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Abstract The sources and composition of atmospheric marine aerosol particles (aMA) have been
investigated with a range of physical and chemical measurements from open-ocean research cruises.
This study uses the characteristic functional group composition (from Fourier transform infrared spectroscopy)
of aMA from five ocean regions to show the following: (i) The organic functional group composition of aMA that
can be identified as mainly atmospheric primary marine (ocean derived) aerosol particles (aPMA) is 65± 12%
hydroxyl, 21 ± 9% alkane, 6 ± 6% amine, and 7 ± 8% carboxylic acid functional groups. Contributions from
photochemical reactions add carboxylic acid groups (15%–25%), shipping effluent in seawater and ship
emissions add additional alkane groups (up to 70%), and coastal or continental emissions mix in alkane and
carboxylic acid groups. (ii) The organic composition of aPMA is nearly identical to model-generated primary
marine aerosol particles from bubbled seawater (gPMA, which has 55±14% hydroxyl, 32 ± 14% alkane, and
13±3% amine functional groups), indicating that its overall functional group composition is the direct
consequence of the organic constituents of the seawater source. (iii) While the seawater organic functional
group composition was nearly invariant across all three ocean regions studied and the ratio of organic
carbon to sodium (OC/Na+) in the gPMA remained nearly constant over a broad range of chlorophyll a
concentrations, the gPMA alkane group fraction appeared to increase with chlorophyll a concentrations
(r = 0.66). gPMA from productive seawater had a larger fraction of alkane functional groups (42 ± 9%)
compared to gPMA from nonproductive seawater (22 ± 10%), perhaps due to the presence of surfactants in
productive seawater that stabilize the bubble film and lead to preferential drainage of the more soluble
(lower alkane group fraction) organic components. gPMA has a hydroxyl group absorption peak location
characteristic of monosaccharides and disaccharides, where the seawater organic mass hydroxyl group
peak location is closer to that of polysaccharides. This may result from the larger saccharides preferentially
remaining in the seawater during gPMA and aPMA production.

1. Introduction

Atmospheric marine aerosol particles (aMA) influence cloud microphysical processes in marine regions
[de Leeuw et al., 2011], in addition to scattering and absorbing solar radiation [Erlick et al., 2001] in the marine
boundary layer (MBL). The aMA directly scatter incoming solar radiation contributing to a cooling of the
surface. Organic constituents that mixed with sea salts in aMA can reduce this cooling effect [Randles et al.,
2004]. The aMA also provide cloud condensation nuclei (CCN) over the open ocean [Clarke et al., 2006].
Determining the composition and the sources of the organic fraction of aMA is important for understanding the
degree to which aMA contributes to the current and future aerosol climate forcing [Randles et al., 2004].

Primary marine aerosol particles (PMA), also referred to as nascent sea spray aerosol (Table 1), are defined as
those produced directly at the ocean surface, prior to undergoing chemical reactions or condensational
growth in the atmosphere. Breaking waves at the sea surface trap air that then rises as bubbles. At the sea
surface, these bubbles burst, and their film produces submicron aerosol particles [Blanchard and Woodcock,
1980] that contain organic components, in addition to sea salt [Blanchard, 1964]. The organic mass (OM)
fraction of aMA has been investigated by numerous analytical methods, each of which has provided an
incomplete characterization of aMA OM composition and its sources (Table 2). For example, some studies
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have focused on the water-soluble or water-insoluble organic carbon (WSOC andWIOC, respectively) content
of submicron aerosol particles. An enrichment in WIOC relative to WSOC has been associated with PMA OM,
which was separated from nonmarine aerosol based on surface wind direction, wind speed, black carbon
concentration, and particle number concentrations at a coastal ground site in Ireland influenced by aerosol
from the northeastern Atlantic [O’Dowd et al., 2004]. Measurements of vertical concentration gradients of
submicron WIOC at this site were used to infer that measured WIOC was PMA [Ceburnis et al., 2008]. At that
same site, Ovadnevaite et al. [2011] measured the mass spectral signature of nonrefractory aMA from the
North Atlantic and classified the hydrocarbon-like components as PMA, based on their similarity to water-
insoluble organic mass (WIOM) [O’Dowd et al., 2004]. In addition, the collection and extraction of filter
samples have enabled the quantification of low molecular weight (LMW) saturated fatty acids in aMA from
the North Pacific, which, based on correlations with sea salt, were found to be associated with PMA [Mochida
et al., 2002]. Leck and Bigg [2008] used electron microscopy to identify morphological behavior that is
consistent with particles containing polymer gels in air masses collected downwind from the outer edge of
the Great Barrier Reef, Australia. Studies in the Arctic have associated the organic fraction of PMA with
biopolymeric hydrogels [Orellana et al., 2011; Bigg and Leck, 2008; Leck and Bigg, 2005]. Other studies have
characterized PMA OM by its functional group composition: in the North Atlantic and Arctic Oceans,
submicron aMA OM was identified as largely PMA based on correlation to submicron Na+ and wind speeds,
as well as back trajectories, and was observed to contain carbohydrate-like (saccharide) content [Hawkins and
Russell, 2010; Russell et al., 2010].

In addition to PMA generated from seawater, aMA has contributions from (i) photochemical products of
atmospheric reactions, (ii) ship effluents in seawater, and (iii) transported coastal and continental emissions
from fossil fuel combustion, biogenic, and biomass burning sources. PMA also quickly evolve in the atmosphere
due to incorporation and loss of gas phase species. Several studies have focused on characterizing the
secondary fraction of organic aerosol particles (SOA) formed through photochemical atmospheric reactions
[O’Dowd et al., 2002; Rinaldi et al., 2010; Facchini et al., 2010] (Table 2), but more than 22% of the WSOC
fraction of aMA (identified as marine SOA) remains unresolved [Rinaldi et al., 2010]. However, the fact that
increases in seawater biological activity or phytoplankton productivity (identified by chlorophyll a, chl a,
concentration) have been linked to increases in the concentration of both PMA (identified as WIOC) and
marine-derived SOA (identified as WSOC) submicron particles [Ceburnis et al., 2008; O’Dowd et al., 2004] has
confounded attempts to clearly distinguish between primary and secondary organic components in aMA.

Table 1. Definitions of Marine Aerosol and Relevant Seawater Terminology

Term Definition Previous Related Usage Additional Information

Marine Aerosol
aMA atmospheric marine aerosol particles this study see references in Table 2
PMA primary marine aerosol;

particles emitted directly
from the sea surface

O’Dowd and
De Leeuw [2007]

and Long et al. [2014]

sea spray aerosol (SSA) [Quinn et al., 2014, and elsewhere]

gPMA model-generated primary
marine aerosol

this study nascent SSA [Quinn et al., 2014], bubble-mediated marine primary
organic aerosol [Facchini et al., 2008a], and

model-generated PMA (mPMA) [Long et al., 2014]

Four aMA OM Typesa

aPMA atmospheric PMA particles this study contains >70% PMA from seawater and <30% from other sources
CMA aPMA enriched with secondary

carboxylic acid marine
aerosol particles

this study includes 50–70% aPMA and contains
>10% carboxylic acid groups by mass

SMA shipping-influenced marine
aerosol particles

this study includes >30% fuel combustion sources in addition to <70% aPMA

MMA mixed marine aerosol particles this study includes 20–40% each of aPMA, SMA, and CMA

Seawater
Productive biologically productive seawater

in eutrophic conditions
Quinn et al. [2014] high biological activity (HBA) [O’Dowd et al., 2004]

Nonproductive biologically nonproductive seawater
in oligotrophic conditions

Quinn et al. [2014]
(oligotrophic)

low biological activity (LBA) [O’Dowd et al., 2004]

aCan contain contribution of <30% from other OM types.
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Table 2. Selected References Investigating the Organic Composition and Concentration of PMA, gPMA, Secondary, and General aMA Measured in Different
Ocean Regions

Reference Ocean Regiona OM Composition Particle Size (OM, μgm�3)

PMA
Fu et al. [2013] Arctic saccharides bulk
Leck et al. [2013] Arctic heteropolysaccharides 0.035–10 μm
Russell et al. [2010] Arctic and North Atlantic polysaccharides submicron
Hawkins and Russell [2010] Arctic and Southeast Pacific polysaccharides, proteins, and

phytoplankton fragments
submicron and supermicron

O’Dowd et al. [2004] Northeast Atlantic (Ireland) enriched in WIOC with high molecular weight submicron
Ceburnis et al. [2008] Northeast Atlantic (Ireland) WIOC submicron
Facchini et al. [2008a] Northeast Atlantic (Ireland) WIOM submicron
Bigg and Leck [2008] Northeast Atlantic (Ireland) exopolymers submicron, <200 nm
Ovadnevaite et al. [2011] Northeast Atlantic (Ireland) hydrocarbon submicron
Mochida et al. [2002] North Pacific LMW saturated fatty acids bulk
Sciare et al. [2009] Austral Ocean WIOC bulk

gPMA
Gao et al. [2012] Arctic polysaccharides bulk
Facchini et al. [2008a] Northeast Atlantic (Ireland) WIOM: colloids submicron
Facchini et al. [2010] Northeast Atlantic (Ireland) WIOM: lipopolysaccharides submicron
Keene et al. [2007] Northwest Atlantic (Sargasso Sea) WSOC submicron and supermicron
Schmitt-Kopplin et al. [2012] Southeast Atlantic biomolecules with high aliphaticity <10 μm
Bates et al. [2012] Northeast Pacific (Coastal) polysaccharide-like, alkyl-like,

and pattern of CH fragments
submicron

Ault et al. [2013] Northeast Pacific (Coastal) aliphatic hydrocarbons 0.15–10 μm
Quinn et al. [2014] Northeast Pacific (Coastal)

and Northwest Atlantic
saccharide-like submicron

Secondary
Fu et al. [2013] Arctic isoprene product bulk
O’Dowd et al. [2004] Northeast Atlantic (Ireland) enriched in WSOC (partly oxidized species

with extended aliphatic moieties)
submicron

Ceburnis et al. [2008] Northeast Atlantic (Ireland) WSOC submicron
Facchini et al. [2008a] Northeast Atlantic (Ireland) WSOM submicron
Facchini et al. [2008b] Northeast Atlantic WSOC—dimethyl and diethyl ammonium salts submicron
Facchini et al. [2010] Northeast Atlantic (Ireland) diethyl and dimethyl amine salts submicron
Rinaldi et al. [2010] Northeast Atlantic (Ireland) WSOC: MSA, alkylammonium salts,

and dicarboxylic acids
submicron

Meskhidze and Nenes [2006] Southern Ocean isoprene product bulk
Turekian et al. [2003] Northwest Atlantic

(Sargasso Sea)
oxalate submicron and supermicron

aMAb

Cavalli et al. [2004] Northeast Atlantic (Ireland) WIOC; aliphatic and partially oxidized
humic-like substances

submicron OC (0.66) and
supermicron OC (0.26)

Cavalli et al. [2004] Northeast Atlantic (Ireland) WSOC submicron 0.25
O’Dowd et al. [2004] Northeast Atlantic (Ireland) WIOC and WSOC total OC (0.07, LBA; 0.62, HBA)
Yoon et al. [2007] Northeast Atlantic (Ireland) total OC (1.2, spring; 0.1, winter) and

submicron OC (0.2, spring; 0.05, winter)
Ovadnevaite et al. [2011] Northeast Atlantic (Ireland) submicron (3.8)
Decesari et al. [2011] Northeast Atlantic WIOC similar to lipids; WSOC containing

fatty acids, alkanoic acids,
aliphatic acids, and sulfate esters

submicron

Schmitt-Kopplin et al. [2012] Southeast Atlantic biomolecules with high aliphaticity <10 μm
Crahan et al. [2004] tropical mid-Pacific dicarboxylic acids and carbohydrates <3.5 μm
Kawamura and Gagosian [1987] North Pacific oxo-, mono-, and di-carboxylic acids bulk
Matsumoto and Uematsu [2005] North Pacific free amino acids in WSOC <2.5 μm
Bigg [2007] Southwest Pacific (Tasmania) WIOC aggregates and exopolymeric gels submicron, <200 nm
Shank et al. [2012] Southeast Pacific submicron (0.01)
Kuznetsova et al. [2005] Northwest Mediterranean proteins, amino acids, and

polysaccharides in gels
bulk

Fu et al. [2011] North Pacific, North Atlantic,
Indian, and South China

LMW fatty acids, fatty alcohols,
and sterols

bulk

aThe specific stationary sampling locations are in parentheses.
bThe OM in the studies in this category were not identified as PMA or secondary and are thus included as general atmospheric marine aerosol particles (aMA).
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Contributions from both (ii) seawater pollution and (iii) air pollution from shipping and continental sources are
also challenging to characterize since the marine atmosphere mixes rapidly with non-ocean-derived sources,
which then also react with solar radiation and trace gases [Erickson et al., 1999]. Even in the relatively pristine
southeastern Pacific, aMA have been found to have much larger contributions from continental emissions
than from PMA OM, the latter of which was frequently below detection [Hawkins et al., 2010; Shank et al., 2012].
Some measurements that met several criteria for being considered “clean marine” at Mace Head, Ireland
(including particle concentrations less than 700 cm�3, black carbon less than 50ngm�3, and surface wind from
the North Atlantic Ocean) still contained carbon that isotopic analysis indicated was 21% from non-ocean
sources [Ceburnis et al., 2011]. Such results are not surprising given the ubiquity of shipping emissions in many
ocean regions [Coggon et al., 2012], as well as continental influences. It is exceedingly difficult to reliably exclude
shipping and other anthropogenic influences using criteria that consider only wind direction, trajectory
classification, black carbon concentration, or particle concentration. Comprehensive criteria are needed to
exclude nonmarine sources in order to accurately resolve the PMA portion of aMA.

An alternative approach to study PMA is to create models of the ocean system in which primary marine aerosol
particles are produced by artificially generating bubbles in seawater thereby mimicking sea spray production
from wave breaking under controlled conditions [Bates et al., 2012; Collins et al., 2014; Gao et al., 2012;
Facchini et al., 2008a; Fuentes et al., 2010; Hultin et al., 2010; Keene et al., 2007; King et al., 2012; Martensson
et al., 2003; Sellegri et al., 2006; Leck et al., 2013]. These model-generated primary marine aerosol particles
are hereafter referred to as gPMA. The advantage of this approach is that the PMA composition can be
studied before it (i) accumulates secondary components or (iii) mixes with shipping or continental emissions.
These models have been used to study the organic composition of gPMA for different ocean regions
(Table 2), providing insight on the size-dependent composition of gPMA. gPMA from northeastern Atlantic
seawater contained WIOC with lipopolysaccharides [Facchini et al., 2008a; Facchini et al., 2010]. Also, the
water-extractable OM fraction of gPMA from Sargasso seawater [Keene et al., 2007] and the WIOC fraction
of gPMA from northeastern Atlantic seawater [Facchini et al., 2008a] increased with decreasing particle size.
gPMA from northeastern Pacific seawater were identified to be similar in organic content to
polysaccharides and contained a hydrocarbon-like component [Bates et al., 2012]. Gao et al. [2012]
observed enrichment in polysaccharides in gPMA compared to the source seawater from the Arctic. Using
seawater from the northeastern Pacific off the coast of Southern California in a wave flume apparatus,
Ault et al. [2013] observed a change in the structure of hydrocarbon molecules in the gPMA produced from
seawater before and after the addition of a culture of bacteria and phytoplankton.

However, none of these studies have measured the extent to which the observed gPMA composition was
controlled by the bulk seawater composition or by the potential OM partitioning that occurs during bubble
formation, processing, and bursting that produces PMA. A large fraction of dissolved organic carbon (DOC)
in the surface ocean is recalcitrant (less biologically available). In addition, the distribution of much of the
DOC is controlled by circulation of deep ocean waters [Hansell, 2013; Druffel et al., 1992]. Still, while seawater
is generally known to include saccharides that contribute up to 80% of the high-molecular-weight DOC in
seawater [Aluwihare and Repeta, 1999; Aluwihare et al., 1997; Benner et al., 1992], the organic composition of
the labile and semilabile (more biologically available) DOC will vary with the phytoplankton populations
that are present and their metabolic processes that consume and produce organic components [Hansell, 2013].
Hoffman and Duce [1976] used the ratio of organic carbon (OC) to Na+ (OC/Na+) as a metric for comparing the
composition of gPMA and seawater, observing an increase in OC/Na+ in gPMA from biologically productive
seawater. This led them to assert that the chemical form of the organic material could be critical in determining
the OC/Na+ ratio of PMA. Changes in the sea surface biological activity have been shown to alter the
surface-active properties of organics and to influence bubble bursting [Sellegri et al., 2006]. But are these
changes in seawater organic composition reflected in changes in gPMA (and PMA components of aMA) or
do other factors have a stronger influence?

In this study, we compare the organic composition of gPMA produced by two different model ocean
systems with the organic composition of seawater from three ocean regions that were selected to reflect a
range of open-ocean seawater types: (i) Coastal California in the northeastern Pacific, which is influenced by
wind-driven, large-scale upwelling leading to productive or eutrophic (nutrient-rich) seawater and high chl
a concentrations (5± 4μg L�1); (ii) George’s Bank in the northwestern Atlantic, which is also influenced by
nutrient upwelling and eutrophic seawater with phytoplankton productivity and high chl a concentrations
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(7± 2μg L�1); and (iii) the Sargasso Sea in the subtropical western Atlantic, which is oligotrophic and nutrient
limited, reflected in low phytoplankton productivity and low chl a concentrations (0.03 ± 0.05 μg L�1)
(Table 1). In order to provide as complete as possible characterizations of the organic fraction of aMA, here
we use Fourier transform infrared (FTIR) spectroscopy because it provides information about the functional
group composition that is characteristic of aMA [Russell et al., 2010] and represents the marine organic
fraction more completely than is possible with techniques that measure nonrefractory mass (vaporizable at
650°C) [Frossard et al., 2014]. The three questions that are addressed in this work are the following: (i) what
is the organic functional group composition of ocean-derived aMA? (ii) how much of aMA composition
can be explained by generating primary marine aerosol (gPMA) from bubbled seawater? and (iii) what are
the differences between the organic compositions of gPMA and seawater?

2. Methods

The organic functional group composition of submicron aMA was measured during five shipboard campaigns
(Table 3). During two of the cruises, gPMA and seawater OM compositions were also measured. The tracks for
each campaign are overlaid in Figure 1. In this study we use aMAmeasurements from all five cruises to provide
additional context for the two campaigns during which gPMA and seawater OM were also characterized, in
regions representing broad ranges in seawater productivity (and chl a concentrations), sea surface
temperature, and other air-sea conditions.

2.1. Shipboard Campaigns That Sampled Open-Ocean aMA

aMA were characterized in the MBL during (i) the International Chemistry Experiment in the Arctic Lower
Troposphere (ICEALOT) project in March and April 2008 onboard the R/V Knorr in the North Atlantic and
Arctic Oceans; (ii) the VAMOS Ocean-Cloud-Atmosphere-Land Study Regional Experiment (VOCALS) in October
2008 onboard the R/V Ronald H. Brown in the southeastern Pacific; (iii) the California research at the Nexus
of Air Quality and Climate Change study (CalNex) inMay and June 2010 onboard the R/VAtlantis, which traveled
from San Diego to Sacramento, California; (iv) the Eastern Pacific Emitted Aerosol Cloud Experiment
(EPEACE) in July 2011 onboard the R/V Point Sur off the coast of Moss Landing, California; and (v) the
Western Atlantic Climate Study (WACS) in August 2012 onboard the R/V Ronald H. Brown that traveled from

Table 3. The Seawater and Ambient Atmospheric Sampling Conditions During the Collection of the Marine Samples During the Five Projects Given as the Average
and Standard Deviation of the Marine Samples

Project (Sample Numbers) ICEALOT (13) VOCALS (12) CalNex (8) EPEACE (38) WACS (11) WACS S1 (3) WACS S2 (8)

Sampling Period 19 March to
24 April 2008

20 October to
30 November 2008

15 May to
7 June 2010

12–24
July 2011

19–28
August 2012

Submicron aMA
OM (μgm�3) 0.44 ± 0.21 0.40 ± 0.17 0.71 ± 0.36 0.62 ± 0.48 1.23 ± 1.29 1.81 ± 1.79 1.14 ± 1.04
O/C 0.96 ± 0.26 0.56 ± 0.11 0.52 ± 0.22 0.61 ± 0.38 0.60 ± 0.34 0.87 ± 0.30 0.50 ± 0.31

Submicron aMA OM Functional Group Composition
Hydroxyl (%) 58 ± 13 24 ± 7 23 ± 15 41 ± 15 21 ± 16 17 ± 4 22 ± 19
Alkane (%) 21 ± 9 43 ± 7 48 ± 12 43 ± 21 50 ± 20 35 ± 12 53 ± 19
Carbonyl (%) 2 ± 0 NA NA NA NA NA NA
Amine (%) 6 ± 3 2 ± 2 3 ± 3 3 ± 6 3 ± 2 3 ± 3 3 ± 3
Acid (%) 14 ± 8 30 ± 5 26 ± 11 13 ± 15 26 ± 21 48 ± 8 23 ± 19

Seawater Characteristics
SST (°C) 6 ± 3 19 ± 1 14 ± 1 14 ± 1 27 ± 4 19 ± 3 28 ± 1
Chl a (μg L�1) NA NA 5.0 ± 4.0 0.4 ± 0.6 0.8 ± 2.3 3.6 ± 2.7 0.1 ± 0.1
Salinity 34.7 ± 0.5 35.0 ± 0.1 33.2 ± 0.2 33.5 ± 0.2 35.4 ± 1.5 32.4 ± 0.4 35.9 ± 0.4

Atmospheric Conditions
Temperature (°C) 1 ± 7 13 ± 1 13 ± 1 14 ± 1 26 ± 4 19 ± 2 27 ± 1
Wind speed (m s�1) 11 ± 4 7 ± 2 5 ± 2 13 ± 5 4 ± 2 2 ± 1 5 ± 2
Radon (mBqm�3) 315 ± 108 106 ± 75 811 ± 664 NA 301 ± 365 725 ± 88 233 ± 322
Black carbon (ngm�3) <60a 10b NA <2c NA NA NA

aCampaign average estimated from Frossard et al. [2011].
bCampaign average from Shank et al. [2012].
cFrom Wonaschutz et al. [2013]. Campaign split into two regimes with different average black carbon concentrations (1.03 ± 1.06 ngm�3 and 1.8 ± 1.01 ngm�3).
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Boston, Massachusetts, sampling first at George’s Bank (Station 1) and then in the Sargasso Sea (Station 2)
before continuing on to St. George’s, Bermuda. During ICEALOT, VOCALS, CalNex, and WACS, aMA were
sampled through a humidity- and temperature-controlled isokinetic, wind-pointing inlet, similar to that
described by Bates et al. [2002], at ~18m above sea level; EPEACE used a simple vertical tube inlet with a
lower flow rate for submicron particles [Russell et al., 2013; Wonaschutz et al., 2013]. Additional sampling
conditions during each campaign are given in Table 3, including average sea surface temperature
(SST), seawater chl a concentrations, salinity, air temperature, wind speed, and atmospheric radon concentrations,
which is a decay product of crustal material and can be used as a measure of the continental influence
of the sampled air masses.

2.2. Model Ocean Systems Used for Producing gPMA

During CalNex and WACS, two marine aerosol generators were used to model bubble bursting at the ocean
surface: the Sea Sweep and the Bubbler. gPMA were generated in the biologically productive seawater at
WACS Station 1 and CalNex and the nonproductive, oligotrophic seawater at WACS Station 2 [Quinn et al.,
2014] in order to determine the influence of the seawater productivity on the OM composition of
the gPMA.

The Sea Sweep generator consists of a stainless steel frame attached to a small raft that was deployed off
the port bow of the R/V Atlantis and R/V Ronald H. Brown [Bates et al., 2012]. Stainless steel frits were
positioned at 0.75m below the sea surface. While on station and steaming slowly forward to maintain
continuous renewal of sea surface water, zero air (charcoal and HEPA, high efficiency particulate air, filtered
[Bates et al., 2012]) was pumped through the frits to create bubbles that burst at the seawater surface. The
resulting gPMA in sample air were directly transported to the instruments for analysis. A curtain of particle-
free air prevented ambient air from mixing with the bubbling seawater.

The Bubbler models the ocean using a 20 cm diameter 40 L Pyrex cylinder into the base of which fresh
seawater was pumped at 4 Lmin�1 from the bow of the ship at 5m below the sea surface [Keene et al., 2007].
Seawater drained to waste evenly over the top annular rim, continuously replacing surface seawater and

ICEALOT 2008

CalNex 2010

EPEACE 2011

WACS 2012

VOCALS 2008

(a) (b)
 aMA OM Types:

 aPMA (Primary)
 CMA (Carboxylic acid-enriched)
 SMA (Ship influenced)
 MMA (Mixed)

Figure 1. (a) Map of the cruise tracks for ICEALOT, VOCALS, CalNex, EPEACE, and WACS. The pie charts at each location
represent the fraction of samples associated with each aMA OM type shown in the legend. (b) Comparison of the nor-
malized organic FTIR spectra of the marine samples from the five projects. The pie charts represent the corresponding
mean organic functional group compositions with hydroxyl (pink), alkane (blue), carboxylic acid (green), carbonyl (teal),
and amine (orange).
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minimizing the formation of standing bubble rafts [Long et al., 2014]. Bubbles were produced at a mean
depth of 84 cm below the model sea surface using zero air (see section 7.4 in the supporting information
for description) pumped through fine or coarse-sintered glass frits at varying flow rates (1.5 to 6 Lmin�1).
The Bubbler was also equipped with glass tubes that could be configured to generate gPMA by
impinging jets of fresh seawater onto the model sea surface. Purified zero air hydrated to 80 (±2)%
relative humidity transferred gPMA under laminar flow to instruments for characterization of number size
distributions and size-resolved and bulk chemical composition. The number size distributions and
average compositions of gPMA from the different production configurations are compared in Figure S1 in
the supporting information.

2.3. Aerosol and Related Measurements
2.3.1. Chemical Analysis of Particles Collected on Filters
Submicron aMA were dried by a diffusion dryer filled with silica gel on EPEACE and WACS and by a
temperature- and humidity-controlled inlet on ICEALOT, VOCALS, and CalNex. Submicron Sea Sweep gPMA
were dried by a temperature- and humidity-controlled inlet during CalNex. The Bubbler gPMA from CalNex
were not size selected or dried before collection. Submicron Sea Sweep and Bubbler gPMA were dried by a
diffusion dryer filled with silica gel during WACS. aMA and gPMA were collected on 37mm Teflon filters
(Pall Inc., 1 μm pore size) at a flow rate of 8 Lmin�1 for 1 to 20 h. The filters were frozen and transported to
the laboratory for analysis by FTIR spectroscopy (Bruker Tensor 27 spectrometer with deuterated triglycine
sulfate, DTGS, detector) to measure the infrared transmission using 2 cm�1 resolution [Takahama et al., 2013;
Frossard et al., 2011; Hawkins et al., 2010]. The gPMA filter samples were dehydrated prior to analysis, as
described by Frossard and Russell [2012], which consisted of freezing and gently heating the samples. During
WACS and EPEACE, FTIR scans were carried out onboard the research vessel prior to freezing to evaluate
possible effects of transport and storage; no artifacts from transport and storage were identified in either the
OM composition or concentration.

During CalNex and WACS, unfiltered seawater from the 5m below sea surface bow seawater line was collected
from the sampling regions in sterile glass mason jars, atomized (TSI constant output atomizer 3076), and
then collected on Teflon filters without size segregation. The atomized seawater samples were dehydrated
using the procedure outlined by Frossard and Russell [2012] prior to analysis to remove interference of sea-salt
hydrate bound water with the organic signal in the FTIR spectra.

The FTIR spectrum from each filter was analyzed using an automated algorithm [Maria et al., 2002; Russell
et al., 2009; Takahama et al., 2013], briefly described here. First, the spectrum of each filter prior to sampling
was subtracted from the spectrum after sampling, in order to remove any contribution from scattering
and absorption of the filter, following the procedure described by Maria et al. [2003]. Then the remaining
spectrumwas baselined from 4000 to 2000 cm�1 using a third-order polynomial and from 2000 to 1400 cm�1

using a line, with details provided by Takahama et al. [2013]. The absorption shown by the baselined
spectrum was apportioned by fitting parameterized Gaussian distributions to given regions of the
spectrum [Takahama et al., 2013]. A measured spectrum from NH4

+ was scaled and subtracted from the
sample spectrum before any other peak quantification [Takahama et al., 2013]. The absorptivity and molar
mass were used to convert peak area to mass for each organic functional group including: organic
hydroxyl (C-O-H), alkane (C-C-H), amine (C-N-H), carboxylic acid (COOH), and nonacid carbonyl (C =O). The
micromoles of alkene (C = C-H) and aromatic functional groups, calculated from the absorptivities, were
below the detection limit in all of the samples and are excluded from this discussion. The detection limits of
each functional group were determined using this technique and are listed by Russell et al. [2009] (see Table S4
in the supporting information). The total OM analyzed in each sample was calculated as the sum of the
concentrations of the organic functional groups. The OM measured by this technique, including the FTIR
analysis and the integration algorithm, has an uncertainty of 20% [Maria et al., 2002; Russell et al., 2013;
Takahama et al., 2013], indicating that the fitting and calibration of each functional group results in 20%
uncertainty in its mass. This 20% could consist of functional groups that were below detection by FTIR
spectroscopy in the gPMA and atomized seawater samples but have been previously observed in marine
regions, such as amide and carboxylic acid groups. The molar ratio of oxygen to carbon (O/C) was calculated
by summing the moles of oxygen in oxygen-containing functional groups (hydroxyl, carboxylic acid, and
nonacid carbonyl) and dividing by the total moles of carbon in all observed functional groups for each sample
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[Russell et al., 2009]. Converting the total moles of carbon to mass gives the total organ carbon (OC) mass of the
samples. After nondestructive FTIR analysis, X-ray fluorescence (XRF) (Chester LabNet, Tigard, Oregon) was
used to quantify the elemental masses for elements Na+ and heavier on the filters [Maria et al., 2003] sampled
during ICEALOT, VOCALS, and EPEACE.

During ICEALOT, VOCALS, CalNex, and WACS, submicron aMA were collected, and during CalNex and
WACS, submicron Sea Sweep gPMA were collected with a Berner-type multijet cascade impactor. Particles
were impacted on Millipore Fluoropore filters, and the substrates from these filters were extracted and
analyzed using ion chromatography to quantify inorganic ions including Na+, Cl�, SO4

2�, NO3
�, and NH4

+

[Quinn et al., 1998].

Sea-salt concentrations were calculated using ion chromatography measurements for ICEALOT, VOCALS,
CalNex, and WACS and XRF measurements for EPEACE. For the gPMA, sea-salt concentration equals 3.26 times
the Na+ mass, based on the calculation by the ratio of (Na+ +Mg2++Ca2++K++Cl�+SO4

2�+HCO3
�)/Na+ in

seawater [Holland, 1978]. Atmospheric ambient sea-salt concentrations were calculated using measured Cl�

and 1.47*Na+ concentrations to account for the possible depletion of Cl� in the atmosphere, where 1.47 is the
ratio of (Na+ +Mg2++Ca2++K++ SO4

2�+HCO3
�)/Na+ in seawater [Holland, 1978]. This sea-salt calculation

represents an upper limit for sea-salt mass because the HCO3
� would have been titrated before Cl� was

depleted significantly via acid displacement reactions. HCO3
� is 0.3% of the total mass of sea salt. Excluding

HCO3
� from the ratio, as a lower limit, the ratio of (Na+ +Mg2++Ca2+ +K++ SO4

2�+HCO3
�)/Na+ is 1.45,

instead of 1.47, making the salt mass calculated <2% lower than calculated here.
2.3.2. Single-Particle Measurements
During CalNex and WACS, aMA (0.39–2.6μm) and gPMA (0.65–3.1μm) were collected on silicon nitride
windows (Si3N4, Silson Ltd, Northampton, UK) using a Streaker impactor (PIXE International Corp., Tallahassee,
FL). The windows were frozen after collection to prevent evaporation. Particles were collected for 30 to
90min, depending on the particle number concentrations. The windows were analyzed at the Advanced
Light Source at Lawrence Berkeley National Laboratory using scanning transmission X-ray microscopy with
near edge X-ray absorption fine structure (STXM-NEXAFS) to determine the morphology and organic
composition of the single particles [Hawkins and Russell, 2010; Takahama et al., 2007, 2010].
2.3.3. Other Measurements
Meteorological parameters that were measured include temperature, wind speed, wind direction, and solar
radiation. Measured seawater parameters include salinity, sea surface temperature (SST), and fluorescence
(relative chl a concentrations). The continuous fluorescence signal for each cruise was calibrated for chl a
concentration using discrete samples of seawater collected during the cruise and a commercially available
chl a standard [Bates et al., 2012].

3. Results

This study focuses on atmospheric “marine” aerosol particles (aMA), where we define marine in the
sense of noncontinental to mean OM types that meet the three criteria discussed in section 3.1. In this
sense, aMA includes both natural emissions from the pristine open-ocean as well as man-made emissions from
ocean-based activities, such as shipping, and some coastal (or other continental) anthropogenic emissions
transported to open-ocean regions often after some amount of dilution. This section summarizes and classifies
the measured composition of the samples that meet this definition of aMA and compares the composition of
gPMA and seawater OM.

3.1. Classification of aMA

Three criteria were used to distinguish aMA from nonmarine aerosol particles. First, aMA samples collected
within 1 km of a port or land were excluded. Second, sampling was controlled using automated valves to
suspend sampling during periods when particle concentrations (generally greater than 1000 cm�3) indicated
the presence of ship exhaust. This conditioned sampling excluded sampling of direct emissions of nearby ships
and of the research vessel itself. Third, only samples with air mass back trajectories, calculated using the
isentropic Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and Rolph,
2003], of predominantly marine origin (3 day back trajectories that originated from over the ocean and
spent more than 75% of the sampling time over the ocean) were considered to be marine for this analysis.
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Additional project-specific criteria used in the aMA sample selection and description of the HYSPLIT back
trajectories are included in section 7.1 in the supporting information. All of the aMA samples discussed
here met all three of these criteria.

3.2. Comparison of aMA OM From Five Marine Regions

The mean organic compositions of submicron aMA measured by FTIR spectroscopy during five research
cruises are shown in Figure 1b and summarized in Table 3. Submicron aMA OM was sampled during ICEALOT
in the North Atlantic and Arctic Oceans (Figure 1a). The average SST during ICEALOT was 6 (±3)°C, which is
lower than CalNex, EPEACE, VOCALS, or WACS, and ICEALOT aMA OM had the largest fraction of hydroxyl
functional groups (58%) compared to the other studies (Table 3). During VOCALS, aMA were collected in the
southeastern Pacific (Figure 1a). The average submicron aMAOMwas 0.40 (±0.17)μgm�3, and the average OM
composition is shown in Table 3.

During CalNex, the submicron aMA OM concentrations ranged from 0.13 to 1.45 μgm�3 and averaged
0.71 (±0.36) μgm�3 (Table 3), which is higher than OM concentrations sampled in other regions (Table 3).
The CalNex samples have higher alkane and carboxylic acid functional group fractions than previous
measurements of OM identified as PMA (10–15% and less than 10%, respectively) [Russell et al., 2010]. The
average ratio of O/C for the submicron aMA OM during CalNex was 0.52, indicating that the marine OM was
also highly oxygenated.

During EPEACE, the concentration of submicron aMA OM ranged from 0.06 to 1.09μgm�3 with an average of
0.62 (±0.48)μgm�3 (Table 3). The mean OM composition is given in Table 3, but the composition varied
substantially in the FTIR spectra of the EPEACE samples (Figure 1b). The fraction of carboxylic acid functional
groups in the aMAOMwas similar to ICEALOTand lower than that of the aMAOM from other regions. The wind
speed during sampling ranged from 5 to 24ms�1 with an average of 13 (±5)m s�1, which is sufficiently
high for wave breaking and active production of PMA. The chl a concentration was variable while the seawater
salinity, air temperature, and SST were relatively constant (Table 3).

During the WACS cruise (Figure 1a), submicron aMA OMwas 1.23 (±1.29)μgm�3 with the mean composition
given in Table 3. Submicron aMA OM was sampled during two periods with distinct atmospheric and
seawater properties (Table 3). The more biologically productive seawater of Station 1 had higher average
chl a concentrations (3.6 ± 2.7 μg L�1), which were variable but stayed well above oligotrophic seawater
concentrations (0.1 μg L�1). The air temperature, SST, and salinity were lower than Station 2 (Table 3). The
average OM was higher at Station 1 (1.81 ± 1.79 μgm�3), and the average composition was 17 (±4)%
hydroxyl, 35 (±12)% alkane, 3 (±3)% amine, and 48 (±8)% carboxylic acid functional groups. The oligotrophic,
nonproductive seawater at Station 2 showed little variability in the low average chl a concentration of 0.06
(±0.08)μgm�3. The average OM was 1.14 (±1.04)μgm�3 with a mean composition of 22 (±19)% hydroxyl, 53
(±19)% alkane, 3 (±3)% amine, and 23 (±19)% carboxylic acid functional groups.

3.3. Source Identification of Atmospheric Marine Aerosol Particles (aMA) OM

Ward cluster analysis [Ward, 1963] was used to classify the individual FTIR spectra of submicron aMA OM
collected during all of the projects. Results yielded four clusters of samples (Figure 2), each of which differs
from the others in that the cosine similarities of the characteristic spectra to each other are lower (by 0.1) than
the cosine similarity of the spectra within each cluster (additional details in section 7.2 in the supporting
information). Based on the atmospheric and seawater conditions, locations during sampling, and spectral
features, these aMA OM types were characterized as (i) atmospheric primary marine aerosol particles (aPMA),
(ii) carboxylic acid-enriched PMA (CMA), (iii) shipping-influenced marine aerosol particles (SMA), and (iv)
mixed marine aerosol particles (MMA). Of these four aMA types, only aPMA and CMA are considered “clean”
in the sense of being derived from the natural ocean (with CMA also including atmospheric contributions
that may be from ocean-derived biogenic volatile organic compounds, as discussed below). While all four
aMA OM types are marine, based on the selection criteria in section 3.1, SMA and MMA have compositions
and OM spectral signatures indicative of anthropogenic sources, as described in later sections. Since
individual atmospheric samples generally include contributions frommore than one source, this classification
categorizes samples based on the source that contributes the majority of the OM and denotes as MMA
samples for which multiple OM types each contributed, as summarized in Table 1. CMA, SMA, and MMA OM
types all have some aPMA contribution, and in addition, they contain OM contributions from other sources.
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The clustering identifies either the lack of substantial contributions (<30%) from anything but ocean-derived
biogenic sources (aPMA), or the mixture of aPMA sources with carboxylic acid (CMA), shipping (SMA), or
multiple other mixed sources (MMA). The fraction of OM associated with these source types was tested by
creating artificial mixtures with varying quantities of the aMA OM types and reexecuting the clustering
algorithm. The four aMA OM types and their production processes are shown in Figure 3, in addition to their
relation to gPMA. A description of each OM type and the basis for each classification are given in the
following paragraphs.

The atmospheric primary marine aerosol particles (aPMA) have an average OM of 0.45 μgm�3 and a
functional group composition of 65 (±12)% hydroxyl, 21 (±9)% alkane, 6 (±6)% amine, and 7 (±8)%
carboxylic acid (Figure 2a), where the variability is indicated as 1 standard deviation (Table 4). This OM type
was present during 23% (17 samples) of the total sampling time included in this study and was observed
during ICEALOT, EPEACE, CalNex, and WACS (Figure 1a). The aPMA was more frequently identified during
high wind speeds, typically 5 to 24m s�1 with an average of 13m s�1. All but two of the samples had
average wind speeds greater than 7.3m s�1, and all of the samples contained periods with wind speeds
greater than 10m s�1, which allowed for sufficient wave breaking (wind speeds greater than 8m s�1) and
bubble bursting [Gantt et al., 2011]. The wind speed of the aPMA samples correlates with submicron Na+

concentrations (r= 0.70), consistent with a wind-driven source such as aPMA production. This is also
consistent with previous studies that have shown a correlation between wind speed and PMA production
in the open ocean [Nilsson et al., 2001]. Eight of the 17 aPMA samples were collected at high latitude during
ICEALOT at relatively high wind speeds, low temperatures, and low solar radiation, supporting the primary
nature of this OM.

The average Na+/Cl� ratio for samples in the aPMA OM type is 0.74 (±0.15), which is higher than the Na+/Cl�

mass ratio of seawater (0.56) [Lewis and Schwartz, 2004], likely due to Cl� depletion by acid displacement [Buseck
and Posfai, 1999; Keene et al., 1998; Lewis and Schwartz, 2004; Pszenny et al., 1993]. The aPMA Na+/Cl� ratio is
within 25% of the Na+/Cl� ratio of seawater, and the lower values fall close to the ratio for seawater, consistent
with this OM being classified as largely primary from a seawater source. The similarity of the Na+/Cl�

ratio in the aPMA to that of seawater indicates that little Cl� has been depleted (irreversibly) since its
emission into the atmosphere.

Figure 2. Normalized FTIR spectra of submicron aMA separated into four marine OM types: (a) aPMA, (b) CMA, (c) SMA, and
(d) MMA. The thick black lines are the average spectra of each OM type. Individual spectra are colored by project including
ICEALOT (teal), VOCALS (purple), CalNex (dark blue), EPEACE (light blue), and WACS (pink). The pies represent the average
functional group composition of eachOM type with hydroxyl (pink), alkane (blue), carboxylic COH (green), and amine (orange)
functional groups.
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The second clean marine OM type was identified as carboxylic acid-enriched primary marine aerosol particles
(CMA), namely, marine OM that includes more than 10% carboxylic acid functional groups by mass. CMA has an
average composition of 49 (±6)% hydroxyl, 24 (±7)% alkane, 4 (±4)% amine, and 22 (±6)% carboxylic acid
functional groups (Figure 2b), and the ranges represent the variability as 1 standard deviation (Table 4). This OM
type was observed during 14% of the total sampling time (14 of the samples) in this study and only during
ICEALOT and EPEACE (Figure 1a), both of which had frequent boundary layer clouds. The sampling conditions
were similar to the aPMA OM type conditions but had slightly lower average wind speeds (11m s�1), still

Table 4. MeanMolar Ratios, Mass Ratios, and Functional GroupMass Compositions of aMAOM, gPMAOM, and Seawater OM

Molar Ratios Mass Ratio Functional Group Mass Composition

O/C C/Na OC/Na+ Hydroxyl Alkane Amine Carboxylic Acid

aMA OM Types
aPMA 1.03 9.8 0.45 65 ± 12 21 ± 9 6 ± 6 7 ± 8
CMA 0.93 17.4 1.07 49 ± 6 24 ± 7 4 ± 4 22 ± 6
SMA 0.25 24.9 7.3 31 ± 5 66 ± 6 3 ± 6 0
MMA 0.54 68.1 5.9 23 ± 7 45 ± 13 2 ± 2 30 ± 11

gPMA OMb,c 0.68 6.9 0.27 ± 0.15 55 ± 14 32 ± 14 13 ± 3 0
Productive 0.50 7.4 0.30 ± 0.15 45 ± 10 42 ± 9 13 ± 4 0
Nonproductive 0.90 6.9 0.18 ± 0.11 65 ± 10 22 ± 10 12 ± 3 0

Seawater OMc 1.0 8.0 NA 71 ± 4 17 ± 5 11 ± 6 0

aTypical Redfield ratio for seawater C/N is 6.6 [Redfield, 1934]; aPMA, CMA, SMA, and MMA averages only include
samples that contain nonzero moles of N.

bIncludes all Sea Sweep and Bubbler samples.
cWACS only.

Figure 3. Diagram illustrating the categories of marine aerosol types used in this paper: generated marine aerosol particles
(gPMA), atmospheric primary marine aerosol particles (aPMA), aPMA with secondary carboxylic acid marine aerosol
particles (CMA), shipping-influenced marine aerosol particles (SMA), and mixed marine aerosol particles (MMA). aPMA, CMA,
SMA, andMMA are the four aMA OM types. These mixing arrows show the contribution of aPMA to the other three OM types.
Additionally, aPMA may contain up to 30% of other sources.
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sufficient for local wave breaking and hence for PMA production. The Na+/Cl� ratio (0.80 ± 0.20) is similar to
that of the aPMA, consistent with aerosol particles that have not been depleted in Cl�.

The third OM type was identified as shipping-influenced marine aerosol particles (SMA) OM and contains 31
(±5)% hydroxyl, 66 (±6)% alkane, and 3 (±6)% amine functional groups (Figure 2c and Table 4). SMA was
observed during 11% of the total sampling time (18 samples), mainly as part of EPEACE andWACS (Figure 1a).
During WACS, one of the two SMA samples was collected near (approximately 100 km) the port of Bermuda.
The spectra of the SMA OM type have features indicative of a long-chain alkane-type species with
absorption peaks at 2981, 2956, 2923, 2865, 2804 cm�1. The peaks at 2923 and 2865 cm�1 represent
repeating unsaturated CH2 groups [Pavia et al., 2001]. These signatures have been observed in FTIR spectra
of ship diesel and other fuels prior to combustion [Guzman-Morales et al., 2013] and direct ship stack
emissions [Wonaschutz et al., 2013]. The similarity between the SMA spectrum and a spectrum of gPMA
added to a ship diesel spectrum illustrates the likely contribution of alkane-rich fuel and shipping
emissions to the SMA OM (Figure 4a). The SMA OM has the highest average fraction of alkane functional
groups (66% ± 6%) compared to the other marine OM types (Table 4) and has a significantly larger alkane
functional group fraction than aPMA (21 ± 9%) and CMA (24 ± 7%). SMA also contains no carboxylic acid
functional groups (Figure 2), which indicates that these particles did not have detectable contributions
from aqueous or photochemical processing. Also, the fuel signatures could originate from incorporation of
ship effluent in surface seawater, which is then transferred to the aerosol particles via PMA production,
as discussed in section 4.2.3. The average fractions of hydroxyl and amine functional groups likely indicate
a contribution from organic aPMA. The corresponding wind speeds during these sampling times had an
average of 11m s�1, which is fast enough to produce PMA from ambient bubble bursting.

The last type of aMA OM was identified as mixed marine aerosol particles (MMA) due to the evidence for
contributions of aPMA, CMA, and SMA, as well as continental (anthropogenic) sources, in varying amounts
(Figure 4b). MMA composition was 23 (±7)% hydroxyl, 45 (±13)% alkane, 2 (±2)% amine, and 30 (±11)%
carboxylic acid functional groups, with an average OM of 0.53μgm�3 (Figure 2d and Table 4). Thirty-three of
the aMA samples are MMA, which corresponds to 51% of the total sampling time in this study. MMA was
observed during VOCALS, CalNex, EPEACE, and WACS (Figure 1a). The composition and spectrum of this OM
type have features of the other three aMA OM groups, including (i) a similar average hydroxyl group peak
location (3380 cm�1) to aPMA (3377 cm�1) within the method uncertainty of ±6 cm�1 for hydroxyl group
peak location (measured with replicates of atomized ribose standards [Takahama et al., 2013]), (ii) alkane
functional group double peaks at 2957 and 2806 cm�1 similar to SMA (2956 and 2804 cm�1) within the
method uncertainty of ±3 cm�1 for alkane group peak location, and (iii) a carboxylic acid functional group
fraction (30 ± 11%) within the measured variability of the carboxylic acid functional group fraction of CMA

Figure 4. Normalized FTIR spectra of (a) SMA and gPMA with ship diesel and (b) the four aMA OM types. The spectral
similarities are shown with vertical lines in Figure 4b at the aPMA max hydroxyl group peak location (3380 cm�1), the
SMA alkane group signatures (2865 and 2804 cm�1), and the CMA carboxylic acid group peak (2668 cm�1).
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(22 ± 6%) (Figure 4b). These samples were collected during the lowest average wind speed periods (7m s�1),
suggesting that there was little local production that contributed to aPMA from bubble bursting (consistent
with the lower sea-salt concentration of less than 0.1μgm�3 compared to aPMA which had more than
1μgm�3). The high Na+/Cl� ratio (2.6 ± 1.3), in the absence of crustal sources of Na+, is likely the result of Cl�

depletion by acid substitution in seawater-derived NaCl. The high level of depletion of Cl� in the MMA
(relative to aPMA or CMA) is consistent with atmospheric reactions in particles that have more inorganic acid
present (relative to aPMA or CMA), which is more likely associated with anthropogenic sources of NO3

�

(such as NOx from combustion) associated with either shipping or other continental fossil fuel burning
sources (consistent with the presence of multiple source types in MMA). The average spectrum of MMAOM is
similar to spectra observed from continental and anthropogenic sources, such as the oxidized fossil fuel
combustion source identified by Guzman-Morales et al. [2013] using positive matrix factorization (PMF) during
CalNex. The 7 CalNex samples in this OM type all have characteristic absorption similar to that of oxidized
combustion sources, indicating that one contribution to MMA in CalNex is oxidized fossil fuel combustion
emissions. In addition, these CalNex samples were sampled close to the California coast, consistent with the
possible contribution of continental sources.

The number of samples of each aMAOM type for the individual projects is shown in Figure 1a. During CalNex, of
the 8 aMA samples, only 1 was determined to be aPMA, while the other 7 were MMA, indicating that during
the CalNex sampling, close to the coast of California, there was very limited time in which polluted marine
(continental or ship) emissions did not impact the OM composition. The EPEACE aMAOM included 7, 9, and 6 of
the samples in the aPMA, CMA, and MMA OM types, respectively, as well as 16 samples identified as SMA.
This large number of SMA samples is consistent with the large contribution of shipping emissions to the aMA
OM in the northeastern Pacific [Coggon et al., 2012]. During WACS, 1 of the 11 samples was determined to be
the aPMA OM type, while 2 were SMA, and 8 were MMA OM. All of the 12 aMA samples from VOCALS were
determined to be MMA OM, with no clean marine OM observed during this sampling period. While some
primary marine aerosol was included in the samples collected during VOCALS, the long sampling time
required for the low OM concentrations along with the offshore flow and low local wind speed meant that
the PMA was always mixed with signatures from shipping, anthropogenic activities, or carboxylic-enriched
aerosol. This observation is consistent with the identification of “polluted marine” particles observed by
Hawkins et al. [2010]. In contrast, the ICEALOT sampling region contained only samples identified as clean aMA
OM with 8 aPMA and 5 CMA samples.

3.4. Organic Composition of gPMA

Sea Sweep and Bubbler gPMA generated during CalNex and WACS were similar in composition with large
fractions of hydroxyl, some alkane, and small fractions of amine functional groups, with an overall average
composition of 55 (±14)% hydroxyl, 32 (±14)% alkane, and 13 (±3)% amine functional groups (where the
ranges represent the observed variability as 1 standard deviation as shown in Table 4). No detectable
carboxylic acid functional group mass was observed in any of the gPMA samples.

The Sea Sweep flow rates were not comparable to the Bubbler, so the comparison between the two model
ocean systems is based on the relative fractions of organic components in the gPMA rather than the absolute
concentrations. During WACS, the Sea Sweep gPMA showed a higher average OC/Na+ ratio produced at
Station 1 (productive) than at Station 2 (nonproductive) with 0.28 (±0.13) and 0.17 (±0.13), respectively, but
the difference between the two stations (0.09) is smaller than the variability within each station (0.13), as
reported by Quinn et al. [2014]. The Bubbler used a controlled airflow rate that was varied from 1.5 to 6 L min�1

(see section 7.4 in the supporting information). At the same flow rate of 4 L min�1, the Bubbler gPMA had an
OC/Na+ of 0.51 (±0.06) in productive (Station 1) seawater and 0.19 (±0.06) in oligotrophic (Station 2) seawater.
While the station-to-station difference of 0.32 for the Bubbler gPMA samples is larger than for the Sea Sweep,
the limited number of samples collected at 4 L min�1 (N=4; 2 at each station) constrains the resolution with
which this result can be generalized.

At WACS Station 1, the Sea Sweep gPMA (N= 8) had a mean composition and standard deviation of 43
(±11)% hydroxyl, 43 (±10)% alkane, and 14 (±4)% amine functional groups. At WACS Station 2 (N= 4), the
hydroxyl group fraction increased to 58 (±11)%, the alkane group fraction decreased to 29 (±11)%, and
the amine fraction was quite similar at 12 (±1)%. A similar difference in composition was observed in the
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Bubbler gPMA for the two sampling regions, with a composition of 51 (±2)% hydroxyl, 39 (±3)% alkane, and
10 (±2)% amine groups at WACS Station 1 (N= 2) and 70 (±7)% hydroxyl, 18 (±8)% alkane, and 12 (±4)%
amine at Station 2 (N= 6). During CalNex, the Sea Sweep gPMA (N = 6) had an average composition of
47 (±14)% hydroxyl, 38 (±13)% alkane, and 15 (±3)% amine functional groups, while the Bubbler gPMA
(N= 8) had a composition of 42 (±9)% hydroxyl, 44 (±8)% alkane, and 14 (±3)% amine functional groups.

Bubbler and Sea Sweep gPMA samples that overlapped in time and location are compared for the two
projects in Figure 5 (see section 7.3 in the supporting information for the samples selected). Using these
collocated samples, at WACS Station 1, the Sea Sweep gPMA (N=3) had a mean composition and standard
deviation of 54 (±4)% hydroxyl, 34 (±3)% alkane, and 12 (±1)% amine functional groups. At WACS Station 2
(N=2), the hydroxyl group fraction increased to 67 (±8)%, the alkane group fraction decreased to 21 (±7)%, and
the amine fraction was quite similar at 12 (±1)%. The same difference in composition was observed in the
Bubbler gPMA for the two sampling regions, with a composition of 51 (±2)% hydroxyl, 39 (±3)% alkane, and 10
(±2)% amine groups at WACS Station 1 (N=2) and 73 (±6)% hydroxyl, 14 (±2)% alkane, and 14 (±4)% amine at
Station 2 (N=3). During CalNex, the Sea Sweep gPMA (N=5) had an average composition of 51 (±10)%
hydroxyl, 34 (±8)% alkane, and 14 (±3)% amine functional groups, while the Bubbler gPMA (N=4) had a
composition of 47 (±7)% hydroxyl, 39 (±7)% alkane, and 14 (±1)% amine functional groups.

The difference (42% versus 22%) in alkane group fraction of the combined Sea Sweep and Bubbler gPMA
measured at WACS Station 1 and Station 2 is comparable to the variability (±9% and ±13%) at each station;
the difference (35% versus 16%) is more significant when only the collocated samples at each station are
compared as the variability for those samples is less (±6% and ±4%). The collocated samples may show local,
short-term trends that are masked by averaging over the longer times and wider regions that were sampled
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Figure 5. Comparison of the selected normalized organic FTIR spectra and average functional group composition measured
at (a) CalNex, (b) WACS Station 1, and (c) WACS Station 2 in the gPMA generated with (top) the Bubbler, (middle) the Sea
Sweep, and (bottom) the corresponding composition of OM in surface seawater. Pies represent the organic functional group
composition as hydroxyl (pink), alkane (blue), and amine (orange). The dashed vertical lines indicate hydroxyl functional
group peak absorption at 3369 cm�1 (pink) and amine functional group peak absorption at 1630 cm�1 (orange). The
range of alkane functional group absorption from 2980 to 2780 cm�1 (blue dashed lines) is also shown. The higher wave
number peak absorption of the hydroxyl functional groups is evident in the seawater panel. The functional group
compositions and spectra are from the subset of collocated samples.
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during the entire cruise. Hence, it is also true that for the wider range of seawater sampled by the entire 9 day
cruise, the average Sea Sweep gPMA OM alkane fraction for the two stations were closer to each other
than the variability that was sampled, as noted by Quinn et al. [2014]. Nonetheless, this investigation should
be considered exploratory, as only 3 days of sampling at each site are not sufficient to establish whether
these local differences are characteristic of broader temporal and spatial scales.

3.5. aMA and gPMA Single-Particle Compositions

STXM-NEXAFS spectra of aMA and gPMA single particles collected during WACS and CalNex were sorted into
two OM types with those spectra containing oxidized groups (i.e., carboxylic carbonyl and alcohol) as a
high O/C particle type and those containing only absorption in the alkyl region in the low O/C particle
type (following the classification of Frossard et al. [2014]). The high O/C particles were further separated
into those that contained spectral features and morphology similar to the polysaccharides on sea-salt
particles observed by Russell et al. [2010] and Hawkins and Russell [2010] and those that were uniformly
organic throughout the particle. The WACS aMA studied by STXM-NEXAFS consisted of 13 high O/C
particles each associated with sea salt, 4 high O/C particles (without sea-salt contributions in the
individual particles), and 1 low O/C particle (without sea salt). These particles had geometric diameters
that ranged from 0.39 to 2.6μm [Frossard et al., 2014]. Together, the Sea Sweep and Bubbler gPMA
during WACS were made up of 29 high O/C particles and 25 low O/C particles.

3.6. Seawater OM Functional Group Composition

Seawater OM measured during CalNex (N= 4) and WACS Station 1 (N=3) and Station 2 (N= 3) had similar
mean compositions with 70 (±1)%, 72 (±6)%, and 74 (±2)% hydroxyl; 17 (±7)%, 18 (±3)%, and 15 (±2)% alkane;
and 12 (±7)%, 10 (±7)%, and 11 (±1)% amine functional groups, respectively. The seawater OM samples
collected duringWACS Station 1 at 27.2m (N=1) and Station 2 at 2500m (N=1) are also similar in composition
to the near-surface seawater (5m), both with 69% hydroxyl, 16% alkane, and 15% amine functional groups.
However, the limited number of deep seawater samples is insufficient to characterize the variability of seawater
with depth.

4. Discussion

The aMA and gPMA measurements made in multiple ocean regions are used to determine the factors that
contribute to the organic composition of aMA, including the influence of PMA. Three main questions are
addressed: (i) what is the organic functional group composition of ocean-derived aMA? (ii) howmuch of aMA
composition can be explained by generating primary marine aerosol (gPMA) from bubbled seawater? and
(iii) what are the differences between the organic compositions of gPMA and seawater?

4.1. Chemical Composition of Ocean-Derived aMA: aPMA and CMA

The organic composition of aMA contains two ocean-derived or clean marine OM types (aPMA and CMA),
based on the aMA classification in section 3.1 and the lack of fossil-fuel-related alkane functional group
signatures. aPMA OM has a composition (Table 4) similar to the composition of saccharides as shown in
Figure 6. In general, the organic compositions of the aPMA samples and saccharides all have hydroxyl
functional group fractions greater than 55% and alkane functional group fractions less than 45% (with the
specific ranges of saccharide alkane functional group fractions in Table S3 in the supporting information). The
average FTIR spectrum of the aPMA OM samples has high average cosine similarities (all greater than 0.80)
with saccharide spectra (Table S3 in the supporting information), indicating that aPMA composition is
consistent with any of the saccharide standards or a mixture thereof, since the specific molecular mixture
cannot be identified by FTIR. The aPMA OM-type spectra have a similar hydroxyl functional group peak
location (3377 ± 44 cm�1) to the monosaccharides (3373 ± 4 cm�1) and disaccharides (3383± 4 cm�1). While
the average aPMA peak locations are more similar to those of the smaller saccharides (monosaccharides
and disaccharides), the range of hydroxyl group peak locations for individual samples are also within the
range of the polysaccharides (3425 ± 24 cm�1), as shown in Table 5, indicating that the variability sampled is
too large to identify the composition as either monosaccharides or disaccharides rather than polysaccharides.
Likely it is a complex mixture of multiple compounds of both classes. This hydroxyl group peak location
and overall composition are consistent with the previously identified polysaccharide-like composition
of PMA OM [Russell et al., 2010]. However, the larger fraction of alkane functional groups in this aPMA OM

Journal of Geophysical Research: Atmospheres 10.1002/2014JD021913

FROSSARD ET AL. ©2014. American Geophysical Union. All Rights Reserved. 12,991



type (21 ± 9%) is likely more accurate
than the 10–15% alkane group
associated with the “marine factor”
obtained by positive matrix
factorization (PMF) [Russell et al., 2010],
since the PMF results rely on the
statistical separation of noncovarying
factors in a time series that includes
a sufficient number of unmixed
aPMA samples.

The general composition, including the
presence of amine functional groups,
and the average spectrum of the
aPMA OM are also similar to that of
the polysaccharide chitosan, which is
derived from the deacetylation of
chitin, a constituent of the high-
molecular-weight fraction of OM in
seawater [Aluwihare et al., 2005].
Chitosan has a broad IR absorbance
(peak at 3410 cm�1) in the hydroxyl
functional group region and IR
absorbance at 1630 cm�1 in the amine
functional group region, similar to the
average aPMA OM spectrum, with
absorption at 3377 and 1623 cm�1

(shown in Figure S2 and Table S3 in the
supporting information). The functional group composition calculated from the molecular structure of
chitosan contains 59% hydroxyl, 27% alkane, and 14% amine functional groups.

Additional amino sugars (monosaccharides) such as glucosamine and galactosamine have been observed
in both seawater particulate organic matter (POM) and ultrafiltered seawater-dissolved organic matter
(DOM) [Benner and Kaiser, 2003]. Another constituent of seawater OM is peptidoglycan, which has
absorbance at 3300 and 1657 cm�1, is a major component of bacteria cell walls, and contains one base
compound (N-acetyl-glucosamine) in common with chitosan [Naumann et al., 1982]. The amine functional
group fraction observed in the aPMA OM can also indicate the presence of amino acids. For example, the
spectrum of the amino acid asparagine has an IR absorption bend of NH2 at 1620 cm

�1 [Venyaminov and
Kalnin, 1990]. Aminot and Kerouel [2006] also measured dissolved free primary amines and amino acids
in seawater, and amine carbons were observed in DOM by Benner et al. [1992]. Additionally, the molar ratios

of C/N (Table 4) in the aPMA (9.8),
gPMA (6.9), and seawater
(8.0) OM are similar to the range of
measured C/N in the cellular
material of phytoplankton (8.8)
[Biersmith and Benner, 1998] and
slightly larger than that measured
for samples of marine plankton
and bacteria (6.3) [Emerson and
Hedges, 2008] and demonstrated
by the Redfield ratio (6.6). The
similarity of the amine functional
group fraction in gPMA and
seawater is also consistent with
recent measurements of seawater

Table 5. The Location of the Maximum Hydroxyl Group Peak (cm�1) for
Seawater, gPMA, aPMA, and Saccharides

OM Type Hydroxyl Group Peak Location (cm�1)

Seawater 3401 ± 14
gPMA 3369 ± 10
Productive 3362 ± 7
Nonproductive 3376 ± 9

aPMA 3377 ± 44
Monosaccharidesa 3373 ± 4
Disaccharidesb 3383 ± 4
Polysaccharidesc 3425 ± 24

aGlucose, fructose, xylose, and galactose.
bLactose and cellobiose.
cPectin, carboxymethyl cellulose, and chitosan.

Figure 6. The hydroxyl, alkane, and amine functional group fractional
compositions of gPMA, aPMA, seawater, and saccharide OM. Each
marker represents an individual sample. Markers are colored based on
the sample project and location for WACS Station 1 (pink), WACS Station
2 (red), EPEACE (light blue), CalNex (dark blue), and ICEALOT (teal).
Saccharides are shown in grey diamonds as polysaccharides (light grey),
disaccharides (grey), and monosaccharides (dark grey). For the aPMA
particles, the hydroxyl group fraction includes carboxylic acid.
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and gPMA that showed that nitrogen-
containing organic compounds were present in
similar, but slightly lower, proportions in gPMA
compared to seawater [Schmitt-Kopplin et al.,
2012]. It is also worth noting that the measured
amine functional groups can include the
contributions of amide-containing molecules,
since mild acid hydrolysis (as might occur during
sample drying) under low-pH conditions can
destroy the amide functional group bond
linkage in seawater proteins and release amino
acids, resulting in amine functional groups
[Aluwihare et al., 2005].

The other clean aMA OM is CMA (Table 4).
Compared to the average aPMA OM spectrum,
the average CMA OM spectrum has a hydroxyl
functional group maximum absorbance at lower
wavenumbers (3288 cm�1), indicating that there
is a difference in the bond structure of the two
OM types (Figure 2). The shoulder in the CMA
spectrum at higher wavenumbers (around
3385 cm�1) is consistent with the hydroxyl group

peak absorbance of the aPMA OM type (3377 ± 44 cm�1), within the measurement variability, and is
consistent with a substantial contribution of aPMA in CMA OM.

Carboxylic acid groups in CMA likely originate from the condensation of photochemical reaction products of
volatile organic compounds (VOCs), which may be marine in origin, although oxidation or precursors in the
particle phase can also contribute. Turekian et al. [2003] observed that both of these pathways were sources
of oxalic acid in marine aerosol particles. Zhou et al. [2008] observed the photolysis of gPMA OM, which
produced OH and hydroperoxides when exposed to solar radiation. Other studies have identified carboxylic
acid functional groups as SOA based on correlation with solar radiation [Rogge et al., 1993] and correlation
with ozone [Liu et al., 2011; Satsumabayashi et al., 1990]. The carboxylic acid functional group fraction of the
CMA OM is strongly correlated (r= 0.82) with solar radiation, for the samples with mean solar radiation
(averaged over the sampling interval) greater than 100Wm�2 (Figure 7). The samples with mean values less
than 100Wm�2 were excluded from the correlation because such low-light exposures during sampling
meant that those samples were unlikely to have been influenced by local photochemical production and
instead likely contained OM formed during prior sunlight exposure. This correlation is consistent with a
photochemical source of the carboxylic acid group mass in CMA, providing a “secondary” contribution that is
chemically distinct from the hydroxyl-alkane-amine group mixture associated with the primary components
of aPMA.

The OC/Na+ ratio of the aPMA OM type (0.45) is consistent with previously measured submicron PMA
particles with OC/Na+ ranging from 0.1 to 2 [Russell et al., 2010, and references therein]. The higher ratio of
OC/Na+ (1.07) in CMA can be interpreted as an indicator of secondary contributions of the photochemical
products of VOCs to particles in the atmosphere.

The O/C ratio for the aPMA OM type is 1.03 (±0.21). The O/C ratio of organic aerosol has been observed to
increase over time after particles are emitted due to photochemical processing and secondary formation of
organic components [Aiken et al., 2008; Zhang et al., 2005], and an O/C value higher than 0.4 is considered
to be highly oxidized [DeCarlo et al., 2008]. In marine conditions, the interpretation of high O/C as secondary is
not appropriate since the large fraction of hydroxyl groups in saccharides means that even primary
components have high O/C. The calculated O/C value for the monosaccharide reference standard glucose
is 1.33, which is more than 3 times higher than O/C values attributed in nonmarine conditions as secondary
(0.4). Nonetheless, the increase in the O/C ratio between the aPMA OM samples (0.80± 0.18) and the CMA
OM (1.09± 0.17) samples in EPEACE is consistent with a larger secondary component in CMA relative to aPMA.
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Figure 7. Correlation of the carboxylic acid functional group
fraction of CMA OM (observed during EPEACE and ICEALOT)
with solar radiation. A threshold of 100Wm�2 was used to
exclude the samples in low light that were not likely to have
OM dominated by local or recent photochemical production.
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This observed increase in the fraction of carboxylic acid functional groups is consistent with the accumulation
of LMW products such as dicarboxylic acids [Kawamura and Sakaguchi, 1999; Zhou et al., 2008]. The VOC
precursors of these acids may be either marine or continental in origin, but the low amount of fossil fuel
contributions in the particles is more consistent with a biogenic marine VOC source. More discussion of the
presence of marine carboxylic acids is included in section 7.6 in the supporting information.

STXM-NEXAFS single-particle measurements of aMA also show the presence of carboxylic acid and oxidized
functional groups in the atmosphere during WACS. Of the 18 aMA particles measured, 17 were classified as
high O/C. This high fraction of more oxidized particles is consistent with the high carboxylic acid functional
group fraction identified by FTIR in these samples.

4.2. Chemical Similarities Between gPMA and aPMA and Differences Between gPMA and Other aMA

The similarities of the organic composition of gPMA and aMA provide direct evidence for the sources of aMA
and, specifically, the contribution of PMA to aMA. The differences between gPMA and non-ocean derived
aMA (SMA and MMA) provide clear evidence for the contribution of nonmarine sources to particle OM over
the ocean.
4.2.1. Similarities Between gPMA and aPMA
The comparison of the aPMA and gPMA (Figure 6) OM shows the similarities in the functional group
compositions of OM of these two types. The average aPMA OM spectrum has cosine similarities of greater
than 0.90 with the gPMA OM spectra. The gPMA OM spectra have similar hydroxyl group peak locations
(3369 ± 10 cm�1) to the aPMA spectra (3377 ± 44 cm�1) as shown in Table 5. The average gPMA OM
composition is also very similar to the aPMA composition (Table 4). Additionally, the OC/Na+ ratio of the
aPMA (0.45) falls within the range of gPMA (0.06–0.6) measured during WACS. This similarity in organic
composition between aPMA and gPMA provides evidence that the aPMA is ocean derived, likely produced
through a bubble bursting mechanism similar to that of gPMA, supporting both the assertion that most
aPMA OM is directly emitted in the particle phase from the ocean to the atmosphere and the utility of the
Sea Sweep and Bubbler in generating gPMA that is, in key respects, similar to aPMA. Also, as discussed
earlier for aPMA, the average functional group composition of gPMA is quite similar to that of the amino
sugar chitosan, a seawater constituent.
4.2.2. Differences Between gPMA and Non-Ocean-Derived OM in aMA
Some of the marine samples selected by the three aMA criteria still retain the chemical signatures of
shipping and other marine pollution in their FTIR spectra. This is evident in the SMA (Figure 2c) and MMA
(Figure 2d) OM types in which the alkane peak absorption is similar to that of fossil fuel emissions [Guzman-
Morales et al., 2013]. These two OM types make up 63% of the total measured aMA OM concentration,
consistent with the near ubiquity of black carbon (BC) measured in the southeastern Pacific [Shank et al.,
2012]. Even though these types show chemical components characteristic of anthropogenic sources, the
quantitative contributions are sufficiently dilute that the average SMA and MMA OM concentration is only
0.55 μgm�3 (with more than 80% of the sample concentrations less than 1 μgm�3), concentrations that
many classification schemes would consider clean. In addition, these low concentrations are not excluded
by filters triggered by the high particle counts (e.g., >1000 cm�3) that are associated with nearby sources,
since the emissions have been diluted by mixing with cleaner air in the boundary layer.

Cloud droplet composition measurements off the coast of central California, where 16 of the 18 SMA OM
samples were collected, show that 72% of the cloud droplets in that area are at least moderately perturbed
by shipping emissions [Coggon et al., 2012]. Additionally, a major shipping lane between the port of San
Francisco and the Southern California ports transits through the area sampled during EPEACE. The factor of
2–3 higher alkane functional group mass fraction (66 ± 6%) in SMA OM, compared to the clean aMA (aPMA
with 21 ± 9% and CMA with 24 ± 7%), is likely due to shipping emissions.

The MMA OM type has a high ratio of OC/Na+ (greater than 5) suggesting that a substantial fraction of the
OC is not primary OC from seawater. These samples also have the highest average corresponding solar
radiation, which could increase the contribution of photochemical products of VOCs to the OC. The fraction
of carboxylic acid functional groups is consistent with this result [Liu et al., 2011], but there is no strong
correlation of the carboxylic acid fraction with solar radiation, indicating that the carboxylic acid functional
groups may have been transported from elsewhere rather than forming recently. It is interesting that the
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composition of MMA is quite similar in multiple ocean regions, reflecting the general chemical similarity of
both shipping fuel and ocean components across different parts of the world.
4.2.3. Shipping Effluent Signatures in gPMA
A striking example of how gPMA can also incorporate nonnatural seawater components was identified
during CalNex in seawater that contained increasing amounts of fuels. The alkane functional group fraction
of the gPMA OM increased as the R/V Atlantis proceeded into the shipping lanes and into the bay (Figure 8b).
The gPMA OM in the bay had a much higher fraction of alkane functional groups (62%) than the gPMA
farthest outside of the bay (37%). Since the gPMA do not have any contributions from atmospheric processes,
the observed change in the alkane functional group fraction results from changes in the seawater organic
composition. A likely explanation is that the shipping lanes contribute more fuel waste to the bay, resulting in
seawater with a higher alkane group fraction and corresponding higher fractions in the bubbled gPMA.
Additional sources of hydrocarbons, such as coastal runoff into the bay, may also increase the seawater
hydrocarbon content. Also, increased surfactants in the seawater in the bay may contribute to the larger
alkane fraction of the gPMA, consistent with the mechanism discussed in section 4.3.3.

This link between changes in seawater composition and PMA has been seen in the associated aMA in previous
studies. Bahadur et al. [2010] reported a unique link between the high-lignin waterways of the St. Lawrence and
the aMA measured in the western north Atlantic. A study in Leghorn harbor showed evidence for ship fuel
signatures in aMA measured in that region [Cincinelli et al., 2001]. However, in those studies, the influence of
atmospheric processing could not be ruled out, the way it can be here by observing the alkane fraction of
gPMA. We also note that the alkane functional group peaks of the FTIR spectra for the fuel and ship-influenced
marine type (Figure 2c) are very similar to those for the San Francisco Bay gPMA (Figure 8a), both with peaks at
2923 and 2804 cm�1. This similarity means that seawater and atmospheric contributions to the alkane group
components cannot be separated in aMA, except by comparison to gPMA.

4.3. Influence of Seawater OM on gPMA OM

Collecting seawater and gPMA in the same regions reveals a very strong relationship between the composition
of seawater and the gPMA produced from it across three very different ocean regions. In general, gPMA OM
composition is similar to seawater OM composition, but there are two main differences discussed below.
4.3.1. Spectral Similarities and Differences Between gPMA and Seawater
Seawater OM and gPMA OM have similar FTIR spectra and functional group compositions (Figure 6), both
with large fractions (50–75%) of hydroxyl functional groups and smaller contributions from alkane groups

Figure 8. (a) Normalized FTIR spectra of Bubbler gPMA generated at 4.2 L min�1 at four locations starting outside (light
blue) and ending in (dark blue) the San Francisco Bay. (b) Map of the locations where gPMA were generated overlaid on
a map of shipping lanes (red) into the San Francisco Bay (source: http://www.calacademy.org/sciencetoday/shipping-lane-
changes/5511420/). The pies represent the functional group composition of the gPMAOM at the four locations with alkane
(blue), hydroxyl (pink), and amine (orange) functional groups.
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(15–40%) and amine groups (5–20%). The OM spectra of the collocated gPMA and seawater samples are
shown in Figure 5, and the ranges of hydroxyl group and alkane group fractions of all the gPMA samples and
seawater are shown in Figure 6. This graph also illustrates that the hydroxyl and alkane group fractions of the
measured seawater and gPMA are within the ranges expected for saccharides identified in seawater
(polysaccharides 18–60% alkane groups and monosaccharides and disaccharides 19–31% alkane groups).

One subtle but interesting difference between seawater and gPMA is shown in the average hydroxyl functional
group peak location listed in Table 5 and shown in Figure 5. The broad seawater hydroxyl functional group
absorption region overlaps that of the gPMA OM spectra (Figure 5); this similarity is consistent with seawater
being the source of gPMA. The general location of the hydroxyl group peak is consistent with known seawater
saccharides, such as chitosan (see section 7.5 and Figure S2 in the supporting information). However, the
specific hydroxyl functional group peak locations differ between the gPMA and seawater OM, with gPMA
peaking at 3369 and seawater peaking at 3401 cm�1 (Table 5). This 32 cm�1 average difference in peak location
is larger than the measured variability (±10 for gPMA and ±14 for seawater) and the method error (±6 cm�1).
Consequently the difference in peak location could indicate a systematic difference in the molecular
structure and in the mixture of the saccharides in the seawater and the gPMA, since peak location shifts to
higher wavenumbers for larger saccharides [Mathlouthi and Koenig, 1986; Kuhn, 1950]. The hydroxyl
group peak location of the gPMA (3369 ± 10 cm�1) is more characteristic of the measured monosaccharide
(3373 ± 4 cm�1) and disaccharide (3383 ± 4 cm�1) molecules, than the seawater hydroxyl group peak
location (3401±14 cm�1), which is more characteristic of polysaccharide (3425±24 cm�1) molecules
(Figure 9a). While the complexity of the mixture of saccharides that are present in both seawater and gPMA
clearly prevents a specific molecular identification, this shift in peak location may reveal differences in the
relative contributions from different saccharide types.

The hydroxyl functional group peak locations measured in these samples are not correlated (r< 0.4) to SST,
salinity, chl a concentration, or insolation and also are not region specific. The one factor that seems related
to the hydroxyl functional group peak location in gPMA is the functional group composition of the OM,
with a negative correlation to the alkane functional group fraction (r=�0.65) and a complementary positive
correlation with the hydroxyl functional group fraction (r= 0.63) (Figure 9). The hydroxyl functional group
peak location decreases as the hydroxyl group fraction decreases and the alkane group fraction increases.

Figure 9. Comparison of maximum hydroxyl functional group peak location with (a) sample longitude, (b) alkane functional group fraction of OM, and (c) hydro-
xyl functional group fraction of OM for the gPMA and seawater. The marker shapes indicate the sample type including Sea Sweep (circles), Bubbler (squares), and
seawater (open triangles). The saccharides are plotted at different longitudes for comparison in Figure 9a and at their corresponding molecular alkane and
hydroxyl functional group fractions in Figures 9b and 9c, respectively. The large open grey boxes represent the average range of hydroxyl group peak absorption
(average ± standard deviation) for polysaccharides (light grey), disaccharides (grey), and monosaccharides (dark grey). Error bars of ±6 cm�1 are shown for the
hydroxyl group peak location on each marker to represent the method error. The uncertainty in the alkane and hydroxyl functional group mass is 20% [Russell,
2003]. The shaded boxes around individual markers (3 Bubbler and 5 seawater samples) are samples where the alkane functional group mass is above the
detection limit but below the limit of quantification (twice the standard deviation), making the alkane mass fraction have an uncertainty of >50% rather than
20%. gPMA hydroxyl group peak location correlates with the alkane functional group fraction (r =�0.65) and the hydroxyl functional group fraction (r = 0.63).
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4.3.2. Chl a-Dependent
Enhancement of Alkane Group
Fraction in gPMA
Chl a concentration is used as a measure
of biological activity (phytoplankton
biomass) in the surface ocean, and
high biological activity, as observed in
productive regions with high
concentrations of chl a, may affect the
organic composition of aMA [O’Dowd
et al., 2004]. The alkane group fraction of
the OM in gPMA particles is correlated
with the chl a concentration (r=0.66)
over the range measured in this study
(Figure 10a). Consequently, the hydroxyl
functional group fraction of gPMA is
negatively correlated with the chl a
concentration (r =�0.67; Figure 10b).
Together, the Sea Sweep and Bubbler-
generated gPMA suggest a difference
between the OM composition of gPMA
from productive and nonproductive
seawater (Table 4), indicated by high
and low seawater chl a concentrations,
respectively. There is a consistently
higher fraction of alkane functional
groups in the gPMA from the productive
seawater of CalNex and WACS Station 1
(42±9%) than from the nonproductive
seawater at WACS Station 2 (22±10%).
As discussed above, longer time
series of measurements in a broad
range of ocean conditions are needed
to confirm this result.

The average composition of the
surface seawater OM in the productive

and nonproductive seawater is fairly similar, which is consistent with measurements that found no
significant differences in seawater film composition (including inorganic and organic components) in
eutrophic and oligotrophic seawater [Williams et al., 1986]. At WACS Station 1, seawater was also collected
at a depth of 27.2m, and at WACS Station 2, seawater was collected at a depth of 2500m. The OM in
these samples is similar to the surface seawater composition, with a variation of less than 5%.

These differences in gPMA OM composition between the productive and nonproductive seawater during
WACS are also observed in the single-particle types measured by STXM-NEXAFS. In the productive seawater,
there were 6 high O/C particles and 9 low O/C particles with diameters of 0.65 to 1.5μm, while in the
nonproductive seawater, there were 12 high O/C and 7 low O/C particles measured with diameters less than
1.5μm. While the small number of particles analyzed by STXM-NEXAFS was selected based on carbon
content and may not be representative of the entire OM particle population, these measurements indicate
that there may be a higher fraction of low O/C particles in the gPMA from the productive seawater. This is in
agreement with the larger fraction of alkane functional groups measured by FTIR in the gPMA generated in
the productive seawater compared to the oligotrophic seawater.

Additionally, the alkane group fraction of PMA calculated using a classical Langmuir theory model,
combined with estimates of ocean distributions of several classes of chemical compounds [Burrows et al.,
2014], correlates with chl a concentration. The model posits that a group of primarily aliphatic, lipid-like

( )

Figure 10. (a) Correlation of alkane functional group fraction of gPMA OM
with seawater chl a concentrations (r= 0.66) and (b) negative correlation of
hydroxyl functional group fraction of gPMA OM with seawater chl a con-
centrations (r=�0.67) during WACS and CalNex (over the range of chl a
concentrations measured in this study). The markers represent sample types
as Sea Sweep (circles), Bubbler (squares), and seawater (open triangles). The
seawater alkane andhydroxyl functional groupOM fractions do not correlate
with chl a concentrations, indicated with the dashed lines. The shaded boxes
around individual markers (3 Bubbler and 5 seawater samples) are samples
where the alkane functional group mass is above the detection limit but
below the limit of quantification (twice the standard deviation), making the
alkane mass fraction have an uncertainty of >50% rather than 20%.
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compounds is present in concentrations
that are correlated with chl a and that
this group outcompetes other molecules
for inclusion in the bubble film due to its
strong surface affinity. The direction of
the model-predicted chl a to alkane
group fraction relationship is the same
as observed in this study, even though
themodel does not fully reflect the scale
of the observed values. The same model
also predicts a lack of correlation
between the predicted seawater OM
alkane group fraction and the seawater
chl a concentration, similar to this study.
These similar trends suggest consistency
between the measurements and the
classical Langmuir theory model.
4.3.3. Proposed Explanations for the
Retention of Polysaccharide-Like OM
in Seawater and the Enhancement of
Alkane Groups in gPMA
Here we consider the processes by
which the OM composition from
seawater changes as particles form
from bubbles bursting in seawater. Two
processes are needed to explain the
observations of (i) the similarity of
gPMA to monosaccharide and
disaccharide OM and (ii) the relative
enhancement of alkane functional
groups in gPMA. These are summarized
in Figure 11 and are discussed below.

The retention of polysaccharide-like OM in the seawater, resulting in its depletion relative to monosaccharide
and disaccharide-like OM in gPMA, is likely the result of the polysaccharide-like OM not being incorporated
into the bubble films that produce particles. One possible explanation for this preferential partitioning is
that polysaccharides can form transparent exopolymer gels in the surface microlayer [Wurl and Holmes, 2008;
Verdugo et al., 2004; Decho, 1990], and such colloidal structures could prevent their inclusion in the bubble
films and consequently their partitioning in the aerosol phase. Previous studies [Bigg and Leck, 2008; Leck
and Bigg, 2005] have observed polysaccharide gels in marine aerosol, but it is possible that there is
proportionally less polysaccharide-like OM in the aerosol than in the seawater. Another possible explanation
is that polysaccharides could be cleaved by ultraviolet radiation at the sea surface [Orellana and Verdugo,
2003], reducing the abundance of polysaccharides available at the sea surface to contribute to the films that
make aerosol particles.

The samples taken in productive seawater have higher concentrations of chl a (Table 3), indicative of higher
phytoplankton concentrations, which have been associated with increased surfactant concentrations [Zutic
et al., 1981; Sellegri et al., 2006;Wurl et al., 2011]. This connection provides the opportunity to use chl a as a proxy
for surfactant concentrations. Even though the organic functional group composition of seawater is the
same in productive and nonproductive seawater, the chl a concentrations are different and that small
(below detection limit) change in organic composition is sufficient to account for substantial changes in
surfactant properties of the seawater [Modini et al., 2013]. Higher concentrations of surfactants increase
bubble persistence at the seawater surface before bursting [Sellegri et al., 2006], as observed with
individual bubbles in the laboratory [Modini et al., 2013]. The longer bubbles persist, the more the bubble
films are allowed to drain [Blanchard, 1963], so an increase in persistence time leads to additional drainage
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Figure 11. Average functional group composition of OM in (top) gPMA
generated with the Sea Sweep and Bubbler, (middle) surface seawater,
and (bottom) deep seawater at 27.4m and 2500mmeasured in (left column)
productive and (right column) nonproductive seawater during WACS. The
colors in the pies represent the organic functional group fractions for
hydroxyl (pink), alkane (blue), and amine (orange). The bubbles show the
bubble draining process in both seawater types, with more surfactant in the
productive seawater. The OM is shown as hydrophobic (blue squares),
hydrophilic (pink circles), and polysaccharides (red circles).
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from the films. Since the more soluble constituents of the bubble film drain more than the less soluble
ones, the compounds with higher fractions of hydroxyl groups preferentially drain from the bubble film
leaving the more insoluble organic compounds (including molecules with higher fractions of alkane
groups) [Oppo et al., 1999; Russell et al., 2010]. The result is that the bubble films that form in productive
seawater have a larger fraction of alkane groups by the time the bubble film ruptures, which then forms
PMA particles that are enriched in alkane groups. Figure 11 illustrates this process of preferential draining
of the more soluble molecules and the resulting enrichment of the alkane group fraction in the gPMA OM
generated from productive seawater. This process is similar to the draining proposed by Facchini et al.
[2010], in support of their finding that water-insoluble organic components were enhanced in gPMA.

5. Conclusions

The organic functional group composition of aMA (defined as particles collected more than 1 km from land
and sampled in air masses with 3 day back trajectories originating over the open ocean) in five ocean regions
including the northern Atlantic, Arctic, southeastern Pacific, and northeastern Pacific, both coastal and
remote, was determined by FTIR spectroscopy and independent variables (sea salt, solar radiation, etc.) to
have contributions from both clean and polluted sources. Ocean-derived organic aMA included atmospheric
primary marine aerosol particles (aPMA) and carboxylic acid-enriched primary marine aerosol particles (CMA),
which had average OM concentrations of 0.45 and 0.68μgm�3 and represented 23% and 14% of the total
sampling time, respectively. Shipping-influenced marine aerosol particles (SMA) and mixed marine aerosol
particle (MMA) OM accounted for 63% of the sampling time with a total aMA average OM of 0.55μgm�3

observed in four of the five sampling regions, confirming the ubiquitous contribution of nonnatural sources
to aerosol particles in the MBL.

The average (and variability indicated as one standard deviation) functional group composition of aPMA OM
is 65 (±12)% hydroxyl, 21 (±9)% alkane, 6 (±6)% amine, and 7 (±8)% carboxylic acid functional groups, similar
to an overall molecular composition of marine saccharides and amino sugars, such as chitosan and
glucosamine, which contain 59% hydroxyl, 27% alkane, and 14% amine functional groups. aPMA was
measured during high wind speeds, had a high corresponding concentration of sea salt (OC/Na+ of 0.45), and
showed a correlation between corresponding Na+ concentration and wind speed (r=0.70), all indicative of a
primary, ocean-derived source of OM. The aPMA OM is similar in composition to the gPMA OM generated
from the Bubbler and the Sea Sweep (55± 14% hydroxyl, 32 ± 14% alkane, and 13 ± 3% amine functional
groups). This shows that aPMA is dominated by direct, primary emissions from seawater, making primary
emissions from seawater an important source of organics to the MBL, with aPMAmeasured during 23% of the
sampling time.

The other ocean-derived OM type CMA contains 49 (±6)% hydroxyl, 24 (±7)% alkane, 4 (±4)% amine, and
22 (±6)% carboxylic acid functional groups. The relative increase in the carboxylic acid functional group
fraction, compared to the aPMA (7 ± 8%), is likely the result of contributions from photochemical oxidation in
the atmosphere to form secondary products with carboxylic acid functional groups. This is shown by the
correlation (r= 0.73) of the carboxylic acid functional group fraction of CMA OM with solar radiation for
samples with solar radiation greater than 100Wm�2.

The organic functional group composition of gPMA directly follows changes in seawater organic composition.
One example of this was observed in the increase in the alkane functional group fraction of gPMA generated
in the San Francisco Bay and shipping lanes (62%) compared to the gPMA farthest outside of the bay (37%).
The higher-traffic shipping lanes contribute fuel waste to the bay, which results in a higher alkane functional
group fraction in the seawater OM and corresponding gPMA.

Even though the organic composition of the seawater OM and gPMA contain the same functional groups
(hydroxyl, alkane, and amine) in nearly the same proportions, there is a difference in the saccharide
compositions of the gPMA and seawater OM, which is evident in the differences in the hydroxyl group peak
locations of their spectra. The hydroxyl group peak location of the gPMA (3369 ± 10 cm�1) is similar to
monosaccharide and disaccharide molecules (3373 ± 4 and 3383 ± 4 cm�1, respectively) within the measured
variability (4–10 cm�1) and the method error (±6 cm�1). The seawater OM hydroxyl group peak location is at
higher wavenumbers (3401 ± 14 cm�1) and is consistent with having more polysaccharide contributions
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(hydroxyl group peak location of 3425 ± 24 cm�1). The difference between the seawater and gPMA OM,
demonstrated by the differences in their hydroxyl group peak locations (3401 ± 14 cm�1 and 3369± 10 cm�1,
respectively), results from the more polysaccharide-like OM remaining in the seawater during gPMA
production. However, given the variability in the peak locations, a larger number of samples would be
needed to identify the extent of the chemical difference between seawater and gPMA.

One other chemical difference is that the gPMA OM composition had a larger fraction of alkane functional
groups when generated in eutrophic, productive seawater (42± 9%) compared to oligotrophic, nonproductive
seawater (22± 10%). The gPMA organic functional group composition variationwas not the result of a seawater
organic functional group change, since the seawater alkane functional group fraction was consistently around
17% in both the productive and nonproductive regions. The difference in the gPMA from productive and
nonproductive seawater may be the result of a change in the seawater surfactant concentration identified by
the difference in chl a concentrations. The correlation (r=0.66) between the gPMA alkane functional group
fraction of OM and chl a concentration suggests that the alkane functional group fraction of gPMA may be
directly related to the chl a concentration, suggesting a link between the ocean ecosystem biotic population
and the aerosol composition. The difference may be a result of the higher concentration of surfactants (and chl
a) in the productive seawater, which could increase the persistence time of the bubbles and allow for more
draining of the soluble organics, including those with hydroxyl functional groups, from the bubble film before
bursting. This process could result in a larger fraction of alkane functional groups in the bursting bubble film
OM and the resulting gPMA from productive seawater than from nonproductive seawater. Further
measurements are needed to test this hypothesis.
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