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Abstract

The molecular characteristics of aerosol organic matter (OM) determines to a large extent its impacts on the atmospheric radiative
budget and ecosystem function in in terrestrial and aquatic environments, yet the OM molecular details of aerosols from different
sources are not well established. Aerosol particulate samples having North American-influenced, North African-influenced, and
marine (minimal recent continental influence) air mass back trajectories were collected as part of the 2011 trans-North Atlantic US
GEOTRACES cruise and analyzed for their water soluble OM (WSOM) molecular characteristics using electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry. Principal component analysis (PCA) separated the samples into five
groups defined by distinct molecular formula characteristics. An abundance of nitrogen containing compounds with molecular
formulas consistent with amino acid derivatives defined the two samples comprising the Primary Marine group suggesting a primary
marine biological source to their WSOM in spite of their North American-influenced air mass trajectories. A second group of samples
(Aged Marine) having primarily marine air mass trajectories was characterized by an abundance of low O/C (0.15-0.45) sulfur
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containing compounds consistent with organosulfate compounds formed via secondary aging reactions in the atmosphere. Several
samples having North American-influenced air mass trajectories formed another group again characterized by organosulfate and
nitrooxyorganosulfate type compounds with higher O/C ratios (0.5-1.0) than the Aged Marine samples reflecting the combustion
influence from the North American continent. All the samples having North African-influenced air mass trajectories grouped together
in the PCA and were characterized by a lack of heteroatom (N, S, P) containing molecular formulas covering a wide O/C range (0.15-
0.90) reflecting the desert source of this WSOM. The two marine groups showed molecular formulas that, on average, had higher H/C
ratios and lower O/C ratios and modified aromaticity indices than the two continentally-influenced groups suggesting these properties
are characteristic of marine vs. continental aerosol WSOM. The final sample group, the Mixed Source samples, showed intermediate
molecular characteristics suggesting no dominant continental or marine source. The source-specific OM details described here will aid

efforts to link aerosol OM source with molecular characteristics and impacts in the environment.

1 Introduction

Natural and anthropogenic atmospheric aerosols play significant roles in important environmental processes impacting climate via
direct and indirect effects on the Earth’s radiative balance (e.g., Charlson et al., 1992; Ramanathan et al., 2001; Hansen et al., 2005;
Booth et al. 2012), human health via reduction in air quality due to increased atmospheric loadings of particles and pollutant
compounds (e.g., Davidson et al., 2005; Brook, 2008), and biogeochemical cycles and ecosystem function via the atmospheric
delivery of nutrients (e.g., Duce and Tindale, 1991; Prospero et al., 1996; Duarte et al., 2006; Baker et al., 2010), organic matter (e.g.,
Wozniak et al., 2011; 2013), and pollutants (e.g., Driscoll et al., 2001; Rhind, 2009). Aerosol organic matter (OM) is an important

component within aerosols making up to 90% of the aerosol fine particle load in some areas (Kanakidou et al., 2005). In the
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atmosphere, aerosol OM can absorb (or scatter) light contributing a warming (or cooling) effect to the atmospheric radiative budget
via the direct effect (e.g., Ramanathan et al., 2001; Hansen et al., 2005) or act as condensation nuclei contributing to the growth of
clouds impacting climate via the indirect effect (e.g., Ramanathan et al., 2001). Much of this OM is ultimately transported and
deposited to terrestrial and aquatic systems where it has been implicated as an important OM source to riverine export (Likens et al.,
1984; Velinsky et al., 1986; Wozniak et al., 2011) and as a complexing agent facilitating the delivery of soluble, bioavailable Fe to the
ocean (Paris and Desboeufs, 2013; Wozniak et al., 2013).

The chemical characteristics of aerosol OM have a major role on its environmental effects. For example, aromatic and double
bond functional groups impart a light absorbing property to OM (Andreae and Gelencser, 2006), water soluble OM components have
hygroscopic properties that increase cloud condensation nuclei formation (Chan et al., 2005), and the presence of carboxylic
functionalities has been suggested to allow combustion-derived aerosol OM to complex with Fe and facilitate its delivery to the ocean
in bioavailable form (Wozniak et al., 2013). With the acknowledged roles in climate and ecosystem function and the disparate sources
(e.g., natural terrestrial, anthropogenic biomass and fossil fuel combustion, primary marine biogenic, secondary formation) of aerosol
OM, it is important to understand the defining physical and chemical characteristics of aerosol OM from the different sources so we
can model and predict ecosystem and climate responses to changes in the relative and overall magnitudes of source-specific aerosol
OM emissions. Yet, at present the source specific chemical characteristics of aerosol OM are not well defined. This problem is

particularly challenging for primary sea spray sources due to difficulties collecting aerosol samples in remote marine environments,
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analytical challenges related to the low OM atmospheric loadings of marine aerosols, and the fact that aerosols over ocean
environments often contain OM from both continental and marine sources (Meskhidze et al., 2013).

While global aerosol OM budgets are uncertain, models suggest that marine-derived aerosol OM, emitted via sea spray as primary
aerosols or formed by secondary processes from volatile organic precursors (O’Dowd and de Leeuw, 2007; Gantt and Meskhidze,
2013), account for approximately 10 Tg (range: 2-100 Tg yr'"; Gantt and Meskhidze, 2013 and references therein) of the estimated
150 Tg organic aerosols emitted each year globally (range: 60-240 Tg yr™; Hallquist et al., 2009). Access to the marine environment
for the purposes of aerosol sampling can be difficult, and as a result, much less is known about the chemical composition of aerosol
OM from marine as compared to continental sources. Much of what is known about marine aerosol OM chemical composition results
from studies of aerosols collected at coastal or remote island sites (e.g., Gagosian et al., 1981; Facchini et al., 2008; Claeys et al.,
2010; Ovadnevaite et al., 2011), shipboard during research cruises (e.g., Hawkins et al., 2010; Schmitt-Koplin et al., 2012), aboard
research flights (Hawkins and Russell, 2010; Russell et al., 2010), or via bubble bursting experiments that produce aerosols artificially
from seawater (e.g., Kuznetsova et al., 2005; Facchini et al., 2008; Schmitt-Koplin et al., 2012). These studies have identified likely
biological primary emissions of marine aerosol OM such as carbohydrate or polysaccharide-like and amino acid or protein-like
compounds (Kuznetsova et al., 2005; Hawkins et al., 2010; Hawkins and Russell, 2010; Russell et al., 2010) as important constituents.
Other studies have detected organosulfate compounds (Claeys et al., 2010; Hawkins et al., 2010; Ovadnevaite et al., 2011) and small

organic ammonium compounds (Facchini et al., 2008) suggesting them to have marine secondary sources. Still other studies have
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identified various carboxylic acid compounds (Decesari et al., 2011; Schmitt-Koplin et al., 2012) and aliphatic amines (Decesari et al.,
2011).

While these studies have increased our understanding of aerosol OM composition that allow us to relate aerosol OM composition
to environmental impact, much work still needs to be done to understand what governs the molecular composition of aerosol OM and
its components (e.g., water insoluble OM (WIOM), water soluble OM (WSOM), particle size fractions) in various parts of the world’s
oceans, at different times of the year, subject to different influences (e.g., aerosol sources, oceanographic and meteorological
conditions), and using all available analytical tools. In particular, studies that increase coverage of the ocean and that are able to
distinguish between marine and continental sources are needed. Analyses of field collected marine aerosol OM seeking to
unambiguously identify marine-derived components are complicated by the presence of continentally transported aerosol OM over the
marine environment, but multivariate statistical approaches offer a way to distinguish defining differences among datasets. For
example, Hawkins et al. (2010) used positive matrix factorization to separate aerosols collected over the southeast Pacific Ocean into a
marine component containing organic hydroxyl functional groups indicative of carbohydrate-like compounds and a saturated aliphatic

carboxylic acid combustion component.

The WSOM fraction of aerosols is thought to enhance cloud condensation nuclei formation (Chan et al., 2005), has been
investigated as a possible ligand for bioavailable and soluble Fe (Wozniak et al 2013) for biological production in high nutrient low

chlorophyll regions, and is the focus of this study. WSOM is analyzed here by Fourier transform ion cyclotron resonance mass
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spectrometry (FTICR MS) coupled to electrospray ionization (ESI), an analytical tool that effectively characterizes natural OM and
has begun to be used to study aerosol OM (e.g., Reemtsma et al., 2006; Wozniak et al., 2008; Lin et al., 2012) including marine
aerosol OM (Schmitt-Koplin et al., 2012). This study examines the WSOM characteristics of 24 aerosol samples collected as part of
the 2011 trans-North Atlantic US GEOTRACES cruise. Principal component analysis (PCA) is performed on data derived from the
FTICR MS spectra obtained for the 24 samples to investigate the defining molecular characteristics of aerosols influenced to varying
degrees by primary and secondary marine, continental combustion (North America), and continental dust (North Africa/Saharan dust)
sources. In so doing, this study provides 1) increased spatial coverage of the molecular characteristics of aerosol WSOM over a vast
portion of the North Atlantic Ocean for which aerosol WSOM has not been characterized and 2) important information on the source-

specific molecular characteristics of aerosol WSOM produced in and transported to the marine environment.

2  Methods

2.1 Sample collection, handling, and storage.

Aerosol total suspended particulate samples were collected aboard the R/V Knorr along a transatlantic transect between 7
November and 9 December 2011 (n=24) (Figure 1) as part of the 2011 US GEOTRACES program cruise (www.geotraces.org).
Briefly, air was pulled through precombusted (480°C, 10 h) quartz microfiber (QMA) filters (20.3 cm x 25.4 cm, 406 cm? exposed
area, 0.6 um effective pore size) deployed in a high-volume aerosol sampler (model 5170-BL, Tisch Environmental) operating at

approximately 1.2 m* air min™. These high-volume aerosol samplers are similar to those used in many studies of marine aerosols
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(Arimoto et al., 1995; Prospero, 1999; Baker et al., 2006). Material retained on the filters was operationally-defined as “total
suspended particulates”. Sample face velocities were 50 cm s™ and durations averaged 19.4 h (range = 5.9-29.6 h) with the volume of
air filtered averaging 1440 m® (range = 400-2200 m®). Sample details can be found in the supplementary information (Supplementary
Table 1). Filters were visually inspected during sampling to estimate particulate loading, and where low particulate loads were
observed the samplers were allowed to run for longer durations. All filters were stored frozen prior to processing, both on the ship and

upon returning to the laboratory.

Samplers were deployed on the ship’s flying bridge (14 m above sea level) as high off the water as possible. Contamination
from the ship’s stack exhaust was avoided by controlling aerosol sampling with respect to wind sector and wind speed using an
anemometer interfaced with a Campbell Scientific CR800 datalogger. The samplers were allowed to run when the wind was 60
degrees from the bow and > 0.5 m/s. When the wind failed to meet these two criteria, the motors were shut off automatically and not
allowed to restart until the wind met both the speed and direction criteria for 5 continuous minutes. The anemometer was deployed
nearby on a separate pole in “free air” where turbulence from the wind crossing the bow did not cause the wind vane to wobble

excessively.
2.2 WSOM Isolation.

The QMA filter samples were cut into subsamples using ceramic-bladed scissors, stored frozen in the dark to preserve the OM,

and 1/4 of each sample was shipped on ice to Old Dominion University (ODU) and stored frozen prior to analysis. WSOM was

7
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isolated following published procedures for desorbing aerosol WSOM from total suspended particulate material on filters (e.g., Siefert
et al., 1994; Wozniak et al., 2008; 2012; 2013). Aerosol subsamples (~29 cm?) were placed in pre-combusted glass jars, and 25 mL of
ultrahigh purity (MilliQ) water was added. The jars were wrapped in aluminum foil to keep out ambient light and placed on an orbital
shaker table (VWR model 57018-754) for 2 hours, which is sufficient time to desorb >90% of WSOM (Wozniak et al., 2012). The
water was then filtered through a pre-combusted GF/F filter (0.7 um pore size) using a pre-cleaned (10% HCI) syringe to isolate the
WSOM. Ten mL of WSOM was saved for FTICR analyses, and the remaining 15 mL was frozen and saved for analyses not discussed
here.

2.3 Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FTICR-MS).

Aerosol WSOM (10 mL) was solid-phase extracted using a styrene divinyl benzene polymer (PPL, Varian) cartridges
following published procedures (e.g., Dittmar et al., 2008; Mitra et al., 2013). The PPL cartridge was rinsed with two cartridge
volumes of LC—MS grade methanol and acidified Milli-Q water before the pre-filtered and acidified aerosol WSOM was loaded onto
the cartridge. The relatively hydrophobic dissolved OM (DOM) is retained on the PPL cartridge while highly hydrophilic WSOM and
salts (which would otherwise compete with the aerosol WSOM for charge during ESI) pass through the cartridge. The cartridge was
then rinsed with 0.01 M HCI to ensure complete removal of salts, dried under a stream of ultrapure nitrogen, and eluted with one
cartridge volume (~3 mL) of methanol. Previous work has estimated that ~60% of dissolved OM is retained using this technique

(Dittmar et al., 2008). Though previous studies have added ammonium hydroxide prior to ESI in order to increase ionization, tests
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showed that higher quality spectra (more organic matter peaks) were obtained without the addition of base, and samples were infused
to the ESI in methanol alone. Samples were continuously infused into an Apollo Il ESI ion source of a Bruker Daltonics 12 T Apex
Qe FTICR, housed at ODU’s COSMIC facility. Samples were introduced by a syringe pump at 120 uL h™®. All samples were analyzed
in negative ion mode; ions were accumulated in a hexapole for 0.5 s before being transferred to the ICR cell, where 300 transients
were co-added. The summed free induction decay signal was zero-filled once and sinebell apodized prior to fast Fourier

transformation and magnitude calculation using the Bruker Daltonics Data Analysis software.

All mass spectra were externally calibrated with a polyethylene glycol standard and internally calibrated with naturally
occurring fatty acids and other homologous series present within the sample (Sleighter and Hatcher, 2008). A molecular formula
calculator (Molecular Formula Calc v. 1.0 ©NHMFL, 1998) generated molecular formulas using carbon (*2Csg s0), hydrogen (*Hs 100),
oxygen (*°0;. 30), nitrogen (**Ng s), sulfur (%3S, 2), and phosphorous (3'Py »). Peaks identified in process blanks (PPL extract of QMA
filter blank WSOM) were subtracted from the sample peak list prior to formula assignment. Only m/z values in the range of 200-800
with a signal to noise ratio above 3 were used for molecular formula assignments. The mean mass resolution for all samples over that

mass range was 560,000.

Constraints corresponding to the standard range of atomic composition for natural organic matter were applied during formula
assignment following previous work (Stubbins et al., 2010; Wozniak et al., 2008): 1) O/C < 1.2; 2) 0.3 <H/C < 2.25; 3) N/C <0.5; 4)

S/IC <0.2; 5) P/C <0.2; 6) DBE > 0 and an integer value. The term DBE is the number of double bond equivalents, which is the

9



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

number of double bonds and rings in a formula (e.g., Hockaday et al., 2006). The measured m/z values and assigned formula
calculated exact masses all agreed within the maximum allowed error of 1.0 ppm, and >90% of formulas were within 0.5 ppm. An
unequivocal formula is found for m/z values below 450, but above this, multiple formulas may match the measured m/z value. In
order to ensure a unique formula per peak, a formula extension approach similar to that described by Kujawinski et al. (2009) was
used to identify appropriate formulas. Additional constraints are placed on the proportion of heteroatoms using the following criteria
(Kujawinski et al., 2009): 1) each formula should have numbers of N and S atoms that are each fewer than the number of oxygen

atoms, and 2) the sum of the N and S atoms should be the lowest possible.

The spectral magnitude for a given peak results from a combination of the concentrations of the isomeric compounds
representing a given molecular formula in the actual WSOM, how ionizable those compounds are using ESI, and the FTICR MS
analytical window. ESI FTICR MS is thus not a purely quantitative technique. Nonetheless, for comparisons of samples measured
using the same instrumental conditions, the relative spectral magnitude contributed by elemental formulas and formula groups
(magnitude weighted contributions) has been used as an instructive qualitative measure (e.g., Wozniak et al., 2008; Sleighter et al.,
2009; Mazzoleni et al., 2010; O’Brien et al., 2012; Schmitt-Koplin et al., 2012). Magnitude weighted elemental formula group

fractional contributions (e.g., %CHO, %CHON, %CHOS, etc.) were calculated as follows:

%Xy = 100 * £ My (1)
10
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where %X,, represents the magnitude weighted elemental formula fractional contribution, and £ Mx denotes that the relative
magnitudes are summed over the elemental formula combination (e.g., CHO, CHON, CHOS, CHONS, CHONP, CHOSP) of interest.

Magnitude weighted O/C, H/C, and modified aromatic index (Almeq) Values for a given sample were calculated as follows:

Yo=2ZYn* I\/In, (2)

where Y,, represents the magnitude-weighted parameter of interest (O/C, H/C, Alnog), N denotes that the summation includes all
assigned formulas in a given sample, and M represents the relative spectral magnitude for the assigned elemental formula. The O/C
and H/C ratios are calculated by dividing the number of O (or H) atoms by the number of C atoms in a given assigned formula. Almoqg
is a measure of the probable aromaticity for a given OM molecular formula assuming that half of the oxygen atoms are doubly bound

and half are present as o bonds (Koch and Dittmar, 2006):

Alpoa = (1 +C—0.50 S~ 0.5H)/(C-0.50-S - N -P), 3)

11
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where C, O, S, H, N, and P represent the number of carbon, oxygen, sulfur, nitrogen, and phosphorus atoms in a given molecular
formula. The Alnog Scale ranges from O for a purely aliphatic compound to 1 with increasing values found for compounds showing

higher numbers of double bonds and relative aromaticity.

2.4 Data Analyses.

2.4.1 Principal Component Analysis (PCA) was performed on FTICR-MS datasets using an in-house developed Matlab script.
Before being utilized for PCA, the 500 most intense peaks that were assigned molecular formulas were identified for each sample.
This amounted to a total of 3077 molecular formulas that represented the input variables for the PCA. The relative intensity (the
intensity of a peak divided by the summed intensities for all peaks assigned formulas, a score of 0 was given to molecular formulas not
present in a sample) of each of these peaks within all 24 samples was determined and used to generate the matrix for the PCA. The
PCA was performed for this initial list of 3077 molecular formulas and with the 2408 molecular formulas that were present in at least
3 samples (>12% of all samples). The OM compounds represented by this molecular formula list (n = 2408) are responsible for the
majority (52-92%) of the spectral magnitude in the samples indicating that the compounds are high in concentration and/or are
efficiently ionized and detected by negative ion ESI FTICR MS. Using this reduced molecular formula list concentrated the analyses

on the most abundant peaks and removed the influence of molecular formulas present in only a few samples.

12
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PCA uses an orthogonal transformation to reduce multiple variables into fewer dimensions called principal components (PCs)
that are generated by the PCA and defined by PC loadings ascribed to each variable (in this case, the 2408 or 3077 assigned molecular
formulas). Each sample receives a score for each PC based on the magnitude of its input variables and the corresponding loadings for
those variables to each PC. Samples with high PC1 scores (for example) can thus be expected to have high contributions from
variables showing high loadings for PC1. The first PC explains the largest portion of the variance in the dataset, and each successive
PC is orthogonal to the previous PC and explains the largest portion of the remaining variance in the dataset. PCs can then be plotted
on 2-d and 3-d plots created from sample scores to evaluate the differences between samples.

2.4.2 Air Mass Back Trajectory Simulations were performed using the publicly available NOAA ARL HYSPLIT model (Rolph,
2012; Draxler and Rolph, 2012). Back trajectories (120 hours) were calculated from the ship’s position and collection time using the
ensemble form of the model. The ensemble mode reveals the effects from small-scale meteorological variability on the trajectories
(Draxler, 2003). In order to investigate the behavior and fate of aerosols in the marine boundary layer (MBL, typically 400-1200 m
thickness), an arrival height of 250 m was chosen. This height is also the minimum height for optimal configuration of the ensemble.
Given the uncertainty of the air mass behaviors within the MBL, this height was chosen to best characterize air mass trajectories at our
sample collection height. Simulations were also conducted using higher (1500 m) arrival heights, which returned similar results (data
not shown). Air masses were characterized operationally as North American or North African if more than half of the air mass

trajectory simulations extended to these regions, as is shown in Figure 2. If less than half of 5 day air mass trajectory simulations
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extended to continents, the sample was classified as ‘marine’. It is noted that air masses categorized as ‘marine’ may very well contain
aerosol OM from distant (> 5 days) continental sources. Additionally, because all the samples were collected over the marine
environment, they are all expected to be influenced by marine sources to some degree. Where possible, visual inspection of the QMA
filters was used to corroborate air mass trajectory simulations for determination of aerosol source influence. Specifically, filters with
an orange color to the particulate matter were determined to have a North African dust influence and were assigned as North African if

air mass trajectories were ambiguous.

3 Results and Discussion

Air mass trajectory analyses showed the dataset to be comprised of 9 marine (Mar4-12), 7 North African-influenced (N Afr9-15), and
8 North American-influenced (N Am1-8) aerosol samples (Figure 1). These classifications are operationally-defined and used as just
one guideline to help delineate the provenance of aerosol WSOM in each sample. Visual inspection of the filters show each of the
North-African-influenced samples to have a reddish-orange color demonstrating an influence from desert dust as has been found in

previous studies (e.g., Baker et al., 2006) while the remaining samples all showed very little color at all.

3.1 General FTICR MS Characteristics. Formula assignments from the FTICR MS-derived m/z information for the 24 aerosol
WSOM samples revealed 11,813 unique molecular formulas. CHON formulas were the most abundant of the elemental formula

combinations (3,441, 29% of all formulas) followed by CHO (3,282, 28% of all formulas), CHOS (1,910, 16% of all formulas),
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CHOP (1,355, 11% of all formulas), CHONS (971, 8% of all formulas), CHONP (686, 6% of all formulas), and CHOSP (168, 1% of
all formulas) formulas (supplementary Table 2). In spite of this distribution among the total dataset, CHO (26-79%) formulas were the
most abundant elemental formula type for 22 of the 24 individual samples and the second most abundant formula type in N Am 6 and
N Am 7 which both showed high contributions from CHON formulas. CHON (2-44%), CHOS (5-38%), and CHOP (3-13%) formulas
were the second most abundant elemental formula type within a sample for 6, 15, and 1 samples, respectively, (see supplementary

Table for details) while CHONS (~0-11%), CHONP (~0-6%), and CHOSP (0-5%) formulas were less frequently observed.

As has been observed in previous studies of negative ion ESI FTICR MS data, using magnitude weighted abundances
increases the importance of CHO and CHOS formulas relative to formulas containing N or P (Wozniak et al., 2008; Sleighter et al.,
2009). CHO formulas accounted for the largest portion of the spectral magnitude in 19 of 24 samples, CHOS formulas were most
abundant in 3 marine samples (Mar6, Mar7, Mar 12), and CHON formulas were most abundant in N Am 6 and N Am 7. The CHOS
(12 of 24), CHON (6 of 24), CHO (5 of 24), and CHOP (1 sample) formula groups were all second in magnitude-weighted abundance

for various samples (Supplementary Table 1).

Of the 11,813 molecular formulas, 614 and 248 formulas were present in at least 18 (75%) and 22 (92%) of the 24 samples,
respectively (Figure 3). The majority of these formulas were CHO formulas with H/C ratios between 1.05 and 1.75 and O/C ratios

between 0.2 and 0.7 or CHOS formulas with H/C ratios between 1.45 and 1.95 and O/C ratios between 0.25 and 0.7. All of these
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formulas were also found in at least one of 18 aerosol WSOM samples isolated from aerosol particulates collected in Virginia and
New York, USA (Wozniak et al., 2008; Wozniak, unpublished data) suggesting that these CHO and CHOS compounds are ubiquitous
in continental and oceanic atmospheres and not particularly characteristic for WSOM from marine sources. CHO and CHOS formulas
with these H/C and O/C ratios are ubiquitous in natural DOM of many types including continental rainwater, fog water, riverine,
estuarine, and deep sea DOM (e.g., Sleighter et al., 2008; Mazzoleni et al., 2010; Mitra et al., 2013; Rossel et al., 2013) making
assignment of the source of any of these formulas in a given natural OM sample difficult. Their ubiquity amongst marine and
terrestrial samples and similar H/C and O/C ratios to those for laboratory generated SOA (Kourtchev et al., 2014) suggest that they

may be SOA products of monoterpene volatile organic compounds.

3.2 Principal Component Analysis. An initial PCA (data not shown) performed using the relative spectral magnitude of the 500
most intense formulas found in every sample showed two samples (N Am 6 and N Am 7) with molecular characteristics that are
extremely different than the other 22 samples. These two samples were collected very close to Bermuda (< 150 km), the island nation
near the western edge of the Sargasso Sea 1000 km from the North American mainland, one week after tropical storm Sean passed
through the region and had air mass back trajectories characterized as North American-influenced. The unique molecular composition
of these two samples may thus be due to the effects of tropical storm Sean creating a turbulent wave environment that emitted marine-
derived sea spray aerosol OM into the atmosphere or to a strong North American source of OM. Examination of the molecular

formulas in these two samples found 162 molecular formulas present in these two samples that were found in no other sample. The
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majority (144) of these unique molecular formulas contain N (1-5 nitrogens) and have high H/C (1.6-2.0) and low O/C (0.2-0.4) ratios,

characteristics of peptide-like compounds. These samples are discussed in more detail in the Primary Marine sample group section.

To remove the impact of infrequently occurring molecular formulas that drive the PCA scores (following Sleighter et al.,
2010), molecular formulas occurring in fewer than 3 samples (< 12% of the 24 samples) were removed from the PCA loading matrix
reducing the number of loading variables from 3,077 to 2,408. The relative distribution of elements in the formulas is quite different
than the complete list of 11,813 assigned formulas better reflecting the relative spectral magnitude and the approximate distribution of
the elemental formula groups within a given sample. These 2,408 formulas are made up of 1,172 (49%) CHO, 592 (25%) CHOS, 364
(15%) CHON, 112 (4.7%) CHOP, 90 (3.7%) CHONS, 70 (2.9%) CHONP, and 8 (0.3%) CHOSP formulas (Figure 4). The first 3 PCs
generated by this PCA account for 51% of the variance in the dataset and separate the 24 samples into 5 distinct groups (Figure 5a).
The sample groups are categorized based on their distinct characteristics as defined by the PCA loadings (the molecular formulas;
Figure 5b) that correspond to a given group’s PCA scores and the predominant air mass trajectories for the members of each group.
They are (with the identities of samples making up each group listed in parentheses) as follows: 1) Primary Marine (N Am 6,7); 2)
Aged Marine (Mar 5,6,7,9,12); 3) North American-Influenced (N Am 1,2,3,4,5); 4) North African-Influenced (N Afr

9,10,11,12,13,14,15); 5) Mixed Source (Mar 4,8,10,11, N Am 8).

3.3 Primary Marine OM samples. Even with the removal of infrequently occurring molecular formulas, the PCA separates the two

outlier samples, N Am 6 and N Am 7, into their own group highlighting their unique character relative to the other samples in this
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dataset. While the air mass trajectories for N Am 6 and N Am 7 extend back to the North American continent, the WSOM molecular
characteristics, specifically the abundance of N and P containing molecular formulas, for these two samples suggest this WSOM to
have a primary marine biological source. Analysis of the magnitude-weighted average values for all of the PCA assigned sample
groups show the Primary Marine group to have higher mean magnitude weighted percent abundances of CHON (54%) and CHONP
(5.4%) formula groups than any of the other PCA groups (Table 1). The CHO and CHOS formula groups, noted above as ubiquitous
components in all aerosol WSOM, still comprise quantitatively important portions of the spectral intensity (30% and 7%, respectively)
but smaller portions than the other PCA differentiated groups. Marine phytoplankton and bacteria have higher nutritional requirements
for both N and P than do terrestrial vegetation (e.g., Fagerbakke et al., 1996; Hewson and Fuhrmann, 2008; Bianchi and Canuel,
2011), and both dissolved organic nitrogen and phosphorous have long been known to be enriched in the sea surface microlayer (e.g.,
Williams, 1967; Williams et al., 1986) where surface active OM components accumulate after being entrained and brought to the
surface with bubbles. The N- and P-enriched surface microlayer OM can then be emitted as sea spray, and marine biological
components therefore represent a probable source of aerosol WSOM for this set of samples. Zamora et al. (2013), analyzing rainwater
samples collected in Barbados, found higher dissolved organic P and N concentrations in sea spray derived rainwater relative to
rainwater influenced by dust or biomass burning. The higher relative contributions of CHON and CHONP containing aerosol WSOM

for this group of samples are thus consistent with a sea spray source of primary WSOM.
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Patterns observed in the PCA loadings for the molecular formulas defining this sample group provide further evidence for a
primary marine source of aerosol WSOM for these 2 samples and important molecular information for potential sea spray WSOM
constituents. The PCA loadings defining this group are plotted together in a van Krevelen diagram (Figure 6a) with the 162 molecular
formulas found in these samples but no others (and not included in the PCA). CHON formulas make up 85% of the formulas in Figure
6a, and 38 of the remaining 59 formulas are made up by CHONP and CHONS formulas. The CHON formulas found to be defining for
this Primary Marine sample group have O/C (0.15<0/C<0.45) and H/C (1.5<H/C<2.0) ratios that suggest potential peptide-like
compounds, and several of the molecular formulas can be attributed to compounds with functionalized amino acids. These CHON
molecular formulas form several Kendrick mass defect series with 1 to 4 nitrogen atoms in their molecular formulas (series of
formulas differing by CH, groups; Kendrick, 1963; Figure 7) that could represent biological compounds that have been degraded to
different degrees in the water or during atmospheric transport. Figure 7 includes examples of potential amino acid containing
compounds that correspond to these formulas. It is noted that the structures in Figure 7 are tentative and represent only some of many
potential isomers that correspond to the assigned molecular formulas. LC/MS or a comparable technique is needed to verify the
structures of the compounds that correspond to these formulas, but this is beyond the scope of this particular paper. Further, the
CHONP molecular formulas defining this sample group have molecular formulas (H/C > 2.0, O/P > 4) consistent with phospholipid-

like compounds, important structural components in biological cell membranes. The apparent importance of peptide-like CHON series
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and the phospholipid-like CHONP formulas are an indication of a primary biological source for these compounds and to the WSOM

in general.

Previous studies of marine-derived atmospheric OM have noted contributions from biological components such as amino acid
and protein-like compounds (Kuznetsova et al., 2005; Altieri et al., 2012) and carbohydrates and polysaccharide compounds (Hawkins
et al., 2010; Hawkins and Russell, 2010; Russell et al., 2010). Though we are unaware of studies that have identified phospholipids in
aerosol OM from a sea spray source, they are consistent with a strong biological component of sea spray aerosol OM. It should be
noted that carbohydrates and polysaccharide-like compounds previously found to be important components in sea spray aerosol OM
(Hawkins et al., 2010; Hawkins and Russell, 2010; Russell et al., 2010) do not ionize efficiently via ESI due to a lack of ionizable
polar functional groups and may have thus escaped the analytical window of ESI FTICR MS. The apparent biological contributions to
this Primary Marine PCA group lend support for the role of sea surface biological composition as a determining factor in sea spray
aerosol OM composition (e.g.; Aller et al., 2005; Schmitt-Koplin et al., 2012; Rinaldi et al., 2013; Gantt et al., 2013) and suggest the

need to further explore how oceanographic conditions influence marine aerosol OM composition and impacts in the atmosphere.

3.4 Aged Marine Samples. A second PCA group comprised of 5 samples with marine air mass back trajectories and distinguished by
high contributions from CHOS containing compounds was also identified and is hereafter referred to as the ‘Aged Marine’ samples
based on their being characterized by an abundance of CHOS formulas consistent with organosulfate compounds formed via

photochemical aging. CHO formulas were again the dominant formula type accounting for 43% of the spectral intensity (Table 1)
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though the defining characteristic of these samples was quite clearly the abundance of CHOS formulas. On average, CHOS formulas
accounted for 38% of the spectral intensity for the ‘Aged Marine’ samples (versus 7% in the Primary Marine samples), while CHON
formulas made up just 5% of spectral intensity (versus 54% in the Primary Marine Samples, Table 1). Consistent with these average
characteristics, the PCA loadings show more than 65% of the formulas defining the ‘Aged Marine’ samples to contain sulfur (246 out
of 374) with the majority showing H/C ratios between 1.25 and 2.25, O/C ratios between 0.25 and 0.50 (Figure 6b), and O/S ratios
greater than or equal to 4 suggesting that many of these formulas represent aliphatic organosulfate compounds. Organosulfate
compounds have been identified in several studies examining rainwater and aerosol OM collected in terrestrial (e.g., Romero and
Oehme, 2005; Reemtsma et al., 2006; Surratt et al., 2008; Wozniak et al., 2008; Altieri et al., 2009; Schmitt-Koplin et al., 2010) and
marine (Claeys et al., 2010; Hawkins et al., 2010; Ovadnevaite et al., 2011) environments. Laboratory studies show organosulfate
formation under both light and dark conditions with (e.g., Reemtsma et al., 2006; Surratt et al., 2007; linuma et al., 2007; Surratt et al.,
2008; Minerath and Elrod, 2009; Minerath et al., 2009; Schmitt-Koplin et al., 2010) the acid-catalyzed ring opening reaction of
epoxides formed from biogenic and anthropogenic precursors described by linuma et al. (2007) being the most kinetically favorable
formation mechanism studied to date (Minerath and Elrod, 2009; Minerath et al., 2009). Thus, the abundance of organosulfate
formulas in these samples can be attributed to secondary aging processes in the atmosphere and are indicative of aerosol WSOM that

has been aged considerably relative to that in the Primary Marine samples.
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Claeys et al. (2010) identified Cs-Cy3 organosulfates in aerosol samples collected on Amsterdam Island in the southern Indian
Ocean with higher O/C ratios (0.46-1) than those identified as important to the Aged Marine samples here (0.25-0.5). The different
O/C ratios likely relate to differences in the analytical windows of the techniques used in the two studies. Organosulfates in the Aged
Marine group PCA loadings had negative ion nominal masses between 209 and 617 and contained 7-29 C atoms, while Claeys et al.
(2010) detected negative ion masses up to 309 (<13 C atoms). The higher carbon chain lengths able to be detected here facilitates the
detection of lower O/C ratio organosulfates, and they appear here as a defining characteristic for these Aged Marine samples. Sulfate
is ubiquitous in the troposphere with strong marine and combustion sources, and the presence of the sulfate itself is not indicative of a
particular source, however, the marine air mass trajectories and H/C and O/C ratios observed in these samples relative to those in

samples with continentally-influenced air mass trajectories are strong evidence for a marine aerosol WSOM source.

Magnitude-weighted average H/C and O/C ratios for the Aged Marine (H/C = 1.57, O/C = 0.36, Table 1) group were slightly
lower and higher, respectively, compared to those found for the Primary Marine (H/C = 1.66, O/C = 0.32, Table 1) group consistent
with the Aged Marine samples having been processed in the atmosphere. Several studies have shown aerosol OM to increase in O
content and decrease in H/C with photochemical degradation (e.g., Heald et al., 2010; Kroll et al., 2011; Sato et al., 2012). The
Primary Marine and Aged Marine WSOM groups are distinguished from the continentally influenced groups by these relatively high
H/C and low O/C magnitude weighted average values, indicative of a more aliphatic, less oxidized marine WSOM. A recent study of

rainwater DOM similarly showed marine derived dissolved organic nitrogen compounds to have lower O/C ratios than continental
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influenced dissolved organic nitrogen compounds (Altieri et al., 2012). Schmitt-Koplin et al. (2012) demonstrated that bubbles burst
from surface water DOM are enriched in compounds with higher H/C and lower O/C ratios relative to that found in the surface water
DOM. Aliphatic compounds with intermediate oxygen content appear to be the surface-active component within marine DOM that is
emitted with sea spray aerosol, and their enrichment relative to the highly polar, more aliphatic WSOM signature typically found in
continental and continentally-influenced aerosol WSOM are clear indicators of marine-derived aerosol WSOM. Our data further
separates marine-derived aerosol WSOM into an N-rich peptide-like component that we propose represents a primary marine WSOM

and a slightly more oxidized, S-rich organosulfur component that we propose represents aged marine WSOM.

3.5 North American-Influenced Samples. The North American-Influenced sample group was dominated by CHOS PCA loadings
with higher O/C ratios than those for the Aged Marine group. The PCA loadings for this group show 134 and 36 of the 269 formulas
to be CHOS and CHONS containing formulas, respectively. These S containing formulas have similar H/C range but a higher O/C
range (1.3<H/C<2.0; 0.5<0/C<0.9) than those for the Aged Marine group (Figure 6b and c). The majority (87 of 269) of the
remaining formulas defining this group were CHO formulas plotting at H/C ratios between 1.0 and 1.6 and O/C ratios between 0.4 and
0.75 (Figure 6¢). The mean magnitude-weighted O/C ratio for these samples is 0.50, the highest of any of the sample groups, while the
mean magnitude-weighted H/C ratio is 1.46, lower than the two marine groups but higher than the North African-Influenced sample
group. Like the two marine groups, heteroatomic molecular formulas are important components to these 6 samples with CHOS and

CHON formulas accounting for 26% and 14% of the spectral intensity, respectively, on average (Table 1).
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Their high O/C ratios relative to the other sample groups suggests that these North American-influenced samples are
characterized by a high degree of oxidation similar to the humic like substances (HULIS) described for many North American and
European continental samples (e.g., Salma et al., 2010; Pavlovic and Hopke, 2012; Paglione et al., 2014) and reflects high
contributions from sulfate, nitrate, and carboxylic acid functional groups. Highly oxygenated atmospheric HULIS has been attributed
to SOA from various biogenic volatile precursors (e.g., Shapiro et al., 2009; Stone et al., 2009), fossil fuel and biomass combustion
byproducts (e.g., Decesari et al., 2002; Stone et al., 2009; Salma et al., 2010; Pavlovic and Hopke, 2012), and the subsequent
photochemical aging of these materials (e.g., Decesari et al., 2002; Pavlovic and Hopke, 2012). The North American-influenced
samples (N Am 1-5) included in this group were those closest to the continent (Figure 1) where SOA formation and fossil
fuel/biomass combustion emissions are highest, and we conclude that the importance of these high O/C CHO and CHOS compounds

resulted from strong contributions from the North American continent to the WSOM in this group of samples.

The O/S ratios for the CHOS and CHONS formulas identified as important to these North American-influenced samples are
consistent with those of organosulfate and nitrooxy organosulfate compounds (O/S > 4) formed as discussed in the ‘Aged Marine’
section. The major difference between the organosulfates in the North American-Influenced samples is the higher O/C ratio which
likely relates to the organosulfate precursor compounds for these two sources. The O/C ratios for CHO formulas (which represent
potential organosulfate precursors) in the North American-Influenced samples (Figure 6c¢) are considerably higher than those observed

for the Aged and Mixed Source samples (Figure 6b and e). If these organosulfate compounds result from the acid-catalyzed reaction
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of H,SO,4 with alcohol and carbonyl groups in these marine and North American-influenced CHO compounds of differing O/C ratios,
the organosulfate products logically have differing O/C ratios. It thus appears that organosulfates from marine and continental

combustion sources are molecularly distinct.

3.5 North African-Influenced Samples. The North African-Influenced group PCA loadings were dominated by contributions from
CHO molecular formulas which represented 361 of the 408 molecular formulas defining the sample group. The North African-
Influenced sample loadings were defined by having high O/C ratios (0.3<0/C<0.8) relative to the marine groups and H/C ratios
between 0.8 and 1.70 (Figure 6d). Average magnitude weighted abundances confirm that CHO formulas dominated the aerosol
WSOM representing 76% of the spectral intensity (Table 1). This sample group also had the least aliphatic character as evidenced by
having the lowest magnitude weighted H/C ratio (1.40) and highest magnitude weighted average Almo Value (0.18, Table 1). Despite
the high Alyg value for the North African-Influenced samples, the WSOM compounds in these samples show little spectral
contributions from formulas that could be considered black carbon, the highly condensed hydrocarbon byproduct of fossil fuel and
biomass combustion. The areas of the van Krevelen diagram occupied by the molecular formulas characterizing the North African-
Influenced samples are in the area where lignin molecules would plot (e.g., Sleighter and Hatcher, 2007). A study of dust deposited to
a buoy in the northeast Atlantic off the coast of northwest Africa found lignin phenols to be a significant component of the dust OM

further characterizing the lignin to have been highly altered and derived from non-woody angiosperms based on acid/aldehyde and
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cinnamyl/vanillyl and syringyl/vanillyl ratios (Eglinton et al., 2002). The CHO compounds accounting for the molecular formulas in

Figures 6d are also thus suggestive of a lignin source that has been highly altered via diagenesis in desert soils.

Desert dust contains OM that is highly processed within the soil and as a result has less aliphatic character. It also has less
influence from anthropogenic N and S sources which explains the lesser contributions from heteroatom containing formulas for the
North African-Influenced samples versus the North American-Influenced PCA group. Organosulfate formation is known to occur
under acidic conditions such as those created by the emissions of nitrates and sulfates during fossil fuel combustion and was shown by
Schmitt-Koplin et al. (2010) to be more efficient for compounds with higher H/C ratios. The lack of compounds with high H/C ratios

further explains the relatively low contributions from CHOS compounds in these samples.

Compared to European and North American-influenced samples, aerosol OM influenced by Saharan dust is severely
understudied, and considerably less is known about its detailed molecular composition. The data presented here demonstrate that
samples with clear Saharan influence show a predominance of CHO aerosol WSOM compounds with less aliphatic character than
typically found for aerosol WSOM influenced by the North American continent (e.g., Figure 6¢ and d; Wozniak et al., 2008) which
experiences considerably more combustion influence known to both emit fossil fuel OM and stimulate secondary organic aerosol
formation (e.g., de Gouw et al., 2008; Carlton et al., 2010). Fossil fuel combustion and secondary organic sources common to North
American aerosol OM are comparatively minimal in North African source regions, and this is reflected in the differences in the North

American-Influenced and North African-Influenced PCA group molecular characteristics. The defining molecular characteristics of
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the North African-Influenced sample group are consistent with those of soil OM that has been highly degraded and is perhaps rich in
aromatic compounds characteristic of oxidized soil humic material (Tan, 2003) and transported with Saharan dust as it is picked up

with strong winds.

3.6 Mixed Source Samples. The remaining five aerosol samples which form the Mixed Source sample group showed molecular
characteristics reflecting a mixture of marine and continental sources. The magnitude weighted O/C, H/C, Alnog, and % contributions
from CHO, CHON, CHOS, and CHONS formulas for the Mixed Source samples are all intermediate relative to the other sample
groups (Table 1). The van Krevelen diagram for the PCA loadings for the Mixed Source samples (Figure 6e) are the most diverse in
terms of elemental constituents, but CHO (51%), CHOS (20%), and CHOP (12%) formulas are the most abundant. The CHO formulas
defining the Mixed Source sample have a higher O/C range (0.15-0.5) than the Aged Marine sample group (Figure 6b; O/C ~ 0.15-
0.4) but do not extend to values as high as those defining the North American-influenced sample group (Figure 6¢; O/C ~ 0.5-0.9).
The CHOS formulas defining the Mixed Source sample show O/C ratios similar to both the Aged Marine and North American-

influenced sample groups.

The diverse PCA loadings and intermediate magnitude weighted average molecular characteristics suggest that these samples
do not have a singular dominant source to their aerosol WSOM but that they are influenced by both marine and continental sources.
The Mixed Source samples consisted of four samples with marine air mass trajectories and one sample with a North American air

mass trajectory, and of course, all five samples were collected over the marine environment. The lack of a dominant WSOM source to
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these samples and the location of their collection over the middle of the ocean suggests a weak marine source to these samples and
demonstrates the long range (in distance and time) transport of continentally derived WSOM.
4  Summary and Implications

The analytical approach and transatlantic coverage in this study allowed the definition and confirmation of several source-
specific aerosol WSOM characteristics that add to the body of literature obtained in marine aerosol OM studies using other techniques
and/or sampling strategies. While, samples from similar air mass trajectories frequently showed similar molecular characteristics, air
mass trajectories were not sufficient in describing the provenances of aerosol WSOM. PCA enabled the distinction of three types of
marine aerosols defined by the degree to which they have been processed post-emission and their dilution with continental aerosol
WSOM (Primary Marine, Aged Marine, and Mixed Source) and identified two samples with North American back trajectories as
having primary marine sourced aerosol WSOM. These differences in air mass trajectory and PCA defined WSOM source illustrate the
need to utilize multiple lines of evidence for determining aerosol OM provenance.

The PCA and FTICR MS results demonstrate that for samples collected over the ocean, aerosol WSOM having marine sources
has lower O/C and higher H/C ratios than continentally-influenced WSOM, properties that derive from the characteristics of sea
surface DOM and the bubble bursting process that emits that DOM as marine aerosols. The bubble bursting process known to produce
sea spray aerosols has been shown in laboratory experiments to emit the more aliphatic (higher H/C) and less oxygenated (lower O/C)

components within sea surface DOM (Schmitt-Koplin et al., 2012). The marine derived aerosol WSOM was further differentiated in
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this study to describe samples that have been processed to different degrees in the atmosphere. The Primary Marine sample group
showed molecular characteristics indicative of a marine biological component as demonstrated by the peptide and phospholipid-like
CHON and CHONP containing molecular formulas present in the WSOM. The Aged Marine sample group is indicative of aerosol
WSOM with a marine source that has been processed in the atmosphere as evidenced by the aliphatic (relative to the North American-
Influenced samples) organosulfates that characterize these samples, and the Mixed Source sample group appears to show samples with
WSOM from a mixture of aged, primary, and continental sources.

Among the continentally-influenced samples, the PCA clearly demonstrates the North American-Influenced samples to have
higher H/C and O/C ratios and heteroatomic (N, S) content than the North African-Influenced samples. The higher N and S content
and O/C ratios are likely due to the North American-influenced samples being oxidized in the atmosphere in the presence of
combustion-emitted nitrates and sulfates in this more industrialized region. The lower H/C ratios observed for the North African-
Influenced samples may be more of an indication of a lack of high H/C ratio compounds emitted from desert environments than a lack
of low H/C ratio compounds emitted from North America and Europe. Combustion processes are well known to emit condensed
aromatic compounds including black carbon, and tens to hundreds of condensed aromatic formulas were found in each North
American-influenced sample (data not shown). It is likely, however, that the aliphatic, highly oxygenated compounds in the North
American-Influenced samples dominated the signal in the electrospray source keeping these more condensed compounds at low

abundance and therefore not considered in the PCA. Aerosols from the North African region, highly influenced by the Saharan desert

29



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

as evidenced by their orange coloration, carry OM from desert soils that have been subjected to degradation processes resulting in the
loss of the aliphatic components of biomass. As a result, the lower H/C ratios in these samples are observed.

Though direct study of the samples’ physical properties were not conducted, the defining molecular characteristics described
here suggest some important source-specific environmental implications. UV and visible light absorption result from electron
transitions, mainly 17— 7* and n— ©* transitions associated with C=C, C=0, C-O and aromatic rings (Andreae and Gelencser, 2006),
and the higher average H/C ratios and lower average Alnoq Values identified for the two marine aerosol WSOM sample groups suggest
them to have a lesser radiative impact on a per carbon basis than aerosol WSOM from continental environments. This distinction
between natural marine and continental (natural or anthropogenic) aerosol WSOM is an important factor to be considered in climate
models attributing the direct effect on climate to various sources. Aerosol hygroscopicity has been related to cloud condensation
nuclei formation with increased hygroscopicity leading to a higher indirect effect on climate via cloud formation. The higher O/C
content observed in the continental aerosol WSOM similarly suggests continental aerosols to have a higher impact on hygroscopicity,
which has been linked to oxygen content and climate, on a per carbon basis. The aerosol WSOM characteristics described here for this
transatlantic transect of aerosol samples, therefore, provides important potential source-specific differences in climate relevant
properties. Future work must link molecular characteristics and physical properties on aerosols collected at the same time to confirm

these indications.
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Finally, ESI FTICR MS, as demonstrated in this study, is a powerful technique providing extensive aerosol WSOM molecular
characterization, but it does have a specific analytical window, and a great many compounds present in aerosol WSOM elude
detection using this technique. For example, carbohydrates have been identified as a major constituent of primary marine aerosol OM
but do not ionize well in the ESI source. As such, the current work is not comprehensive and should be viewed (as should all studies
of OM characterization) in the context of its methodological approach. With that in mind, the WSOM FTICR MS data presented here
make a significant contribution to the characterization of aerosol OM in remote marine aerosols influenced by continental sources to
varying degrees. Future work combining online and offline OM characterization techniques will enable the comprehensive
characterization needed to fully understand the link between OM sources and transformations, molecular characteristics, and impacts

in the environment.

Acknowledgements

This material is based upon work supported by NSF Grant #0OCE-1234166 awarded to ASW and PGH. The authors acknowledge
assistance from the ODU COSMIC facility for FTICR MS analyses, the US GEOTRACES program, the crew of the R/V Knorr, and
Drs. Rachel Shelley and Bill Landing for aerosol sample collection. We thank Dr. Rachel Sleighter and Stephanie McElhenie for
useful discussions about the data and technical assistance, respectively. A.S. Willoughby was funded by the U.S. EPA STAR graduate
fellowship program, Grant FP 91736001. The EPA has not officially endorsed this publication and the views expressed herein may
not reflect the views of the EPA.

31



497

498
499

500
501

502
503

504
505

506
507

508

509
510

511

512
513

514

515
516

References

Aller, J. Y., Kuznetsova, M. R., Jahns, C. J., and Kemp, P. F.: The sea surface microlayer as a source of viral and bacterial enrichment
in marine aerosols, J. Aerosol Sci, 36, 801-812, 2005.

Altieri, K., Hastings, M., Peters, A., and Sigman, D.: Molecular characterization of water soluble organic nitrogen in marine rainwater
by ultra-high resolution electrospray ionization mass spectrometry, Atmos. Chem. Phys., 12, 3557-3571, 2012.

Altieri, K., Turpin, B., and Seitzinger, S.: Oligomers, organosulfates, and nitrooxy organosulfates in rainwater identified by ultra-high
resolution electrospray ionization FT-ICR mass spectrometry, Atmos. Chem. Phys., 9, 2533-2542, 2009.

Andreae, M. and Gelencsér, A.: Black carbon or brown carbon? The nature of light-absorbing carbonaceous aerosols, Atmos. Chem.
Phys., 6, 3131-3148, 2006.

Arimoto, R., Duce, R., Ray, B., Ellis, W., Cullen, J., and Merrill, J.: Trace elements in the atmosphere over the North Atlantic, J.
Geophys. Res. Atmos., 100, 1199-1213, 1995.

Baker, A. and Croot, P.: Atmospheric and marine controls on aerosol iron solubility in seawater, Mar. Chem., 120, 4-13, 2010.

Baker, A., Jickells, T., Witt, M., and Linge, K.: Trends in the solubility of iron, aluminium, manganese and phosphorus in aerosol
collected over the Atlantic Ocean, Mar. Chem., 98, 43-58, 2006.

Bianchi, T. S. and Canuel, E. A.: Chemical Biomarkers in Aquatic Ecosystems, Princeton University Press, Princeton, N.J., 2011.

Booth, B. B., Dunstone, N. J., Halloran, P. R., Andrews, T., and Bellouin, N.: Aerosols implicated as a prime driver of twentieth-
century North Atlantic climate variability, Nature, 484, 228-232, 2012.

Brook, R.: Cardiovascular effects of air pollution, Clin. Sci., 115, 175-187, 2008.

Carlton, A. G., Pinder, R. W., Bhave, P. V., and Pouliot, G. A.: To what extent can biogenic SOA be controlled?, Environ. Sci.
Technol., 44, 3376-3380.

32



517
518

519
520

521
522
523

524
525

526
527

528
529
530

531
532
533
534

535
536

537

538

Chan, M. and Chan, C.: Mass transfer effects in hygroscopic measurements of aerosol particles, Atmos. Chem. Phys., 5, 2703-2712,
2005.

Charlson, R., Schwartz, S., Hales, J., Cess, R., Coakley, J. J., Hansen, J., and Hofmann, D.: Climate Forcing by Anthropogenic
Aerosols, Science, 255, 423-430, 1992.

Claeys, M., Wang, W., Vermeylen, R., Kourtchev, I., Chi, X., Farhat, Y., Surratt, J. D., Gébmez-Gonzalez, Y., Sciare, J., and
Maenhaut, W.: Chemical characterisation of marine aerosol at Amsterdam Island during the austral summer of 2006-2007, J. Aerosol
Sci, 41, 13-22, 2010.

Davidson, C. I., Phalen, R. F., and Solomon, P. A.: Airborne Particulate Matter and Human Health: A Review, Aerosol Sci. Technol.,
39, 737-749, 2005.

Decesari, S., Facchini, M., Matta, E., Mircea, M., Fuzzi, S., Chughtai, A., and Smith, D.: Water soluble organic compounds formed by
oxidation of soot, Atmos. Environ., 36, 1827-1832, 2002.

Decesari, S., Finessi, E., Rinaldi, M., Paglione, M., Fuzzi, S., Stephanou, E., Tziaras, T., Spyros, A., Ceburnis, D., and O'Dowd, C.:
Primary and secondary marine organic aerosols over the North Atlantic Ocean during the MAP experiment, J. Geophys. Res. Atmos.,
116, 2011.

De Gouw, J. A, Brock, C. A., Atlas, E. L., Bates, T. S., Fehsenfeld, F. C., Goldan, P. D., Holloway, J. S., Kuster, W. C., Lerner, B.
M., Matthew, B. M., Middlebrook, A. M., Onasch, T. B., Peltier, R. E., Quinn, P. K., Senff, C. J., Stohl, A., Sullivan, A. P., Trainer,
M., Warneke, C. Weber, R. J., and Williams, E. J.: Sources of particulate matter in the northeastern United States in summer: 1. Direct
emissions and secondary formation of organic matter in urban plumes, J. Geophys. Res., 113, D08301, doi:10.1029/2007JD009243.

Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G.: A simple and efficient method for the solid-phase extraction of dissolved organic
matter (SPE-DOM) from seawater, Limnol. Oceanogr. Methods, 6, 230-235, 2008.

Draxler, R. and Rolph, G.: http://www.arl.noaa.gov/HYSPLIT.php2013.

Draxler, R. R.: Evaluation of an ensemble dispersion calculation, J. Appl. Meteorol., 42, 308-317, 2003.

33



539
540
541

542
543

544
545
546

47

548
549

550
551
552

553
554
555

556
557

558
559

560
561

Driscoll, C. T., Lawrence, G. B., Bulger, A. J., Butler, T. J., Cronan, C. S., Eagar, C., Lambert, K. F., Likens, G. E., Stoddard, J. L.,
and Weathers, K. C.: Acidic Deposition in the Northeastern United States: Sources and Inputs, Ecosystem Effects, and Management
Strategies, BioScience, 51, 180-198, 2001.

Duarte, C. M., Dachs, J., Llabrés, M., Alonso-Laita, P., Gasol, J. M., Tovar-Sanchez, A., Safiudo-Wilhemy, S., and Agusti, S.: Aerosol
inputs enhance new production in the subtropical northeast Atlantic, J. Geophys. Res., 111, G04006, 2006.

Duce, R., Liss, P., Merrill, J., Atlas, E., Buat-Menard, P., Hicks, B., Miller, J., Prospero, J., Arimoto, R., Church, T., Ellis, W.,
Galloway, J., Hansen, L., Jickells, T., Knap, A., Reinhardt, K., Schneider, B., Soudine, A., Tokos, J., Tsunogai, S., Wollast, R., and
Zhou, M.: The atmospheric input of trace species to the world ocean, Global Biogeochem. Cycles, 5, 193-259, 1991.

Duce, R. A. and Tindale, N. W.: Atmospheric transport of iron and its deposition in the ocean, Limnol. Oceanogr., 36, 1991.

Eglinton, T., Eglinton, G., Dupont, L., Sholkovitz, E., Montlucon, D., and Reddy, C.: Composition, age, and provenance of organic
matter in NW African dust over the Atlantic Ocean, Geochem. Geophys. Geosyst., 3, 1-27, 2002.

Facchini, M. C., Decesari, S., Rinaldi, M., Carbone, C., Finessi, E., Mircea, M., Fuzzi, S., Moretti, F., Tagliavini, E., Ceburnis, D., and
O'Dowd, C. D.: Important source of marine secondary organic aerosol from biogenic amines, Environ. Sci. Technol., 42, 9116-9121,
2008a.

Facchini, M. C., Rinaldi, M., Decesari, S., Carbone, C., Finessi, E., Mircea, M., Fuzzi, S., Ceburnis, D., Flanagan, R., Nilsson, E. D.,
de Leeuw, G., Martino, M., Woeltjen, J., and O'Dowd, C. D.: Primary submicron marine aerosol dominated by insoluble organic
colloids and aggregates, Geophys. Res. Lett., 35, L17814, 2008b.

Fagerbakke, K. M., Heldal, M., and Norland, S.: Content of carbon, nitrogen, oxygen, sulfur and phosphorus in native aquatic and
cultured bacteria, Aquat. Microb. Ecol., 10, 15-27, 1996.

Gagosian, R. B., Peltzer, E. T., and Zafiriou, O. C.: Atmospheric transport of continentally derived lipids to the tropical North Pacific,
Nature, 291, 312-314, 1981.

Gantt, B. and Meskhidze, N.: The physical and chemical characteristics of marine primary organic aerosol: a review, Atmos. Chem.
Phys., 13, 3979-3996, 2013.

34



562
563
564
565

566
567
568

569
570

571
572

573
574

575
576

S77
578

579
580
581

582
583

Hallquist, M., Wenger, J., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., Dommen, J., Donahue, N., George, C., Goldstein,
A., Hamilton, J., Herrmann, H., Hoffmann, T., linuma, Y., Jang, M., Jenkin, M., Jimenez, J., Kiendler-Scharr, A., Maenhaut, W.,
McFiggnas, G., Mentel, T. F., Monod, A., Prevot, A., Seinfeld, J., Surratt, J., Szmigielski, R., and Wildt, J.: The formation, properties
and impact of secondary organic aerosol: current and emerging issues, Atmos. Chem. Phys., 9, 5155-5236, 2009.

Hansen, J., Nazarenko, L., Ruedy, R., Sato, M., Willis, J., Del Genio, A., Koch, D., Lacis, A., Lo, K., Menon, S., Novakov, T.,
Perlwitz, J., Russell, G., Schmidt, G. A., and Tausnev, N.: Earth's Energy Imbalance: Confirmation and Implications, Science, 308,
1431-1435, 2005.

Hawkins, L., Russell, L., Covert, D., Quinn, P., and Bates, T.: Carboxylic acids, sulfates, and organosulfates in processed continental
organic aerosol over the southeast Pacific Ocean during VOCALS-REXx 2008, J. Geophys. Res. Atmos., 115, 2010.

Hawkins, L. N. and Russell, L. M.: Polysaccharides, proteins, and phytoplankton fragments: four chemically distinct types of marine
primary organic aerosol classified by single particle spectromicroscopy, Advances in Meteorology, 2010, 2010.

Heald, C., Kroll, J., Jimenez, J., Docherty, K., DeCarlo, P., Aiken, A., Chen, Q., Martin, S., Farmer, D., and Artaxo, P.: A simplified
description of the evolution of organic aerosol composition in the atmosphere, Geophys. Res. Lett., 37, L08803, 2010.

Hewson, I. and Fuhrmann, J.: Viruses, Bacteria, and the Microbial Loop. In: Nitrogen in the Marine Environment, Capone, D. G.,
Bronk, D. A., Mulholland, M. R., and Carpenter, E. J. (Eds.), Academic Press, 2008.

linuma, Y., Muller, C., Berndt, T., Boge, O., Claeys, M., and Herrmann, H.: Evidence for the existence of organosulfates from [-
pinene ozonolysis in ambient secondary organic aerosol, Environ. Sci. Technol., 41, 6678-6683, 2007.

Kanakidou, M., Seinfeld, J., Pandis, S., Barnes, 1., Dentener, F., Facchini, M., Van Dingenen, R., Ervens, B., Nenes, A., Nielsen, C.,
Swietlicki, E., Putaud, J., Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G., Winterhalter, R., Myhre, C., Tsigaridis, E., Stephanou, E.,
and Wilson, J.: Organic aerosol and global climate modelling: a review, Atmos. Chem. Phys., 5, 1053-1123, 2005.

Kendrick, E.: A Mass Scale Based on CH2= 14.0000 for High Resolution Mass Spectrometry of Organic Compounds, Anal. Chem.,
35, 2146-2154, 1963.

35



584
585

586
587
588
589

590
591
592

593
594
595

596
597

598
599

600
601

602
603
604

605
606
607

Koch, B. and Dittmar, T.: From mass to structure: an aromaticity index for high-resolution mass data of natural organic matter, Rapid
Commun. Mass Spectrom., 20, 926-932, 2006.

Kourtchev, 1., Fuller, S., Giorio, C., Healy, R., Wilson, E., O'Connor, I., Wenger, J., McLeod, M., Aalto, J., Ruuskanen, T., Maenhaut,
W., Jones, R., Venables, D., Sodeau, J., Kulmala, M., and Kalberer, M.: Molecular composition of biogenic secondary organic
aerosols using ultrahigh resolution mass spectrometry: comparing laboratory and field studies, Atmos. Chem. Phys. Discuss., 13,
29593-29627, 2013.

Kroll, J. H., Donahue, N. M., Jimenez, J. L., Kessler, S. H., Canagaratna, M. R., Wilson, K. R., Altieri, K. E., Mazzoleni, L. R.,
Wozniak, A. S., Bluhm, H., Mysak, E. R., Smith, J. D., Kolb, C. E., and Worsnop, D. R.: Carbon oxidation state as a metric for
describing the chemistry of atmospheric organic aerosol, Nat. Chem., 3, 133-139, 2011.

Kujawinski, E. B., Longnecker, K., Blough, N. V., Vecchio, R. D., Finlay, L., Kitner, J. B., and Giovannoni, S. J.: Identification of
possible source markers in marine dissolved organic matter using ultrahigh resolution mass spectrometry, Geochim. Cosmochim.
Acta, 73, 4384-4399, 20009.

Kuznetsova, M., Lee, C., and Aller, J.: Characterization of the proteinaceous matter in marine aerosols, Mar. Chem., 96, 359-377,
2005.

Likens, G., Bormann, F., Pierce, R., Eaton, J., and Munn, R.: Long-term trends in precipitation chemistry at Hubbard Brook, New
Hampshire, Atmos. Environ., 18, 2641-2647, 1984.

Lin, P., Rincon, A. G., Kalberer, M., and Yu, J. Z.: Elemental composition of HULIS in the Pearl River Delta Region, China: Results
inferred from positive and negative electrospray high resolution mass spectrometric data, Environ. Sci. Technol., 46, 7454-7462, 2012.

Mazzoleni, L. R., Ehrmann, B. M., Shen, X., Marshall, A. G., and Collett Jr, J. L.: Water-Soluble Atmospheric Organic Matter in Fog:
Exact Masses and Chemical Formula Identification by Ultrahigh-Resolution Fourier Transform lon Cyclotron Resonance Mass
Spectrometry, Environ. Sci. Technol., 44, 3690-3697, 2010.

Meskhidze, N., Petters, M. D., Tsigaridis, K., Bates, T., O'Dowd, C., Reid, J., Lewis, E. R., Gantt, B., Anguelova, M. D., and Bhave,
P. V.: Production mechanisms, number concentration, size distribution, chemical composition, and optical properties of sea spray
aerosols, Atmos. Sci. Let., DOI: 10.1002/asl12.441, 2013.

36



608
609

610
611

612
613

614
615

616
617

618
619
620

621
622

623
624
625

626
627

628
629

Minerath, E. C., and Elrod, M. J.: Assessing the potential for diol and hydroxy sulfate ester formation from the reaction of epoxides in
tropospheric aerosols, Environ. Sci. Technol., 43, 1386-1392, 20009.

Minerath, E. C., Schultz, M. P., and Elrod, M. J.: Kinetics of the reactions of isoprene-derived epoxides in model tropospheric aerosol
solutions, Environ. Sci. Technol., 43, 8133-8139, 2009.

Mitra, S., Wozniak, A. S., Miller, R., Hatcher, P. G., Buonassissi, C., and Brown, M.: Multiproxy probing of rainwater dissolved
organic matter (DOM) composition in coastal storms as a function of trajectory, Mar. Chem., 154, 67-76, 2013.

O’Brien, R. E., Laskin, A., Laskin, J., Liu, S., Weber, R., Russell, L. M., and Goldstein, A. H.: Molecular characterization of organic
aerosol using nanospray desorption/electrospray ionization mass spectrometry: CalNex 2010 field study, Atmos. Environ., 2012. 2012.

O'Dowd, C. and De Leeuw, G.: Marine aerosol production: a review of the current knowledge, Phil. Trans. R. Soc. A, 365, 1753-
1774, 2007.

Ovadnevaite, J., Ceburnis, D., Martucci, G., Bialek, J., Monahan, C., Rinaldi, M., Facchini, M. C., Berresheim, H., Worsnop, D. R.,
and O'Dowd, C.: Primary marine organic aerosol: A dichotomy of low hygroscopicity and high CCN activity, Geophys. Res. Lett., 38,
2011a.

Ovadnevaite, J., O'Dowd, C., Dall'Osto, M., Ceburnis, D., Worsnop, D. R., and Berresheim, H.: Detecting high contributions of
primary organic matter to marine aerosol: A case study, Geophys. Res. Lett., 38, 2011b.

Paglione, M., Kiendler-Scharr, A., Mensah, A., Finessi, E., Giulianelli, L., Sandrini, S., Facchini, M., Fuzzi, S., Schlag, P.,
Piazzalunga, A., Tagliavini, E., Henzing, J., and Decesari, S.: Identification of humic-like substances (HULIS) in oxygenated organic
aerosols using NMR and AMS factor analyses and liquid chromatographic techniques, Atmos. Chem. Phys., 14, 25-45, 2014.

Paris, R. and Deshoeufs, K.: Effect of atmospheric organic complexation on iron-bearing dust solubility, Atmos. Chem. Phys., 13,
4895-4905, 2013.

Pavlovic, J. and Hopke, P.: Chemical nature and molecular weight distribution of the water-soluble fine and ultrafine PM fractions
collected in a rural environment, Atmos. Environ., 59, 264-271, 2012.

37



630
631

632
633

634
635

636
637

638
639
640
641
642

643
644

645
646
647

648
649

650
651

Prospero, J.: Saharan dust transport over the North Atlantic Ocean and Mediterranean: An overview. In: The impact of desert dust
across the Mediterranean, Springer, 1996.

Prospero, J. M.: Assessing the impact of advected African dust on air quality and health in the eastern United States, Hum. Ecol. Risk
Assess., 5, 471-479, 1999.

Ramanathan, V., Crutzen, P., Kiehl, J., and Rosenfeld, D.: Aerosols, Climate, and the Hydrological Cycle, Science, 294, 2119-2124,
2001.

Reemtsma, T., These, A., Springer, A., and Linscheid, M.: Fulvic acids as transition state of organic matter: indications from high
resolution mass spectrometry, Environ. Sci. Technol., 40, 5839-5845, 2006.

Rhind, S.: Anthropogenic pollutants: a threat to ecosystem sustainability?, Phil. Trans. R. Soc. B, 364, 3391-3401, 2009.

Rinaldi, M., Fuzzi, S., Decesari, S., Marullo, S., Santoleri, R., Provenzale, A., Hardenberg, J., Ceburnis, D., Vaishya, A., and O'Dowd,
C. D.: Is chlorophyll-a the best surrogate for organic matter enrichment in submicron primary marine aerosol?, J. Geophys. Res.
Atmos., 2013. 2013.

Rolph, G.: http://www.ready.noaa.gov, 2013.

Romero, F. and Oehme, M.: Organosulfates—A New Component of Humic-Like Substances in Atmospheric Aerosols?, J. Atmos.
Chem., 52, 283-294, 2005.

Rossel, P. E., Vahatalo, A. V., Witt, M., and Dittmar, T.: Molecular composition of dissolved organic matter from a wetland plant
(Juncus effusus) after photochemical and microbial decomposition (1.25 yr): Common features with deep sea dissolved organic
matter, Org. Geochem., 60, 62-71, 2013.

Russell, L. M., Hawkins, L. N., Frossard, A. A., Quinn, P. K., and Bates, T. S.: Carbohydrate-like composition of submicron
atmospheric particles and their production from ocean bubble bursting, PNAS, 107, 6652-6657, 2010.

Salma, I., Mészéaros, T., Maenhaut, W., Vass, E., and Majer, Z.: Chirality and the origin of atmospheric humic-like substances, Atmos.
Chem. Phys., 10, 1315-1327, 2010.

38



652
653
654

655
656
657

658
659
660

661
662

663
664

665
666

667
668
669

670
671

672
673

Sato, K., Takami, A., Kato, Y., Seta, T., Fujitani, Y., Hikida, T., Shimono, A., and Imamura, T.: AMS and LC/MS analyses of SOA
from the photooxidation of benzene and 1, 3, 5-trimethylbenzene in the presence of NO x: effects of chemical structure on SOA aging,
Atmos. Chem. Phys., 12, 4667-4682, 2012.

Schmitt-Kopplin, P., Gelencsér, A., Dabek-Zlotorzynska, E., Kiss, G., Hertkorn, N., Harir, M., Hong, Y., and Gebefiigi, I.: Analysis of
the Unresolved Organic Fraction in Atmospheric Aerosols with Ultrahigh-Resolution Mass Spectrometry and Nuclear Magnetic
Resonance Spectroscopy: Organosulfates As Photochemical Smog Constituentsf, Anal. Chem., 82, 8017-8026, 2010.

Schmitt-Kopplin, P., Liger-Belair, G., Koch, B. P., Flerus, R., Kattner, G., Harir, M., Kanawati, B., Lucio, M., Tziotis, D., and
Hertkorn, N.: Dissolved organic matter in sea spray: a transfer study from marine surface water to aerosols, Biogeosciences, 9, 1571-
1582, 2012.

Shapiro, E. L., Szprengiel, J., Sareen, N., Jen, C. N., Giordano, M. R., and McNeill, V.: Light-absorbing secondary organic material
formed by glyoxal in aqueous aerosol mimics, Atmos. Chem. Phys., 9, 2289-2300, 2009.

Siefert, R. L., Pehkonen, S. O., Erel, Y., and Hoffmann, M. R.: Iron photochemistry of aqueous suspensions of ambient aerosol with
added organic acids, Geochim. Cosmochim. Acta, 58, 3271-3279, 1994.

Sleighter, R. L. and Hatcher, P. G.: The application of electrospray ionization coupled to ultrahigh resolution mass spectrometry for
the molecular characterization of natural organic matter, J. Mass Spectrom., 42, 559-574, 2007.

Sleighter, R. L. and Hatcher, P. G.: Molecular characterization of dissolved organic matter (DOM) along a river to ocean transect of
the lower Chesapeake Bay by ultrahigh resolution electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry, Mar. Chem., 110, 140-152, 2008.

Sleighter, R. L., Liu, Z., Xue, J., and Hatcher, P. G.: Multivariate Statistical Approaches for the Characterization of Dissolved Organic
Matter Analyzed by Ultrahigh Resolution Mass Spectrometry, Environ. Sci. Technol., 44, 7576-7582, 2010.

Sleighter, R. L., McKee, G. A., and Hatcher, P. G.: Direct Fourier transform mass spectral analysis of natural waters with low
dissolved organic matter, Org. Geochem., 40, 119-125, 2009.

39



674
675
676

677
678
679

680
681
682

683
684
685

686
687

688
689

690
691
692

693
694
695

696
697

Stone, E. A., Hedman, C. J., Sheesley, R. J., Shafer, M. M., and Schauer, J. J.: Investigating the chemical nature of humic-like
substances (HULIS) in North American atmospheric aerosols by liquid chromatography tandem mass spectrometry, Atmos. Environ.,
43, 4205-4213, 2009.

Stubbins, A., Spencer, R. G., Chen, H., Hatcher, P. G., Mopper, K., Hernes, P. J., Mwamba, V. L., Mangangu, A. M., Wabakanghanzi,
J. N., and Six, J.: llluminated darkness: Molecular signatures of Congo River dissolved organic matter and its photochemical alteration
as revealed by ultrahigh precision mass spectrometry, Limnol. Oceanogr., 55, 1467-1477, 2010.

Surratt, J. D., Gébmez-Gonzalez, Y., Chan, A. W., Vermeylen, R., Shahgholi, M., Kleindienst, T. E., Edney, E. O., Offenberg, J. H.,
Lewandowski, M., Jaoui, M., Maenhaut, W., Claeys, M., Flagan, R., and Seinfeld, J.: Organosulfate Formation in Biogenic Secondary
Organic Aerosol, J. Phys. Chem. A, 112, 8345-8378, 2008.

Surratt, J. D., Kroll, J. H., Kleindienst, T. E., Edney, E. O., Claeys, M., Sorooshian, A., Ng, N. L., Offenberg, J. H., Lewandowski, M.,
Jaoui, M., Flagan, R., and Seinfeld, J. H.: Evidence for Organosulfates in Secondary Organic Aerosol, Environ. Sci. Technol., 41, 517-
527, 2007a.

Velinsky, D. J., Wade, T. L., and Wong, G. T.: Atmospheric deposition of organic carbon to Chesapeake Bay, Atmos. Environ., 20,
941-947, 1986.

Williams, P.: Sea surface chemistry: Organic carbon and organic and inorganic nitrogen and phosphorus in surface films and
subsurface waters, 1967, 791-800.

Williams, P., Carlucci, A., Henrichs, S., Van Vleet, E., Horrigan, S., Reid, F., and Robertson, K.: Chemical and microbiological
studies of sea-surface films in the Southern Gulf of California and off the West Coast of Baja California, Mar. Chem., 19, 17-98,
1986.

Wozniak, A., Bauer, J., Sleighter, R., Dickhut, R., and Hatcher, P.: Technical Note: Molecular characterization of aerosol-derived
water soluble organic carbon using ultrahigh resolution electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry, Atmos. Chem. Phys., 8, 5099-5111, 2008.

Wozniak, A. S., Bauer, J. E., and Dickhut, R. M.: Characteristics of water-soluble organic carbon associated with aerosol particles in
the eastern United States, Atmos. Environ., 46, 181-188, 2012.

40



698
699

700
701
702

703
704

705

Wozniak, A. S., Bauer, J. E., and Dickhut, R. M.: Fossil and contemporary aerosol particulate organic carbon in the eastern United
States: Implications for deposition and inputs to watersheds, Global Biogeochem. Cycles, 25, GB2013, 2011.

Wozniak, A. S., Shelley, R. U., Sleighter, R. L., Abdulla, H. A., Morton, P. L., Landing, W. M., and Hatcher, P. G.: Relationships
among aerosol water soluble organic matter, iron and aluminum in European, North African, and Marine air masses from the 2010 US
GEOTRACES cruise, Mar. Chem., 154, 24-33, 2013.

Zamora, L., Prospero, J., Hansell, D., and Trapp, J.: Atmospheric P deposition to the subtropical North Atlantic: sources, properties,
and relationship to N deposition, J. Geophys. Res. Atmos., 118, 1546-1562, 2013.

41



706  Table 1. PCA group magnitude weighted average elemental formula characteristics and elemental formula percent compositions.

707

PCA Group O/C HIC Alwd CHO CHON CHOS CHONS CHOP CHONP CHOSP
Primary Marine 032 166 0.09 30% 54% 6.9% 1.9% 2.5% 5.4% 0%
Aged Marine 036 157 014 43% 52% 38% 3.6% 6.4% 3.2% 0.5%

North American-Influenced 050 146 0.14 50% 14% 26% 4.6% 3.6% 0.7% 0.1%
North African-Influenced 045 140 0.18 76%  9.3% 8.3% 0.6% 4.8% 0.8% 0.08%
Mixed Source 0.37 152 0.15 54%  6.3% 24% 2.7% 8.0% 3.2% 1.8%
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Figure Captions

Figure 1. Aerosol particulate collection locations during the 2011 US GEOTRACES cruise. Arrows pointing to a dot were collected
on station. Arrows pointing to the line were collected in transit. Samples labeled as “N Am”, and “N Afr” showed a majority of 5 day
ensemble air mass back trajectories extending back to the North American and African continents. Samples labeled “Mar” showed 5

day ensemble air mass back trajectories that had minimal continental influence.

Figure 2. Representative ensemble air mass back trajectories for samples influenced by a) North American, b) North African sources,

and c) Marine (minimal recent continental influence).

Figure 3. van Krevelen diagrams for aerosol WSOM molecular formulas assigned to greater than a) 75% (at least 18 samples) and b)
90% (at least 22 samples) of the 24 aerosol samples. Data points are color coded for molecular formula elemental composition as

described in the figure key.

Figure 4. van Krevelen diagram for the 2408 aerosol WSOM molecular formula input variables to the Principal Component Analysis.
Data points are color coded for molecular formula elemental composition as described in the figure key.

Figure 5. Three dimensional plots showing the a) sample scores and b) variable (molecular formulas) loadings for the first three
principal components accounting for 51% of the variance in the dataset. Sample data points with similar PC scores are color coded for
classification of samples into sample groups with similar molecular characteristics. The loadings assumed to be important components
of each group are similarly color coded.

Figure 6. van Krevelen diagrams corresponding to the WSOM loadings for the sample groups assigned by the PCA and classified as
a) Primary Marine, b) Aged Marine, ¢) North American-Influenced, d) North African-influenced, and e) Mixed Source samples. Data

points are color coded for molecular formula elemental composition as described in the figure key in the top right panel.
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Figure 7. Kendrick mass defect series (CH2) for a) CHON formulas containing 1-4 nitrogen atoms identified for samples N Am 6 and

N Am 7 which make up the Primary Marine sample group. The molecular structures represent potential amino acid containing isomer

compounds corresponding to several identified molecular formulas. The red portions of the molecular structures represent the amino

acid portions of the compounds.
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