at 69°S,
75°E-64°S, 102°E and ~69°S, 77°E. The higher concentrations of MSA observed in
coastal East Antarctica compared to those over the Southern Ocean could be attributed to
higher DMS emissions of marine biogenic sources in coastal Antarctica than those in the
Southern Ocean. The observed average DMS concentration in seawater in the Southern
Ocean (Indian sector) was 1.87+2.11 nmol L' during Jan. 2006, Jan. 2008 and Feb. 2008,

with the highest concentration of ~10 nmol L™ at 63.4°S, 71.2°E and the lowest one of
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0.41 nmol L™ at 53.3°S, 98.3°E (Nobue Kasamatsu, 2006-2008, unpublished data,

http://saga.pmel.noaa.gov/dms/select.php). This spatial pattern of DMS distributions in
seawater was consistent with that of aerosol MSA observed in this study. Trevena and
Jones [2012] conducted observations of seawater DMS in the Antarctic sea ice zone of
East Antarctica and found that the areas with substantial ice melting could release a large
amount of DMS gases in austral summer. Thus, we could infer that high MSA
concentrations in the marine atmosphere over coastal Antarctica observed during this
study could be linked to high DMS emissions in seawater. Year-round observations of
MSA in coastal Antarctica revealed that the maximum MSA existed in austral summer
annually [Jourdain and Legrand, 2002; Weller and Wagenbach, 2007]. These results are
consistent with previous studies on the spatial and temporal characteristics of MSA in
coastal and inland Antarctica [Savoie et al., 1992; Rankin and Wolff, 2003; Weller and
Wagenbach, 2007]. As the MSA is considered to be of marine biogenic origin, many
factors and processes associated with the marine primary production could impact the
distributions of MSA in the marine atmosphere, including the marine ecosystem
dynamics and spatial variability of phytoplankton species in the water column, air-sea
exchange rates of DMS, and different oxidation pathways of DMS [O’Dowd et al., 1997].
In addition, different physical factors and environmental conditions may also affect the
MSA properties, such as the temperature variations, solar radiation intensity,
precipitation patterns, sea-ice conditions, winds and ocean currents [O ’Dowd et al.,

1997].
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Oxalate: The concentrations of oxalate as well as other organic acids were low and their
presence was detected in only a portion of samples collected during this study (Figure
2.3(b)). The average concentrations of oxalate were 3.8+3.8 ng m™ (range: 0 to 9.1 ng m’
%) over the Southern Ocean and 2.2+1.5 ng m™ (range: 0 to 4.6 ng m™) over coastal
Antarctica. These results are consistent with recent studies carried out at several locations
in the regions. Virkkula et al. [2006a] reported that the concentrations of oxalate were
0.6-1.4 ng m™ over the Southern Ocean and 2.1+5.1 ng m™ at Aboa Station (73°03'S,
13°25'W) in coastal Antarctica. Wang et al. [2006] reported that oxalate concentrations
ranged from 1.4 - 4.2 ng m™ in the region of >50°S, 130°-150°E. Oxalic acid (H,C,04)
was among the dominant dicarboxylic acids (DCAs), accounting for up to 50% of the
total atmospheric DCAs in remote marine atmospheres [Martinelango et al., 2007].
Isoprene produced by marine photosynthetic organisms is considered to be the major
source of oxalic acid in the marine atmosphere [Kawamura and Ikushima, 1993]; it could
be oxidized into pyruvic acid and methylglyoxal, acting as intermediates in the in-cloud
formation of oxalic acid [Ervens et al., 2004]. On the other hand, Legrand et al. [2012]
observed an enrichment of oxalate in aerosols at Dumont d'Urville Station that was
associated with the high levels of NHj3 in the air, and this may suggest that sea birds and
animals at coastal Antarctica could also be sources for aerosol oxalate observed during

this study.

Formate, Acetate and Succinate: The average concentration of formate was 0.23 + 0.45

ng m” (range: 0-1.1 ng m™ over the Southern Ocean (Figure 2.3(c)). In coastal

Antarctica, its concentrations ranged from 0 to 1.7 ng m™. Acetate was detected in only a
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few samples over coastal East Antarctica, and ranged from 0-7.8 ng m™ (Figure 2.3(d)).
The succinate concentrations observed during this study ranged from 0 to 2.9 ng m™ over
the Southern Ocean and from 0 to 0.95 ng m™ in coastal East Antarctica (Figure 2.3(e)).
Formic acid (HCOOH) and acetic acids (CH3;COOH) exists in liquid, aerosol, and vapor
phases [Keene and Galloway, 1988]. Based on the year-round investigation at Dumont
d’Urville, Legrand et al. [2004] showed that both formic and acetic acids are mainly
(99%) present in the gas phase with their concentrations ranging from <0.5 ppt in winter
to 3 ppt in summer, and they concluded that these low-C compounds were mainly
produced by photochemical production of alkenes released by phytoplankton, and their

variations follow the annual cycle of sea ice extent and solar radiation.

2.3.2 Aerosol Particle-Size Distributions
2.3.2.1 General Size Distribution

Figure 2.4 shows the mass distribution of size-segregated particulate matter based on one
set of MOUDI sample collected over coastal East Antarctica, while the ambient relative
humidity (RH) was on average 69% (range: 46-98%). A general mass-size distribution of
particulate matter existed in a bimodal pattern (curve (a) in Figure 2.4) with one peak at
aerodynamic diameter at 0.32-0.56 'm (accumulation mode, curve (b) in Figure 2.4),
accounting for 28% of the total mass, and the other peak at 3.2-5.6 Im (coarse mode,
curve (c) in Figure 2.4), constituting ~52% of the total mass. The highest mass
concentration, 1100 ng m, was associated with the size of 3.2-5.6 I'm, while the lowest
mass concentration was 370 ng m™ with the size of 0.056-0.1 Im. The observed size

distributions were contributed by individual aerosol species, as sea salt particles had a
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major contribution to the coarse mode particles, while nss-SO,*, MSA and oxalate
contributed to the fine mode particles significantly, which will be discussed in the later
sections. Teinil& et al. [2000] found that the measured ions (major inorganic ions, MSA,
and dicarboxylates) contributed on average one third of the total mass in fine mode

particles (diameter < 2 'm) at Aboa Station in Antactica.

2.3.2.2 Inorganic Aerosol Species

Sea Salt: Over the Southern Ocean, sea salt aerosol mainly existed in the coarse mode,
peaking at >3.0 um (Figure 2.5(a)), strongly impacted by westerly winds. This result is
consistent with the earlier finding that during high wind speeds over the ocean, there are
always significant amounts of sea-salt particles with diameter >10 um [O'Dowd et al.,
1997]. Quinn et al. [1996] reported that submicron and supermicron sea-salt aerosols
contributed ~10% and 80% of the total marine aerosol mass, respectively. Over coastal
Antarctica, the size of sea salt aerosol peaked at 5.6-10 um with the corresponding

concentration of 1800+1800 ng m™ (n=2) (Figure 2.6(a)).

nss-Sulfate: Figure 2.5(b) shows that the concentrations of nss-SO4> increased as the
particle size decreased over the Southern Ocean. Aerosol nss-SO4>” was mainly
accumulated in the fine mode, peaking at <0.49 pm with the corresponding concentration
of ~110+57 ng m™ (n=4). Over coastal East Antarctica, the nss-SO,>” was also
accumulated in the fine-mode, and peaked at 0.10-0.18 um and 0.32-0.56 pum Size ranges,
plus a small portion accumulated in the size range 5.6-10 um (Figure 2.6(b)). High nss-

SO, concentrations in the fine mode particles could be attributed to the gas-to-particle
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conversion of S-containing gas-phase species from marine phytoplankton emissions and
in-cloud heterogeneous oxidation of SO, through phase reaction with H,O, and O3
[Harris et al., 2013]. On the other hand, the existence of nss-SO,” in the coarse mode
indicates its interactions with sea salt [Zhuang et al., 1999]. The heterogeneous oxidation
of SO, in freshly formed coarse sea salt by O3 has been suggested to be the major
pathway for the formation of coarse-mode nss-sulfate in the marine boundary layer
(MBL) [Sievering et al., 1991]. Other formation mechanisms of nss-sulfate in the coarse
mode include the aqueous-phase oxidation of SO, in cloud droplets [McInnes et al.,
1994; Kerminen et al., 1997] and the interactions between H,SO4 gas and NaCl, leading
to the formation of coarse mode nss-sulfate; however, the contribution from the latter is
less important as the gas-phase H,SO4 concentration is low in clean marine environments
[Zhuang, et al., 1999]. Interestingly, some of the nss-SO,4” concentrations observed in
this study were below zero when the particle size was larger than 3.0 um. This could be
attributed to the definition of the nss-SO,4* concentration that was derived by subtracting
the sea-salt sulfate from the total sulfate, using the weight ratio of SO4*/Na* in seawater
(0.25) [Wolff et al., 2006]. Recent studies reported that sea ice existed in the surface of
the Southern Ocean and Antarctic coastal seawater, and highly saline frost flowers were
the main source of sea salt, with sulfate being depleted strongly relative to sodium
[Rankin et al., 2002]. Therefore utilizing the common SO,%/Na* ratio in seawater for
calculating nss-sulfate in the Southern Ocean may have resulted in the lower nss-SO4*

concentrations found in this study.

Nitrate: A bimodal size distribution of aerosol NO; was observed during this study. Over
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the Southern Ocean, the NOs concentrations peaked at 0.95-1.5 um (corresponding
concentration: 15 + 8.8 ng m™) and at 3.0-7.2 pm (concentration: 21+13 ng m™) (Figure
2.5(c)). The NOs concentration in the coarse mode was larger than that in the fine mode,
and high sea salt concentrations could contribute to the production of NO; in the coarse
mode. The NOs' in the coarse mode was mainly produced in the surface of sea salt

aerosol through the reactions below [Seinfeld and Pandis, 2006]:

NH; (2)+HNO; (g)—NH;NO; (1)

HNO; (g)+ NaCl—>NaNOs+HCl(g) (2)

Reaction (2) was the main production process over remote oceans, which may also cause
chloride depletion. However, over coastal Antarctica, the NOs™ concentrations peaked at
0.1-0.18 pum (average: 50+19 ng m™) and at 1.0 -1.8 um (average: 46+12 ng m™), mainly
accumulated in the fine mode (Figure 2.6(c)). Two pathways may explain the formation
of NOs™ in the fine mode: In-cloud processes and condensation of its precursors onto
preexisting particles [Herner et al., 2006]. A good correlation, defined as Pearson value
>(.5, p<0.05, between NOs™ and nss-SO4” in the fine mode was observed in this study
(Table 2.2(a)), inferring that nitrate in the fine mode could be produced through the in-
cloud processes [Zhao and Gao, 2008a]. In addition, there was a good correlation
between NO;” and NH," in the fine mode, and a large amount of NH," in the same size
range as that of NOs™ makes the presence of NH4NO; possible. Based on simple
stoichiometric calculations, ~20 % of NO; in the fine mode existed as NH4;NO; over
coastal East Antarctica. The fine-mode NOj™ could be produced by co-condensation of
gaseous NH; and HNOj3 as shown in Reaction (1), consistent with the work by Zhao and

Gao [2008a] and Bardouki et al. [2003].
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Ammonium: The size distributions of NH;" peaked at 0.95-1.5 um with the average
concentration of 8.4 + 5.7 ng m™ over the Southern Ocean (Figure 2.5(d)). Over coastal
East Antarctica, however, the NH," concentration peaked at 0.10-0.32 um with the
average concentration of 24+7.9 ng m™ (Figure 2.6(d)), which was about three times
higher than that in the Southern Ocean. The enrichment of NH," in the fine mode
particles was similar to that of nss-SO4> observed in this study. The formation of NH," in
the fine mode was affected by the SO,*” abundance and related to its gaseous precursor
NH; through gas-phase and aqueous-phase reactions with acidic species (e.g., H2SO4)
[Zhang et al., 2008]. Based on the equivalent ratios of [NH, '] to [NOs] and [NH,'] to
[SO,>], most NH," in the fine-mode particles was produced through the reactions
preferentially first with H,SO4 as (NH4)2SO4 and then with HNO3 as NH4NOs. Previous
studies indicated that the concentration of ammonium was relatively stable in coastal
Antarctica, and the mass size distribution of NH, " had a shape similar to that of nss-SO4>

[Legrand et al., 1998; Teinild et al., 2000].

2.3.2.3 Organic Aerosol Species

Methane sulfonate: Figure 2.7(a) showed that the MSA concentrations increased with

decreasing size for the size range of <3.0 um, peaking at 0.32-0.56 pm over the Southern
Ocean. About 72% of the total MSA was enriched in the accumulation mode, and only a
small portion of MSA was in the coarse mode of 3.0-7.2 pm that could be produced
through the condensation of gas-phase methane sulfonic acid on the surface of pre-

existing sea salt aerosol particles [O’Dowd et al., 1997]. Over coastal Antarctica,
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although the concentrations of MSA ranged from 1.9 to 42 ng m™ for all particle sizes, its
concentration peak was at 0.32-0.56 pm (Figure 2.8(a)). This size distribution feature
observed over coastal East Antarctica during this study was consistent with earlier studies
conducted over West Antarctica [Read et al., 2008] and other coastal regions, including
Florida coast and the Gulf of Mexico [Saltzman et al., 1983], Washington coast [Quinn et
al., 1993] and the China Sea [Gao et. al., 1996], which reflected the MSA production
mechanism through the gas-to-particle conversion and oxidation of S-containing species

in the marine atmosphere.

Oxalate: The size distributions of oxalate over the Southern Ocean are shown in Figure
2.7(b), peaking at <0.49um with the corresponding concentration of 3.1+0.93 ng m™ and
at 0.95-1.5 um with the concentration of 1.8 + 0.80 ng m™. Over coastal East Antarctica,
the particle size of oxalate peaked at 0.56-1.8 um (Figure 2.8(b)), with the concentration
of 1.6 + 0.70 ng m™. Thus, oxalate was mainly accumulated in the fine-mode particles

over both the Southern Ocean and coastal East Antarctica.

Formate, Acetate and Succinate: Figure 2.7(c) shows two peaks in the size distributions

of formate over the Southern Ocean, <0.49 and 0.95 -1.5 pm, and this species mainly
existed in the fine mode. The size distributions of formate over coastal East Antarctica
(Figure 2.8(c)) also had two peaks, 0.10-0.18 pm and 1.0-1.8 pm. This result
demonstrated that formate in aerosols mainly existed in the fine mode both over the
Southern Ocean and coastal East Antarctica. Over the Southern Ocean, acetate peaked at

3.0-7.2 pm in the coarse mode, accounting for 42% of the total acetate combined in all
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size ranges (Figure 2.7(d)). However, a large portion of acetate over coastal Antarctica
was dominated by fine-mode particles, particularly in the sizes of 0.1-0.18 pm and 1.0-
1.8 um (Figure 2.8(d)). The fine-mode feature with acetate observed in coastal Antarctica
in this study could have resulted from gas-to-particle conversion processes. Legrand et al
[2004] reported that acetate was mainly derived from the photochemistry of propene
emitted by photo-degradation of dissolved organic matter (DOM) in the ocean. Thus, the
DOM-rich waters in some of the Antarctic coastal seas might be the source of propene
and then of acetate in marine aerosols in this region. The particle sizes of succinate over
the Southern Ocean showed a bi-model distribution (Figure 2.7(¢e)), peaked at <0.49 pm
and at 3.0-7.2 um. A similar bi-model size distribution of succinate also existed over
coastal East Antarctica where the size peaks of succinate were at 0.10-0.18 um and at 3.2-
5.6 um observed in early December during this study (Figure 2.8(¢e)). Recent studies
reported that free radicals and oxidants generated by photochemical processes could
greatly control the chemistry of organic compounds like succinate in the atmosphere

[Limbeck et al., 2003; Neu et al., 2007].

2.3.3 MSA and MSA/nss-SO4* Ratios

The concentrations of aerosol MSA in high-latitude oceanic regions may reflect the level
of the marine biogenic production, and MSA/nss-SO,” ratios could be used to evaluate
the relative contributions of marine biogenic and other sources to the sulfur budget
[Saltzman, et al., 2006]. The average MSA/nss-SO4” ratio derived from bulk aerosol
samples from this study was 0.18 over the Southern Ocean and 0.21 over coastal East

Antarctica, and a high ratio 0.32 appeared at coastal East Antarctica when the MSA
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concentration was high (110 ng m™). These results are consistent with those at Mawson,
Antarctica (67°36'S, 62°30'E) from February 1987 to October 1989 by Prospero et al.
[1991] who showed that the MSA/nss-SO4” ratio was about 0.31. However, the highest
ratio was not always associated with the highest MSA concentration observed in this
study, suggesting that other factors may affect the concentrations of either MSA or nss-

S04

Temperature was among the factors that may affect MSA production [Bates et al., 1992;
Arsene et al., 1999]. Previous studies found that the oxidation rate of marine biogenic
DMS at low temperatures could contribute to the high yield of MSA, resulting in high
ratios of MSA/nss-SO4> near coastal Antarctica [Turnipseed et al., 1996; Barnes et al.,
2006]. However, in this study, the correlation between MSA and ambient air temperature
(T) was weak (R* = 0.005); the same was found for the MSA/nss-SO4> correlation (R* =
0.003) (Figure 2.9). The three highest MSA values (170 ng m™, 140 ng m™ and 110 ng m"
%) were not associated with the lowest temperature, suggesting that the temperature was
not the sole condition affecting the MSA production and the MSA/nss-SO4” ratios.
Wagenbach [1996] observed abrupt changes in the MSA/nss-SO4” ratio during summer
but with no concomitant changes in temperature in coastal Antarctica. With the fact that
the air masses affecting samples collected during this study mainly originated from either
the Southern Ocean or Antarctica, the effects of long-range transport from the continents
on the observed nss-SO4> should be negligible. On the other hand, local emissions from
power generation and vehicle operations at some Antarctic stations generated SO;

[Mazzera et al., 2001b], which could affect the MSA/nss-SO4”> ratios. However, the high
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MSA concentrations (140 ng m™ and 110 ng m™) corresponded to high MSA/nss-SO4*
ratios (0.31 and 0.32), suggesting that MSA plays an important role in shaping the spatial
variation in MSA/nss-SO4” in the southern hemisphere, consistent with the results by
Arimoto et al.[2001] who found that it is MSA more than sulfate that drives the spatial

differences in this ratio.

2.3.4 CI' Depletion and Cation to Anion Ratios

Chloride depletion in marine aerosols occurs due to reactions of sea salt with acidic
compounds, such as sulfuric acid, nitric acid and certain organic acids including MSA,
resulting in the loss of CI” in the form of HCI gas [Pakkanen, 1996, Kerminen et al., 1997;
Virkkula et al., 2006b]. Based on the calculation by the Equation in Section 2.3, the
average chloride depletion over the Southern Ocean was 5.8%, while it was ~10% over
coastal Antarctica, consistent with the results of previous studies, that the average loss of
chloride was ~10-20% over coastal Antarctica during austral summer [Jourdain and
Legrand, 2002; Rankin and Wolff, 2003]. The percentage losses of CI as a function of
aerosol particle sizes are shown in Figure 2.10. High CI” depletion mainly occurred on
particles in the size range <1.5 um, and the extent of depletion in aerosols over coastal
Antarctica was higher than that over the Southern Ocean. Over the Southern Ocean,
~92%-98% of nss-SO,> and 69%-74% of MSA mass concentrations observed in this
study were accumulated in the fine mode particles, which were associated with chloride
depletion in particles of <1.5 um in diameter. Over coastal East Antarctica, ~61%-84% of
nss-SO4>, 83-88% of NO5", 90%-94% of MSA, and 62%-72% of oxalate mass

concentrations were accumulated in particles of <1.8 pm. Thus, the enrichment of more
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acidic species in fine particles over coastal East Antarctica may explain the higher
chloride depletion observed in this region. This result suggests that acidic water-soluble
inorganic and organic species had high potential to substitute for sea salt chloride,
particularly sulfate, nitrate and MSA, in the marine atmosphere over coastal East

Antarctica.

To further explore the role of these acidic aerosol species in Cl” depletion, aerosol acidity
was estimated by calculating the measured cation-to-anion ratios in charge equivalents
(Figure 2.11). In the fine mode, the average ratios were 0.70 over the Southern Ocean and
0.74 in coastal Antarctica. The minimum cation-to-anion ratio was associated with
particles of <0.5 pm in diameter, suggesting that fine mode particles were more acidic
due to the accumulation of several acidic species on the particles. This result is consistent
with the results obtained by Kerminen et al. [2001] who observed that the measured
cation-to-anion ratios vary with particle sizes and particles in accumulation mode were
more acidic, probably due to the cloud processing of aerosols. A similar feature was also
observed by Virkkula et al. [2006b] at 40°S and in the Antarctic region. In the coarse
mode, however, the average cation-to-anion ratios increased to 0.86 over the Southern
Ocean and 1.08 in coastal Antarctica, indicating that coarse aerosols were more
neutralized over coastal East Antarctica than over the Southern Ocean. Results of aerosol
dissolvable Fe size distributions from samples collected on the same cruise showed a
small peak in the coarse mode with possible contributions of dust from sources in
Antarctica [Gao et al., 2013]. This may partially explain a relatively high cation-to-anion

ratio over coastal East Antarctica found in this study, as dust is rich in alkaline material
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and can neutralize acidic aerosols [Rastogi and Sarin, 2006].

On the other hand, the average molar ratios of NH,/nss-SO,” in fine mode particles that
dominated the total concentrations of NH, “and nss-SO4> observed during this study were
0.26 over the Southern Ocean and 0.93 over coastal East Antarctica. Higher NH, /nss-
SO,” ratio over coastal East Antarctica compared with that over the Southern Ocean may
suggest a higher neutralization capacity of the marine atmosphere over the Antarctic
coast. The NH,'/nss-SO,” ratios from this study fitted in the latitudinal pattern of the
NH, /nss-SO4” ratios observed by Virkkula et al. [2006a] who reported that the

NH, /nss-SO,4” ratios in submicron particles decreased from 2 in the North Atlantic to
below 1 in coastal Antarctica. These results reveal an inter-hemisphere difference with
respect to the spatial distributions of NH, /nss-SO4” ratios in the global marine
atmosphere, with the lower end of this ratio being present in high latitudes of the
Southern Hemisphere. Factors affecting this ratio in aerosols may include seawater pH,
temperature and wind speeds, which controlled the air-to-sea fluxes of ammonia
[Johnson and Bell [2008]. On the other hand, the “hot spots” of NHj3 gas emissions from
seabird colonies during Austral summer [Legrand et al., 1998 and 2012] could also

explain the high ratio in aerosols observed over coastal Antarctica in this study.

To explore the possible sources-particle size distribution relationships and their impacts
on CI depletion, results from both Cascade Impactor and MOUDI samples were divided
into fine and coarse modes (CI samples <1.5 um, MOUDI samples <1.8 pm as fine

mode; CI samples >1.5 pm, MOUDI samples >1.8 um as coarse mode). The correlation
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results of major water-soluble species in both modes are shown in 2.2. In fine mode
particles (Table 2.2(a)), NO5", nss-SO4> and NH4" had significant correlations with each
other (Pearson value >0.9, p<0.01), suggesting similar sources of these species. They
were also in good correlation with acetate, formate, and succinate, while only NO;™ had
relatively significant correlation with oxalate. These secondary organic aerosols could be
produced by photochemical oxidation of biogenic volatile organic compounds (VOCs)
emitted from the ocean and the gas-to-particle conversion processes that resulted in their
formation in the fine mode. However, in the coarse mode (Table 2.2(b)), formate, acetate,
and oxalate had no significant correlation with each other except for the correlation of
formate with succinate (Pearson value >0.8, p<0.05), suggesting they were produced by
different means. On the other hand, all these organic species had no significant
correlation with NO;3’, nss-SO4> and NH," except for succinate, which had significant
correlations with nss-SO4> and NH," (Pearson value >0.6, p<0.01). Although there was
good correlation between MSA and secondary inorganic species (NO3, NH;" and nss-
SO,4¥) in fine mode particles (Pearson value >0.8, p<0.05), MSA had no significant
correlation with the above species in the coarse mode, suggesting a unique feature of
MSA production different from those secondary inorganic species in the coarse mode. As
good correlations were found between MSA and Na* and CI” (Pearson value >0.8,
p<0.05) (Table 2.2(b)), the formation of MSA in the coarse mode could be through the

interactions with sea salt that may affect CI” depletion.

2.4 Implications for Aerosol-Clouds-Marine-Ecosystem Interactions.

The WSOCs observed in this study provide the evidence of their existence over the
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Southern Ocean and coastal East Antarctica during austral summer. The WSOCs are part
of secondary organic aerosol (SOA), produced by certain gas-phase precursors, including
propene, isoprene, iodomethanes, amines, and monoterpenes in the remote marine
atmosphere [Simd, 2011]. These precursors are natural VOCs produced by plankton and
photochemical reactions over the ocean [Dachs et al., 2005; Simo, 2011]. One process
that could be involved in the production of the WSOC:s is sea spray. The surface of sea
spray droplets is enriched with organic matter. Kawamura et al. [1996a and 1996b]
attributed the origin of low molecular weight (LMW) acids to the atmospheric
degradation of biogenic organic matter transferred in the atmosphere within sea spray.
Thus, sea salt aerosol could be involved in the production process of monocarboxylic and
dicarboxylic acids observed in this study. These low molecular-weight WSOCs can also
be formed in clouds and aerosols through the aqueous phase reactions of SOA [Blando
and Turpin, 2000; Ervens et al., 2011]. Thus, the observed WSOCs during this study may
be formed through either gas/particle partitioning or aqueous phase processes, affecting
aerosol hygroscopic properties and then CCN activation. Yu [2000] reviewed the role for
the organic compounds (mainly formic, acetic, pyruvic and oxalic acids) in the formation
of CCN, and their results showed that although most (98-99%) of these volatile organic
acids are present in the gas phase, their concentrations in the aerosol particles are

sufficient to make them a good candidate for CCN.

One unique feature of aerosols observed for the first time over the Southern Ocean and
East Antarctica from this study is that the particle size distributions of MSA plus several

organic species (oxalate, formate, acetate, succinate) peaked at the fine mode of <1.0 pm,
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similar to that of nss-SO,”, largely in the size spectrum of CCN. This result implies that
these organic and inorganic aerosols of marine biogenic origins could function as CCN,
enhancing the development of clouds over the Southern Ocean and coastal Antarctica.
One way that WSOCs may affect cloud formation is through their interactions with sea
salt aerosol [Kawamura et al., 1996a and 1996b; Fuentes et al., 2010]. Sea salt aerosol
produced by bubbles bursting on the sea surface could be the source of certain organic
substances in the coarse mode particles, including MSA, oxalate, formate, acetate and
succinate observed during this study. This process could be particularly important in the
regions with relatively low marine productivity. Murphy et al. [1998] reported that over
90% of aerosol particles larger than 0.13 um diameter contain sea-salt in low biological
activity areas. Thus, the interactions of submicron sea-salt and WSOC:s particles could

contribute to the modification of marine aerosol properties, affecting cloud properties.

The composition and size distributions of marine aerosols play important roles in CCN
formation and the radiation budget, which remain poorly understood over the Southern
Ocean and Antarctica. Extensive clouds exist in summer over Antarctica [Van Den
Broeke et al., 2006], and this phenomenon might be connected with high production of
biogenic aerosols in austral summer in the region. Quinn and Bates [2011] suggested that
sea spray emissions of sea salt and organics constituted the main sources of CCN in the
remote MBL. It is important at present to study their connections and roles in affecting
cloud formation, particularly in the under-sampled remote oceanic regions, in order to

better understand the climate forcing by the aerosol-cloud-marine ecosystem interactions.



Table 2.1 Sampling information*.
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S;r;lg;e No.  Sampling Date Location z)rvn?s) ?g) 2;0{) é};a)
B1 11/25/10-11/27/10 34°S, 109°E-41°S, 100°E  14.1 8.8 684 1026
B2 11/27/10-11/30/10 42°S, 100°E-56°S, 94°E 6.9 13.1  78.2 1014
B3 11/30/10-12/02/10 56°S, 94°E-62°S, 81°E 14.5 0.7 945 995
B4 12/03/10-12/04/10 65°S, 78°E-69°S, 94°E 13.4 34 795 985
BS 12/05/10-12/07/10 69°S, 76°E-69°S, 76°E 4.2 -2 559 996
B6 01/11/11-01/19/11 69°S, 75°E-64°S, 102°E 5.8 0.5 833 997
B7 01/19/11 64°S, 103°E-66°S, 110°E 5.9 0.7 762 999
B8 01/26/11-01/28/11 66°S, 110°E-65°S, 87°E 8.1 0.1 73.5 988
Bulk(B)  pg 01/28/11-01/30/11 64°S, 84°E-69°S, 76°E 6.3 -0.6 783 996
B10  02/10/11-02/11/11 69°S, 78°E 6 -43 453 986
B11 02/12/11 69°S, 78°E-69°S, 77°E 7.7 -54 38 982
B12  02/12/11-02/15/11 69°S, 77°E 7.8 44 48 992
B13  02/15/11-02/18/11 69°S, 77°E-69°S, 78°E 11.7 -3.6  47.8 995
B14  02/26/11-03/01/11 69°S, 76°E-57°S, 76°E 10.6 -1.9 823 983
B15 03/02/11-03/04/11 58°S, 81°E-44°S, 96°E 9.4 86 70.1 1018
B16  03/04/11-03/06/11 44°S, 96°E-36°S, 102°E 7.7 13.7 67.5 1023
B17  03/06/11-03/08/11 35°S, 102°E-32°S, 115°E~ 13.8 20 59.9 1019
MouDpl ML 12/05/10-12/09/10 69°S, 76°E 52 -22 61.8 991
M) M2  01/11/11-01/19/11 69°S, 75°E-66°S, 110°E 5.8 05 827 997
CIl  11/25/10-11/30/11 34°S,109°E-56°S, 94°E 11.3 99 741 1019
Cascade  Cr2  11/30/10-12/04/10 56°S, 94°E-69°S, 76°E 16.1 -1.2 89.2 988
zr(rjllp;actor CI3  02/26/11-03/02/11 69°S, 76°E-52°S, 84°E 11.3 -0.3 854 987
CI4  03/03/11-03/07/11 48°S, 89°E-33°S, 110°E 9.3 143 63.6 1023

*WS stands for wind speed; AT stands for air temperature; RH stands for relative humidity; AP

stands for air pressure.

































































































































































































































































































































