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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.



Chapter 2: Characteristics of Water-Soluble Inorganic and Organic Ions in
Aerosols over the Southern Ocean and Coastal East Antarctica during Austral

Summer!

Abstract

To characterize the concentrations and size distributions of water-soluble organic and
inorganic aerosol species, including Na*, non-sea-salt sulfate (nss-SO4>), methane
sulfonate (MSA), oxalate and succinate, over the Southern Ocean (SO) and coastal East
Antarctica (CEA), bulk and size-segregated aerosols were collected from 40°S, 100°E to
69°S, 76°E and between 69°S, 76°E and 66°S, 110°E during a cruise from November
2010 to March 2011. Results show that sea salt was the major component of the total
aerosol mass, accounting for 72% over the SO and 56% over CEA. The average
concentrations of nss-SO4> varied from 420 ng m™ over the SO to 480 ng m™ over CEA.
The concentrations of MSA ranged from 63 to 87 ng m™ over the SO and from 46 to 170
ng m”~ in CEA. The average concentrations of oxalate were 3.8ng m™ over the SO and
2.2ng m™ over CEA. The concentrations of formate, acetate, and succinate were lower
than those of oxalate. A bimodal size distribution of aerosol mass existed over CEA,
peaking at 0.32-0.56 um and 3.2-5.6 pm. MSA was accumulated in particles of 0.32-0.56
um over CEA. High chloride depletion was associated with fine-mode particles enriched

with nss-SO42', MSA and oxalate. Higher cation-to-anion and NH, /nss-SO4> ratios in

1Xu, G., Y. Gao, Q. Lin, W. Li, and L. Chen (2013), Characteristics of water-soluble
inorganic and organic ions in aerosols over the Southern Ocean and coastal East

Antarctica during austral summer, J. Geophys. Res. Atmos., 118, 13,303-13,318,
doi:10.1002/2013JD019496.



aerosols over CEA compared to that over the SO imply the higher neutralization capacity

of the marine atmosphere over CEA.

Keywords: Water-Soluble ions; Southern Ocean; Coastal East Antarctica; Size

distribution; Sources.

2.1 Introduction

Marine aerosols play an important role in global climate change, both directly and
indirectly [O'Dowd and de Leeuw, 2007]. Chemical composition and size distributions
are important properties of marine aerosols, affecting their transport, transformation,
removal and extent of aerosol radiative forcing [Seinfeld and Pandis, 2006]. Water
soluble aerosol species, particularly those in the fine mode, could be an important source
of cloud condensation nuclei (CCN) (size range 0.04-0.3 um), affecting cloud
microphysics and consequently climate [4Ayers and Gras, 1991; Liss and Lovelock, 2007].
However, the information on certain aerosol species and their climate effects is limited in
several under-sampled oceanic regions, such as the Southern Ocean, due to the

difficulties in conducting field measurements.

The Southern Ocean plays an important role in global carbon cycles and thus climate
change [Sarmiento et al., 1998]. Previous studies showed the importance of CCN and
sulfur-containing species over the Southern Ocean, which interact with incoming solar
radiation and affect cloud albedo, impacting the Southern Ocean biogeochemistry cycle

[Ayers and Gras, 1991; Liss and Lovelock, 2007]. Significant progress in characterization



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 acrosols 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 (WSOCs) 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



used to improve and test the parameterizations of aerosol properties used in global

climate models.

2.2 Methods and Materials

2.2.1 Sampling

Shipboard sampling was carried out on the Chinese icebreaker, R/V Xuelong, during the
cruise from November 2010 to March 2011. Aerosol sample collections were made in the
Southern Ocean on the legs between Fremantle, Australia (32°S, 115°E) and the Chinese
Zhongshan Station (69°22'S, 76°22'E) in East Antarctica (Figure 2.1). Aerosol sampling
was also made on the legs between the Chinese Zhongshan Station and the Australian
Casey Station (66°17'S, 110°32'E). In this study, the Southern Ocean is defined as the
region between 40°S and 65°S, and coastal East Antarctica is defined as the region
between 65°S-69°S; the data discussions in Section 3 were based on two distinct sets of
results from these two regions. This treatment of data was decided for two reasons. One
reason was that the air mass origins and wind patterns in the Southern Ocean and coastal
East Antarctica were different. The origins of air masses affecting samples collected over
the Southern Ocean were mainly originated over the Southern Ocean based on 7-day air
mass back trajectories, while samples collected in coastal East Antarctica were mainly
impacted by air masses from the Antarctic continent. This feature was also seen by wind
patterns: the Southern Ocean was under westerly winds, but coastal East Antarctica was
largely effected by Katabatic winds down the slopes of the Antarctic continent. Another
reason was that the extent of sea ice coverage was different in these two regions that may

impact marine primary productivity [Nicol et al., 2000; Smith and Comiso, 2008],



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 x 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 pm. In this study, the particle size 1.5 um 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
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A Dionex ICS-2500 ion chromatograph (IC) was used to analyze aerosol samples for
water soluble ions (Na+, NH,", acetate, formate, MSA, CI', NO5, succinate, SO42‘,
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 um (accumulation mode, curve (b) in Figure 2.4),
accounting for 28% of the total mass, and the other peak at 3.2-5.6 um (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 um, while the lowest
mass concentration was 370 ng m™ with the size of 0.056-0.1 um. 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-SO4>, MSA and oxalate
contributed to the fine mode particles significantly, which will be discussed in the later
sections. Teinild 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 um) 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 pm and 0.32-0.56 pm 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 pm. This could be
attributed to the definition of the nss-SO,* 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-SO,*

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;lgele 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
Cl4  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.



Table 2.2 (a) Correlations between water-soluble ions concentrations (N=6) of fine particles.

Ions Acetate Formate MSA Succinate Oxalate NO;  nss-SOs>  CI Na' NH," K" Mg2+ Ca*"
Acetate 1 0.93** 0.70 0.87* 0.70 0.92*  0.92*%*  -046 -0.04 0.90%* -0.30 072 0.72
Formate 1 0.79 0.93%* 0.87*  0.97** 090*  -0.72 -038 095**  -0.53 0.51 0.79

MSA 1 0.96** 0.62 0.88%* 0.86*  -0.81 -0.52 0.90%* -0.18 0.61  0.88*

Succinate 1 073  097** 093** -0.78 -044  098**  -034 0.64 0.90*
Oxalate 1 0.82%* 0.75 -0.64  -0.47 0.76 -0.60  0.15 0.47
NO5 1 0.95** -0.71 -0.36  0.99**  -045 057  0.79
nss-SO,” 1 -0.53  -0.15  093**  -0.19 0.72  0.71
Cr 1 0.89* -0.75 0.57 -0.16  -0.83*
Na" 1 -0.39 0.57 025 -0.53
NH," 1 -0.45 0.58  0.84*
K" 1 040 -0.24
Mg** 1 0.65
Ca*" 1

c¢



Table 2.2 (b) Correlations between water-soluble ions concentrations (N=6) of coarse particles.

Tons Acetate  Formate MSA Succinate Oxalate  NOj” nss-SO4> Cr Na' NH," K" Mg2+ Ca*"
Acetate 1 0.01 0.22 0.34 0.45 -0.46 0.42 -0.09 -0.08 -0.48 -040 -0.03 0.34
Formate 1 -0.89%* 0.88* 0.21 0.01 0.75 -0.95**  -096**  -0.73 -0.72 -0.79 -0.79
MSA 1 -0.70 0.08 -0.25 -0.70 0.86* 0.87* 0.44 0.37 0.87* 0.79
Succinate 1 0.55 0.14 0.93** -0.96** -0.95** -0.93** -0.80 -0.60 -0.49
Oxalate 1 0.21 0.45 -0.36 -0.35 -0.79  -0.71 033 0.36
NO5” 1 0.24 -0.22 -0.22 -0.04 0.23 0.11 0.10
nss-SO4> 1 -0.89*  -0.89* -0.81* -0.57 -0.64 -0.36
Cr 1 1.00* 0.81 0.69 0.73 0.67
Na' 1 0.80 0.68 0.73 0.67
NH," 1 091* 031 022
K’ 1 024 0.26

Mg*" 1 0.84*

Ca*" 1

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).

9¢



Figure 2.1 Cruise tracks and sampling locations. The solid line represents the legs from
Fremantle, Australia to Chinese Antarctic Zhongshan Station (CI1, CI2); the dashed line
represents the legs between Zhongshan Station and Australia Antarctic Casey Station
(M1, M2); the dash-dot line represents the legs from Zhongshan Station to Fremantle

(CI3, CI4).
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Figure 2.2 Latitudinal concentration distributions of aerosol mass and selected water-
soluble inorganic aerosol species: (a) mass, (b) sea salt, (¢) nss-SO4>, (d) NOs", and ()

NH," (unit: ng m™).
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Figure 2.3 Latitudinal concentration distributions of aerosol mass and selected water-
soluble organic aerosol species: (a) MSA, (b) oxalate, (c) formate, (d) acetate, and (e)

succinate (unit: ng m™).
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Figure 2.4 Aerosol mass-size distributions over coastal Antarctica by utilizing positive
matrix factorization (PMF) - resolved size distribution data with lognormal distribution
functions using DISFIT software (TSI, USA). The curve (a) is a general mass size
distribution; the curve (b) is the size distribution of the resolved accumulation mode

particles; the curve (c) is the size distribution of the resolved coarse mode particles.



<0.490.49-0.950.95-1.51.5-3.03.0-7.2 >7.2

9000 200
(a) l:ﬂ\ 1%}
FAN 150 4 ] ()
,’7-‘ ’II/ \/\{:(,A ~
g 1,0 =
g 6000 - MG =
) ,’:’I,g 5 100
= §y 5
El /oy % s
a I )
% [II;I {}Z
723000 - s zZ
21 =
i -50
::'::g’—"@
o
0 ‘ -100
<0.490.49-0.950.95-1.51.5-3.03.0-72 >7.2
40.0 16.0
Q@
(C) ’I ‘\
F oy (@
/
30.0 SN 12.0 A
—~ ¥ :‘\
ﬁé ,Q\ J | )
4 AN ’ Y s
= I’ N ¥ \‘ %b
= 200 7 7 © 1 — =80
d‘ 1’ // \ ) %
Z 'l A 7 —’+\ \
’ // Sl P Y
10.0 Ol ’,’E‘L— _—:ﬁ?---_ T‘\J\ 4.0
A0 SR
o~ A Uy
%--’:sﬁ ‘\g
0.0 : 0.0 &

41

<0.490.49-0.950.95-1.51.5-3.03.0-7.2 >7.2

Particle sizes (um)

-43--11/30/10-12/04/10
-<3--03/03/11-03/07/11

-+-11/25/10-11/30/10
-4--02/26/11-03/02/11

Figure 2.5 Size distributions of water-soluble inorganic compounds in aerosols over the

Southern Ocean: (a) sea salt, (b) nss-SO4>, (¢) NO5', and (d) NH,4".
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Figure 2.6 Size distributions of aerosol water-soluble inorganic compounds over coastal

East Antarctica: (a) sea salt, (b) nss-SO4>, (¢) NO5", and (d) NH,4".
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Figure 2.7 Size distributions of aerosol water-soluble organic compounds over the

Southern Ocean: (a) MSA, (b) oxalate, (c) formate, (d) acetate, and (e) succinate.
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Chapter 3: Atmospheric Trace Elements in Aerosols Observed over the Southern

Ocean and Coastal East Antarctica’

Abstract

Atmospheric aerosol samples were collected over the Southern Ocean (SO) and coastal
East Antarctica (CEA) during the austral summer of 2010-2011. Samples were analysed
for trace elements including Na, Mg, K, Al, Fe, Mn, Ni, Cd and Se by inductively
coupled plasma mass spectrometry (ICP-MS). The mean atmospheric concentrations over
the SO were 1100 ng m ™ for Na, 190 ng m > for Mg, 150 ng m " for Al, 14 ng m " for
Fe, 0.46 ng m " for Mn and 0.25 ng m™ for Se. Over CEA, the mean concentrations were
990 ng m > for Na, 180 ng m > for Mg, 190 ng m* for Al, 26 ng m ° for Fe, 0.70 ng m™
for Mn and 0.29 ng m™ for Se. Particle size distributions, enrichment factors and
correlation analysis indicate that Na, Mg and K mainly came from the marine source,
while Al, Fe and Mn were mainly from the crustal source, which also contributed to Mg
and K over CEA. High enrichment factors were associated with Ni, Cd and Se,
suggesting likely contributions from mixed sources from the Antarctic continent, long-
range transport, marine biogenic emissions and anthropogenic emissions. Sea salt
elements (Na, Mg, K) were mainly accumulated in the coarse mode, and crustal elements
(Al, Fe, Mn) presented a bimodal size distribution pattern. Bioactive elements (Fe, Ni,
Cd) were enriched in the fine mode, especially with samples collected over the SO,

possibly affecting biogeochemical cycles in this oceanic region.

2 Xu, G., Y. Gao (2014), Atmospheric trace elements in aerosols observed over the
Southern Ocean and coastal East Antarctica. Polar Research, in press.
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Keywords: Southern Ocean; Coastal East Antarctica; Trace elements; Size distribution;

Sources.

3.1 Introduction

The Southern Ocean plays a critical role in regulating the global carbon cycle (Reid et al.
2009), and atmospheric aerosols over this region may contribute to regional
biogeochemical cycles and atmospheric chemistry [Jickells et al., 2005; Heimburger et
al., 2012; Gao et al., 2013]. Atmospheric sea salt and biogenic sulphur are among the
major aerosol components over the SO [Murphy et al., 1998; Berg et al., 1998]. Sea salt
aerosol particles contain elements such as Na, Mg, K, Ca [Murphy et al., 1998; D
O'Dowd and De Leeuw, 2007] and sea salt fractionation due to fresh sea ice formation
can alter atmospheric chemistry over polar regions [Hara et al., 2012]. The seawater
bubble bursting processes can also be a source for atmospheric Se, in addition to volcanic
and biogenic sources [Schneider, 1985; Weller et al., 2008]. On the other hand, the trace
elements of continental sources (Fe, Mn, Ni) provided by atmospheric long-range
transport are required for organisms during photosynthesis, respiration and nitrogen
fixation processes [Price and Morel, 1990; Twining and Baines, 2013; Moore et al.,
2013]. Although some of these bioactive elements (Cd, Ni) may act as toxicants at high
concentrations to certain marine organisms [ Whitfield, 2001; Echeveste et al., 2014], Fe is
a limiting and essential micronutrient for all organisms [Jickells et al., 2005]. Recent field
measurements have shown that upwelling, dust deposition, entrainment from shelf

sediment, and advection of subtropical waters are among the sources of bioavailable iron
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to SO waters [Boyd et al., 2004; Blain et al., 2007; Sedwick et al., 2008]. Enhancements
in nitrogen fixation and biological blooms correspond to the episodic supply of iron
[Boyd et al., 2004; Frew et al., 2001]. In the SO, the atmospheric Fe input contributes to
the pool of dissolved Fe [Blain et al., 2007; Gao et al., 2013; Heimburger et al., 2013].
Observations of atmospheric trace elements over the SO have been reported for the
Atlantic sector [Rddlein and Heumann, 1995; Witt et al., 2006; Boye et al., 2012]. Direct
measurements of atmospheric deposition of trace elements has been reported by
Heimburger et al. [2012] over the Kerguelen Islands (49°18’S, 70°07°E) in the Indian
Ocean sector of the SO, and Witt et al. [2006] measured the atmospheric concentrations
of trace elements during an Indian Ocean Transect at 32°S from Durban, South Africa, to
Perth, Australia. However, few observations of atmospheric trace elements have been

made south of 50°S in the Indian Ocean sector of the SO.

Antarctica is the most pristine region on the planet, isolated by the SO and circumpolar
cyclonic vortex from neighboring continents. This provides ideal opportunities for
studying the background of aerosols far from continental sources [Artaxo et al., 1992;
Mouri et al., 1997, Zoller et al., 1974; Dick, 1991; Arimoto et al., 2008]. Previous
observations of trace elements in aerosols were made at the South Pole [Duce et al.,
1975; Maenhaut et al., 1979; Arimoto et al., 2008] and over coastal West Antarctica
[Saxena and Ruggiero, 2013; Mishra et al., 2004]. Even though seasonal patterns of
heavy metal concentrations deposited in snow have been conducted in Lambert Glacier
basin, East Antarctica [Hur et al., 2007], atmospheric trace elements over coastal East

Antarctica (CEA) and the Indian Ocean sector of the SO during the austral summer have
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hitherto not been investigated simultaneously.

To quantify the concentrations and size distributions of trace elements in aerosols,
atmospheric particulate samples were collected during an Antarctic cruise in the SO and
CEA. In this paper, we present the distributions of selected atmospheric trace elements
and explored possible sources for them. Results from this study can provide valuable
information on aerosol properties over both SO and CEA, contributing to a better

understanding of biogeochemical cycles in these regions.

3.2 Sampling and Methods

3.2.1 Shipboard Aerosol Sampling

Aerosol sampling was conducted between the SO and China’s Zhongshan Station
(69°22°S, 76°22°E), and between Zhongshan Station and Australia’s Casey Station
(66°17°S, 110°32°E) during the Austral summer from November, 2010 to March, 2011,
onboard the Chinese icebreaker, Xue Long (Figure 3.1). In this study, the SO was defined
as the region between 40°S and 65°S, and coastal Antarctica was defined as the region
between 65°S-69°S. The divisions of SO and CEA were made based on three
considerations. Firstly, the sea ice extent, which may impact the marine primary
productivity [Nicol et al., 2000; Smith and Comiso, 2008], is different between these two
regions. In austral summer, the region south of 40°S is ice-free, while CEA is covered
with pack ice. Sea ice extent and biological productivity could determine the source
strength of marine biogenic aerosols, resulting in changes in aerosol chemical

composition and size characteristics [Andreae, 1986; Mosher et al., 1987; Trevena and
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Jones, 2012]. Secondly, the air mass origins and wind patterns in the SO and CEA were
different. The origins of air masses affecting samples collected over the SO were mainly
in the SO (Figure 3.2-1), while samples collected in CEA were mainly impacted by air
masses from the Antarctic continent (Figure 3.2-2). This is also confirmed by wind
patterns: the SO is under westerly winds, but CEA is affected by katabatic winds from the
Antarctic continent [Hogan, 1975; Jourdain and Legrand, 2001]. Thirdly, the polar front
is a distinct boundary between warm and cold air masses, where cyclonic storm systems
develop [Bjerknes and Solberg, 1922]. Turner and Thomas [1994] found that high
frequencies of vortex activities occurred within coastal Antarctic regions, which is

different from the situation in SO.

Air samplers were assembled on a 3x6 m” platform on the ship’s eighth floor front deck
about 25 meters above the sea surface. To collect size-segregated atmospheric particle
samples over the SO, a high-volume cascade impactor (CI) with a flow rate of ~ 1m® min"
! (Tisch Environmental, Inc., Cleves, Ohio) was used, and acid-washed Whatman 41
cellulose filters were used as the sampling media. The aerodynamic cut-off diameters of
this sampler were 0.49, 0.95, 1.5, 3.0, and 7.2 um, respectively. To separate the fine and
coarse mode particles, 1.5 pm was used as a cut-off size. Over CEA, a 10-stage Micro-
Orifice Uniform Deposit Impactor (MOUDI, MSP Corp., Shoreview, MN) with flow rate
of 30 L min™ was used, and Teflon filters (Pall Corp., 47 mm diameter, 1 um pore size)
were used as sampling substrates to collect the size-segregated aerosol samples. The 50%
cut-off mass median aerodynamic diameters 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 pm. A cut-off size 1.8 um was used to separate the fine
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and coarse aerosol fractions. Total suspended particles were also collected during this
cruise, using Model 3500 Chemcomb Cartridge devices (Thermo Scientific, MA) with a
flow rate of ~ 15 L min™' and polytetrafluoroethylene filters (47 mm diameter, 1.0 um
pore size) as sampling substrates. To avoid contamination from the ship, a wind speed
and direction system installed on the same sampling platform was utilized to control all
sampling instruments, which operated sampling only when the wind was from a sector
90° left and right on the centre line of the ship’s path and at wind speeds >2 ms™.
During sampling, loading and unloading of the filters were conducted in a 100-class high-
efficiency particulate air -filtered laminar flow clean-room hood in the ship’s chemical
laboratory, following clean-room operation procedures. After sampling, sample filters
with field blanks were kept in the refrigerator at 4°C in the ship. Detailed sampling

information is in Table 3.1.

3.2.2 Chemical Analyses

Aerosol samples were analysed for elements, including Na, Mg, K, Al, Fe, Mn, Ni, Cd,
and Se through ICP-MS (7500ce, Agilent) at the Third Institute of Oceanography, China,
following the same methods described by Gao et al. [2013]. Briefly, one quarter from
each aerosol sample filter was digested with concentrated HNOs3 in a Microwave
Accelerated Reaction System (MARs, CEM Corporation). Three steps in the digestion
process were used: (1) heating to 17045 °C in 5.5 min, (2) keeping at 170+5 °C for 30
min for finishing digestion, and (3) cooling down for 20 min. Digested solutions were
diluted with Milli-Q water to achieve an acidity of 4% and then injected into the ICP-MS

system. The detection limits were ~0.001 ng m™ for Na, Mg and K; ~0.003 ng m” for Fe,
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Ni and Se and ~0.005 ng m™ for Cd in this study. The average precision for replicate
samples was ~2%, and the overall average field blank levels were ~2% relative to
samples. The recoveries of trace elements by this digestion method were determined by
utilizing the environmental calibration standard 5183-4688 from Agilent Technologies,
based on the same digestion and analysis as our samples. The results showed that the
recoveries of Na, Mg, K, Al, Fe, Mn, Ni, Cd, Se ranged from 93% to 101%. External
standards curves were constructed (R*>0.9999) for the determinations of trace elements
in samples. The final concentrations of selected trace elements in samples were obtained

after subtraction of their appropriate field blanks.

3.2.3 Data Analyses

(1) Meteorological Data Analyses

During sampling periods, the meteorological data including air temperature, air pressure,
relative humidity, wind speed and wind direction were obtained from the ship’s weather
stations (Table 3.1). To explore possible sources of the observed trace elements in
aerosols, air mass back trajectories were performed at 50 and 500 m height above the
ground over the sampling locations every six hours, going backward seven days. The
trajectories were calculated from the National Oceanic and Atmospheric Administration
Global Data Assimilation System meteorology database [Draxler and Rolph, 2014],

using the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) program.

(2) Enrichment factor (EF)

The use of an enrichment factor (EF) is a first-step of source identification to differentiate
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the possible sources of atmospheric trace elements observed in this study. EF is defined
as follows:

EF=(Xi/X)air (Xi/ X1 )sou
where EFi is the EF of element i, r is the reference element, (X/X,), is the concentration
ratio of element i over the reference element » in acrosols, and (X;/X,)s, is the abundance
ratio of element i over » in source materials. In this paper, EFs;is the EF for the source of
sea water by utilizing Na as the reference element abundant in the ocean waters [Millero,
2013]. EFc; is the enrichment factor for crustal source, with Fe being chosen as the
representative element of crustal materials [Taylor, 1964], as good correlations among
typical crustal elements (Fe, Mn and Al) were found in this study over the SO and CEA
(R>>0.5, n=17). If an EF value for an element is less than 10, the source represented by
element r is likely the source for element 7; if EF>10, it can be considered that element i
has another source, as the element i is greatly enriched relative to element r [Chester et

al., 1991; Weller et al., 2008].

3.3. Results and Discussions

3.3.1 Mass Concentration Distributions

3.3.1.1 Elements Na, Mg, K

Results showed that the average concentrations of Na were 1100 ng m™ over the SO and
990 ng m™ over CEA, while the highest observed Na concentrations were 2700 ng m™
over the SO and 1800 ng m™ over CEA (Table 3.2). The mean concentration of Na
observed over CEA was comparable with that reported by Artaxo et al. [1992] over the

Antarctic Peninsula, which was 1046.2 ng m™. Xu et al. [2013] showed that sea-salt
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aerosols in bulk samples contributed to ~72% of the mass over the SO and ~56% in CEA.
Significant latitudinal gradient of sea salt aerosol indicated by Na was observed over the
SO (Table 3.2) affected by the variation of wind speeds. The strong westerly wind with
speed >13 m s over the SO could explain the observed high concentrations of sea salt
elements. The average concentrations of both Mg and K were < 200 ng m” over the SO
and CEA. Sea spray or bubble-bursting processes in the SO was the dominant source for
the observed sea salt elements over these regions [Minikin et al., 1998; Wagenbach et al.,
1998]. The concentrations of sea-salt elements (Na, Mg and K) observed in CEA during
this study in austral summer were more than four times higher than those at Neumayer
Station, located at 70°39°S, 8°15°W [Weller et al., 2008]. This difference in sea salt
concentrations could be explained by the distance to open water as aerosol sampling
conducted by Weller et al. [2008] was made on land, about 1.5 km south of Neumayer
Station which is more than 10 km from open water. The presence of sea ice in CEA may
contribute to Na depletion in sea salt aerosol from sea ice through the formation of
mirabilite (Na;SO4- 10H,0) [Kalnajs et al., 2013; Yang et al., 2008; Fattori et al., 2005].
Rankin and Wolff [2003] found that over the coast of the Weddell Sea, 60% of the total
sea salt came from brine and frost flowers on the sea ice rather than open water. Hara et
al. [2012] conducted aerosol sampling at Syowa Station and found that fractionated sea-
salt particles were accumulated in the ultrafine-coarse modes, with higher Mg”*/Na" and
K'/Na" ratios compared with those of bulk seawater. In this study, higher Mg**/Na" and
K'/Na' ratios than those of bulk seawater were also found in aerosol samples collected in
CEA, implying that Na depletion may affect the EF calculation using Na as the

representative element for sea water. However, Weller et al. [2008] concluded that sea
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salt fractionation could cause ~11.8% of Na depletion by mass, leading to an increase of
the EF to ~1.12 in winter, when sea salt fractionation was most active. Therefore, the Na
depletion process may not affect the general EF results in this study. Further investigation

is needed to solve this problem.

3.3.1.2 Elements Al, Fe, Mn

The concentrations of total Al ranged from 77 to 240 ng m™ over the SO (average 150 ng
m™) and from 130 to 310 ng m™ over CEA (average 190 ng m™) (Table 3.2). Over the
SO, the concentrations of total Fe ranged from 6.1 to 38 ng m™ (average: 14 ng m™) and
14 to 56 ng m™ (average: 27 ng m™) over CEA. One explanation for the high Fe
concentration (56 ng m™) observed in the areas of 64-66°S, 103°E could be due to
possible contributions by local dry lands as suggested by Gao et al. [2013]. Compared
with the results (average Fe: 130 ng m™) from McMurdo Station (77°51°S, 166°40°E)
[Mazzera et al., 2001], relatively low Fe concentrations in aerosols were observed over
both the SO and CEA during this study. The high Fe concentrations around McMurdo
Station could be affected by local sources and an active volcano existed [Kyle et al.,
1990]. The concentrations of total Mn ranged from 0.2 to 0.9 ng m™ over the SO
(average: 0.46 ng m™) and from 0.45 to 1.2 ng m™ over CEA (average: 0.70 ng m™)
(Table 3.2). Low Mn concentrations were observed over the South Pole during the austral
summer with arithmetic mean of 0.013 ng m™ [Maenhaut et al., 1979], while high Mn
concentrations (average: 2.5 ng m™) in ambient PM, samples were observed at
McMurdo Station [Mazzera et al., 2001]. Wagenbach et al. [1988] utilized Mn as the

reference element for crustal aerosol and founded the maximum Mn over coastal west
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Antarctica (70°S, 8°W) in the austral summer, during which crustal aerosol concentration
was more than two times higher than the mean concentration. Similar seasonal maxima
for crustal elements in aerosols were also observed at Neumayer Station by Weller et al.
[2008], who concluded that the crustal elements (Al, La, Ce and Nd) in aerosols showed
the maximum during the austral summer, with the summer mean 1.7 times the annual
mean. The concentrations of crustal elements (Fe, Mn) observed during this study were
comparable with studies in the SO and coastal Antarctic sites by other investigators
[Bowie et al., 2009; Chester et al., 1991; Mishra et al., 2004; Rdidlein and Heumann,
1992]. In addition, significant spatial variations in the concentrations of both Fe and Mn
were found over the SO. Aerosol samples collected over the SO, especially aerosol
collected from < 40°S near west Australia, could be influenced by dust from Australia
deserts [Tanaka and Chiba, 2006], although dust may also be carried by long-range
transport from the continents, such as Patagonia [Johnson et al., 2011] and South Africa
[Gasso and Stein, 2007]. However, aerosols over CEA could be affected by coastal
Antarctic local sources, which can be indicated by the air mass back trajectories (Figure
3.2). The McMurdo Dry Valleys is one potential source contributing to the observed high
crustal elements concentrations in this study, as discussed in more detail in Gao et al.

[2013].

3.3.1.3 Elements Ni, Cd, Se
The observed Ni concentrations ranged from 0 to 0.07 ng m™ over the SO (average: 0.01
ng m™) and from 0 to 2.2 ng m™ over CEA (average: 0.75 ng m™), while the observed Cd

concentrations ranged from 0 to 0.02 ng m™ over the SO (average: 0.004 ng m™) and
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from 0 to 0.05 ng m™ over CEA (average: 0.017 ng m™) during the austral summer,
These results were comparable to previous observations over the SO and CEA. Ezat et al.
[1994] investigated the long-range atmospheric transport of aerosols to the Southern
Indian Ocean, and they found that the average ambient concentration of Ni was 0.25 ng
m™. Artaxo et al. [1992] conducted acrosols observations over the Antarctic Peninsula,
and they concluded that in the fine mode particles, the Ni concentration was 0.076 ng m™
during the summer, while PM;( observation at McMurdo Station revealed that the
average Ni concentration was 0.14 ng m™ [Mazzera et al., 2001]. However, Maenhaut et
al. [1979] measured the concentrations and size distributions of trace elements in aerosols
in the South Pole atmosphere, and reported that the arithmetic means atmospheric
concentration of Cd was <0.018 ng m™. Annibaldi et al. [2007] conducted research on
water-soluble and insoluble fractions of Cd in Antarctic aerosols at Terra Nova Bay and
found that total extractable (soluble portion and in-soluble portion) fractions of Cd in

PM aerosol samples ranged from 0.0006 ng m™ to ~ 0.006 ng m™ (average
concentration 0.003 ng m™). Higher average concentrations of Ni and Cd over CEA than
these over the SO may suggest possible sources for these elements around coastal
Antarctica, although other factors may also affect their concentrations in this region, such
as the impacts of different meteorological conditions and long-range transport from other

continents [Mishra et al., 2004].

The observed Se concentrations ranged from 0.09 to 0.4 ng m™ over the SO (average:
0.25 ng m) and from 0.09 to 0.64 ng m™ over CEA (average: 0.29 ng m™) during the

austral summer. Observations over the South Pole showed that the average ambient
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concentration of Se was ~ 0.006 ng m during the summer time [Zoller et al., 1974;
Cunningham and Zoller, 1981], while observations by Artaxo et al. [1992] showed that
average atmospheric concentration of Se was 0.064 ng m™ over the Antarctic Peninsula.
At Neumayer Station, Weller et al. [2008] reported that average ambient concentration of
Se was 0.025 ng m™ during the austral summer. Different source processes could explain
the geographical variability of Se concentrations. Weller et al. [2008] further investigated
the potential source of Se and concluded that a distinct ambient Se concentration
maximum existed in austral summer and there was a significant correlation between Se
and sulphur-containing species (methane sulfonate (MSA) and non-sea salt sulphate (nss-
SO4™)) (r(MSA)=0.66; r(nss-SO4>) =0.67), indicating a potential marine biogenic source
for this element. However, no good correlation between MSA or nss-SO,> and Se
(r(MSA)=0.09; r(nss-SO4>)=0.22) was found in this study, which implies that the
existence of Se in aerosols in these regions is not solely explained by marine biogenic
emissions. Other potential sources of Se could be volcanic emissions, as pointed out by
Cunningham and Zoller [1981] who stated that the atmospheric load of volatile elements
including Se could be influenced by volcanic emissions. Sea spray, volcanoes and the
biogenic emissions could explain ~60% of the atmospheric Se budget [Weller et al.,
2008]. In general, the concentrations of Ni, Cd and Se observed during this study were
low and comparable with previous observations [Rddlein and Heumann, 1992 and 1995;

Annibaldi et al., 2007; Weller et al., 2008].

3.3.2 Particle Size Distributions

3.3.2.1 Over the Southern Ocean
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Figure 3.3 shows the size distributions of selected trace elements (Na, Mg, K, Al, Fe, Mn,
Ni, Cd and Se) in aerosols over the SO derived from four sets of CI samples. The element
Na, Mg and K were mainly accumulated in the coarse mode with particle size >3pm.
Sea-salt aerosol over the SO was strongly influenced by westerly winds, which was
consistent with the concentration variation and size distribution of sea salt under the high
wind speed condition reviewed by D O’Dowd et al. [1997]. Chester et al. [1990] also
concluded that sea-salt-generated elements mainly existed in particle size range from
approximately 3 um to more than 7 pm. The elements Al, Fe and Mn showed a bimodal
size distribution, with size peaks both in the fine mode (<0.95 um) and coarse modes (>3
um), but the mass concentrations were mainly accumulated in the fine mode. However,
the elements Ni and Cd were mainly accumulated in the fine mode (size <0.49 um) over
the SO, while Se presented a size distribution pattern with peaks at size <0.49 pm, 0.95-
1.5 um and 3-7.2 um. The coarse mode fractions of Al, Fe, Mn, Ni, Cd and Se in aerosols
could be explained by the crustal source, having mass median diameters ranging from
about 1 to about 3 um [Chester, 1990]. The fine mode fractions, in contrast, could be
attributed to long-range transported dust, volcanic processes, and anthropogenic

processes [Chester, 1990].

3.3.2.2 Over Coastal East Antarctica

Figure 3.4 shows the size distributions of selected trace elements (Na, Mg, K, Al, Fe, Mn,
Ni, Cd and Se) in aerosols over CEA derived from two sets of MOUDI samples (Figure
3.4). The results showed that Na, Mg and K mainly existed in the coarse mode (particle

size >1.8 pm), which could be explained by the contributions from sea spray over the
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Antarctic coastal seas [Minikin et al., 1998; Wagenbach et al., 1998]. The element Al, Fe,
Mn, Ni, Cd and Se displayed bimodal size distribution patterns, peaking at both fine
mode (size <1.8 pm) and coarse mode (size >1.8 um), but their mass concentrations were
mainly accumulated in the coarse mode, except for Cd and Se. Gao et al. [2013]
indicated that the size peak of atmospheric Fe in the coarse mode could be derived from
crustal substances from regional sources in Antarctica. They investigated the dust source
region with air mass back trajectories and suggested that McMurdo Dry Valleys could
bring in crustal materials to coastal Antarctic sites. Therefore, the presence of Al, Fe, Mn,
Ni, Cd and Se in coarse mode particles could be attributed to local aeolian inputs;
however, further research is required to justify this interpretation. Different chemical and
physical processes (such as the chemical weathering of rocks and wind speeds) may be
involved and reflected by different size distributions of these elements in the regions, and
the size distributions of different metals should depend on the balance of different

sources: marine, crustal, biogenic and anthropogenic [Grgi¢, 2009].

3.3.3 Sources Identification of Trace Elements in Aerosols

3.3.3.1 Enrichment Factor

Results from both CI and MOUDI samples were separated into fine and coarse modes to
explore the possible particle-size distribution/sources relationships. The calculated EF
(EFs and EFc) of trace elements in both fine and coarse particles over the SO is shown in
Figure 3.5. Mg and K in both fine and coarse modes had EFs<10 and EFc>10, suggesting
they originated from marine sources. In contrast, Mn and Al in both modes had EFs>10

and EFc<10, suggesting they were derived from crustal sources (Figure 3.5). However,
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EFs and EFc of Ni, Cd and Se were much higher than the threshold (10) both for marine
and crustal sources, suggesting additional sources for these elements. The calculated EFs
and EFc of trace elements in both fine and coarse particles over CEA are shown in Figure
3.6. Both EFs and EFc of Cd and Se were higher than the marine and crustal threshold
(10). Therefore, additional sources, such as biogenic emissions, volcano eruptions and
anthropogenic emissions, need to be considered to explore the additional sources for
these two elements [Rddlein and Heumann, 1995; Pacyna and Pacyna, 2001]. Mn and Al
in both particle size modes were from the crustal source as EFc<10 and EFs>10, while
Mg and K in both modes had EFs<10. However, K in both modes had EFc<10, and Mg
in fine mode had EFc<10 over CEA. Crustal sources may therefore contribute to Mg and
K in CEA. Ni in fine mode had EFc<10, but EFs>1000, indicating that contributions

from crustal source may explain this fraction of Ni in aerosols [ Cempel and Nikel, 2006].

3.3.3.2 Correlations between Selected Trace Elements

To further explore sources of selected trace elements (Na, Mg, K, Al, Fe, Mn, Ni, Cd and
Se) in aerosols over the SO and CEA, correlations between each element were calculated
in both fine and coarse modes (n=6), which are shown in Table 3.3. In the fine mode
particles, significant correlations were found between Na and Mg (Pearson coefficient
>0.9, p<0.001), and between K and Mg (Pearson coefficient >0.8, p<0.05), suggesting
that Na and Mg were mainly derived from seawater, even though Mg and K had certain
contributions from crustal sources in CEA, as inferred by the EF. Good correlations
(Pearson coefficient >0.9, p<0.001) between Fe, Al and Mn revealed that these three

elements in the fine mode shared common sources. Notable correlations were also found
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between Cd, Se and Fe (Pearson coefficient >0.8, p<0.05), suggesting that atmospheric
Fe, Al, Mn, Cd and Se in the fine fraction could be derived from dust carried by long-
range transport, during which particle fractionation occurred and their lifetime as smaller
particles in the atmosphere was extended [Seinfeld and Pandis, 2006]. In the coarse
mode, significant correlations appeared between Fe, Al, Mn and K (Pearson coefficient
>0.9, p<0.001, except for that between Fe and K (Pearson coefficient >0.8, p<0.05).
Together with the EF results (EFs and EFc), this indicates that Fe, Al and Mn mainly
came from crustal sources, which also contributed to K in coarse mode particles.
Significant correlation between Mn, Cd and Se (Pearson coefficient >0.9, p<0.001) imply
crustal inputs of these elements in coarse mode particles, while significant correlations
between Mg, Cd and Se (Pearson coefficient >0.8, p<0.05) also indicated that sea salt

could be the source of these elements in the coarse mode.

3.4 Implication for Aerosol Impacts on Climate and Biogeochemical Cycling
Aerosols play an important role in climate and biogeochemistry cycling [Charlson et al.,
1987; Jickells et al., 2005; Mahowald, 2011]. These particles modify the radiation budget
of the atmosphere, both directly and indirectly [D O'Dowd and De Leeuw, 2007].
Aerosols affect the radiation budget indirectly through affecting microphysical, optical
and radiative properties of clouds by serving as cloud condensation nuclei (CCN) or ice
nuclei (IN) [Albrecht, 1989; DeMott et al., 2003], depending on their chemical
composition and size [Dusek et al., 2006]. In this study, the particle size distributions of
Fe and Mn in aerosols observed over the SO were mainly accumulated at the fine mode

(<0.49 um), largely in the size mode of CCN. This result implies that these fine mineral
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aerosol particles could act as CCN, affecting cloud albedo over the SO. Mineral aerosols
can also interact with sulphate and nitrogen containing species during their transport in
the atmosphere, and form internally mixed particles, further modifying the ability of
mineral particles acting as CCN [Dentener et al., 1996; Levin et al., 2005]. Moreover,
mineral aerosols have been known to be effective IN, playing a vital role in ice crystal
formation in high clouds [DeMott et al., 2003; Cziczo et al., 2009]. These ice crystals
could affect the radiation budget, the hydrological cycle, and water vapor distribution in
the atmosphere [Demott et al. 2010; Avramov and Harrington 2010]. Sea salt particles

can also act as efficient CCN [Murphy at al., 1998; Pierce and Adams, 2006].

Additionally, over the global ocean, the mean concentrations of atmospheric Fe, Ni and
Cd were 550 ng m™, 2.1 ng m™, and 0.1 ng m™, respectively [Heintzenberg et al., 2000].
Once deposited, these bioactive elements can affect the growth of phytoplankton in the
euphotic zone of the ocean [Bruland et al., 1991; Morel and Price, 2003]. Profiles for
dissolved Fe, Ni and Cd in the ocean generally show the patterns of surface depletion and
deep-water enrichment, resulting from the uptake by biota in surface waters and
regeneration of sinking particles in deep waters [Norisuye et al., 2007; Millero, 2013].
These elements are required by phytoplankton during various metabolic processes [ Price
and Morel, 1991; Cullen et al., 1999]. Lane and Morel [2000] reported that Cd could act
as a Cd-specific carbonic anhydrase in certain diatoms. In general, Fe, Ni and Cd in
seawater play a critical role in regulating oceanic phytoplankton growth and, hence, may

influence the global carbon cycle.
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However, measurements of in-situ speciation and bio-reactivity of bioactive elements are
few, both in the surface waters of the SO and its marine atmosphere. Sarthou et al. [2011]
showed that higher values of labile Fe(Il) were found in the surface mixed layer than in
deep waters toward high latitudes, which could be contributed to atmospheric Fe(II)
deposition [Gao et al., 2013]. Gao et al. [2013] reported that total dissolvable Fe air-sea
deposition fluxes were 0.007-0.52 mg m™ yr'' over the SO. The atmospheric dissolvable
Fe input contributes to the dissolved Fe pool in SO surface waters, supporting marine
primary production [Chever et al., 2010]. In any case, once these elements get into the
seawater, they are present in different chemical forms such as free ionic, labile bound,
and strongly bound to organic ligands [Baeyens et al., 2011]. However, not all of these
forms are accessible to phytoplankton, and they need to be in free ionic or labile bound
forms [Baeyens et al., 2011; Davison and Zhang, 1994, Morel and Price, 2003] in order
to cross the phytoplankton cell membrane. In this study, the observed atmospheric Ni and
Cd concentrations were low compared with Fe, but these three elements (Fe, Ni and Cd)
were mainly accumulated in the fine mode. Once deposited into the ocean, these elements
in fine particles may be more easily dissolved than coarse mode particles and get
involved in bio-interaction through colloidal aggregation and organic complexation by
phytoplankton [Wells, 2002]. However, precisely defining these elements’ bioavailability
precisely is challenging, as it involves complicated interactions among biogeochemical
processes, biological organisms, trace elements chemistry, and ambient environmental

conditions.



Table 3.1 Sampling information.
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Sample N Sampling Lat(°S), WS*  AT* RH* AP*
type o date Long (°E) ms"  (°C) (%)  (hPa)
Tl 25/11/10 - 27/11/10 34°S, 109°E-41°S, 100°E 14.1 8.8 684 1026
T2 27/11/10 - 30/11/10 42°S, 100°E-56°S, 94°E 6.9 13.1 782 1014

T3 30/11/10 - 02/12/10 56°S, 94°E-62°S, 81°E 14.5 0.7 94.5 995

T4 03/12/10 - 04/12/10 65°S, 78°E-69°S, 94°E 13.4 34 795 985

T5 05/12/10 - 07/12/10 69°S, 76°E-69°S, 76°E 4.2 2 559 996

T6 11/01/11 - 19/01/11 69°S, 75°E-64°S, 102°E 5.8 0.5 83.3 997

T7 19/01/11 64°S, 103°E-66°S, 110°E 5.9 0.7 762 999

T8 26/01/11 -28/01/11 66°S, 110°E-65°S, 87°E 8.1 0.1 73.5 988

TSP (T) T9 28/01/11-30/01/11 64°S, 84°E-69°S, 76°E 6.3 -0.6 783 996
T10 10/02/11-11/02/11 69°S, 78°E 6 43 453 986

T11 12/02/11-15/02/11 69°S, 77°E 7.8 44 48 992

TI12 15/02/11-18/02/11 69°S, 77°E-69°S, 78°E 11.7 3.6 478 995

T13 22/02/11-23/02/11 69°S, 77°E - 69°S, 75°E 9.2 71062 982

T14 26/02/11-01/03/11 69°S, 76°E-57°S, 76°E 10.6 -1.9 823 983

T15 02/03/11-04/03/11 58°S, 81°E-44°S, 96°E 9.4 8.6 70.1 1018

T16 04/03/11-06/03/11 44°S, 96°E-36°S, 102°E 7.7 13.7  67.5 1023

T17 06/03/11-08/03/11 35°S, 102°E-32°S, 115°E 13.8 20 59.9 1019

CIl 25/11/10-30/11/11 34°S,109°E-56°S, 94°E 11.3 99 74.1 1019

Icascafe CI2 30/11/10-04/12/10 56°S, 94°E-69°S, 76°E 16.1 -1.2 892 988

mpactor

(CI) CI3 26/02/11-02/03/11 69°S, 76°E-52°S, 84°E 11.3 03 854 987
Cl4 03/03/11-07/03/11 48°S, 89°E-33°S, 110°E 9.3 143  63.6 1023

MOUDI Ml 11/01/11-19/01/11 69°S, 75°E-66°S, 110°E 5.8 0.5 827 997
M) M2 26/01/11-30/01/11 66°S, 110°E-69°S, 76°S 7.4 02 76 991

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

for air pressure.



Table 3.2 Elements concentration over the Southern Ocean (SO) and coastal East Antarctica (CEA).

Trace Elements (ng m'3)

Region Sample ID

Na Mg K Al Fe Mn Ni Cd Se
Tl 2700 360 150 110 8.1 0.29 0 0 0.19
T2 180 49 58 77 6.1 0.2 0 0 0.09
T3 1700 230 120 140 10 0.25 0 0 0.17
T14 230 88 100 140 11 0.46 0 0 0.4
SO T15 1200 220 210 240 38 0.73 0.07 0.02 0.11
T16 880 220 140 180 15 0.9 0 0.01 0.36
T17 790 130 140 160 12 0.39 0 0 0.4
Range 180-2700 49-360 58-210 77-240 6.1-38 0.2-0.9 0-0.07 0-0.02 0.09-0.4
Average 1100 190 130 150 14 0.46 0.01 0.004 0.25
T4 620 150 220 270 29 0.75 0.59 0 0.2
TS 160 62 76 160 14 0.61 0 0 0.11
T6 1800 260 170 150 20 0.54 1.7 0.02 0.09
T7 1800 310 340 310 56 1.2 22 0.04 0.48
T8 1000 150 150 130 31 0.50 1.6 0.03 0.11
CEA T9 1500 220 160 160 14 0.45 0 0 0.46
T10 360 90 120 160 20 0.77 0 0.02 0.49
T11 440 89 120 150 30 0.53 0.27 0.05 0.11
T12 610 140 120 160 22 0.67 0.06 0.01 0.16
T13 1600 330 270 220 29 0.95 1.1 0 0.64
Range 160-1800 62-330 76-340 130-310 14-56 0.45-1.2 0-2.2 0-0.05 0.09-0.64
Average 990 180 170 190 27 0.70 0.75 0.017 0.29

89
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Table 3.3 Correlations between trace elements concentrations (N=6) of aerosol particles.

Trace elements

of fine mode Na Mg K Al Fe Mn Ni Cd Se
Na 1 0.98** 0.71 -0.61 -0.79  -0.82*  -0.79 -0.98**  -0.63
Mg 1 0.82* -0.46 -0.67 -0.71 -0.88*  -0.94**  -0.49
K 1 0.12 -0.13 -0.18  -0.98** -0.59 0.068
Al 1 0.97** 0.95** (0.0044 0.72 0.98**
Fe 1 0.99** 0.25 0.87*  0.96**
Mn 1 0.31 0.90**  (0.95%*
Ni 1 0.69 0.045
Cd 1 0.75
Se 1
gi‘;if;grfnzrgz Na Mg K Al Fe  Mn  Ni cd Se
Na 1 0.86* 0.72 0.55 0.32 0.48 -0.027 0.51 0.56
Mg 1 0.97**  0.90* 0.75 0.86* -0.29 0.87*  0.89%*
K 1 0.97**  0.85% 0.95** -0.36 0.95**  0.96**
Al 1 0.97** 0.95** 0.0044 0.72 0.98**
Fe 1 0.97**  -0.47 0.89* 0.90*
Mn 1 -0.44 0.96**  (0.97**
Ni 1 -0.34 -0.32
Cd 1 0.99*
Se 1

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level
(2-tailed).
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Figure 3.1 Cruise tracks and sampling locations. The solid line represents the leg from
Fremantle, Australia to Chinese Antarctic Zhongshan Station (CI1, CI2); the dashed line
represents the legs between Zhongshan Station and Australia Antarctic Casey Station
(M1, M2); the dash-dot line represents the leg from Zhongshan Station to Fremantle

(CI3, CI4).
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(a) (b)

Figure 3.2-1 Air-mass back trajectories (AMBTs) for samples collected over the Southern
Ocean. These samples were (a) Sample T1; (b) Sample T2; (c¢) Sample T3; (d) Sample
T15; (e) Sample T16; (f) Sample T17. The calculations were based on the National
Oceanic and Atmospheric Administration (NOAA) GDAS meteorology data base, using
the HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) program.
AMBTs were performed at 50 and 500 m height above ground level over the sampling

locations every six hours with backward 7 days, and units of the altitude axis was meter.
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Figure 3.2-2 Air-mass back trajectories (AMBTs) for samples collected over the coastal
East Antarctica. These samples were (a) Sample T4; (b) Sample T6; (c) Sample T7; (d)
Sample T10; (e) Sample T12; (f) Sample T14. The calculations were similar as above.
AMBTSs were performed at 50 and 500 m height above the ground level over the
sampling locations every six hours with backward 7 days, and units of the altitude axis

was meter.
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Figure 3.3 Particle size distributions of selected elements over the Southern Ocean (Note:

In x-axis, 1 represents size range <0.49 um; 2 represents size range 0.49-0.95 pm; 3

represents size range 0.95-1.5 pm; 4 represents size range 1.5-3 um; 5 represents size

range 3-7.2 um; 6 represents size range >7.2 um).
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Figure 3.4 Particle size distributions of selected elements over coastal East Antarctica
(Note: In x-axis, 1 represents size range 0.056-0.10 pum; 2 represents size range 0.10-0.18
um; 3 represents size range 0.18-0.32 pm; 4 represents size range 0.32-0.56 um; 5
represents size range 0.56-1.0 um; 6 represents size range 1.0-1.8 um; 7 represents size
range 1.8-3.2 um; 8 represents size range 3.2-5.6 pm; 9 represents size range 5.6-10 um;

10 represents size range 10-18 um).
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Figure 3.5 Enrichment factors of elements in aerosols over the Southern Ocean (SO)

against reference material composition: (a) with Na as the reference element for marine

source; (b) with Fe as the reference element for crustal material. The dashed line

indicates the value of 10 that operationally separates from the reference source.



76

100000000
10000000 A (a)
1000000 A
100000 A

10000 B Fine Mode
EFs 1000 1 B Coarse Mode
100 A
[0 [TITITTE—— | T ) R iRl

1

0.1 -

Mg K Al Mn  Ni Cd  Se

100000

(b)

10000 A

1000 4

EFc

100 4 ® Fine Mode
® Coarse Mode
10 Heeeeedileeeeeeeogarerernensransnnnasnnnserseneene it . R, ....

Mg K Al Mn Ni Cd Se

Figure 3.6 Enrichment factors of elements in aerosols over the coastal East Antarctica
(CEA) against reference material composition: (a) with Na as the reference element for
marine source; (b) with Fe as the reference element for crustal material. The dashed line

indicates the value of 10 that operationally separates from the reference source.



77

Chapter 4 Characterization of Marine Aerosols and Precipitation through

Shipboard Observations on the Transect between 31°N-32°S in the West Pacific’

Abstract

To characterize the chemical composition, size distributions, and fractional Fe solubility
of atmospheric particles over Asian marginal seas, South Indian Ocean and Australian
coast, selected water-soluble inorganic and organic species in aerosols and precipitation,
trace metals and soluble Fe in aerosols were analyzed by multi-instruments. Results
showed that sea salt and non-sea-salt sulfate (nss-SO4>") were the main components in
aerosols. Over Asian marginal seas, CI" and Na" were the dominant ions in precipitation,
accounting for ~72% of the total ions. Both SO, and NO5™ accounted for ~26% of the
total anions, controlling the acidity of the precipitation. Non-sea-salt Ca*" (nss-Ca”")
accounted for 6.9% of the total cations, dominating the neutralizing component in
rainwater. Observed methane sulfonate (MSA) concentrations and MSA/nss-SO,*
increased southward. The concentrations of sea salt were affected by wind speeds, which
was mainly accumulated in particle size>10 um. Particle size distributions of nss-SO4>
and NH;" mainly peaked in the fine mode, while NO;” was mainly accumulated in the
coarse modes. Oxalate presented a bimodal size distribution pattern in both fine and
coarse mode. Based on the air mass back trajectories, enrichment factors and Fe/Al, V/Al
ratios, aerosol samples collected over Asian marginal seas could be affected by both

long-range transported dust and anthropogenic emissions. Good relationship was found

3 Xu, G., Y. Gao (2015), Characterization of marine aerosol and precipitation through
shipboard observations on the transect between 31°N-32°S in the west Pacific.
Atmospheric Pollution Research, doi:10.5094/APR.2015.018.
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between total dissolved iron and nss-SO4”, indicating that acid processing during long-
range transport could play an important role in fractional iron solubility in aerosols. The
inverse relationship between atmospheric total Fe and fractional Fe solubility fitted in the
global-scale trend. This study implicates that dust and acidic air pollutants from
continental sources can interact and affect iron solubility in aerosols in the marine
atmosphere. However, due to the small size of samples in this study, more investigations

need to be conducted in future.

Keywords: Water-soluble Species; Trace elements; Size distribution; Iron solubility.

4.1 Introduction

Marine aerosols are made up of a variety of individual species. Among them, sea salt and
sulfate aerosols are the two dominant inorganic aerosol components in the marine
atmosphere [Bates et al., 2001; Read et al., 2008; Yang et al., 2011; Xu et al., 2013]. Sea
salt particles, produced by bursting of seawater bubbles on the surface of the ocean by
winds, largely control the mass of the supermicron aerosol fraction [Murphy et al., 1998;
Quinn et al., 1998; D O'Dowd and De Leeuw, 2007]. During the bubbles bursting
processes, the sea-salt sulfate (ss-SO4>) is injected into the atmosphere. Sulfate acrosol
can also come from the gas-to-particle conversion of SO, derived from dimethysulfide
(DMS) by marine phytoplankton [Charlson et al., 1987] and anthropogenic emissions,
which is named as nss-SO4”". Besides inorganic aerosol species, marine aerosols also
consist of a large amount of organic compounds. Among the water- soluble compounds,
MSA is a species mainly produced by the oxidation of DMS from marine phytoplankton.

Oxalic acid (H,C,04) is the most abundant dicarboxylic acid in aerosols [Kerminen et al.,
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2000], which may affect the aerosols’ hygroscopic and cloud-nucleating properties

[Abbatt et al., 2005].

On the other side, marine aerosols also contain a variety of trace elements, including iron
(Fe), Manganese (Mn), Cobalt (Co), Znic (Zn), Copper (Cu), and Nickel (Ni), which are
essential nutrients to marine biota [Butler, 1998; Whitfield, 2001]. These elements could
come either from crustal sources or from anthropogenic emissions [Buck et al., 2010; Hsu
et al., 2010]. In the remote oceans, particularly in the high-nutrient low-chlorophyll
(HNLC) regions, the atmospheric deposition could be an important source of bioavailable
Fe to stimulate biological production in surface seawaters [Bishop et al., 2002; Jickells et
al., 2005]. However, the information on the properties of marine aerosols over Asian

marginal seas, South Indian Ocean and Australian coast remains limited.

To characterize marine aerosols and precipitation in the marine atmospheric boundary
layer between 31°N-32°S in the west Pacific, bulk aerosol samples (known as total
suspended particles (TSP)), size-segregated aerosol samples and precipitation samples
were collected through shipboard measurements. Results from this work provide
information on chemical composition, size distributions and iron solubility in marine
aerosols and precipitation over this region, and potential sources of these aerosol

components, particularly anthropogenic emissions, are explored.

4.2 Methods
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4.2.1 Shipboard Sampling

Aerosol sampling was conducted on the 31°N-32°S transect between Asian marginal
seas, South Indian Ocean and Australian coast between November 2010 and March 2011,
onboard the Chinese icebreaker, Xue Long (Figure 4.1). In this study, Asian marginal
seas is defined as the region between 31°N and 4°S, and South Indian Ocean and
Australian coast is defined as the region between 7°S and 31°S. The discussions of data
were based on two sets of results from these two distinct regions. Air samplers were
installed on a 3x6 m” platform on the ship’s eighth floor front deck about 25 meters
above the sea surface. Size-segregated, bulk aerosol samples (as TSP) and precipitation
samples were collected during this cruise. To collect size-segregated aerosol samples, a
10-stage Micro-Orifice Uniform Deposit Impactor (MOUDI, MSP Corp., Shoreview,
MN) with the flow rate of 30 L min™' was used, with Teflon filters (Pall Corp., 47 mm
diameter, 1 um pore size) as sampling substrates. The 50% cut-off mass median
aerodynamic diameters (MMAD) 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, and the size of 1.8 um was used as a cutoff size to separate
the fine and coarse aerosol fractions. Bulk aerosol samples (as TSP) were collected
during this cruise, using a High-Volume bulk aerosol sampler (Aquaero Tech, Miami,
FL) with a flow rate of ~ I m® min™' and Whatman-41 filters as sampling substrates. To
avoid contamination from the ship emissions, a wind speed and direction system installed
on the same sampling platform was utilized to control all sampling instruments, which
operated sampling only when the wind was from a sector 90° left and right on the centre
line of the ship’s path and at wind speeds > 2 m s™'. During sampling, loading and

unloading of the filters were conducted in a 100-class high-efficiency particulate air
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(HEPA)-filtered laminar flow clean-room hood in the ship’s chemical laboratory,
following clean-room operation procedures. After sampling, sample filters with field
blanks were kept in the refrigerator at 4°C in the ship. For collection of precipitation,
several sets of polypropylene funnels and Teflon bottles were pre-cleaned in the lab
following the procedures for precipitation collection by Kim et al. [2000]. They were
triple bagged during the shipment and storage before collection. After sampling, each
sample was handled within a HEPA-filtered laminar flow 100-class clean-room hood in
the ship’s chemical laboratory and was analyzed for ionic species in the lab after the

cruise.

In summary, 5 TSP samples, 1 set of size-segregated aerosol sample and 6 rain samples
were collected over Asian marginal seas, and 5 TSP samples, 1 set of size-segregated
aerosol sample were collected over South Indian Ocean and Australian coast. Detailed

sampling information and associated meteorological data are in Table 4.S1.

4.2.2 Chemical Analysis

Aerosol and precipitation samples were analyzed for water-soluble inorganic and organic
species, including Na®, NH,", sulfate (SO4>), nitrate (NO5s"), MSA, and oxalate through
the use of a Dionex ICS-2500 ion chromatograph (IC). The method detection limits for
Na’, NH,", SO4*", NO5~, MSA and oxalate were 20, 9, 7, 3, 0.4 and 2.4 ug L,
respectively. The precision of the analytical procedures based on seven spiked samples

was <5%. Results showed that strong positive linear correlations existed between total
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anions and cations with a slope of 1.2 (R*=0.99, n=10), suggesting that good electric

charge balance existed between anions and cations in aerosols collected in this study.

Aerosol samples were also analyzed for Na, Mg, K, Al, Fe, Mn, Ni, Cd, and Se through
the use of ICP-MS (7500ce, Agilent). The method detection limits were ~1 ppt for all
trace elements analyzed in this study, and the precision of the method was ~2%. The final
concentrations of selected trace elements in samples were obtained after subtraction of

field blanks.

To explore the iron solubility in aerosols, the atmospheric concentrations of Fe(II) and
Fe(III) in samples were determined by UV/Visible spectroscopy. The concentrations of
Fe(II) in the sample solutions were determined at 562 nm using a TIDAS-1 spectrometer
module with a 200 cm liquid waveguide capillary flow cell (World Precision Instruments
Inc., FL, USA) using the procedures in Gao et al. (2013). The solution used for the batch
leaching experiments was 0.5 mM ammonia acetate that has been used in previous
studies in other regions [Baker et al., 2006; Trapp et al., 2010]. A brief method
description for leaching aerosol filter sample is as follows: one quarter of each filter was
placed in 20 mL of 0.5 mM ammonia acetate for 1h. Fe(TD) in this study is defined as the
sum of Fe(IT) and Fe(III) in the leaching solutions. The ferrozine solution (0.01 M) was
added to the Fe(II) filtrate portion, and the sample solution remained for 30 min before
filtration. 0.01 M hydroxylamine hydrochloride was added to the Fe(TD) filtrate portion
to reduce Fe(IIl) to Fe (II), and the sample solution was set aside for 1 h to ensure

complete reduction of Fe(III) to Fe(Il) before adding the same ferrozine solution as for
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the Fe(II) filtrate portion. The Fe(IIl) can be determined as the difference between the
Fe(TD) and Fe(II). The method detection limit for Fe(Il) was 0.26 nM. All field blanks

were treated in the same way as for samples.

4.3 Results and Discussion
4.3.1 Water-Soluble Inorganic and Organic Species

Concentration distributions in aerosols: High sea salt concentrations (9.8, 14, 29 pg m™

in sample T4, T9, T10, respectively) were associated with high wind speeds (11, 21, 16 m
s™) during the cruise, which were supported by the conclusion by Lewis and Schwartz
[2004] that increase in sea-salt mass concentrations was associated with increasing wind
speeds. nss-SO4> and nitrate concentrations observed in this study were at the lower end
by comparing with other cruise results over the China marginal seas [Zhang et al., 2013;
Uematsu et al., 2010; Hsu et al., 2010]. The NOs/nss-SO4> mass ratio in this study was
0.37, while Uematsu et al. [2010] found that this ratio was 0.19 over East China Sea. The
ratio was found to be 0.34 over the South Yellow Sea and East China Sea by Zhang et al.
[2013]; Hsu et al. [2010] collected aerosol samples from the East China Sea and results
showed that the ratio was 0.52. Differences in the NO3 /nss-SO4> mass ratios among all
cruise observations revealed the spatial and temporal variations of NO3™ and nss-SO,” in
aerosols over the Asian marginal seas affected by different pollution emission intensity
[Arimoto et al., 1996]. The MSA/nss-SO4” ratios ranged from non-detectable (ND) to
0.0068 (average 0.0032) over Asian marginal seas and from 0.0044 to 0.07 (average
0.028) over the South Indian Ocean, which were constant with observations conducted by

Chen et al. [2012]. They also found that the MSA/nss-SO, > ratios were increased from



84

ND-0.0031 over Asian marginal seas to approximately 0.0024-0.06 in the tropical
regions. The increased concentrations of MSA and MSA/nss-SO,> as sampling sites
towards the high southern latitudes may reflect the increased marine biogenic production.
The concentrations of oxalate in aerosols in this study were comparable with
investigation over the western Pacific Ocean (35°N-50°S). Wang et al. [2006] found that
atmospheric concentrations of oxalic acids ranged from 0.98 to 98 ng m™ (average 38 ng
m™). Kawamura and Sakaguchi [1999] collected acrosol samples over the western North
Pacific to equatorial Pacific (34°N—14°S, 140°E-150°W), and reported that oxalic acid
concentrations ranged from 6.5 to 161 ng m™ (average 40 ng m™). In this study, the
highest oxalate concentration (77 ng m™) was observed in the sample collected over the
South Indian Ocean, while low oxalate concentrations (ND) were observed over the coast
of China Sea and Australia coast. The long-range transport of primary and secondary
aerosols of continental origin and photochemical oxidation may explain the observed
high oxalate concentrations in aerosols. Fu et al. [2013] investigated spatial distributions
of water-soluble dicarboxylic acids by collecting marine aerosols at low- to mid-latitudes
in the Northern Hemisphere and they found that oxalic acid was the predominant
dicarboxylic acids. They utilized a tracer for terrestrial biogenic emission, and found
higher values over the open oceans than those over the coastal regions, suggesting the
continuous production of oxalic acid during long-range transport that could explain the
observed high oxalic acid concentrations in the remote atmosphere. As a major
component of dicarboxylic acids, oxalic acid was mainly produced by in-cloud process in
the atmosphere by the evidence of high correlation between ambient oxalate and sulphate

[Yu et al., 2005]. The oxalate concentrations were low compared with nss-SO4” in this
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study, and when nss-SO4> concentrations went up, oxalate didn’t go up. There was poor
correlation between these two species during this study, which inferred that they were
possibly produced through different pathways. Kawamura and Sakaguchi [1999]
concluded that these diacids in the Pacific atmosphere were likely in situ produced

through photochemical oxidation of gaseous and particulate precursors pathways.

Concentration distributions in precipitation: The major water-soluble inorganic and
organic compounds in precipitation over Asian marginal seas were shown in Table 4.1. In
general, the average concentrations of ionic species showed an order of CI>Na">S0,*
>Mg2+>Ca2+>NO3'>K+>NH4+>F0rmate>Acetate>Oxalate, on an equivalent basis. It was
found that CI" and Na" were the major ions in precipitation, accounting for ~72% of the
total ions, with C1/Na" equivalent ratio of 1.09, similar to the results observed by Zhang
et al. [2007] over the Yellow Sea and East China Sea and close to the ratio of seawater
(1.16), indicating that the composition of precipitation over Asian marginal seas was
highly affected by marine aerosols, as Na" and CI" were mainly from marine sources.
Results showed that the concentrations of CI,, NOs", sulphate, NH,", Mg2+ and Ca*" in
rainwater (Table 4.1) were enclosed into the concentration range observed by Zhang et
al. [2007] over China coastal seas. SO4> accounted for 19% of the total anions, NO3”
accounted for 6.6% of the total anions, both of which were the major anions responsible
for the acidic nature of the precipitation. On the other side, NH;" accounted for 0.94% of
the total cations, non-sea- salt Ca>" (nss-Ca”") accounted for 6.9% of the total cations,
inferring that the main neutralizing component in rainwater was Ca”", not NH,". The

major ion data from this study showed that total cations (Na', NH,", K', Mg2+ and Ca2+)
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presented good positive correlation with total anions (CI, SO,*, NO5, Formate, Acetate
and Oxalate), with the slope of the regression line is 1.0 and Pearson value =0.99 (p-
value<0.01, n=6), suggesting good electric charge equilibrium existed between cations
and anions. The concentration variety of ions in precipitation provided information on the

current state of atmospheric composition over Asian marginal seas.

Size distributions of ionic species in aerosols: Figure 4.2 showed the size distributions of
size-segregated aerosols based on two sets of MOUDI samples collected at two different
areas (Table 4.S1). Bimodal size distribution of Na', which could represent sea salt
aerosol, mainly existed in coarse mode in particle sizes 1.8-5.6 and 10-18 pm shown in
Figure 4.2(a); nss-SO4” in both aerosol samples was mainly accumulated in the fine
mode with particle size 0.32-0.56 um as illustrated in Figure 4.2(b). It was reported that
in-cloud heterogeneous oxidation was the main formation pathways of fine mode sulfate
[Whitby, 1978]. However, there existed a small peak in the coarse mode with particle size
peaking at 5.6-10 um in sample M1. The existence of nss-SO4> in the coarse mode may
indicate its reactions with sea salt [Zhuang et al., 1999]. On the other side, there was no
particle size peak shown in the coarse mode in sample M2, one possible reason was that
sample M2 was influenced by air masses both from marine and continental sources,
whereas sample M1 was mainly influenced by air masses from continental sources.
Figure 4.2(c) showed that NO3” was mainly accumulated in the coarse mode, peaking at
1.8-10 um. The peak of NO; was consistent with Na" in the size range 1.8-3.2 um, which
indicated that NO;™ was likely produced in the surface of sea-salt aerosol through the

reaction between NaCl and nitric acid gas [Seinfeld and Pandis, 2006]. Size distributions
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of ammonium mainly peaked at fine mode with particle size 0.32-1.0 pm, as shown in
Figure 4.2(d). The enhancement of NH, in the fine-mode particles was consistent with
that of nss-SO4>, suggesting that sulfuric acid can be neutralized by ammonia. The nss-
SO4* abundance and gas phase and aqueous phase reactions between gaseous precursor
NH; and acidic species could affect the formation of NHy " in the fine mode [Zhang et al.,
2008]. However, the highest nss-SO4>” was correspondent to a very low ammonium
concentration in sample M1, which indicated that the ammonium was formed through
aerosol nucleation pathways. Figure 4.2(e) showed the bimodal size distribution patterns
of MSA over Asian marginal seas, South Indian Ocean and Australian coast, which
peaked at 0.32-1.0 um in the fine mode, and at 1.8-5.6 um in the coarse mode. Fine mode
MSA could be explained either by gas-to- particle conversion or in-cloud oxidation
processes in the marine boundary layer [Read et al., 2008]; Particle size distributions of
oxalate presented a bimodal size distribution pattern, peaking at size range 0.32-0.56 pm
in the fine mode, and at >1.8 pm in the coarse mode, while the mass concentration of
oxalate was mainly accumulated in the coarse mode as illustrated in Figure 4.2(f). Rinaldi
et al. [2011] collected “clean-sector” aerosol samples at two coastal stations at Mace
Head and Amsterdam Island. They found that oxalate was presented a seasonal trend and
the size distribution of oxalate was presented in a bimodal distribution pattern, which was
different from the predominant fine mode (0.32-0.56 pum) distribution pattern occurred in
polluted regions [Zhao and Gao, 2008a]. Thus, it can be inferred that the observed
oxalate in this study was formed through a mixture of different production processes

[Rinaldi et al., 2011], which is either produced from the atmospheric photo-oxidation of
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volatile organic compounds [Sullivan and Prather, 2007], or in-cloud processing [Blando

and Turpin, 2000].

4.3.2 Trace Elements in Aerosols

The highest concentration of Al was 320 ng m™ associated with sample T10 collected in
the areas of 22-31°N, 122-127°E during March, 2011. The air mass back-trajectories of
the sample T10 showed that air mass at 1000 m height level came from western China,
and at 50 and 500 m height came from northern China. Two main Asian dust sources,
that is, the Taklamakan Desert in western China and the Gobi deserts in northern China
and Mongolia [Zhang et al., 2003] could provide a large amount of dust to the mid-
latitudes over the North Pacific [Gao et al., 1992], which could explain the high Al
concentration observed during this study. The concentrations of total Fe were shown in
Table 4.2, which were comparable with previous investigation over the Pacific Ocean,
but higher than those over the Southern Ocean and coastal East Antarctica by Gao et al.
[2013]. More discussion on Fe solubility was shown in later sections. The highest
concentrations of Fe (420 ng m™), Mn (15 ng m™) and Al (320 ng m™) appeared in the
same sample T10, and good correlation was also found between Al and Fe (R*=0.83,
n=10), Al and Mn (R*=0.84, n=10), Fe and Mn (R*=0.91, n=10), thus the dominant
source of Mn and Fe in these samples likely was of crustal origin. To further explore the
possible sources, enrichment factors (EFs) of trace elements in aerosol particles was
calculated, as shown in Figure 4.3. Results of EFs showed that Fe and Mn were mainly
derived from crustal sources, while most of the EFs values of V, Zn and Cu were > 5,

indicating potential non-crustal sources. Fe/Al ratios were also calculated to assess the
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potential sources. Over Asian marginal seas, the average ratio of Fe/Al was 1.41, while it
was 1.47 over the South Indian Ocean. However, sample T6, which was associated with
air mass from Australia had the lowest Fe/Al ratio (0.51) during this study, which was
also smaller than the ratio of Australian continental aerosols (0.77-0.85) reported by
Radhi et al. [2010]. Witt et al. [2006] collected aerosol samples over the South Indian
Ocean and measured trace metals, and they found that the Fe/Al ratios decreased
eastwards as influenced by air masses changing from southern African to Australia,
which may suggest the differences in elemental composition in dust from different
sources. On the other hand, the Fe/Al ratios were higher than those measured during the
super Asian Dust Storm (0.6140.05) by Hsu et al. [2013], as well as those of the Chinese
desert and loess dust [Zhang et al., 2003]. This result indicated that the involvement of
anthropogenic sources could contribute to the extra Fe concentrations. Therefore,
possible sources of atmospheric trace elements over the Asian marginal seas, could be
from both long-range transported dust and anthropogenic emissions of gases and aerosols
[Hsu et al., 2010]. The concentrations of Zn and Cu were shown in Table 4.2. These
results were similar to other studies. EF of Zn and Cu in several samples was much
higher than five, suggesting that additional sources, such as vehicle emissions, fossil fuel
and coal combustion, and other anthropogenic emissions, need to be considered to
explore the potential sources for Zn and Cu. Gao and Anderson [2001] conducted
individual-particle analysis of east Asian aerosol samples and inferred that atmospheric
long-range transport of pollutants derived from anthropogenic emissions, such as coal

burning, could contribute to the enrichment of Zn in aerosol particles over remote oceanic
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environment, as Zn tended to concentrate on the fine mode with a long residence time in

the atmosphere.

4.3.3 Fe Solubility

Soluble Fe concentration distributions: The concentrations of soluble Fe (Fe(II) and

total dissolved iron (Fe(TD))) were shown in Table 4.2. In average, the concentrations of
Fe(Il) accounted for ~90% of the total dissolved Fe over Asian marginal seas and ~68%
over the South Indian Ocean and Australian coast. The high Fe(II)/Fe(TD) ratio could be
attributed to the high Fe(II) concentrations. Over Asian marginal seas, there existed two
highest Fe(IT) concentrations, 28 ng m™ in 22-31°N, 122-127°E in Sample T10 and 4.5
ng m” in 10-21°N, 127°E in Sample T9, as illustrated in Figure 4.4(a). Sample T10 with
Fe(Il) concentration being ~4 times of the average Fe(II) concentration over Asian
marginal seas was also associated with the highest concentrations of Fe(TD) (30 ng m™)
and total iron (Fe(T)) (420 ng m™), shown in Figure 4.4(a). The results of air mass back
trajectory analysis of sample T10 showed that the observed high Fe(Il), Fe(TD), Fe(T)
concentrations were likely associated with dust from long-range transport, during which
the aerosol particles aging resulted in the high Fe fractional solubility [Jickells and
Spokes, 2001]. The sample T1 was also associated with air mass coming from west and
north China, but it was collected in November, during which periods there was no dust
events. Asian dust storms annually occurred in later winter and spring over west and
north China [Zhang et al., 2003], and Sample T10 was collected within the dust storm
time periods over East China Sea. Tan et al. [2012] found that one of main receptacles of

Asian Dust was west Pacific other than the East Chinese marginal seas, which included
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the Bohai, Yellow, and East China Seas, as well as the Sea of Japan. Hsu et al. [2013]
conducted super Asian dust storm research and further highlighted that long-range
transported Asian dust during episodes could have more significantly impact over the

Northwestern Pacific in spatial and temporal extents.

A good correlation between nss-SO,4” and Fe(TD) (R*=0.86, n=9, p<0.001, the highest
Fe(T) sample T10 was excluded as a outlier by running a Grubbs’ test) was found in this
study (Figure 4.4(b)). The interactions of aerosol Fe with acidic S-containing species
have been suggested to affect Fe solubility, in particular in the marine atmosphere
affected by anthropogenic emissions [Moffet et al., 2012]. Hsu et al. [2010] conducted
the aerosol iron solubility research over the East China Sea, and their results also showed
that atmospheric soluble iron had good positive correlation with nss-SO,”, which may
infer that anthropogenic acids could enhance the iron solubility. Luo et al. [2008]
concluded that ~30% of iron deposited into the ocean near East Asia comes from coal
combustion. The nss-SO4” in this study over Asian marginal seas, transported from
continental plumes, was also likely mainly from coal combustion. Therefore, aged
aerosol particles were internally mixed with nss-SO,>” during long-range transport, which
may solubilize Fe and enhance the redox reaction of Fe(III) to Fe(Il) [Cwiertny et al.,

2008].

Fractional Fe Solubility: The fractional Fe(TD) solubility (Sge(tp)) in aerosols from this

study ranged from 4.5% to 10.6% over Asian marginal seas and from 1.1% to 3.7% over

the South Indian Ocean and Australian coast (Figure 4.4(c)). In this study, sample T1 was
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associated with the highest fractional Fe solubility (10.6%), even though the total Fe
concentration of sample T1 (35 ng m™) was low compared with the highest concentration
in sample T10. Among likely sources for sample T1 could be combustion, and this is
consistent with recent studies. Luo et al. [2008] modeled the iron produced during
combustion and highlighted the importance of the iron from combustion sources, which
included fossil fuel combustion, industrial processes, biofuels, agricultural wastes and
natural biomass burning. Numerous studies have utilized high V/Al, Ni/Al mass ratios as
the tracer of fuel oil combustion [Sholkovitz et al., 2009]. Sedwick et al. [2007] and
Sholkovitz et al. [2009] collected aerosols over the Sargasso Sea, and they found that high
fractional Fe solubility values were associated with increased V/Al and Ni/Al mass ratios.
Higher mass ratios of V/AI (0.03) and Ni/Al (0.02) were also found in sample T1, while
the V/Al mass ratio was 0.01, Ni/Al mass ratio was 0.006 in sample T10, substantially
lower compared with those in T1. These results implied that the fractional Fe solubility in
aerosol in this study was influenced by the presence of V and Ni enriched aerosols
[Sholkovitz et al., 2009]. Sample T10 with the highest Fe(TD) collected over the East
China Sea presented the second highest fraction iron solubility, which was 7.1%. In
general, Sre(tp) Observed over Asian marginal seas was more than two times higher than
those observed over the South Indian Ocean and Australia coast. Previous research has
found higher Fe solubility from combustion than that from mineral dust [Sedwick et al.,
2007; Sholkovitz et al., 2009; Moffet et al., 2012]. Thus, aerosol particles transported
from coal combustion sources to Asian marginal seas had higher Sge(tp) than aerosol
samples collected over the South Indian Ocean and Australian coast associated with air

mass from Australian continent. It was found that Sgerp) obtained from this study could
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be expressed as a function of the total Fe concentrations in aerosols in the marine
boundary layer over Asian marginal seas, South Indian Ocean and Australian coast by the
equation,

Sre(rp) =10.8 X Cre(ry "
Based on the nonlinear regression analysis, this relationship has R*=0.12 (p-value=0.01,
n=9, the highest Fe(T) sample T10 was excluded as a outlier), shown in Figure 4.4(d).
Sholkovitz et al. [2012] synthesized a global-scale data set of fractional Fe solubility
(%Fes) and found a robust inverse relationship between the total Fe loadings and
fractional Fe solubility. The relationship between Sgerp)and Fe(T) in aerosols from this
study followed the trend of data compiled from the global set. Observation results along
this cruise, specifically over tropical Pacific, South Indian Ocean and Australian coast,

could fill in the data gap of the Sgc(rp) and Fe(T) relationship in the west Pacific region.

4.4 Conclusions
This work on chemical composition of aerosols and ionic species in precipitation over the

west Pacific leads to the following conclusions:

Sea salt and nss-SO4> were the main components of marine aerosols over this region, of
which high sea salt concentrations were associated with high wind speeds, while high
nss-SO4> could mainly come from anthropogenic emissions, especially over Asian
marginal seas. The particle size distributions of sea salt and NOj;™ in aerosols were mainly
accumulated in the coarse mode, while nss-SO,> and NH," mainly peaked in the fine

mode. CI" and Na" were the major ions in precipitation. In anions, SO,*” accounted for
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19% of the total anions, NO3™ accounted for 6.6% of the total anions, both of which
controlled the acidic nature of the precipitation. In cations, NH, " accounted for 0.94%
and nss-Ca”" accounted for 6.9% of the total cations, indicating that the main neutralizing

+ . .. .
component was Ca®" in precipitation.

Based on the air mass back-trajectories, enrichment factors and Fe/Al, V/Al ratios,
aerosol samples collected over Asian marginal seas could be affected by both long-range
transport dust and anthropogenic emissions. A good relationship was found between total
dissolved iron and nss-SO,”, indicating that fractional iron solubility was affected by
acid processing. The inverse relationship between total Fe and fractional Fe solubility

could fit into the global-scale trend.

These results indicate that continental dust could significantly interact with acidic
atmospheric pollutants from anthropogenic emissions, changing the iron solubility by
aging during long-range transport. However, more investigation should be conducted in
future for better understanding the acid processing in iron solubility over polluted oceanic

regions.
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Supporting Material Available

5-day air-mass back trajectories (AMBTSs) (Figure 4.S1), Spatial distributions of MSA,
MSA/nss-SO,> (Figure 4.S2), Sampling information (Table 4.S1), Sea salt
concentrations and wind speeds (Table 4.S2). This information is also available free of

charge via the Internet at http://www.atmospolres.com.




Table 4.1 Ionic species concentration in rainwater samples over Asian marginal seas
(unit: peq L™).

Tons R1 R2 R3 R4 R5 R6 Average
CI 460 450 390 53 33 440 300
NO;’ 6.2 88 66 057 039 1.9 27
Sulfate 140 140 110 9.8 17 49 77
MSA 0.0 0.02 0.02 0.0 001  0.02 0.0l
Acetate 6.2 0.0 3.0 0.14 1.1 062 1.8
Formate 8.9 0.27 7.5 1.3 1.3 2.1 3.6
Oxalate 0.54  0.49 081 006 0.07 012 035
Na” 390 420 370 48 18 430 280
NH," 8.4 4.6 6.8 027 14 044 3.7
K* 8.2 9.9 8.7 1.4 093 5.6 5.8
Mg** 89 110 100 7.0 1.1 86 66
Ca®" 16 110 78 5.1 2.5 9.5 37
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Table 4.2 Statistical summary of concentrations of acrosol chemical species (unit: ng m™).

Asian marginal seas (n=5) South Indian Ocean and Australian coast (n=5)

Range Median S/Iee(;rrllletric Range Median S/Iee(;rrllletric
Al 4.3-320 31 39 34-130 82 86
Fe(Il) 0.52-28 3.5 2.8 0.6-4.2 1 1.7
Fe(TD) 0.6-30 3.7 3.1 0.9-5.5 23 2.5
Fe 13-420 35 47 42-150 83 90
Mn 0.2-15 1.6 1.3 0.6-1.4 1.2 1.2
v 0.2-3.4 0.7 0.72 0.3-1 0.8 0.7
Zn 0.6-47 4.4 4.1 0.4-5.5 1.2 2
Cu 0.2-2.3 0.4 0.6 0.2-0.8 0.4 0.4
Cr 1720-16500 2240 3900 780-5520 3200 3390
NOs™ 130-860 340 400 360-1210 800 750
nss-SO4> 200-3220 1250 1090 350-2330 1050 1190
MSA ND-5 4.3 3.0 10-30 24 21
Oxalate ND-71 18 33 0.9-77 27 30
Na" 920-8280 1430 2110 830-2900 2000 1920
NH,' 17-115 57 44 27-240 130 116




Table 4.S1 Sampling information*.

Sample No Sampline date Lat (°S), Volume WS AT RH AP
type ' pHng Long (°E) m’)  (mis) (°C) (%) (hPa)
T1 11/11/10 10:00 to 11/14/10 00:57 21°N, 115°E to 7°N, 120°E 7033 9.5 26 67 1014
T2 11/14/10 04:50 to 11/16/10 09:45 7°N, 120°E to 6°S, 117°E 5667 3.6 29 71 1009
T3 11/16/10 14:26 to 11/19/10 08:44 7°S, 116°E to 24°S, 113°E 7571 7.2 28 67 1009
T4 11/19/10 11:23 to 11/20/10 23:00 24°S, 113°E to 32°S, 115°E 3484 11 25 61 1007
TSP (T) 0 0
T5 11/22/10 01:40 to 11/23/10 00:11 32°S, 116°E 2605 6.7 21 71 1013
T6 03/17/11 09:54 to 3/19/11 10:16 31°S, 114°E to 19°S, 114°E 6231 7.4 30 65 1009
T7 03/19/11 11:35to0 3/21/11 23:30 18°S, 114°E to 4°S, 118°E 7698 4.6 29 73 1008
T8 03/22/11 08:51 to 3/25/11 01:40 1°S, 119°E to 10°N, 127°E 5757 8.5 27 81 1008
T9 03/25/11 02:30 to 3/27/11 07:39 10°N, 127°E to 21°N, 127°E 6712 21 21 75 1016
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T10

Ml
MOUDI

M M

R1

Rain(R) R3
R4

R5

R6

03/27/11 10:09 to 3/29/11 03:57

03/17/11 09:54 to 3/21/11 23:30

3/22/11 08:51 to 3/27/11 07:39

11/06/10 04:35 to 11/06/10 09:39

11/12/10 03:18 to 11/12/10 05:00

11/12/10 09:28 to 11/12/10 10:30

03/22/11 08:40 to 3/23/11 03:35

03/23/11 04:10 to 3/23/11 08:00

03/25/11 02:20 to 3/25/11 10:20

22°N, 127°E to 31°N, 122°E

31°S, 114°E to 4°S, 118°E

1°S, 119°E to 21°N, 127°E

27°N, 121°E-26°N, 121°E

18°N, 117°E-17°N, 117°E

16°N, 118°E-16°N, 118°E

2°S, 119°E-3°N, 122°E

3°N, 122°E

10°N, 127°E-11°N, 127°E

4744

197

174

N/A

N/A

N/A

N/A

N/A

N/A

16

59

14

14

5.8

9.7

3.1

4.4

12

16

30

24

20

24

25

27

26

11

65

69

78

100

100

98

79

&9

74

1023

1009

1007

1017

1009

1009

1009

1008

1026

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

average air pressure; N/A means not available.
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Table 4.S2 Sea salt concentrations and wind speeds.

Sample No. Sea salt (ug m™) Wind speed (m s™)
T1 4.3 9.5
T2 3.1 3.6
T3 6.1 7.2
T4 9.8 11
T5 5.1 6.7
T6 8.1 7.4
T7 2 4.6
T8 32 8.5
T9 14 21

T10 29 16
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Figure 4.1 Cruise track and aerosol and precipitation samples collection locations.
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Figure 4.2 Size distributions of water-soluble inorganic and organic compounds in aerosols
observed over South Indian Ocean and Australian coast (square symbol represented sample

M1), Asian marginal seas (triangle symbol represented sample M2).
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Chapter 5: Conclusions, Limitations and Future Work

5.1 Conclusions

Bulk and size-segregated aerosol samples were collected during a cruise from November
2010 to March 2011 over the Southern Ocean, coastal East Antarctica, Asian marginal
seas, South Indian Ocean and Australian coast. Water-soluble organic and inorganic
species, selected trace elements and soluble iron species in aerosols were measured to
characterize the chemical and physical properties of marine aerosols. Major findings from

this work are as follows.

(1). Sea salt was the major component of the total aerosol mass, accounting for 72% over
the Southern Ocean and 56% over coastal East Antarctica. The average concentrations of
nss-SO4” in aerosols varied from 420 ng m™ over the Southern Ocean to 480 ng m™ over
coastal East Antarctica, while oxalate varied from 3.8 ng m™ over the Southern Ocean to
2.2 ng m” over coastal East Antarctica. MSA ranged from 63 to 87 ng m™ over the
Southern Ocean and from 46 to 170 ng m™ in coastal East Antarctica. Aerosol mass
displayed a bimodal size distribution, peaked at 0.32-0.56 um and 3.2-5.6 um, respectively,
over coastal East Antarctica. The aerosol nss-SO,>, MSA and oxalate were mainly
enriched in the fine mode. Higher neutralization capacity of the marine atmosphere over
coastal East Antarctica was suggested by higher cation-to-anion and NH, /nss-SO,> ratios

in aerosols compared to that over the Southern Ocean.
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(2). Selected trace elements, including Na, Mg, K, Al, Fe, Mn, Ni, Cd and Se in aerosols,
were measured by ICP-MS. The average concentrations of Na varied from 1100 ng m™
over the Southern Ocean to 990 ng m™ over the coastal East Antarctica. The concentrations
of Fe varied from 14 ng m™ over the Southern Ocean to 26 ng m™ over the coastal East
Antarctica, and Se varied from 0.25 ng m™ over the Southern Ocean to 0.29 ng m™ over the
coastal East Antarctica. The aerosol Na, Mg and K were mainly accumulated in the coarse
mode and Al, Fe and Mn presented a bimodal size distribution pattern. The combined
particle-size distributions, enrichment factors and correlation analysis indicated that Na,
Mg and K were dominated by the marine source, while Al, Fe and Mn were mainly from
the crustal source. Ni, Cd and Se featured with high enrichment factors may contribute
from mixed sources possibly from the long-range transport, marine biogenic emissions and

anthropogenic emissions.

(3). During the same cruise, chemical composition, size distributions, and fractional Fe
solubility in aerosol particles were also characterized over Asian marginal seas, South
Indian Ocean and Australian coast. Sea salt and nss-SO,> were the main components in
aerosols, while CI" and Na" were the dominant ions in precipitation over Asian marginal
seas. The concentrations of MSA and MSA/nss-SO,” ratios increased southward. The mass
of sea salt mainly accumulated in particles of >10 pm in diameter, while nss-SO4> and
NH," peaked in the fine mode and NO;” was enriched in the coarse mode. Oxalate
presented a bimodal size distribution in both fine and coarse modes. Total dissolved iron

and nss-SO,” displayed a good relationship, indicating that acid processing during long-
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range transport could affect fractional iron solubility in aerosols. Aerosols over Asian

marginal seas could be affected by both Asian dust and anthropogenic emissions.

5.2 Limitations

Although this study generated new data and insights for the Southern Ocean, coastal East
Antarctica, South Indian Ocean and Asian marginal seas, there are still substantial
limitations associated with this study that need to be addressed in future studies. Major

limitations include:

(1). Statistical analysis should have been strengthened for data processing. For example, the
plot of size-distributions of Se generated from four sets of cascade impactor samples
(Figure 3.3, page 73 in the thesis) should have been interpreted with more statistical
analyses. Using the DistFit software package (Chimera technologies, Inc.) that is widely
used in aerosol sciences, I re-plotted the concentrations of Se versus particle sizes, first
shown in Figure 5.1 and then in Figure 5.2. The new results suggest a bimodal (fine mode
and coarse mode) fit of particle size distributions of Se over the Southern Ocean

(tharget=0.02). This kind of analysis should be applied more to future data analyses.

(2). Particle-size distributions of aerosols as a function of relative humidity (RH) should
have been investigated in more details. The presentation of aerosol size-distributions in this
study was made with the consideration of ambient RH only when samples were collected,
such as the mass-size distribution generated by samples collected by MOUDI (Figure 2.4,

page 40 in the thesis). However, the particle size distributions for certain aerosol
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components could be influenced by ambient conditions, especially RH, and this is
particularly true for sea salt aerosol. Zeng et al. [2013] conducted lab simulations by using
x-ray phase contrast imaging and found that sea salt particle deliquesced on a large RH
scale between 34% and 97%. Tang and Munkelwiz [1984] reported that the deliquescence
RH value was 75% for NaCl particle with size > 100 nm. In this study, sea salt particle size
distributions could have been affected by deliquesce processes. With the average RH of
89% that we observed over coastal East Antarctica, I re-plotted the size-distributions of sea
salt aerosol with additional two levels of RH, 40% and 98%, calculated with particle-
growth formulas [Peter, 1988] (Figure 5.3). The results show that the peak of sea salt
shifted to the left (smaller size) as the RH decreases to 40% and shifts to the right (larger
size) as the RH increases to 98%. However, more investigations should be conducted in the

future to confirm the calculated results.

(3). The Fe solubility determination in this study was operationally defined and was limited
to a fixed pH level. The acidity of a leaching solution is an important factor affecting the
determination of fractional iron solubility in aerosols; however, in this study, the aerosol-
leaching experiments was made using a buffer at pH 5.1 [Gao et al., 2013], and this pH
value was used as it was the pH level in precipitation that we collected in the Southern
Ocean on the same cruise for the purpose of simulating cloud processes, but it was different
from the pH of seawater (~pH=8.2). It is in question what Fe solubility could be if our
aerosol samples were leached with seawater, as when aerosol particles deposit into the
surface ocean, the physicochemical conditions of seawater, such as pH, seawater

temperature, dissolved oxygen concentration will impact iron solubility. Figure 5.4 shows
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the speciation of Fe in 0.7 mol kg™ NaCl at 25°C as a function of pH. It’s crucial to

characterize iron solubility in seawater for better understanding Fe biogeochemical cycles.

5.3 Recommendations for Future Work

This dissertation was motivated by the lack of in situ observations on atmospheric aerosols
over the vast Southern Ocean and coastal Antarctica. Further extensive cruise
investigations should be made onboard, and long-term observations should be specifically
conducted over costal Antarctic regions. Comprehensive atmospheric composition
observations, including greenhouse gases (CO,, N,O, CH4), O3, DMS, carbonaceous
aerosols and direct measurement of CCN and IN need to be simultaneously investigated
during the cruise and land-based observations. Based on the research conducted in this
dissertation, two major compelling questions or hypothesis have been raised and the
following research is recommended in near future.

(1) I plan to identify the sources of atmospheric Fe over the Southern Ocean and
coastal Antarctica. To achieve this goal, I will develop the hypothesis that sources
within the Antarctic mainly contribute to the atmospheric Fe fertilization in the
Southern Ocean and Antarctic coastal waters. To test this hypothesis, dissolved
stable iron isotope ratios (5°°Fe) and atmospheric iron concentrations will be
measured. The unique 5°°Fe signatures can differentiate iron sources and estimate
contributions from each source.

(2) I want to conduct field studies of aerosol Fe solubility in seawater. The area of
research is based on the hypothesis that aerosol Fe dissolution in seawater is more

impacted by physicochemical conditions of seawater than the source and
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composition of aerosols. To address this scientific question, aerosol and surface
seawater samples will be collected to quantify fractional iron solubility of aerosols
and correlations between fractional iron solubility and seawater temperature, pH
and dissolved oxygen concentration, versus aerosol source and composition will be

generated.
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Figure 5.4 The speciation of Fe in 0.7 mol kg™ NaCl at 25°C (Reproduced from Millero
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