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Atmospheric aerosol particles in the marine boundary layer (MBL) play an 

important role in the Earth’s radiative balance, and recent studies have proposed a variety 

of interpretations of their sources and compositions. This dissertation improves the 

characterization of the sources and organic composition of aerosol particles in the MBL. 

Atmospheric aerosol particles were collected in the MBL of five ocean regions and 

analyzed using Fourier transform infrared (FTIR) spectroscopy, high resolution time of 

flight aerosol mass spectrometry (HR-ToF-AMS), HR-ToF-AMS with a light scattering 

module HR-ToF-AMS (LS-ToF-AMS), and scanning transmission X-ray microscopy 

with near-edge X-ray absorption fine structure (STXM-NEXAFS) to determine their 
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organic functional group and mass fragment composition. Model ocean systems were 

used to generate ocean-derived primary marine aerosol particles (gPMA), which include 

particles resulting from seawater bubble bursting. The methods for measuring the organic 

composition of gPMA are compared, and the discrepancy between high resolution time 

of flight aerosol mass spectrometry (HR-ToF-AMS) and Fourier transform infrared 

(FTIR) spectroscopy measurements is attributed to the refractory nature of organics on 

sea salt in the HR-ToF-AMS. A method for dehydrating samples prior to analysis by 

FTIR spectroscopy is also presented. Both ocean-derived and anthropogenic emissions 

contribute to the organic mass (OM) in the MBL. Primary marine aerosol particles 

(PMA) were found to have similar compositions to marine saccharides and amino sugars, 

with 65% hydroxyl, 21% alkane, 6% amine, and 7% carboxylic acid functional groups. 

Contributions from photochemical reactions add carboxylic acid groups (15%-25%) to 

the PMA OM. Non-ocean-derived sources include shipping and other anthropogenic 

combustion emissions that together contribute more than half of the OM in the MBL. 

Seawater and gPMA have very similar compositions to the ocean-derived marine aerosol 

(mainly PMA). But there is a slightly larger fraction of alkane functional groups in 

gPMA from biologically productive seawater (35%) compared to oligotrophic seawater 

(16%). Surfactants in productive seawater may stabilize bubbles at the sea surface, 

enhancing drainage of soluble organics from their films before bursting and emitting 

particles. gPMA has a hydroxyl group absorption peak location characteristic of 

monosaccharides and disaccharides, while the seawater hydroxyl group peak location is 

more consistent with polysaccharides. This may result from the polysaccharides 

preferentially remaining in the seawater during PMA production.  
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Introduction 

 

Atmospheric aerosol particles influence both air quality and climate change, but 

the extent of their impacts remains largely unconstrained. Aerosol particles can directly 

influence the radiation balance of the atmosphere with surface cooling due to scattering 

and warming due to absorbing incoming solar radiation [Stocker et al., 2013; Yu et al., 

2006]. They also contribute to planetary albedo indirectly by altering cloud microphysical 

properties and acting as cloud condensation nuclei (CCN), which influence both cloud 

droplet formation and cloud lifetime [Albrecht, 1989; Twomey, 1974]. The magnitude of 

these impacts, or forcings, remains a focus of current research [Stocker et al., 2013].  

Different regions of the Earth can contribute to the climate as a whole. The ocean 

covers over two thirds of the Earth’s surface, and aerosol particles in the marine 

boundary layer (MBL) over the ocean play an important role in regulating climate. Sea 

salt particles, measured in the MBL, are strongly reflective, contributing to direct 

scattering of solar radiation, and are highly CCN active, contributing to cloud formation, 

both of which lead to surface cooling. However, it was observed as early as 1964 that 

aerosol particles in the MBL contain organic components, in addition to sea salt 

[Blanchard, 1964]. The organic constituents mixed with sea salt can reduce the cooling 

effect observed with pure sea salt particles [Randles et al., 2004]. The sources, 
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composition, and concentration of the organic fraction of aerosol in the MBL, as well as 

the production mechanisms leading to organic enrichment of the aerosol particles relative 

to seawater, have not been well characterized [Gantt and Meskhidze, 2013]. Because 

climate models estimate anthropogenic forcings relative to initial concentrations of 

natural aerosols, understanding the properties of the organic fraction of ocean-derived 

marine aerosol is necessary in order to predict the degree to which aerosol particles in the 

MBL contribute to the current and future climate forcing [Randles et al., 2004]. 

  The composition of submicron particles in the MBL is controlled by the sources 

and atmospheric processing of the aerosol. Aerosol particles in the MBL originate from 

transported biogenic and anthropogenic continental emissions as well as natural processes 

in the ocean [Hawkins et al., 2010; Quinn et al., 2006]. The transported aerosol particles 

contribute non-sea salt (nss) sulfate, nitrate, ammonium, and organic and elemental 

carbon to the otherwise clean MBL [Hawkins et al., 2010; Quinn et al., 2006]. There are 

two established production mechanisms of seawater-derived aerosol in the MBL that 

contribute to the concentration and composition of “clean marine aerosol” (which refers 

to specifically ocean-derived): direct emission, which produces primary marine aerosol 

particles (PMA), also referred to as nascent sea spray aerosol particles (SSA), and 

secondary formation of marine aerosol particles produced from the reaction of emitted 

gases [Quinn and Bates, 2011]. PMA is produced when wind stress over the sea surface 

causes breaking waves that trap air in the form of bubbles. The bubbles rise and burst at 

the sea surface, and their films produce submicron aerosol particles [Blanchard and 

Woodcock, 1980]. PMA contain both sea salt and organic components [Blanchard, 1964], 

and the relative fraction of organics has been observed to be inversely related to particle 
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size [Facchini et al., 2008; Keene et al., 2007]. Oxidation of phytoplankton-emitted 

volatile organic compounds (VOCs) can form secondary organic aerosol [Bates et al., 

1992; Gantt et al., 2009; Meskhidze and Nenes, 2006].    

One MBL region that is thought to be isolated from direct sources of 

anthropogenic emissions is the Arctic. However, in the spring, meridional transport from 

the midlatitudes to the Arctic intensifies and brings emissions from Eurasia northward 

[Carlson, 1981; Iversen, 1984; Iversen and Joranger, 1985]. It has been observed that in 

the springtime, organic mass (OM) contributes up to 30% of the particle mass (PM) in the 

Arctic region [Shaw et al., 2010]. While contributions of anthropogenic emissions to PM 

in the Arctic have been studied, little is known about the sources and composition of the 

organic fraction. 

 The OM fraction of clean marine aerosol particles has been investigated in a 

number of studies. Some have focused on measuring only the water soluble organic 

carbon (WSOC) or water insoluble organic carbon (WIOC) content. An enrichment in 

WIOC relative to WSOC has been associated with PMA OM at a coastal ground site in 

Ireland [Ceburnis et al., 2008; O'Dowd et al., 2004]. At that same site, Ovadnevaite et al. 

[2011] used mass spectral signatures to classify the hydrocarbon-like components of 

marine aerosol particles as PMA, based on their similarity to WIOM [O'Dowd et al., 

2004]. In addition, collection and extraction of filter samples has enabled quantification 

of low molecular weight (LMW) saturated fatty acids associated with PMA in the North 

Pacific [Mochida et al., 2002]. In the North Atlantic and Arctic oceans, submicron 

marine aerosol particles identified as largely PMA were observed to contain 

carbohydrate-like (saccharide) content [Hawkins and Russell, 2010; Russell et al., 2010] 
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based on functional group analysis. Measurements of WSOC in the northeastern Atlantic 

has identified WSOC as marine secondary organic aerosol (SOA) with oxidized 

fragments [Ovadnevaite et al., 2011], in addition to diethyl and dimethyl amine salts 

[Facchini et al., 2010].  

Model ocean systems are used to mimic the bubble bursting process from wave 

breaking to produce generated primary marine aerosol particles (gPMA) [Bates et al., 

2012; Collins et al., 2013; Facchini et al., 2008; Fuentes et al., 2010a; Hultin et al., 2010; 

Keene et al., 2007; King et al., 2012; Martensson et al., 2003; Sellegri et al., 2006]. The 

advantage of this approach is that the composition of PMA can be studied before mixing 

with shipping or continental emissions or accumulating secondary components. These 

model ocean systems have been used to study the organic composition of gPMA for 

different ocean regions. In the northeastern Atlantic, gPMA were observed to contain 

WIOC with lipo-polysaccharides [Facchini et al., 2008; Facchini et al., 2010], while 

gPMA from the Sargasso Sea were found to have a significant WSOC fraction [Keene et 

al., 2007]. The organic fraction of gPMA generated from the northeastern Pacific was 

identified to be similar to polysaccharides and also contain a hydrocarbon-like 

component [Bates et al., 2012]. Using seawater from the Scripps pier, Ault et al. [2013] 

observed a change in the hydrocarbon structure in the gPMA from the addition of 

bacteria and phytoplankton.  

The OM in PMA may be related to the organic constituents in seawater. 

Aluwihare et al. [1997] and Benner et al. [1992] found that up to 80% of dissolved 

organic carbon (DOC) in the surface ocean is carbohydrates (50% polysaccharides), 

which can be produced, in addition to other WSOC, from marine algae in the euphotic 
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zone [Druffel et al., 1992; Williams and Gordon, 1970]. Amine functional groups in 

marine OM are found in Chitosan, which is derived from the deacetylation of Chitin in 

seawater [Aluwihare et al., 2005]. Additional amino sugars such as Glucosamine and 

Galactosamine have been observed in both seawater particulate organic mass (POM) and 

ultra-filtered seawater dissolved organic mass (DOM) [Benner and Kaiser, 2003]. Aminot 

and Kerouel [2006] also measured dissolved free primary amines and amino acids in 

seawater.  

The organic fraction of primary marine aerosol is a result of the organic matter in 

the seawater. Phytoplankton exude DOM that is rich in polysaccharides [Aluwihare and 

Repeta, 1999]. Studies of seawater POM collected in the euphotic zone found that 82% of 

the total organic carbon in plankton is comprised of amino acids (originally proteins), 

carbohydrates (originally polysaccharides), and lipids, with amino acids contributing 

67% of the total organic carbon [Wakeham et al., 1997]. Phytoplankton in the surface 

ocean contain chlorophyll-a for photosynthesis, but chlorophyll-a represents less that 

0.2% of the total organic carbon in phytoplankton [Wakeham et al., 1997]. Several 

parameterizations used to predict marine aerosol emissions rely on empirical 

relationships with ocean chlorophyll-a concentrations [Fuentes et al., 2010b; Gantt et al., 

2011; Long et al., 2011; O'Dowd et al., 2008; Vignati et al., 2010]. However, 

chlorophyll-a concentrations have been found to be only moderately predictive of [Sciare 

et al., 2009] or even unrelated to the organic fraction of marine aerosol [Bates et al., 

2012]. However, chlorophyll-a has been associated with surface active compounds in 

seawater [Wurl et al., 2011] which can alter the persistence time of bubbles at the sea 

surface [Modini et al., 2013; Sellegri et al., 2006].  
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In this dissertation, multiple analytical techniques were used to create a complete 

picture of the organic composition of aerosol in the MBL and are discussed here. Fourier 

transform infrared (FTIR) spectroscopy measures the organic functional group 

composition and total OM of particles collected on filters [Maria et al., 2002; Russell et 

al.; Russell et al., 2009; Takahama et al., 2013]. High resolution time of flight mass 

spectrometry (HR-ToF-AMS) has been widely used to measure the mass spectral 

composition and concentration of aerosol in real time [DeCarlo et al., 2006; Jayne et al., 

2000]. The high mass resolution of the HR-ToF-AMS allows for improved organic 

characterization through the separation of different ions and ion groups. A modification 

of the HR-ToF-AMS includes a light scattering module (LS-ToF-AMS) which optically 

detects single particles before vaporization [Cross et al., 2007]. This technique can 

provide an individual mass spectrum for each optically detected particle. Scanning 

transmission X-ray microscopy with near edge X-ray absorption fine structure (STXM-

NEXAFS) is a highly sensitive, single particle analysis technique that is used to non-

destructively determine the organic composition and morphology of individual particles 

impacted on a silicon nitride window [Kilcoyne et al., 2003; Takahama et al., 2010]. The 

STXM-NEXAFS technique provides image scans at varying energies of individual 

particles to determine the X-ray absorption spectra with characteristic peaks at different 

energy transitions of the bound carbon atoms, from which functional groups and organic 

composition can be identified. 

The reported organic compositions of both ambient and generated marine aerosol 

particles differ substantially in recent results [Bates et al., 2012; Rinaldi et al., 2010]. No 

studies have been able to distinguish whether the observed organic composition is 
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controlled by seawater composition or by partitioning during particle formation 

processes. Additionally, the cause of the difference, attributed to either the use of 

different OM measurement approaches or differences in seawater properties that produce 

the marine particles, is still unresolved [Rinaldi et al., 2010].  Side by side measurements 

of generated marine aerosol particles from the Sea Sweep in seawater off the coast of 

California found the OM to be oxygenated and saccharide-like using FTIR spectroscopy 

and minimally oxidized and hydrocarbon-like using HR-ToF-AMS [Bates et al., 2012]. 

This discrepancy in organic composition of the same generated marine aerosol measured 

by different techniques needs to be resolved.   

Sea salt is a large fraction of the mass of marine aerosol particles, especially in 

generated marine aerosol. Unlike NaCl, other components in evaporated seawater, such 

as MgSO4, MgKCl3, and MgCl2 can bind hydrate water as they dry in their crystal 

structure [Harvie et al., 1980].  Hydrate water absorbs in the same infrared region as 

hydroxyl functional groups [Weis and Ewing, 1999; Cziczo et al., 1997; Hoffman et al., 

2004; Zhao et al., 2006].  This causes interference in quantifying the organic hydroxyl 

functional group absorption.  In order to use FTIR spectroscopy to measure the organic 

composition of seawater derived particles, which contain a large fraction of sea salt and 

thus hydrate water, a method needs to be developed to remove the hydrate water from 

these samples. 

This dissertation uses measurements of ambient atmospheric and generated 

marine aerosol particles from numerous analytical techniques in multiple ocean regions 

to create a more complete picture of the organic composition of aerosol in the MBL. The 

aims of this dissertation are to (i) characterize the sources and organic composition of 
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aerosol particles in the MBL and (ii) determine the contribution of ocean-derived primary 

marine aerosol particles to the organic composition of aerosol particles in the MBL. In 

this work several techniques were compared, and analysis procedures developed, to more 

accurately and completely characterize the organic fraction of marine aerosol particles.    

Chapter 1 presents measurements of atmospheric aerosol particles in the MBL of 

the North Atlantic and Arctic oceans and in Barrow, Alaska. Positive matrix factorization 

(PMF) of FTIR spectroscopy and HR-ToF-AMS measurements, as well as HYSPLIT 

back trajectories and a potential source contribution function (PSCF), identified the 

contribution of European and Asian combustion sources to the organic fraction of aerosol 

in the MBL of the two Arctic regions relative to the natural, ocean-derived aerosol.  

Chapter 2 defines a new method for preparing seawater-derived samples to 

measure their organic functional group composition. Samples of seawater-derived 

particles need to be dehydrated before analysis by FTIR spectroscopy in order to remove 

the interference of sea salt hydrate bound water with the quantification of hydroxyl group 

absorbance.  

Chapter 3 compares measurements of the organic fraction of ambient atmospheric 

and generated marine aerosol to resolve the apparent discrepancy in the organic 

composition measured with multiple techniques. FTIR spectroscopy, HR-ToF-AMS, LS-

ToF-AMS, and STXM-NEXAFS measurements are combined to provide a complete 

description of the organic fraction.  

Chapter 4 presents measurements of ambient atmospheric and generated marine 

aerosol particles from five research cruises, including two distinct seawater types 

(biologically productive and oligotrophic). The measured organic mass of atmospheric 
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marine aerosol particles is comprised of primary, carboxylic acid containing, shipping 

influenced, and mixed marine aerosol particles. The organic composition of generated 

marine aerosol particles shows the influence of seawater organics on the organic 

composition of primary marine aerosol.  

Together, this work investigates the extent to which organic mass in the MBL is 

influenced by anthropogenic emissions and the fraction of clean marine organic aerosol 

that is directly emitted from the sea surface. The following questions are answered in the 

dissertation and summarized in the Conclusions: (i) What are the sources and 

composition of the OM in the springtime Arctic MBL?; (ii) How can seawater-derived 

particle samples be prepared for analysis by FTIR spectroscopy to avoid interference of 

sea salt hydrate bound water?; (iii) What causes the discrepancy between the organic 

composition of generated primary marine aerosol particles measured with different 

techniques?; (iv) What is the organic composition of ocean-derived atmospheric marine 

aerosol particles?; (v) How much of the atmospheric marine aerosol particle organic 

composition can be explained by generating primary marine aerosol (gPMA) from 

bubbled seawater?; and (vi) What are the differences between gPMA and seawater? 

Future work is also suggested to expand upon these studies and improve the 

understanding of organic mass in the MBL. 
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Chapter 1 

Springtime Arctic Haze Contributions of 

Submicron Organic Particles from European and 

Asian Combustion Sources  

 

 

 

The composition of Arctic aerosol, especially during the springtime Arctic haze, 

may play an important role in the radiative balance of the Arctic.  The contribution of 

organic components to Arctic haze has only recently been investigated.  Because 

measurements in this region are sparse, little is known about organic particle 

composition, sources, and concentrations.  This study compares springtime measurements 

in the Arctic regions north of the Atlantic (ICEALOT, 2008) and Pacific (Barrow, 

Alaska, 2008 and 2009) oceans.  The aerosol organic functional group composition from 

Fourier transform infrared spectroscopy combined with positive matrix factorization 

(PMF) and elemental tracer analysis indicate that mixed combustion sources account for 
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more than 60% (>0.3 µg m-3) of the submicron organic mass (OM1) for springtime haze 

conditions in both regions.  Correlations with typical combustion tracers (S, Zn, K, Br, V) 

provide evidence for the contribution of combustion sources to the Arctic OM1.  

However, the two regions are influenced by different urban and industrial centers with 

different fuel usage.  High-sulfur coal burning in northeastern Europe impacts the 

northern Atlantic Arctic region, while oil burning and forest fires in northeastern Asia 

and Alaska impact the northern Pacific Arctic region.  Quadrupole and High Resolution 

Aerosol Mass Spectrometry measurements confirm the highly oxygenated nature of the 

OM1, with an oxygenated organic aerosol (OOA) spectrum from PMF.  High co-

emissions of sulfate and organics from coal-burning in northeastern Europe produce 

significant concentrations of organosulfate functional groups that account for 10% of 

OM1 measured by FTIR spectroscopy during ICEALOT.  These observations provide 

preliminary support for a heterogeneous mechanism of organosulfate formation on acidic 

sulfate particles. 
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1.1 Background 

Arctic haze has been studied since it was reported by pilots over 50 years ago 

[Greenway, 1950; Mitchell, 1956].  This haze is comprised mostly of sulfate aerosol, 

primarily from anthropogenic sources, with small amounts of ammonium, nitrate, dust, 

organics, and black carbon [Li and Barrie, 1993; Quinn et al., 2002].  Significant 

anthropogenic sulfur (S) emissions exist within the Arctic region [Hole et al., 2009].  On 

time scales of a few days to weeks, the polar dome isolates the Arctic lower troposphere 

from warmer regions to the south making northern Europe and northern Russia major 

contributors to Arctic haze [Law and Stohl, 2007].  However, emissions from populated 

sub-Arctic regions are the most likely cause of the high aerosol particle concentrations in 

the springtime Arctic, when meridional transport from the mid-latitudes to the Arctic 

intensifies and brings emissions from Eurasia northward [Carlson, 1981; Iversen, 1984; 

Iversen and Joranger, 1985].  There is more rapid transport from Europe and northern 

Asia to the Arctic [Stohl, 2006] than from more southern regions [Hole et al., 2009] or 

North America.  Measurements of trace metals from combustion (Mn, V) have been used 

to confirm the contributions of European sources to aerosol in the Arctic [Rahn, 1981].  

Subsequent studies of the springtime Arctic haze have also linked contributions of sulfate 

aerosol to these metal tracers [Quinn et al., 2009; Rahn and McCaffrey, 1980].   

Emissions from fuel-burning activities, including industry, electricity production, 

and domestic heating, have been identified as contributors to Arctic haze by chemical 

analyses of Arctic aerosol particles [Ottar et al., 1986; Rahn and McCaffrey, 1979; Rahn 

et al., 1977; Rahn et al., 1989].  Chemical tracers for these types of anthropogenic 
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emissions, such as sulfate, black carbon, Pb, Cd, Cu, and Zn, were found in Greenland 

snow [Candelone et al., 1996; Davidson et al., 1993; Masclet et al., 2000], suggesting 

similar types of emission sources for these species and the constituents of Arctic haze.  

During the winter and early spring, fossil fuel combustion is the main source of sulfate to 

the Arctic since there is minimal biological activity [Ferek et al., 1995].  Anthropogenic 

emissions from conurbations, such as Murmansk on the Kola peninsula, industrial 

emissions from the northern part of Russia, oil industry, and shipping all contribute to 

haze particles [Hole et al., 2006a].  The Kola peninsula, in addition to other parts of 

northern Russia, has many Ni, Cu, and other non-ferrous metal producing industries, 

which also contribute to anthropogenic emissions [Hole et al., 2006b; Weiler et al., 

2005].   

Recent evidence has shown that organic compounds comprise more than 30% of 

the submicron PM (PM1) in Arctic Haze [Shaw et al., 2010].  Aerosol haze particles are 

thought to be chemically-aged, very efficient at scattering solar radiation, and possibly 

weakly absorbing of solar radiation [Law and Stohl, 2007].  Identifying the sources of the 

haze and determining its chemical composition is necessary to define and mitigate its 

climate impact on both the shortwave and longwave radiation balance in the Arctic 

[Quinn et al., 2007].  Here, we use springtime measurements from the International 

Chemistry Experiment in the Arctic Lower Troposphere (ICEALOT) and from Barrow, 

Alaska, to characterize and contrast the composition and identify the sources of organic 

components that contribute to haze from the Atlantic and Pacific sides of the Arctic.   
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1.2 Methods 

As part of the 2008-2009 International Polar Year, submicron particles were 

measured aboard the R/V Knorr during ICEALOT (19 March 2008 to 24 April 2008) 

over the North Atlantic and Arctic Oceans and the Greenland, Norwegian, and Barents 

Seas (20°-30°W and 41°-81°N).  Submicron particles were collected from an isokinetic 

sampling inlet 18 m above sea level that extended 5 m above the aerosol measurement 

container.  The inlet was heated to dry the aerosol to a relative humidity (RH) of 25% or 

less, during sampling.  Sector control for the flow was used to prevent sampling 

emissions directly from R/V Knorr.  From 1 March 2008 to 1 March 2010, similar 

measurements were made at the National Oceanic and Atmospheric Administration Earth 

System Research Laboratory (NOAA ESRL) observatory at Barrow, Alaska, with an 

analogous collection method described by Shaw et al. [2010] for the 2008 samples.  The 

Barrow sampling site is at a coastal location (156.6°W, 71.5°N) in the northern Pacific 

side of the Arctic.  Sector control is used at Barrow to avoid emissions from the local 

town.  This stops the sample collection when the wind direction is between 0 and 130 

degrees, which reduced the sampling time by 35% for the 221 collected filters in this 

study. 

1.2.1 Filter-based Particle Collection 

During ICEALOT, submicron particles were collected on 37 mm Teflon filters for 

12 and 24 hour periods using the previously described isokinetic inlet.  At Barrow, two 

years of near-continuous submicron particle measurements were collected using an 

automated rotating filter holder that exposed 47 mm Teflon filters to ambient air drawn 
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into the warmed inlet at 30 L min-1 [Quinn et al., 2002; Shaw et al., 2010].  Filters at 

Barrow were exposed for different durations depending on season to accommodate 

changes in overall mass loadings: spring and winter filters were exposed for 24 hours and 

summer filters for 96 hours.  After collection, the filters from both Barrow and the 

ICEALOT cruise were frozen, to prevent losses due to desorption or reaction, and 

transported back to San Diego for analysis by Fourier transform infrared spectroscopy 

(FTIR).  The FTIR spectra were analyzed using an automated algorithm that includes 

baselining, peak-fitting, and integrating at specific peak locations to quantify organic 

functional group mass associated with major carbon bond types based on the method 

outlined by Maria et al. [2002] and revised by Russell et al. [2009a].  Filters with 

detectable absorption at 876 cm-1 were rinsed with 2 mL of hexane, which removes the 

organosulfate containing compound without removing bisulfate or carbonate that also 

absorb in this region [Blando et al., 1998; Maria et al., 2003].  After the rinse, there was 

no absorbance remaining at 876 cm-1, indicating efficient removal of organosulfate.  

Concentrations were calculated by dividing the mass of each functional group measured 

for each filter by the total volume of air sampled through the corresponding filters.  

Functional groups that were quantified include: hydroxyl (including alcohol, C-OH), 

alkane (C-CH), amine (C-NH2), carbonyl (C=O), carboxylic acid (COOH), and 

organosulfate (COSO3).  Aromatic, alkene (C=CH), and organonitrate functional groups 

were below the detection limit for all filters discussed here. 

Prior to rinsing with hexane, X-ray Fluorescence (XRF; Chester LabNet, Tigard, 

Oregon) was performed on the FTIR analyzed filters to quantify the elemental mass 

concentrations of elements Na and heavier [Maria et al., 2003].  For ICEALOT, S, K, Br, 
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Ca, and Zn were measured above detection limit for 75% of the samples, Fe, Na, and Cl 

were above detection limit for 50% to 70%, and V and Si were above detection limit for 

between 35% and 40% of the samples.  The remaining measured elements were above 

the detection limit for less than 15% of the samples and are not used in this analysis.  Of 

the 221 filters collected from Barrow, a subset of 47 was analyzed by XRF for which Na, 

Cl, Fe, S, Br, K and Zn were consistently above detection limits [Shaw et al., 2010].  The 

concentration of inorganic oxidized material (IOM – dust and fly ash) was calculated 

from the mass concentrations of Al, Si, Ca, Fe, and Ti assuming that each element was 

present in the aerosol in its most common oxide form [Bates et al., 2008].  Because Al 

was below detection limit for all but one of the samples where V was above detection 

limit, the measured V was identified as non-crustal. 

Submicron particles (RH < 25%) were also collected with a Berner-type cascade 

impactor on Millipore Fluoropore filters downstream of a jet plate with a 50% 

aerodynamic cutoff diameter of 1 µm on the R/V Knorr. 1 mL of spectral grade methanol 

was added to the filters followed by 5 mL of distilled, deionized water.  The substrates 

were extracted by sonicating for 30 min. They were then analyzed by ion 

chromatography (IC) to quantify inorganic ions including sodium (Na+), chloride (Cl-), 

sulfate, nitrate, and ammonium [Quinn et al., 1998].  Non-sea salt SO4
2- concentrations 

were calculated from Na+ concentrations and the ratio of SO4
2- to Na+ in seawater [Quinn 

et al., 2000].  Sea salt concentrations were calculated from the measured concentrations 

of Na+ and Cl-, in order to take into account Cl- depletion in the atmosphere [Bates et al., 

2008]. 
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1.2.2 Aerosol Mass Spectrometry   

A quadrupole aerosol mass spectrometer (Q-AMS) was used to measure 

submicron particle composition averaged over 5-min intervals aboard the R/V Knorr.  

Non-refractory ions (chemical components that vaporize at 600°C) including sulfate 

(SO4
2-), nitrate (NO3

-), and ammonium (NH4
+), were measured by Q-AMS, in addition to 

OM [Allan et al., 2003; Jayne et al., 2000].  A collection efficiency of 1 was used for all 

species described here based on the high acidity (low molar ratio of ammonium to 

sulfate) of measured particles and high relative humidity during measurements [Matthew 

et al., 2008; Quinn et al., 2006].  Comparisons of sulfate and ammonium concentrations 

measured by the Q-AMS and separately by IC of filter extracts were used to confirm the 

collection efficiency [Hawkins et al., 2010; Russell et al., 2010].  Sulfate measured by the 

Q-AMS was higher than that measured by IC (slope = 1.42, r = 0.82) suggesting 

sufficient collection by the Q-AMS. Ammonium measured by both instruments compared 

well (slope = 0.99, r = 0.75) further supporting a collection efficiency of 1.  The total 

submicron OM (OM1) measured by FTIR exceeds the OM1 measured by the Q-AMS 

(slope = 0.91, r = 0.57) but is within the 20% uncertainty reported for either technique 

and is consistent with a reduced collection efficiency of organic mass on sea salt or other 

non-refractory particles [Russell et al., 2010; Russell et al., 2009b].   

Submicron particle composition was also measured aboard the R/V Knorr using a 

high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne 

Research Inc., Billerica, MA) [Canagaratna et al., 2007; DeCarlo et al., 2006].  

Measurements were made every minute alternating automatically between V and W 

mode, with and without a thermal denuder, and in combination with particle time of flight 
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(PToF) mode.  The HR-ToF-AMS data were analyzed using SQUIRREL and PIKA 

software (described at http://tinyurl.com/tofams-analysis) to determine the concentrations 

of mass fragments and common aerosol species [Canagaratna et al., 2007; DeCarlo et 

al., 2006].  The speciated HR-ToF-AMS mass concentrations correlated well with those 

obtained from the Q-AMS. An unknown problem caused the absolute concentrations 

determined by the HR-ToF-AMS to be unusually and systematically low throughout this 

campaign, so only the Q-AMS was used for quantitative mass concentrations of the major 

aerosol components.  The high resolution mass spectra obtained from the HR-ToF-AMS 

were used to investigate the normalized oxygen to carbon (O/C) ratios of the observed 

organic aerosol.  The organic aerosol was further characterized by positive matrix 

factorization (PMF) of HR-ToF-AMS organic mass spectra.   

1.2.3 Potential Source Contribution Function   

A potential source contribution function (PSCF) was used to determine the 

regions that have higher probabilities of being sources for the input of aerosol mass 

[Pekney et al., 2006].  This algorithm uses the calculated 5-day isentropic Hybrid Single 

Particle Lagrangian Integrated Trajectory (HYSPLIT) model to generate air mass back 

trajectories [Draxler and Rolph, 2003] with gridded frequencies of co-occurrence with 

high concentration samples.  Back trajectories were calculated arriving at 500 m above 

the sampling platform every hour for ICEALOT and every 4 hours for Barrow.  PSCF 

analysis was calculated individually on the time series of concentrations and mass 

fractions of organic functional groups, total OM, PMF derived factors, and Q-AMS mass 

fragments. 
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1.3 Results 

Five aerosol source regions were identified along the ICEALOT cruise track 

based on HYSPLIT 5-day isentropic back trajectories [Draxler and Rolph, 2003].  The 

five regions, including three continental (Long Island, North American, and European) 

and two marine (North Atlantic and Arctic), are shown along the shiptrack in Figure 1.1.  

Particles from the marine source regions had carbohydrate-like OM1 signatures mixed 

with sea salt and are described by Russell et al. [2010].  The continental regions differ 

from the marine regions in that they have higher OM1, PM1, and combustion tracer 

concentrations in addition to higher radon concentrations (European source region: 540 

mBq m-3) relative to the marine source regions (190 mBq m-3 for the Arctic and 340 mBq 

m-3 for the North Atlantic). 

1.3.1 Particle Mass   

Average non-sea salt PM1 concentrations from European, Long Island, and North 

American source regions were 2.75 ± 0.80, 3.40 ± 1.10, and 2.26 ± 0.76 µg m-3, 

respectively. The European and Arctic regions have similar relative particle compositions 

(Figure 1.1). Overall during ICEALOT, non-sea salt sulfate was the dominant 

anthropogenic aerosol component and had the highest measured concentration levels with 

an overall mean of 1.06±0.70 µg m-3, which was 53% of the total PM1 (Figure 1.2). The 

highest fractions of sulfate were measured from the European and Arctic source regions 

(58 and 64% of PM1, respectively). Nitrate and ammonium levels were relatively low, 

accounting for less than 2% and 8% of the overall PM1, respectively. At Barrow, the 
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submicron particle composition had a larger fraction of OM1 (35%, Figure 1.1) and a 

comparable fraction of sea salt (13%) and IOM (8%).  

 

Figure 1.1: Track of the R/V Knorr during the ICEALOT cruise colored by regions of air 
mass origin including Long Island (purple), North America (pink), North Atlantic (dark 
blue), Europe (bronze), and Arctic (teal).  The pies represent the submicron particle 
composition (left) and organic functional group composition (right) for the European and 
Arctic source regions during ICEALOT and Barrow (dark purple).  The submicron 
particle composition excludes the elemental carbon (estimated on average less than 3% 
during ICEALOT and at Barrow).   

 

During ICEALOT, the ratio of non-sea salt sulfate to non-crustal V was 

2.15±1.39, overall.  Previously reported values at Barrow, 3 [Rahn and McCaffrey, 1980] 

and 2.9 - 4.2 [Quinn et al., 2009], are within the standard deviation of this average 

suggesting that similar source regions were being measured, specifically European.  Rahn 

and McCaffrey [1980] state that the ratio measured at Barrow in 1976 and 1977 is an 
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order of magnitude greater than ratios measured at mid-latitudes.  This suggests that the 

aerosol measured during ICEALOT also has contributions of secondary aerosol, like that 

measured previously at Barrow. The higher ratio (2.44) measured from the European 

source region suggests that resulting aerosol from the European source region are more 

secondary and oxidized during transport. 

 
Figure 1.2: Time series and average composition of aerosol mass.  Horizontal color bar: 
regions of air mass origin colored according to the shiptrack in Figure 1.1.  Top panel: 
Functional group concentrations contributing to the total OM1 measured by FTIR.  
Middle panel:  Mass fragment contribution to total PM1 measured by Q-AMS.  Bottom 
panel: Factors contributing to organic mass derived from PMF on FTIR spectra. 

1.3.2 Organic Mass   

Total OM1 measured by FTIR was calculated by summing the concentrations of 

the functional groups on each filter.  The average OM1 concentration for ICEALOT 
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(Figure 1.2) was 0.61 ± 0.36 µg m-3.  The highest concentrations (average: 0.89 ± 0.27 µg 

m-3) were observed when sampling was from the European source region.  For two years 

at Barrow, the average springtime OM1 was 0.41 ± 0.36 µg m-3.  The organic functional 

group composition measured at Barrow had a larger fraction of alkane (34%) and 

carboxylic acid (30%) than the Arctic (23%, 13%) and European (21%, 12%) source 

regions measured during ICEALOT.  In addition, organosulfate and non-acid carbonyl 

functional groups were measured in the Arctic and European source regions (on average 

10% and 4%, respectively) and not observed at Barrow.   

1.3.3 Ratio of Oxygen to Carbon   

The oxygenated fraction of organic aerosol has been used as an indicator of 

atmospheric processing and photochemical age [Maria et al., 2004; Zhang et al., 2005a].  

The O/C ratio is sometimes an indicator of acid groups, which are a result of 

photochemical aging in the atmosphere.  However, some oxygenated groups such as 

hydroxyl may also increase O/C, although they can originate from primary sources such 

as ocean-derive marine aerosol [Russell et al., 2010].   

For ICEALOT, the O/C ratio was calculated by two methods.  Oxygen-containing 

functional groups (hydroxyl, carboxylic acid, carbonyl, and organosulfate) from FTIR 

measurements were summed to give the contribution of oxygen atoms to the FTIR O/C 

ratio and normalized by the total number of carbon atoms from each measured functional 

group [Hawkins et al., 2010; Russell et al., 2009a]. Because hydroxyl was a large fraction 

of the OM1 measured by FTIR, it had the largest contribution to the total O/C ratio, 

contributing on average 70% (0.66) of the total O/C.  The O/C ratio calculated from the 
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functional groups measured with FTIR spectroscopy was high (0.94) during ICEALOT 

indicating a highly oxygenated aerosol [Russell et al., 2010]. The O/C from the European 

source region was 1.0, while the O/C in the Arctic source region was slightly lower (0.87) 

but still highly oxygenated.  

The HR-ToF-AMS O/C ratio was calculated from the individual abundances of O 

and C for each mass fragment using the Analytical Procedure for Elemental Separation 

(APES) included in the PIKA analysis software (described at http://tinyurl.com/tofams-

analysis) [Aiken et al., 2007; Aiken et al., 2008].  In ambient environments, observed O/C 

values for oxidized secondary organic aerosol species range from ~0.2 to ~0.9 [Jimenez 

et al., 2009].  Primary urban vehicle emissions have very low AMS O/C ratios from 0.06 

- 0.1 [Aiken et al., 2008], and an O/C ratio greater than 0.40 is considered highly 

oxygenated [DeCarlo et al., 2008]. The calculated O/C ratio for ICEALOT correlates 

well (r = 0.91) with the ratio of particulate CO2 (at nominal m/z 44) to total OM1 

consistent with the relationship proposed by Aiken et al. [2008]. The ICEALOT 

campaign averaged HR-ToF-AMS based O/C ratio is 0.41.  Aerosol measured from the 

European source region has an O/C of 0.44, while the Arctic source region aerosol has a 

larger O/C (0.60).  Taken together, these results indicate that the ICEALOT aerosol was 

highly oxidized.  The increase in O/C in the Arctic region is likely indicative of continued 

processing and aging of aerosols as they are transported from sources to the Arctic.  

In general, the HR-ToF-AMS O/C values are systematically lower than those 

measured by the FTIR.  The mild correlation (r = 0.68) of the percent difference in the 

FTIR and HR-ToF-AMS O/C with the hydroxyl fraction of OM1 suggests that this 

difference in the O/C of the two methods is likely due to the lower O/C observed for 
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hydroxyl groups by the HR-ToF-AMS [Aiken et al., 2007; Hawkins et al., 2010].  The 

HR-ToF-AMS O/C correlates weakly with O/C calculated from only the FTIR carboxylic 

acid groups (r = 0.45 in the European source region, but r = 0.27 overall), which is 

consistent with the HR-ToF-AMS O/C correlation with the ratio of particulate CO2 (at 

nominal m/z 44) to total OM1, much of which is often attributed to acid mass fragments.   

1.3.4 FTIR PMF   

Positive matrix factorization (PMF) was calculated for the FTIR spectra [Paatero, 

1997; Paatero and Tapper, 1994] from the ICEALOT cruise and (separately) from the 

two-year Barrow data.  A four-factor solution, which was recombined into two factors 

that were less correlated to each other in time, was found to best recreate the original 

ICEALOT time series (Figure 1.2), as previously discussed by Russell et al. [2010] (in 

the Supporting Information).  The two factors were determined to be a mixed combustion 

factor and a marine-derived factor (the latter of which is discussed in detail by Russell et 

al. [2010]). The mixed combustion factor was determined from correlations (0.5 < r < 1) 

with typical combustion tracers (S, Zn, K, Br) [Qureshi et al., 2006; Russell et al., 2009a; 

Sharma and Maloo, 2005] and large fractions of alkane and carboxylic acid functional 

groups consistent with combustion factors, containing both primary and secondary 

aerosol, from previous studies [Hawkins et al., 2010; Russell et al., 2011; Russell et al., 

2009a]; see also Section 1.4.1 of Discussion.  The time series reconstructed from the 

factors of OM1 correlates well with the original FTIR OM1 time series (r = 0.86).  The 

correlation improves when the organosulfate functional group, which is not included in 

the wavelength range used for PMF, is removed from the FTIR OM1 correlation (r = 
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0.89).  The slope of the line (Factor OM1 = 1.01*FTIR OM1) shows that the factors 

provide a good representation of the OM1 and its variations.  

For the Barrow time series, PMF was performed on the 221 spectra resulting in a 

two-factor solution with FPEAK = 0. The FPEAK = 0 rotation of the PMF solution was 

selected since there was little sensitivity to rotations with higher or lower FPEAK values.  

Furthermore, the first half of the time series (from 2008) had measurements of inorganic 

ions by IC and trace elements by XRF on the same filters that correlated strongly with 

signatures for each factor.  The spectra of the factors from the updated PMF analysis for 

the full 221 filters at Barrow are indistinguishable from those obtained from the original 

118 spectra from 2008-2009, so we applied the same source-based definitions.  The first 

factor was determined to be a mixed combustion factor because it exhibits strong spectral 

signatures in the alkane and carboxylic acid regions of the IR spectrum and correlates 

with combustion and industrial tracers (V, K, Fe, Zn, Br, etc.).   The other factor was 

defined as an ocean derived factor because it exhibits strong spectral signatures of marine 

hydroxyl groups similar to those of ICEALOT described by Russell et al. [2010], 

correlated strongly with Na+ and Cl- associated with sea salt, and corresponded to air 

masses that originated from open ocean in summer [Shaw et al., 2010].  

1.3.5 AMS PMF   

PMF was used for the organic portion of the HR-ToF-AMS mass spectrum 

calculated at unit mass resolution [Allan et al., 2004b; Ulbrich et al., 2009].  All analysis 

for HR-ToF-AMS PMF was done using PMF2 in robust mode [Paatero, 1997; Paatero 

and Tapper, 1994].  The PMF Evaluation Tool (PET) developed in Igor Pro 
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(Wavemetrics, Inc., Portland, Oregon), described by Ulbrich et al. [2009], was used to 

evaluate the PMF output for HR-ToF-AMS spectra, with additional details provided in 

the Appendix.  

The three factors of the solution that best reconstructs the OM time series are: (1) 

an oxygenated organic aerosol (OOA) factor, with intense m/z 44 signal; (2) a 

hydrocarbon-like organic aerosol (HOA) factor, characterized by hydrocarbon ion 

fragments (m/z 41, 43, 55, 57, 67, 69, 71, etc.); and (3) a third factor (F3) with unique ion 

fragments (m/z 50-55, 65, 67, 77, 79, 91).  The time series and spectra of the factors are 

shown in Figure 1.3a and b.    

The OOA factor contributes 33% to the ICEALOT project average OM1 and 31% 

in the European source region.  The OOA factor spectrum correlates strongly with the 

reference spectra of oxalic, glyoxcylic, and fulvic acids (r = 0.94, r = 0.93, r = 0.84, 

respectively) [Alfarra, 2004; Takegawa et al., 2007] from the AMS spectral database 

(Ulbrich, I.M., Lechner, M., and Jimenez, J.L., URL: http://cires.colorado.edu/jimenez-

group/AMSsd/) described by Ulbrich et al. [2009], providing an indication that this 

highly oxygenated factor is representative of acid-containing organic aerosol.  The OOA 

factor correlates mildly in time with the FTIR measured carboxylic acid functional group 

(r = 0.49 overall, r = 0.71 in the European source region) consistent with the 

interpretation of the OOA factor as an acid-containing, secondary, aged, organic 

component.  The time series of the OOA factor also correlates (r = 0.67) with sulfate, 

consistent with other measurements in eastern Europe [Lanz et al., 2007].   

 

 



34	
  

	
  

 
Figure 1.3:  (a) Time series of HR-ToF-AMS factor fractions of total OM including 
HOA (dark grey), OOA (green), and F3 (light blue).  (b) The mass spectra of the three 
distinct factors: HOA, OOA, and F3.  (c) Comparison between the HR-ToF-AMS factors 
OOA + HOA (normalized by the maximum value) and the FTIR combustion factor 
(normalized by the maximum value), r = 0.64 overall (black) and r = 0.64 in the 
European source region (orange). 
 

The HOA factor is present mainly at the start of the cruise in the Long Island and 

North American source regions.  HOA contributes 28% to the total OM1 and 29% and 

41% in the Long Island and North American source regions, respectively.  The HOA 

factor spectrum correlates strongly with HOA spectra measured in other campaigns (r = 

0.99 and r = 0.98) [Lanz et al., 2009; Zhang et al., 2005b] and also diesel bus exhaust (r = 

0.98) [Canagaratna et al., 2004; Ulbrich et al., 2009].  In addition, the HOA factor 

correlates (r = 0.68) with NOX (measured on board the R/V Knorr using the method 
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described by Lerner et al. [2009]), consistent with less processed emissions [Lanz et al., 

2007].  HOA is lower in the European source region (20%) where there is a longer 

distance between emissions and sampling, suggesting that the emissions measured in the 

European source region had been processed more or longer in the atmosphere.   

The OOA factor and the FTIR combustion factor show a correlation of r = 0.42 

overall and r = 0.74 for the European source region, which is consistent with the large 

contribution of carboxylic acid functional groups to the FTIR combustion factor.  The 

HOA factor has a moderate correlation with the FTIR combustion factor (r = 0.51), but 

the correlation to the FTIR combustion factor is higher for the sum of OOA and HOA (r 

= 0.67 overall and r = 0.64 for the European source region, Figure 1.3c).  This suggests 

that the FTIR combustion factor includes both hydrogenated and oxygenated carbon mass 

fragments, likely including a range of recent and more processed components of 

combustion emissions.  In the European source region, the stronger correlation of the 

FTIR combustion factor with OOA than with OOA+HOA suggests that the FTIR 

combustion factor OM1 from that region is more processed.  

1.4 Discussion 

1.4.1 Combustion Sources of Organic Mass in Arctic Haze 

Emissions from combustion sources provide a large fraction of the aerosol mass 

in the Arctic that makes up the springtime Arctic haze.  Recent measurements at Barrow 

and during ICEALOT show that the combustion sources typically contribute more than 

half of OM1 and over a quarter of PM1, based on FTIR, AMS, and IC analyses.  A 

comparison of aerosol measured during the spring in these two regions of the Arctic 
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provides insight into the differences in emission sources and regions contributing to the 

springtime Arctic haze.  The large fraction of oxygenated functional groups measured in 

the Arctic indicates a high O/C fraction close to 1 (discussed in Section 1.3.3), which is 

consistent with an aged combustion source and indicates one oxygen for every carbon in 

an organic particle [Jimenez et al., 2009; Russell et al., 2010; Russell et al., 2009a].  

Emissions from coal combustion in northeastern Europe contribute to the OM1 measured 

in the northern Atlantic region of the Arctic, while biomass burning, shipping, and 

industrial emissions contribute to the OM1 measured in the northern Pacific region of the 

Arctic.  

1.4.1.1 Combustion Factor Contribution to OM1 

PMF of both ICEALOT and Barrow FTIR spectra provide evidence for 

combustion factors that constitute more than 60% of the OM1 measured at both sites.  

The combustion factors show significant fractions of alkane, hydroxyl, and carboxylic 

acid functional groups.  During ICEALOT, the combustion factor was 63% of the total 

OM1 and contributed 0.36 ± 0.31 µg m-3 to the total organic mass (Figure 1.2).  When the 

aerosol originated from the European source region, the combustion factor was 68% of 

the total OM1 and contributed 0.47 ± 0.18 µg m-3.  Since OM1 was approximately 33% of 

the overall PM1 and 43% in the European air mass source region, this large contribution 

of combustion sources from Europe provided a substantial part of the Arctic haze aerosol 

concentrations in the Barents and Greenland Sea regions during the ICEALOT cruise.   

Measurements taken in Barrow, Alaska, span two years and three different 

seasons (spring, summer and winter).  The Barrow spring season was defined to represent 
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the high OM1 concentrations that prevail in March through June [Shaw et al., 2010] and 

includes the ICEALOT sampling period.  The OM1 measured during spring in both 2008 

and 2009 at Barrow was higher (0.41 ± 0.36 µg m-3) than the average OM1 measured both 

years (0.32 ± 0.36 µg m-3).  Most (80% or 0.32 ± 0.22 µg m-3) of the OM1 measured in 

the spring was attributed to combustion sources based on correlations with trace metals in 

spring 2008 [Shaw et al., 2010].  The OM1 concentration and fraction of the combustion 

factor were significantly higher than the annual average combustion OM1 (0.19 ± 0.21 µg 

m-3), indicating that combustion sources also had a substantial impact at Barrow on the 

OM1 fraction of springtime Arctic haze. 

1.4.1.2 Combustion Factor Composition 

The spectra of the combustion factors for aerosol measured in the northern Pacific 

and northern Atlantic regions of the Arctic are similar (Figure 1.4a).  The differences 

between the two combustion factor spectra may result both from differences in their 

source emissions (i.e. between the mixture of combustion sources in Siberia and those in 

eastern Europe) and in their atmospheric oxidation processes. The ICEALOT combustion 

factor OM1 includes large mass fractions of hydroxyl (36%), alkane (35%), and 

carboxylic acid (27%) functional groups, with a minor fraction (3%) of amine groups 

(Figure 1.4a). The large fraction of carboxylic acid functional groups suggests that 

particles aged from combustion emissions contribute to this factor [Maria et al., 2004; 

Zhang et al., 2005a].  The Barrow combustion factor for the full 2-year study consists of 

alkane (60%) and carboxylic acid (31%) groups and smaller fractions of amine (5%) and 

hydroxyl (4%) groups (Figure 1.4a).  The large fraction of alkane groups suggests that the 
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combustion emissions contributing to this factor may have undergone less atmospheric 

processing than those measured during ICEALOT. 

The combustion factors retrieved from the organic FTIR spectra for both 

ICEALOT and Barrow have large contributions from both carboxylic acid and hydroxyl 

functional groups. These oxygenated groups are characteristic of the products expected 

from photochemical oxidation [Huebert and Charlson, 2000; Lim and Ziemann, 2005; 

2009; Putaud et al., 2000] indicating that the measured particles are due in part to 

secondary organic aerosol. The weakness of the correlations during ICEALOT to 

elemental tracers (Fe and V) indicates that the variability in the combustion factor OM 

may lag the primary combustion products, which is expected for secondary rather than 

primary OM.   

 
Figure 1.4: (a) Factor spectra from PMF of FTIR sample spectra for ICEALOT (solid) 
and Barrow (dashed).  The pie charts show the average composition of the combustion 
factor, using the colors described in Figure 1.1, for both ICEALOT and Barrow.  
Comparisons of the ICEALOT combustion factor with (b) S (r = 0.97, r = 0.9) and (c) 
sulfate (r = 0.75, r = 0.8) for all air masses (grey) and the European source region 
(orange), respectively. 
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1.4.1.3 Sources of Combustion in Northeastern Europe and Asia   

The combustion factor derived from measurements in the north Atlantic and 

adjacent regions of the Arctic Ocean during ICEALOT reflects aerosol influenced by 

emissions from northeastern Europe and Russia.  Coal burning is one of the main sources 

of heating, and there are also numerous coal burning smelters in that area [Hole et al., 

2006a; Kubica, 2003; Weiler et al., 2005].  The Kola Peninsula, northeast of Finland, has 

Cu and Ni producing industry which emits high levels of SO2 and NO2 [Weiler et al., 

2005].  In the Kola Peninsula, the conurbation of Murmansk is a highly populated 

metropolitan area and sea port, which contributes to the polluted air from that area [Law 

and Stohl, 2007].  The combustion factor concentration correlates strongly with S 

concentrations for both overall (r = 0.97) and the European source region (r = 0.90, 

Figure 1.4b) indicating that coal burning is likely collocated or co-emitted with the 

organic combustion sources.  This strong correlation of the combustion factor OM1 with 

sulfur likely is a consequence of S being primarily sulfate, a typical secondary aerosol 

product of coal combustion emissions, which also correlates strongly with r = 0.75 

overall (and r = 0.80 in the European source region, Figure 1.4c) suggesting that the 

sources of the organic combustion factor and those of the sulfate are collocated.  

Correlations with Zn (total r = 0.74; European source region r = 0.57) are consistent with 

emissions from non-ferrous metal producing industries, such as copper smelting in 

northeastern Europe [Polissar et al., 1998; Polissar et al., 2001; Shaw, 1982].  The 

combustion factor weakly correlates with V (r = 0.24 overall, r = 0.44 in the European 

source region), suggesting that the combustion factor may also have some contributions 

from oil burning.   The ratio of non-sea salt sulfate to non-crustal V mildly correlates (r = 
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0.55) in the European source region with the combustion factor fraction of OM.  In 

addition to the correlations with the combustion and pollution tracers (Zn, Ca, Fe, S, and 

V), the concentrations of these metals were 5-65% higher in the European source region 

than the ICEALOT average.    

About 50% of Europe’s electricity is produced from fossil fuel combustion 

[Kubica, 2003], and high alkane concentrations are found in petroleum combustion 

emissions from Europe [Blake et al., 1994; Blake et al., 2003].  In eastern Europe, 

combustion of fuels such as coal and lignite lead to high levels of SOx, NOx, PM, and 

CO2 emissions [Ross et al., 2002].  The mixture of high SOx emissions from coal and 

alkane emissions from petroleum could explain the correlation of the organic combustion 

factor and the sulfate observed during the European source region of the ICEALOT 

cruise, making emissions from northeastern Europe the main source of OM1 in the Arctic 

haze on the northern Atlantic side.  

At Barrow, the combustion factor also correlates strongly to S but, in addition, is 

correlated to non-dust K, characteristic of a biomass burning source, where [non-dust K] 

= [K] – 0.62*[Al] [Cachier et al., 1995; Gilardoni et al., 2009].  Alaskan and Siberian 

wildfires were observed in spring 2008 and 2009 [Forest Service, 2010; Shaw et al., 

2010; Warneke et al., 2009], which provide evidence for the influence of biomass 

burning in the combustion factor.  V, which is characteristic of processed emissions from 

oil burning, is mildly correlated with the combustion factor.  V is a tracer for the 

combustion of heavy residual oil only used in the sub-Arctic since it is too viscous to use 

at low temperature and is hence a tracer of the long range transport of emissions from oil 

combustion [Isakson et al., 2001].  
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Figure 1.5:  PSCF of (a) the total OM1 measured during ICEALOT, (b) the ICEALOT 
combustion factor, and (c) the Barrow combustion factor.  The higher potential source 
regions are indicated by red and the lower potential source regions are indicated with 
blue. 
 

To investigate the probability that these two different urban and industrial centers 

were the emission sources that were responsible for the observed high OM1 from 

combustion factors, PSCF were calculated for Barrow and ICEALOT [Pekney et al., 

2006].  The region with high potential of being a source of the ICEALOT combustion 

factor is northeastern Europe, with the highest potential sources shown in Figure 1.5b as 

Scandinavia and the Kola Peninsula, as well as the northwestern edge of Russia.  These 

areas of northeastern Europe have significant industrial activity, including non-ferrous 

metal producing plants that contribute to the organic emissions [Blake et al., 2003; Hole 

et al., 2006a; Mira-Salama et al., 2008; Weiler et al., 2005].  The PSCF of sulfate 

measured during ICEALOT shows a trend similar to the potential source of the organic 

combustion factor (see Figure 1.6a and 1.5b for comparison), supporting the suggestion 

that the organic and sulfate sources are collocated.  In addition, PSCF for OM1 measured 

during ICEALOT also shows potential sources in northeastern Europe (Figure 1.5a).  

PSCF of the Barrow combustion factor shows potential sources from northeastern Asia, 

shipping lanes in the Bering Strait, and along the Canadian-Alaskan border (Figure 1.5c), 

which are similar to the potential sources observed in 2008.  The differences in the 
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potential source regions shown in Figure 1.5 highlight the importance of northeastern 

Asian sources for Arctic haze at Barrow in contrast to the northeastern European sources 

of the Arctic haze during ICEALOT.   

 
Figure 1.6:  PSCF of (a) sulfate and (b) organosulfate functional group concentrations.  
The higher potential source regions are indicated by red and the lower potential source 
regions are indicated with blue. 
 

In summary, the functional group composition indicates that the majority of the 

organic aerosol in Arctic haze is produced from combustion emissions, and back 

trajectories from both regions suggest that the combustion sources are in northeastern 

Europe and Asia.  The two different sources of measured Arctic aerosol are demonstrated 

in the differences between the composition of their combustion factors and the potential 

source regions determined from PSCF. 

1.4.2 Organosulfate Formation from Combustion Emissions 

One interesting chemical consequence of the co-emissions of sulfate from coal 

burning and volatile organic compound (VOC) emissions in northeastern Europe is the 

production of organosulfate functional groups.  In air masses sampled from both the 

European and Arctic source regions of the ICEALOT campaign, organosulfate groups 

contributed 9% and 11% of the organic mass, respectively, whereas no organosulfate 

groups were measured at Barrow.  The organosulfate functional group fraction of PM1 
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has a strong correlation (r = 0.84) with the sulfate fraction of PM1 for the European 

region and a moderate correlation (r = 0.50) for the entire ICEALOT cruise (Figure 1.7b) 

and was only detected in samples with sulfate concentrations greater than 1.25 µg m-3.  

This observed increase in organosulfate group fraction of PM1 with increased sulfate 

fraction of PM1 is consistent with organosulfate formation on sulfate particles, many of 

which are likely acidic in this region [Surratt et al., 2007a].  The molar ratio of 

ammonium to sulfate was 1.13 for the whole project and 1.22 during the periods of filter 

sampling.  The lower average molar ratio of ammonium to sulfate (0.96) of particles 

measured from the European and Arctic source regions and their implied higher acidity 

provides conditions consistent with the acid-catalyzed particle-phase formation of 

organosulfate in air masses from those source regions [Iinuma et al., 2009; Iinuma et al., 

2007; Liggio et al., 2005; Perri et al., 2010; Surratt et al., 2007a; Surratt et al., 2010; 

Surratt et al., 2007b; Surratt et al., 2008].  Organosulfate group fraction of PM1 has a 

mild negative correlation (r = -0.50) with relative humidity for the European source 

region (Figure 1.7c).  In addition, organosulfate group concentration is mildly negatively 

correlated (r = -0.64) with absolute humidity in the European source region.  These 

relationships suggest that organosulfate formation decreases with higher aerosol water 

concentrations, which may be due in part to the decrease in aerosol acidity with an 

increase in relative humidity (r = 0.52 overall, r = 0.51 for the European source region), 

consistent with the findings of a previous study in the southeastern Pacific [Hawkins et 

al., 2010; Liggio et al., 2005].  In summary, four conditions coincide with organosulfate 

group formation in the European and Arctic source regions, relative to the ICEALOT 

measurement period: high organic mass (> 0.75 µg m-3), high sulfate (> 1.25 µg m-3), low 
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ammonium to sulfate ratio (< 1.0), and high overall relative humidity (> 50%).  These 

observations are consistent with sulfate particles providing acidic aqueous conditions that 

enhance organosulfate formation from organic precursors.  The correlation of the sulfate 

and the organosulfate fractions of PM1 also suggests both similar sources and similar 

processing times in the atmosphere (given the time resolution of the filter sampling, 

namely 12 hour).  

 
Figure 1.7:  (a) Comparison of S measured by XRF with IC + FTIR derived S (slope = 
1.02, r = 0.92) and Q-AMS derived S (y = 1.41, r = 0.91) for the total project (grey) and 
the European source region (orange).  (b) Correlation of organosulfate group fraction of 
PM1 with sulfate fraction of PM1 (r = 0.84 for the European source region).  (c) Negative 
correlation of organosulfate group fraction of PM1 and relative humidity (r = -0.50 for 
the European source region). 
 

The four conditions for organosulfate formation observed during ICEALOT did 

not all occur at Barrow, which could explain the lack of organosulfate formation there.  

During the spring seasons, the average sulfate concentration measured at Barrow was 

0.64 µg m-3, which is less than observed during ICEALOT but consistent with the range 

reported by Quinn et al. [2002] for the spring seasons of 1998-2000.  On the other hand, 

the average molar ratio of ammonium to sulfate (0.75) was consistent with the acidic 

30x10-3

25

20

15

10

5

0

S 
(µ

m
ol

 m
-3

)

30x10-32520151050
XRF S (µmol m-3)

nss-IC + FTIR S
Q-AMS S    

9080706050
Relative Humidity (%)

0.10

0.08

0.06

0.04

0.02

0.00

CO
SO

3/P
M

1

1.00.80.60.4
SO4

2-/PM1

(a) (b) (c)



45	
  

	
  

ratio measured during ICEALOT.  Average OM1 concentration (0.70 µg m-3) measured 

during the spring season is slightly less than was observed for periods with organosulfate 

functional groups during ICEALOT. The process of acid-catalyzed particle haze 

formation of organosulfate likely does not occur during the spring seasons at Barrow.     

The sum of S (µmol m-3) from inorganic sulfate measured by IC and 

organosulfate groups measured by FTIR correlates well (r = 0.92) with the total S 

measured by XRF (Figure 1.7a).  Without the organosulfate group component, there is 

still a strong correlation (r = 0.92) to elemental (XRF) S, but the slope of the line (0.94) 

suggests that there is a missing source of S.  When organosulfate is added to the IC 

measured sulfate, the total S is better represented, with a slope of 1.02.  This suggests that 

the majority (94%) of the S concentration measured during ICEALOT is inorganic 

sulfate, with the remaining 6%, on average, coming from organic sulfate.  The S from Q-

AMS measurements of sulfate also correlates well (r = 0.91) with XRF measurements of 

S, consistent with the expectation that the Q-AMS detects both organic and inorganic 

sulfate [Allan et al., 2004a; Farmer et al., 2010].   

Using PSCF, the highest potential source contributions of the ICEALOT sulfate 

concentrations were found in northeastern Europe, similar to the locations of potential 

sources for the combustion factor, as is evident by comparing Figures 1.5b and 1.6a.  In 

addition, the potential source of organosulfate groups is collocated with sulfate, as shown 

in Figure 1.6b. 

Other studies have shown organosulfate formation from biogenic precursors 

[Gomez-Gonzalez et al., 2008; Iinuma et al., 2009; Surratt et al., 2007a; Surratt et al., 

2010; Surratt et al., 2008].  Because there were no large sources of terrestrial biogenic 
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emissions measured during ICEALOT, biogenic precursors during ICEALOT were not 

identified as a likely source of organosulfate functional groups. While the emissions from 

the European source region measured during ICEALOT have been attributed to fossil 

fuel burning, due to the absence of biogenic volatile organic compounds (BVOCs) in the 

air measured at the ship, it remains possible that co-located BVOCs did contribute to OM 

and to subsequent reactions with sulfate in particles to form organosulfate.  Claeys et al. 

[2010] found evidence that organosulfate functional groups can occur with acidic 

particles produced from oxidation productions of dimethyl sulfide (DMS) and bacteria 

sources in a clean marine environment.  The organosulfate measured during ICEALOT 

was unlikely to be the result of marine emissions since organosulfate functional groups 

were only observed when air masses were from European and Arctic source regions.  

Organosulfate group concentrations or fractions did not correlate with the marine factor, 

as would be expected for marine sources.  

1.5 Conclusions 

Emissions from combustion sources greatly impact the concentrations of 

submicron aerosol particles in the Arctic and contribute to Arctic haze in both the 

Atlantic and Pacific sides of the Arctic region.  Complementary measurement techniques 

show higher OM1 in air masses sampled from the European source regions than from the 

marine source regions, both measured on the Atlantic side of the Arctic during 

ICEALOT.  A large fraction (74%) of the OM1 was attributed to eastern European 

combustion sources (industrial and other petroleum burning) based on PMF-derived 

factors from FTIR measurements.  Measurements from Barrow, Alaska, on the Pacific 
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side of the Arctic show the largest percent of OM1 from mixed combustion sources 

(biomass burning and shipping) in the spring season. The organic functional group 

compositions indicate that mixed combustion sources account for more than 60% (>0.3 

µg m-3) of the total organic mass measured in air masses influenced from both the 

European and Arctic source regions during ICEALOT and the spring season at Barrow.  

Carboxylic acid and hydroxyl groups account for more than 35% of the 

combustion factor organic functional groups in the Atlantic and Pacific sides of the 

Arctic, reflecting the products of oxidation of emissions from fuel burning.  The 

ICEALOT combustion factor, dominated by carboxylic acid, alkane, and hydroxyl 

functional groups, correlates well with sulfate suggesting that their sources are 

collocated.  The large fraction of the carboxylic acid functional group is consistent with 

the secondary products expected from oxidation of VOCs.  Q-AMS and HR-ToF-AMS 

measurements confirm the highly oxygenated nature of the OM1 from combustion, with 

an OOA spectrum similar to that of oxygenated acid groups.  Aerosol measured in the 

Pacific side of the Arctic at Barrow has a larger fraction of alkane suggesting that the 

aerosol is less aged.  The differences in the combustion-derived spectra from the two 

regions result from the mixtures of sources in each region, although more specific 

contributions could not be resolved in these campaigns. 

On the Atlantic side of the Arctic, high levels of sulfate and OM1 were typically 

associated with back trajectories that originated in northeastern Europe. The correlations 

between the combustion factor for ICEALOT and S and sulfate suggest emissions from 

the high coal burning regions of northeastern Europe.  On the other hand, the correlations 

between the Barrow combustion factor and V and non-dust K are characteristic of 
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emissions from northern Asia, Siberia, and, to a lesser extent, interior regions of Alaska 

and Canada.   

 The high emissions of sulfate from coal-burning in northeastern Europe produce 

significant concentrations of the organosulfate functional groups that account for as much 

as 10% of OM1 measured by FTIR over the Barents and Greenland seas during 

ICEALOT.  There is some evidence suggesting that organosulfate formation occurs 

heterogeneously when compounds react in acidic (aqueous) sulfate particles.  

Organosulfate functional groups were measured in air masses from both the European 

and Arctic source regions, when high concentrations (1.25-2.40 µg m-3) of sulfate were 

present but not at Barrow, which had lower sulfate concentrations (0.64 µg m-3, average).  

The potential source region of organosulfate groups is collocated with the potential 

source region of sulfate during ICEALOT, where there are high S emissions from 

abundant sources of coal combustion.  The high correlation between the organosulfate 

fraction of PM1 and sulfate fraction of PM1 and the low molar ratio of ammonium to 

sulfate (high acidity) suggests that organosulfate functional groups are formed on sulfate 

particles through acid-catalyzed aqueous reactions.   

 Our findings suggest that pan-Arctic air quality is not uniform in composition but 

rather regionally dependent on different transport mechanisms and source regions.  Since 

these unique aerosol contributions produce different chemical and microphysical 

consequences, climate models that are able to simulate direct and indirect aerosol effects 

must be able to treat the specific areas differently in order to make predictions of 

radiative forcing in the Arctic. 
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1.6 Appendix: PMF of HR-ToF-AMS 

Unit mass resolution PMF analysis was performed on the HR-ToF-AMS data.  

The PET software and analysis methods outlined by Ulbrich et al. [2009] were used to 

perform the PMF analysis.  The data and error matrices input into the PMF analysis were 

obtained with the SQUIRREL analysis program  (described at http://tinyurl.com/tofams-

analysis) [Allan et al., 2003; Allan et al., 2004b].  The error matrices account for Poisson 

statistics in ion counting.  A minimum error constraint was additionally placed on the 

error matrix according to Ulbrich et al. [2009].  Due to low signal to noise (S/N), ion 

fragments with masses above m/z 200 were removed from the analysis.  The remaining 

ion fragments with 0.2 <S/N<2 were downweighted by a factor of 3 [Ulbrich et al., 

2009].  PMF analysis results were compared for solutions with 1 through 10 factors.  The 

largest drop in Q/Qexpected occurred going from 1 to 2 factors, showing that at least two 

factors are needed to accurately represent the organic mass and explain the variance.  The 

three factor solution, which had a minimum Q value and did not show any evidence of 

factor splitting, was chosen as the optimum solution for this analysis.  The three factors 

together account for 97% of the observed OM.  The effect of rotation on the PMF 

solution was examined by changing the Fpeak parameter from -1 to 1 with 0.2 intervals.  

Solutions with  -0.22< Fpeak< 0 yielded component spectra and time series that did not 

contain unreasonable zeros.  The chosen solution is supported by the strongest 

correlations with reference spectra posted at http://cires.colorado.edu/jimenez-

group/AMSsd/ [Ulbrich et al., 2009]. 
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Chapter 2  

Removal of Sea Salt Hydrate Water from 

Seawater-Derived Samples by Dehydration  

 

 

 

 

 

Aerosol particles produced from bubble bursting of natural seawater contain both 

sea salts and organic components. Depending on the temperature, pressure, and speed of 

drying, the salt components can form hydrates that bind water, slowing evaporation of the 

water, particularly if large particles or thick layers of salts undergo drying that is non-

uniform and incomplete. The water bound in these salt hydrates interferes with measuring 

organic hydroxyl and amine functional groups by Fourier transform infrared (FTIR) 

spectroscopy because it absorbs at the same infrared wavelengths. Here, a method for 

separating the hydrate water in sea salt hydrates using freezing and then heating in warm, 

dry air (70°C) is evaluated and compared to other methods, including spectral 
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subtraction.  Laboratory-generated sea salt analogs show an efficient removal of 89% of 

the hydrate water absorption peak height by 24 h of heating at atmospheric pressure.  The 

heating method was also applied to bubbled submicron (Sea Sweep), generated bulk 

(Bubbler), and atomized seawater samples, with efficient removal of 5, 22, and 39 µg of 

hydrate water from samples of initial masses of 11, 30, 58 µg, respectively.  The strong 

spectral similarity between the difference of the initial and dehydrated spectra and the 

laboratory generated sea salt hydrate spectrum provided verification of the removal of 

hydrate water.  In contrast, samples of submicron atmospheric particles from marine air 

masses did not have detectable signatures of sea salt hydrate absorbance, likely because 

their smaller particles and lower filter loadings provided higher surface area to volume 

ratios and allowed faster and more complete drying. 
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2.1 Introduction 

Seawater and freshly-emitted sea spray particles are 97% water, by mass, but they 

also contain trace amounts of important organic components. A macroscopic sample of 

seawater dried to 0% RH can leave up to 15% of the mass of dry sea salt as bound water 

molecules in hydrates [Lewis and Schwartz, 2004], depending on the morphology of the 

salt mixture and the method of drying. The rationale for this study was to develop a 

method for characterizing the organic components of particles produced by seawater 

bubble bursting (and by other sources such as dust that retain substantial amounts of 

water bound as hydrates). FTIR spectroscopy has been shown effective for measuring the 

organic components of salt and dust-containing refractory particles, but the presence of 

hydrate water interferes with the measurement of organic hydroxyl groups.  

Evaporated seawater can include halite (NaCl), kieserite (MgSO4•1H2O), 

carnallite (KMgCl3•6H2O), anhydrite (CaSO4), and bischofite (MgCl2•6H2O) [Harvie et 

al., 1980]. The most abundant salt formed from standard seawater evaporation is NaCl 

(~90%) followed by MgCl2 and MgSO4 (~3-4% each) and KMgCl3 and CaSO4 (~2% 

each) [Harvie et al., 1980]. Previous studies have shown absorbance in the infrared (IR) 

region of hydrate bound and liquid water in salt water mixtures using Fourier transform 

infrared (FTIR) spectroscopy at differing RH values [Cziczo et al., 1997; Hoffman et al., 

2004; Weis and Ewing, 1999; Zhao et al., 2006].  Cziczo and Abbatt [2000] observed that 

a low flow, directly into the sample chamber, of MgCl2 aerosol (lognormal distribution 

with a mean radius of 0.18 µm and a standard deviation of 1.8 µm) at 1% RH had distinct 
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IR spectral absorbance signatures of MgCl2 hydrates, including sharp peaks at about 3390 

and 3210 cm-1 and a double peak at about 1650 and 1630 cm-1. The low RH spectra did 

not change with increases or decreases in temperature, indicating that MgCl2 hydrates 

have similar absorption spectra or only hexahydrate was formed [Cziczo and Abbatt, 

2000]. The aerosol passed through a diffusion drier (with a residence time of 2 min to 

obtain 1% RH) that likely did not allow sufficient time to reach a stable equilibrium if the 

hydrate water was prevented from diffusing out.  

FTIR spectroscopy has been used to identify the composition of ambient 

submicron marine particles collected and dried in thin layers on Teflon filters [Hawkins 

et al., 2010; Russell, 2003; Russell et al., 2011; Russell et al., 2010]. This technique has 

not been used previously to quantify the organic composition of samples of artificially-

generated submicron and supermicron sea spray particles formed from model ocean 

systems that may be deposited in thicker layers on filters. Because the evaporation of 

hydrate water at 0% RH can be slowed if diffusion is limited, these larger, thicker 

samples retain substantially higher quantities of hydrate water as they dry, which are 

more difficult to remove and may be part of salt hydrates that have formed into gels 

[Chan et al., 2000]. Multiple techniques for extracting hydrate water from seawater 

derived sea salt hydrates, while retaining the organic components, have been proposed 

including: (i) freezing which causes the hydrate water to break apart from the salt hydrate 

to form solid water [Wang et al., 2009]; (ii) heating which causes the hydrate water to 

evaporate directly [Ni et al., 2011] but may alter the chemical composition of reactive or 

volatile organic components; (iii) vacuum drying after freezing which reduces the 

pressure then allows the frozen water to sublime without directly heating the sample 
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[Popp et al., 1996]; and (iv) desiccating which pushes the equilibrium of the hydrate 

water and RH of the air towards water evaporation [Weis and Ewing, 1996].  

 Here we evaluate several approaches for removing hydrate water from seawater-

derived samples while retaining intact the organic components for chemical 

characterization. The amount of hydrate water removed by each technique was measured 

for four types of seawater derived samples: standards of seawater components, generated 

submicron marine aerosol, generated bulk marine aerosol, and atomized seawater. IR 

spectroscopy was used here to assess the extent to which hydrate water mass was 

removed by each process. Spectral subtraction was also investigated to determine if it is a 

sufficient technique to isolate the hydrate water absorbance from the organic absorbance.  

2.2 Methods 

2.2.1 Particle Generation and Collection 

The five types of seawater-related samples studied here are: standards of seawater 

components, generated submicron marine aerosol, generated bulk marine aerosol, 

atomized seawater, and ambient marine aerosol particles (Table 2.1). For all of the 

following sampling conditions, particles were collected by drawing air through 37 mm 

Teflon filters. Samples collected in the field were frozen and transported to San Diego for 

analysis.  Prior to analysis, each sample was equilibrated in a temperature (20°C) and 

humidity controlled (< 55%) cleanroom for 24 hours. The FTIR spectrum of each sample 

was collected by transmission through the 1 cm diameter portion of the filter that was  

exposed during sampling, before and after collection of particles, using a Tensor 27 

spectrometer with DTGS detector (Bruker Optics Inc., Billerica, MA; OPUS software). 
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Table 2.1: Conditions for particle generation and collection. 

*OM and hydrate water were determined using the dehydration procedures presented. 

Name 
(Number of 
Samples) 

Aerosol 
Source 

Particle Size  Drying 
During 
Collection 

Mass (µg m-3) OC/
Na 

    OM* Hydrate 
Water* 

Na  

Sea Sweep 
(6) 

Generated Submicron RH 
controlled 

3.50 2.44 4.59 0.37 

    5.00 2.20 NA NA 
    4.62 3.10 5.74 0.42 
    3.96 2.87 4.07 0.42 
    2.16 1.53 2.33 0.39 
    2.50 2.31 5.29 0.29 
    2.74 2.62 5.49 0.26 

Bubbler (12) Generated Sub- and 
supermicron 

None 16.6 47.7 53.2 0.15 

    14.0 11.3 30.8 0.24 
    10.3 24.3 37.9 0.16 
    9.8 26.7 NA NA 
    16.6 40.5 24.5 0.30 
    13.0 33.9 NA NA 
    13.9 23.8 28.6 0.26 
    10.4 16.3 NA NA 
    25.4 164.0 NA NA 
    36.4 173.2 170.7 0.07 
    17.9 31.1 NA NA 
    16.0 16.7 NA NA 
    15.5 10.4 26.6 0.34 

Atomized 
Seawater (6) 

Generated Sub- and 
supermicron 

Inline 
drier 

487.5 995.9 NA NA 

    285.2 952.0 NA NA 
    362.9 1231.8 NA NA 
    535.4 766.7 NA NA 
    494.6 970.3 NA NA 
    847.7 1388.8 NA NA 
    399.1 665.6 NA NA 

Ambient (6) Ambient Submicron RH 
controlled 

1.15 NA 0.07 8.35 

    2.87 NA 0.05 30.9 
    0.75 NA 0.03 9.9 
    1.45 NA 0.04 20.0 
    0.78 NA 0.12 3.6 
    0.73 NA 0.16 1.9 
    0.31 NA 0.04 3.3 
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Quantification procedures are described in Section 2.4.1. After initial analysis, the filters 

were returned to the freezer before further dehydration. After all dehydration steps were 

completed, X-ray Fluorescence (XRF; Chester LabNet, Tigard, OR) was used to quantify 

the masses of elements Na, Mg, S, Cl, K, Ca, V, Fe, Br, and Sr [Maria et al., 2003]. 

Ambient submicron particles were also collected on additional filters using two-stage 

multi-jet cascade impactors [Berner et al., 1979] and analyzed with ion chromatography 

(IC) to quantify inorganic ions, including Na and Cl [Bates et al., 2012; Quinn et al., 

1998].     

2.2.1.1  Laboratory Generated Reference Standards of Seawater Components 

Filter samples of seawater components were prepared by collecting atomized 

aqueous solutions of sea salt (Sigma Aldrich, S9883; 55% Cl, 31% Na, 8% SO4
2-, 4% 

Mg, 1% K, 1% Ca, <1% other), MgCl2 hexahydrate (Macron Chemicals, 5958), NaCl 

(EMD Chemicals, SX0425), and glucose (Sigma Aldrich, G5250). Mixtures of standards 

of glucose and sea salt, glucose and MgCl2, and glucose and NaCl were created by first 

depositing glucose on the filters, scanning using FTIR spectroscopy, and then depositing 

the salt over the glucose (discussion in Section 2.4.2). Standards of sea salt were used to 

calculate the absorptivity of sea salt hydrate water (as described in Section 2.4.5).   

2.2.1.2  Sea Sweep Sea Spray Particles (Submicron) 

The Sea Sweep consisted of stainless steel frits attached to a small raft that was 

deployed alongside of the R/V Atlantis [Bates et al., 2012]. Zero air was bubbled through 

the surface seawater, and the generated aerosol was separated by a cyclone so that 

submicron particles could be collected on filters. After the initial FTIR scan, the filters 
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were stored frozen for 8.3 months and re-analyzed before heating to 30, 40, 50, and 70°C 

for 20 min and re-analyzing after each 20 min heating period. The filters were frozen for 

an additional 5.4 months and then placed in a desiccator containing silica gel for 4.0 days, 

rescanned, and returned to the desiccator box for 7.0 more days. After scanning, the 

filters were placed in a dehydrator (Nesco/American Harvest FD-80) at 70°C in the 

cleanroom and re-scanned after 1.8 and 14.9 total days. 

2.2.1.3  Bubbler Sea Spray Particles (Submicron and Supermicron) 

The Bubbler consisted of a large glass cylinder filled with seawater, and bubbles 

were produced by flowing zero air through two sets of ceramic frits (fine and coarse) or 

by dropping jets of seawater on to the model seawater surface [Keene et al., 2007]. The 

continuously regenerated seawater surface contained ambient seawater constantly 

pumped by the R/V Atlantis. The bubbles burst at the seawater surface, which lofted the 

resulting aerosol into a continuous air stream. Submicron and supermicron particles were 

collected on filters without drying. After the initial FTIR scan, the filters were stored 

frozen for 13.8 months and then re-scanned. They were then placed in a desiccator for 

and re-scanned after 2.0, 6.0, and 13.0 total days. Then, the filters were placed in a 

dehydrator at 70°C in the cleanroom and re-scanned after 2.7, 6.7, 22.4, and 28.0 total 

days. 

2.2.1.4  Atomized Seawater 

Ambient seawater was collected during the CalNex 2010 cruise and frozen. The 

seawater was thawed and atomized to produce a broad mode of submicron particles, dried 

by passing through a drier containing drierite (average residence times of 2 to 7 s), and 
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deposited on Teflon filters. After the initial FTIR scan, the filters were frozen for 15.9 

months and then re-scanned. They were then placed in a desiccator for 15 days and 

rescanned. After, the filters were placed in a dehydrator at 70°C in the cleanroom and re-

scanned after 1.8, 5.7, 14.4, 27.4, and 42.7 total days. 

2.2.1.5  Submicron Atmospheric Marine Particles 

Atmospheric aerosol particles were collected off the coast of California on board 

the R/V Atlantis at 18 m above sea level through a heated mast that controlled the RH of 

the air masses to 60% during CalNex 2010. Particles were collected on filters for 5 to 10 

h durations. Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) 3-day 

isentropic backtrajectories (arriving at 500 m) were used to identify air masses of marine 

origin [Draxler and Rolph, 2003].   

2.3 Results and Discussion  

2.3.1 Reference Standards and Hydrate Spectral Signatures 

The initial spectra of the reference standards of dried NaCl particles had 

negligible IR absorption (Figure 2.1a), as expected [Pavia et al., 2001; Weis and Ewing, 

1999]. The laboratory generated standards of both sea salt and MgCl2 contained double 

peaks in the hydroxyl absorption region at 3380 and 3235 cm-1 and 3340 and 3235 cm-1, 

respectively. The sea salt hydrate water double peak signature is sharper and more 

defined than that of MgCl2 but both contain a local minimum at 3260 cm-1 and an 

additional peak at 1640 cm-1 (Figure 2.1a). MgCl2, sea salt, and NaCl are not 

vibrationally active at 3700-3100 cm-1 and 1640 cm-1, but hydrate water is. For 
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comparison, liquid water absorbs at 3450 and 1650 cm-1 [Cziczo and Abbatt, 2000; Weis 

and Ewing, 1996], and water vapor absorbs at 4000-3500 and 1800-1350 cm-1. Liquid 

water and water vapor were ruled out both by the peak positions as well as the analysis at 

0% RH in a N2 purge in the FTIR spectrometer sample chamber. This implies that the 

absorption for the sea salt and MgCl2 standards is due to bound water in hydrates, which 

do not form with NaCl.  

The spectra of NaCl deposited on glucose showed no discernible change in 

spectral shape or additional absorption from the original glucose spectra (Figure 2.1a). 

The standards with sea salt or MgCl2 and glucose showed an increase in absorption from 

the original glucose sample at 3700-3100 cm-1 and 1640 cm-1 (Figure 2.1a). The spectra 

of the glucose and MgCl2 and the glucose and sea salt were very similar to that of pure 

MgCl2 and pure sea salt, respectively.  

Spectra of MgCl2 standards had little remaining IR absorption after 24 h in the 

dehydrator, and the maximum peak height of the spectra decreased by 89%. After 

freezing and heating, standards of glucose and sea salt mixtures had resulting spectra 

similar to the original deposited glucose spectra (cosine similarity of 0.93; defined in 

Section 2.4.3), with maximum peak heights within 13% of the initial glucose peak 

heights.    

2.3.2 Dehydration of Seawater-Derived Samples 

The initial spectra of the generated marine aerosol and atomized seawater samples 

had absorbance at 3700-3100 cm-1 and 1640 cm-1, similar to the bound water in MgCl2 

and sea salt hydrates (Figure 2.1b).  The different generation methods (Sea Sweep, 
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Bubbler, and atomized seawater) resulted in differences in the IR spectra, but all of the 

spectra showed the double peak at 3380 and 3235 cm-1 and a minimum at 3260 cm-1. 

 

Figure 2.1:  FTIR absorption spectra of standards, Sea Sweep, Bubbler, and atomized 
seawater samples.  (a) Spectra of NaCl, MgCl2, and sea salt (black), spectra of the 
respective salts added to glucose (grey), and the initial spectra of glucose (purple).  These 
spectra were normalized by the maximum absorption of the glucose and salt mixtures.  
(b) Initial spectra for each sampling condition.  (c) Difference spectra of the initial and 
dehydrated spectra.  (d) Final spectra of the mass remaining in the dehydrated samples.  
The Initial, Difference, and Dehydrated spectra were all normalized by the maximum 
absorption of the initial spectrum of each sample to show the relative differences in 
absorption.  Gaps in the spectra represent artifacts from the dehydrator at 2917±12 and 
2850±6 cm-1 (Dehydrator and Difference).  Vertical lines indicate sea salt hydrate 
signature peaks at 3380, 3235, and 1640 cm-1 (solid) and a signature local minimum at 
3260 cm-1 (dashed).  In the “Glucose + MgCl2” plot, the vertical lines represent the 
MgCl2 hydrate signature peaks at 3340, 3235, and 1640 cm-1 (solid).  
 

Multiple drying techniques were used to remove the hydrate water from the sea 

salt hydrates while preserving the organic fraction for samples of the generated marine 

aerosol, atomized seawater, and reference standards, as summarized in Table 2.2. For the 

Sea Sweep, Bubbler, and atomized seawater samples, the first method employed for 

removing hydrate water was freezing, whereby the saturation vapor pressure was lowered 



72	
  

	
  

to enhance evaporation rates of remaining hydrate water. Freezing for multiple months 

removed an average of 1.2, 6.2, and 14.0 µg of hydrate water  (26%, 28%, 36%) for the 

Sea Sweep, Bubbler, and atomized seawater samples, respectively. The difference 

between the initial spectra and the spectra after freezing were compared to the spectrum 

of sea salt hydrate using cosine similarities to give 0.92, 0.93, and 0.64, respectively 

(Table 2.2), showing that in the first two cases the absorbance that was removed was 

nearly identical to sea salt hydrate. However, the IR spectra after freezing still had sharp 

peaks at 3380 and 3225 cm-1 and 1640 cm-1, similar to the sea salt hydrates, suggesting 

that some hydrate water remained. 

The samples were then heated in a dehydrator at 70°C for varying lengths of time, 

and 4.7, 21.8, and 38.8 µg of hydrate water mass was removed from the Sea Seep, 

Bubbler, and atomized seawater samples, respectively, including the mass removed by 

freezing and desiccating (Table 2.2). The spectra after full dehydration (Figure 2.1d) 

showed a large reduction in the absorption at 3700-3100 cm-1 and 1640 cm-1. The 

remaining spectra lack the signatures of the sea salt hydrates and are more similar to 

previous measurements of atmospheric particles from marine regions, identified as 

carbohydrates, rather than sea salt hydrates [Russell et al., 2010]. The difference of the IR 

spectra from before and after complete dehydration look very similar to the sea salt 

hydrate spectrum (Figure 2.1c) for all three types of samples, with average cosine 

similarities of 0.98, 0.97, and 0.91 (Table 2.2), indicating that the only component 

removed was hydrate water.     
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Table 2.2: Hydrate water removed during dehydration and spectral subtraction for the 
different sampling conditions, and the cosine similarity between spectra removed and the 
hydrate water spectrum. 

Hydrate Water Removed Sampling 
Condition (# of 
samples) 

Step in Drying 
Procedure (Duration)* (µg) (% of 

total) 

Cosine similarity of 
difference spectra and 
hydrate water spectra 

 Dehydration    
Sea Sweep (6) Freezer (8.3 mo)   1.2 ±   0.5 26 0.92 
 Heating to 70°C   2.2 ±   1.1 47 0.95 
 Freezer (5.4 mo) + 

Des. (4.0 d) 
  3.2 ±   1.6 

68 
0.96 

 Desiccator (7.0 d)   3.7 ±   1.1 79 0.97 
 Dehydrator (1.8 d)   4.0 ±   1.2 85 0.98 
                   (+13.0 d)   4.7 ±   1.6 100 0.98 
Bubbler (12) Freezer (13.8 mo)   6.2 ±   5.7 28 0.93 
 Desiccator (2.0 d)   9.0 ±   8.7 41 0.90 
                  (+4.0 d)   9.8 ± 10.7 45 0.94 
                  (+7.0 d)   8.1 ±   7.4 37 0.78 
 Dehydrator (2.7 d) 15.3 ± 17.4 70 0.96 
                   (+4.0 d) 19.6 ± 18.6 90 0.97 
                   (+15.7 d) 20.9 ± 18.7 96 0.97 
                   (+5.7 d) 21.8 ± 19.0 100 0.97 
Atomized 
seawater (6) Freezer (15.9 mo) 14.0 ± 16.2 36 0.64 
 Desiccator (15.0 d) 12.5 ± 19.1 32 0.62 
 Dehydrator (1.8 d) 17.0 ± 21.5 44 0.61 
                   (+3.9 d) 35.2 ± 22.1 91 0.91 
                   (+8.8 d) 31.3 ± 17.9 81 0.90 
                   (+12.9 d) 36.9 ± 22.3 95 0.92 
                   (+15.3 d) 38.8 ± 23.8 100 0.91 
 Spectral Subtraction    
Sea Sweep (6) 1   6.2 ±   1.7 NA NA 
 2a   4.7 ±   1.7 NA NA 
 2b   3.8 ±   1.3 NA NA 
 2c   6.8 ±   3.4 NA NA 
Bubbler (12) 1 18.3 ± 11.5 NA NA 
 2a 12.3 ±   8.7 NA NA 
 2b 10.0 ±   7.0 NA NA 
 2c 23.4 ± 16.8 NA NA 
Atomized 
seawater (6) 

1 21.7 ± 12.5 NA NA 

*Durations are given in month (mo), day (d), and hour (h) for each drying procedure step.  
The “+” indicates that the duration listed is the incremental rather than cumulative 
amount of time for that step.  Hydrate water is the total removed after each step in the 
drying procedure, including the mass removed in the previous drying procedure steps. 
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Since the Sea Sweep, Bubbler, and atomized seawater samples had different 

masses of sea salt and hence hydrate water, the drying process was carried out in a series 

of steps of different duration to identify the minimum time needed to remove the hydrate 

water (as listed in Table 2.2). For the Sea Sweep, the largest average removal of hydrate 

water (1.2 µg; 26%) was during the initial storage time in the freezer. The largest average 

removal of hydrate water from the Bubbler samples was 7.2 µg (in addition to the 

previous mass removed) after the first 2.7 days of drying in the dehydrator. The largest 

average removal of hydrate water from the atomized seawater samples was 18.2 µg, 

which occurred during the second drying step in the dehydrator of 3.9 days (5.7 days 

total). While dehydrating with mild heating is required to expedite removal of the hydrate 

water, substantial water was also removed during frozen storage (Figure 2.2). For Sea 

Sweep samples, an average of 85% of the hydrate water had been removed after 1.8 days 

in the dehydrator. The Bubbler and atomized seawater samples, which had more 

deposited mass, required additional time in the dehydrator to fully remove the hydrate 

water (Table 2.2).   

In the end, 14.9, 28.0, and 42.7 days in the dehydrator were required to fully 

dehydrate the Sea Sweep, Bubbler, and atomized seawater samples, respectively. 

Multiple factors may have influenced the difference in the dehydration time required for 

the different sampling techniques: (i) Because the Sea Sweep particles were dried to 60% 

RH and the atomized seawater particles were passed through a drier before sampling, 

some of the liquid water was removed from these samples before the particles dried and 

the sea salt crystallized.  This reduced the liquid water available to bind as hydrate water, 

compared to that of the Bubbler particles that were not dried prior to collection.  Also,  
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Figure 2.2:  Total hydrate water mass (left axis) removed from the initial samples after 
each drying step and subtraction estimates for the (a) 6 Sea Sweep samples, (b) 12 
Bubbler samples, and (c) 6 atomized seawater samples.  The black lines are the median 
values of all of the samples, and the boxes represent the 25 to 75th percentiles with 
whiskers to the 10 and 90th percentiles, showing the differences among the individual 
samples of each type.  Boxes are colored by the cosine similarity of the sea salt hydrate 
spectra with the difference of the spectra at each step from the initial spectra (yellow: 
0.60-0.69; green: 0.70-0.79; light blue: 0.90-0.95; dark blue: 0.96-0.99).  The red 
triangles represent the average percent hydrate water mass removed during each process 
(right axis).  In the Freezer section, “H” is the first heating step for the Sea Sweep (to 30, 
40, 50, and 70°C for 20 minutes each), and “F” is the second freezing step (5.4 months) 
and includes desiccating (4.0 days).  The bars and points are plotted at the total number of 
days spent for each type of drying procedure with times in the freezer, desiccator, and 
dehydrator shown separately.  
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Woods et al. [2010] found that aerosol particles with mixtures of NaCl and MgSO4 

formed a NaCl core upon drying, with uneven MgSO4 coatings.  This allows the available 

chloride to be used in the NaCl crystallization and reduces the Cl available to bond with 

magnesium to form MgCl2 and bind water as hydrates. (ii) The Bubbler particles dried on 

the filters rather than in the aerosol phase, which could potentially trap pockets of hydrate 

water or induce a different drying pattern in which NaCl does not first form as a core, 

leaving more chloride available for MgCl2 formation. (iii) Keene et al. [2007] showed 

that the ratio of organic carbon to sodium in bulk generated marine aerosol particles is 

lower than in submicron generated marine particles. With a higher percentage of sea salt, 

there should be a larger fraction of sea salt hydrates in the Bubbler (bulk) than the Sea 

Sweep (submicron) marine aerosol. (iv) On average, the Sea Sweep samples contained 

less initial average absorption area at 3700-3100 cm-1 (5.6) due to less deposited mass on 

the filters than the Bubbler (19.2) and atomized seawater (37.9) samples. With more mass 

deposited on the filters, more water could be bound as hydrates or trapped in pockets. All 

of these factors contributed to a lower amount of hydrate water in the initial Sea Sweep 

spectra and reduced the necessary time for dehydration, compared to the Bubbler and 

atomized seawater samples. 

In addition to the absorption at 3380, 3235, and 1640 cm-1, some of the initial 

spectra of the Bubbler and atomized seawater samples have absorbance at 3500 cm-1 

(Figure 2.1b). This peak was observed in samples with high deposited mass (initial 3700-

3200 cm-1 absorption peak area > 19), which could indicate that liquid water was trapped 

in pockets or between layers of aerosol mass. Of the Bubbler samples, only one of the 

two jet configuration samples, which had the highest peak areas, had the additional 
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spectral peak.  Cziczo and Abbatt [2000] observed an absorption peak at 3450 cm-1 for 

generated aerosol, which was attributed to OH stretch of liquid water. They also suggest 

that liquid water may be trapped within the aerosol particles and not yet formed as 

hydrate [Cziczo and Abbatt, 2000]. Weis and Ewing [1999] observed a liquid water 

absorption band at 3400 cm-1 for porous NaCl particles. This was compared to liquid 

water absorbed on to the faces of single NaCl crystals, which was found to absorb around 

3525 cm-1 at RH < 40% and 30°C [Foster and Ewing, 1999]. The final dehydrated spectra 

lack the third peak absorbance at 3500 cm-1 (Figure 2.1d) showing that the trapped, liquid 

water was removed.  

Spectra from all of the sampling conditions show little change between the post-

freezer spectra and the post-desiccator spectra, and there is little hydrate water mass 

removed by the dessicator (Figure 2.2). This suggests that desiccation alone is not 

sufficient for removing hydrate water. The samples were kept in a desiccator between the 

steps of the drying procedure to prevent water from condensing on the samples.     

Freeze-drying was tested as another dehydration technique, but it did not 

dehydrate the standards. To test this, the sea salt hydrate standards were frozen and then 

placed under vacuum. The initial freezing procedure step removed some hydrate water 

mass, as discussed earlier, but the spectra of the standards after being under vacuum for 

both 22 hours and 5 days showed little decrease in absorbance from the initial scan. The 

spectra also still displayed the signatures of bound water in sea salt hydrates, so the 

vacuum technique was not used to dehydrate the Sea Sweep, Bubbler, or atomized 

seawater samples.   
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2.3.3 Hydrate Water Removal using Spectral Subtraction 

In some circumstances, it may not be possible to physically dehydrate samples – 

either because they are no longer available or because the water needs to be preserved.  

For this reason, four different methods were used to estimate the mass of hydrate water in 

a seawater-derived sample by subtracting hydrate water-related absorption from the 

measured spectrum. Each method uses a different approach to approximate the amount of 

hydrate water and the scaling for the spectrum to subtract. 

 In the first method, the measured sea salt hydrate spectrum was scaled to the 

maximum absorbance possible without exceeding the measured spectrum; the resulting 

scaled hydrate spectrum was subtracted from each of the initial sample spectra, as given 

by Equation 2.1:  

    (2.1) 

where Sdehy1 is the final spectra with hydrate water removed, S0 is the initial spectrum, Sss 

is the sea salt hydrate spectrum, and x1 and x2 are the wavenumber bounds of the region 

of interest (described in Section 2.4.4). This method was applied to the Sea Sweep, 

Bubbler, and atomized seawater samples, and the resulting dehydrated spectra are shown 

in Figure 2.3b. The scaling of the sea salt spectrum was used to calculate the hydrate 

water mass removed (Section 2.4.6). With this method, an average of 6.2, 18.3, and 21.7 

µg of hydrate water were removed for the Sea Sweep, Bubbler, and atomized seawater 

samples, respectively (Table 2.2). Equation 2.1 gives an upper bound of the hydrate water 

in the sample by assuming that all of the absorption at 3700-3100 cm-1 that fits the 

hydrate water spectral shape could be due to hydrate water. Because primary marine 
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aerosol particles have been found to contain significant fractions of hydroxyl functional 

groups [Russell et al., 2010], this assumption provides an upper bound on, and likely an 

overestimate of, the hydrate water mass.  

 
Figure 2.3:  FTIR absorption spectra of Sea Sweep, Bubbler, and atomized seawater 
samples.  (a)  Initial spectra for each sampling condition repeated from Figure 2.1.  
Resulting spectra from (b) Equation 2.1, (c) Equation 2.2, (d) Equation 2.3, and (e) 
Equation 2.4 dehydration subtraction techniques.  The spectra were all normalized by the 
maximum absorption of the initial spectrum of each sample to show the relative 
differences in absorption.  Vertical lines indicate sea salt hydrate signature peaks at 3380, 
3235, and 1640 cm-1 (solid) and a signature local minimum at 3260 cm-1 (dashed). 
 
 The spectra resulting from Equation 2.1 compare well in peak height and shape 

with the dehydrated spectra from freezing and heating for the Sea Sweep and frit 

configuration Bubbler samples (Figure 2.3; Figure 2.1d), although there is less remaining 

absorbance area, as is consistent with Equation 2.1 as an upper bound. The spectra 

resulting from Equation 2.1 for the atomized seawater and jet configuration Bubbler 

samples do not compare as well with the spectra from the dehydration because the peak 

at 3500 cm-1 was removed by dehydration but not by Equation 2.1. This spectral 
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subtraction does not remove the peak at 3500 cm-1 because that peak is associated with 

trapped liquid water rather than hydrate water.  

 The second type of estimate used Equations 2.2, 2.3, and 2.4 to calculate the 

dehydrated spectra for each sample by subtracting a scaled sea salt hydrate spectrum 

based on the XRF or IC-measured elemental masses. In Equation 2.2, the measured mass 

of Na (MNa, µg) for each sample was used to calculate the dehydrated spectra:  

     (2.2) 

where r is the ratio of µmol OH per µmol of water (2 OH per H2O), Fhw is the observed 

mass fraction of hydrate water in dried sea water (0.15) [Lewis and Schwartz, 2004], Abs 

is the sea salt hydrate absorptivity (Section 2.4.5), FNa is the mass fraction of Na in sea 

salt (0.31), mw is the molecular weight of water (18 µg µmol-1), and PSS is the total peak 

area of the standard sea salt hydrate spectra. In Equation 2.3, the ratio of Mg to Na (rNa, 

0.088) in seawater and MNa were used to calculate the dehydrated spectra for each 

sample:  

     (2.3) 

where rMg is the molar ratio of Mg to hydrate water in sea salt hydrates (1:6) and mMg is 

the molecular weight of Mg (24.3 µg µmol-1). In Equation 2.4 the mass of Mg (MMg, µg) 

for each sample was used to calculate the dehydrated spectra:  

     (2.4) 

! 

Sdehy2 = S0 " SSS #
rMNaFhwAbs
FNamwPSS

$ 

% 
& 

' 

( 
) 

! 

Sdehy3 = S0 " SSS #
rMNarNaAbs
rMgmMgPSS

$ 

% 
& & 

' 

( 
) ) 

! 

Sdehy4 = S0 " SSS #
rMMgAbs
rMgmMgPSS

$ 

% 
& & 

' 

( 
) ) 



81	
  

	
  

The resulting averages for the hydrate water removed with Equations 2.2, 2.3, and 

2.4 are 5.7, 3.8, and 6.8 µg from the Sea Sweep samples and 12.3, 10.0, and 23.4 µg of 

hydrate water from the Bubbler samples (Table 2.2 and Figure 2.2). The dehydrated 

spectra from the different spectral subtraction equations compare well to each other in 

shape and magnitude (Figure 2.3). The atomized seawater samples were not analyzed by 

XRF or IC, so hydrate water was not calculated with Equations 2.2, 2.3, or 2.4. The 

quantification of the organic components remaining is discussed in Section 2.4.1.     

2.3.4 Comparison to Atmospheric Particles from Seawater-Derived 

Spray 

The submicron atmospheric aerosol particles collected during the CalNex cruise, 

in airmasses of marine origin, had FTIR spectra that lacked the signatures of sea salt 

hydrate absorption (Figure 2.4), even without the dehydration procedures described here.  

The characteristic double peak at 3380 and 3235 and the local minimum at 3260 cm-1 are 

absent. Using Equation 2.2 to calculate an upper bound on the amount of hydrate water 

present, hydrate water could contribute at most less than 5% of the organic mass.  

There are two likely explanations for the absence of hydrate water in the 

submicron atmospheric aerosol particles collected.  First, they were sampled through an 

RH-controlled (heated) inlet that dried particles to approximately 60% RH before 

collection on the filter, which is in contrast to the reference, bubbler, and atomized 

seawater samples that were not heated.  This meant that there was less liquid water 

present when the salts dried.  Second, the lower atmospheric concentrations of salt 

particles relative to the generated samples meant the mass of salt collected on filters was 
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lower (ambient Na: 0.07 µg m-3; Sea Sweep Na: 4.59 µg m-3), even though sampling 

times were longer.  Hence the collected samples were thinner and collected more slowly, 

providing for uniform and complete drying of the sample.  For the Sea Sweep, Bubbler, 

atomized seawater, and reference samples, rapid collection of a larger mass of salt may 

have inhibited drying by crystallization of salt layers on top of layers of undried water 

pockets [Cziczo and Abbatt, 2000].  A third possibility, if the particles were more aged, is 

that as ambient marine aerosol ages and reacts with sulfuric and nitric acids in the 

atmosphere, it becomes depleted in chlorine and enriched in sulfur [McInnes et al., 1994].  

The average ratio of Na to Cl in the CalNex ambient marine samples is 2.01, which is 

greater than the ratio in seawater (0.56) showing Cl depletion.  Since Cl is needed to form 

MgCl2 and KMgCl3, less water is bound in Cl-containing hydrates.   

 

Figure 2.4: Normalized, FTIR spectra from atmospheric particles collected during 
CalNex in clean marine air masses (grey) and marine derived particle spectra from 
Scripps Pier 2008 (gold).  Vertical lines indicate hydrate signatures that are present in 
spectra in Figure 2.1a but absent here: peaks (solid) and local minimum (dashed).  
Spectral noise for these spectra was smoothed using Savitzky-Golay with 31 points and 
second order.  
 

In summary, low heating at atmospheric pressure enabled dehydration of 

metastable hydrate water from sea salts. Initial FTIR spectra of Sea Sweep, Bubbler, and 

atomized seawater samples showed absorbance signatures characteristic of sea salt 
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hydrates, which were removed by dehydration that included freezing and heating the 

samples. The dehydrated spectra resemble atmospheric particles from clean marine 

regions and have spectral shapes consistent with previously identified marine organic 

components. High cosine similarity values between the difference of the spectra before 

and after dehydration with the spectra of sea salt hydrates confirmed that the mass 

removed during dehydration was hydrate water and not volatile organic species. While 

not recommended for quantifying hydrate water or for recovering the non-water organic 

hydroxyl spectrum, spectral subtraction of scaled reference spectra of sea salt hydrate 

provides a useful indicator of the presence and potential contribution of hydrate water.   

Since minor artifacts from contamination were caused by the dehydrator, we recommend 

that future seawater derived aerosol sampling include drying particles by heating and 

dessication before collection on filters to reduce the need for dehydration after sampling.  

Another prudent sampling technique is limiting the mass of salt-containing particles that 

are deposited on the filters so that the thickness of the salt layer does not slow mass 

transfer by trapping bound water in hydrate pockets.    

2.4 Appendix 

2.4.1 Quantification of Organic Functional Groups 

The spectra from each scan were analyzed using an automated algorithm that 

includes baselining, peak-fitting, and integrating at specific peak locations to identify the 

organic functional group mass associated with the major carbon bond types, based on the 

method outlined by Maria et al. [2002] and revised by Russell et al. [2009].  

Concentrations were calculated by dividing the mass of each functional group measured 
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for each filter by the total volume of air sampled through the corresponding filters.  

Functional groups that were quantified in these samples include: hydroxyl (including 

alcohol, C-OH), alkane (C-CH), amine (C-NH2), and carboxylic acid (COOH). Total 

organic mass (OM) was calculated by adding the functional group concentrations.  

Aromatic, alkene (C=CH), carbonyl (C=O), organosulfate (COSO3), and organonitrate 

functional groups were below the detection limit for all filter samples discussed here.  

Dehydrated spectra calculated from Equations 2.1-2.4 were analyzed with the same 

procedure to determine the resulting functional group composition and OM. 

2.4.2 Marine Organic Components 

 Past studies have shown that the organic fraction of ambient primary marine 

particles is carbohydrate-like [Russell et al., 2010]. The carbohydrate glucose was chosen 

to represent the organic component of marine aerosol in the standards. The melting point 

of glucose is greater than 140°C, so it will not volatilize at 70°C. Past studies have also 

shown that ambient marine organic aerosol may contain volatile organic compounds 

(VOCs) due to particle formation from secondary reactions forming secondary organic 

aerosol (SOA) [O'Dowd et al., 2004]. The focus of this paper is on generated, fresh, 

primary marine particles. These generated marine particles are produced directly from the 

seawater and are not formed as SOA. Since they do not contain VOCs, they are not 

volatile at 70°C. Using the measurements of particles from the Sea Sweep, Bates et al. 

[2012] found that the fresh, primary particles were not volatile even at temperatures as 

high as 230°C. Modini et al. [2010] found that generated marine aerosol had a minor 

organic component that evaporated over the temperature range of 170-200°C.           
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2.4.3 Cosine Similarity of FTIR Spectra 

Cosine similarity is used to determine the similarity between two spectra, and it is 

defined as the cosine of the angle between two vectors [Stein and Scott, 1994]. The 

values range from 0 to 1, and values closer to 1 indicate higher cosine similarity.  For the 

cosine similarity calculations, wavenumbers from 3800 to 1500 cm-1 were used with the 

following exclusions: (i) 2927 – 2908 cm-1, (ii) 2856 – 2844 cm-1, (iii) 2785 – 2766 cm-1, 

and (iv) 2692 – 2673 cm-1. The listed wavenumbers were excluded because there was 

evidence of artifacts in those regions of the sample spectra. 

2.4.4 Bounds for Spectral Subtraction 

The specific bounds used in the spectral subtraction for hydrate separation were 

3616 to 2464 cm-1 for the Sea Sweep spectra, 3574 to 2848 cm-1 for the Bubbler spectra, 

and 3424 to 2848 cm-1 for the atomized seawater spectra, in order to scale the sea salt 

hydrate spectrum in the appropriate region. 

2.4.5 Hydrate Absorptivity 

Five filter sample standards of sea salt with varying deposited masses were used 

to determine the absorptivity of bound water in sea salt hydrates. Filters were weighed 

and scanned prior to depositing sea salt. The combined mass of the sea salt and bound 

hydrates (MS; µg) was found by subtracting the original weight from the final weight of 

the filters. For Technique 1, this weight was used to calculate the µmol of OH (NOH1) 

using: 

€ 

NOH1 =
MS × FMg+hyd × r
mMg+hyd × rMg        (2.5) 
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where FMg+hyd is the fraction of Mg and hydrate mass in sea salt with hydrate water (0.17 

µg Mg hydrate per µg sea salt and bound hydrates), rMg is the molar ratio of Mg to 

hydrates in sea salt (1 µmol Mg per 6 µmol hydrate), mMg+hyd is the molecular weight of 

Mg hydrate (132 µg µmol-1), and r is the ratio of µmol OH per µmol of hydrate (2). For 

Technique 2, the µmol of OH (NOH2) was calculated using:  

€ 

NOH 2 =
MS × Fhw × r

mw        (2.6) 

where Fhw is the mass fraction of hydrate water in sea salt (0.15 µg bound water per µg 

sea salt) and mw is the molecular weight of water (18 µg µmol-1). The peak area due to 

OH bonds from hydrate water was found using the integral of the absorption in the 3200-

3700 cm-1 region using FTIR spectroscopy of the filters. All of the area was attributed to 

hydrates because no other components in the sea salt standards absorb in this region. The 

sea salt hydrate absorptivity was calculated as the slope of the best fit line between the 

OH peak area and µmol of OH bond (Figure 2.5). Using Technique 1, the absorptivity 

was found to be 7.39 peak area per µmol bond, and using the Technique 2, it was found 

to be 7.00 peak area per µmol bond. Both techniques gave a strong correlation (r = 0.99) 

between OH peak area and µmol OH bond. Because the difference between the two 

absorptivity calculations is ~5%, the absorptivity from the first technique was used. The 

ratio of hydrate peak area in the hydroxyl region to hydrate peak area in the amine region 

remained constant for all of the sea salt standards. Hydrate peak area at 1640 cm-1 is 5% 

of the peak area at 3200-3700 cm-1. 
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Figure 2.5: Calculation of sea salt absorptivity using Technique 1 and 2 to determine 
µmol of OH bonds.  
 

2.4.6 Hydrate Water Mass Calculation 

The hydrate water mass removed during dehydration was calculated for each 

sample using the difference between the final peak areas at each step and the initial peak 

areas. Because hydrate absorbs at 3200-3600 cm-1 and at 1640 cm-1, the total equivalent 

hydrate peak area was calculated as the sum of the peak areas in those two regions. The 

mass of hydrate removed (Mhw; µg) was calculated using the following equation: 

€ 

Mhw =
Phw × mw

r × Abs         (2.7) 

where Phw is the total difference hydrate peak area from the initial and final scans and Abs 

is the sea salt hydrate absorptivity.  
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3.1 Introduction 

 Characterizing the organic composition of marine aerosol particles is important 

for understanding the sources of marine aerosol and their impact on cloud microphysical 

properties [de Leeuw et al., 2011]. A variety of measurement techniques have been used 

to measure the organic composition of both ambient atmospheric and freshly emitted sea 

spray aerosol (Table 3.2, Appendix). Using Fourier transform infrared (FTIR) 

spectroscopy, atmospheric aerosol particles collected in marine regions on multiple 

shipboard campaigns were shown to be saccharide-like based on their functional group 

composition, with a high ratio of oxygen to carbon (O/C) [Russell et al., 2010]. Similarly, 

using scanning transmission X-ray microscopy with near-edge X-ray absorption fine 

structure (STXM-NEXAFS), Russell et al. [2010] and Hawkins and Russell [2010] found 

chemically distinct ambient marine particle types including saccharide-like components 

on sea salt particles and protein particles. Model ocean systems have been used to 

generate nascent sea spray aerosol (SSA) from seawater [Bates et al., 2012; Keene et al., 

2007], to determine the organic composition of particles directly emitted from wave 

breaking and bubble bursting at the sea surface (Table 3.2). FTIR spectroscopy showed 

the organic composition of these generated nascent SSA, hereafter referred to as 

generated marine particles, also to be highly oxidized [Bates et al., 2012]. In contrast, 

using high resolution time of flight aerosol mass spectrometry (HR-ToF-AMS) in the 

same study, Bates et al. [2012] found that generated marine aerosol particles were highly 

unsaturated and minimally oxidized (low O/C). 
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  In this study, we resolve this apparent discrepancy by comparing the measured 

organic composition of ambient and generated marine aerosol particles using these three 

techniques as well as a light scattering module of the HR-ToF-AMS (LS-ToF-AMS). 

Each of these methods is used to calculate the level of oxidation of the organic mass 

(OM) and assess the differences in the composition of ambient and generated marine 

particles. Additionally, we consider the extent to which each method provides additional 

insight into the particle composition.  

3.2 Measurements of the Organic Composition of Ambient and 

Generated Marine Particles 

 Ambient atmospheric, which frequently included non-marine particles from the 

U.S east coast and shipping sources, and generated marine aerosol particles were sampled 

aboard the research vessel Ronald H. Brown during the Western Atlantic Climate Study 

(WACS) August 19-28, 2012. Ambient particles were sampled through two side-by-side 

humidity and temperature controlled masts ~18 m above sea level [Bates et al., 2002]. 

The Sea Sweep model ocean system [Bates et al., 2012] was used to generate marine 

aerosol particles. Particles were characterized using four complementary techniques 

(Table 3.1): (i) FTIR spectroscopy [Russell et al., 2010]; (ii) HR-ToF-AMS [DeCarlo et 

al., 2006]; (iii) LS-ToF-AMS [Liu et al., 2013]; and (iv) STXM-NEXAFS [Hawkins and 

Russell, 2010]. The Appendix (Section 3.5) has details for particle collection and OM 

analysis, as well as organic carbon (OC) measurements by evolved gas analysis (EGA) of 

quartz filters. The range of particle aerodynamic diameters (da) measured by each method 

is shown in Table 3.1 and Figure 3.3.    
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Table 3.1: Descriptions of the four techniques used to measure marine organic 
composition and the separation of the low and high O/C OM. 

aAerodynamic diameter (da) and physical diameter (dp) particles sizes that have 100% 
transmission efficiency to the detector (HR-ToF-AMS and LS-ToF-AMS) and filters, 
with 50% transmission efficiency in parentheses. Physical diameters for FTIR, HR-ToF-
AMS, and LS-ToF-AMS were calculated using densities of 1.1 and 2.05 g cm-3 to 
represent purely organic particles and particles with 11% organics and 89% sea salt, 
respectively. 
bLow O/C OM also contains functional groups and fragment groups with calculated O/C 
values of 0.  High O/C OM contains any oxidized OM. 
c(Gussman et al. 2002); particles less than 100 nm are not collected as efficiently. 
d(DeCarlo et al. 2006; Jayne et al. 2000; Williams et al. 2013); 30% transmission 
efficiency at 1 µm. 
e(Liu et al. 2013; Williams et al. 2013); 180 nm are the smallest particles that produce 
significant optical signals.  30% transmission efficiency at 1 µm. 
fDiameter range of measured particles (physical).  Aerodynamic diameters were 
calculated from physical diameters for individual particles. 
 

Particle Size Rangea Low O/Cb High O/Cb Technique, 
Resolution 
(Samples) 

da dp  
p = 1.1 g 

cm-3 

dp  
p = 2.05 g 

cm-3 

  

FTIR 
Spectroscopy, 
Bulk filter 
samples;  
1-8 hours  
(5 ambient, 16 
Sea Sweep) 

< 750 nm  
(< 1 µm)c 

< 682 nm  
(< 909 nm)c 
 

< 366 nm  
(< 488 nm)c 

Alkane and 
amine 
functional 
groups 

Hydroxyl and 
carboxylic acid 
functional 
groups 

HR-ToF-AMS, 
2 minutes  
(Continuous) 

90-700 nm  
(< 1 µm)d 

82-636 nm  
(< 909 nm)d 
 

44-341 nm  
(< 488 nm)d 

Mass 
fragment 
group CXHY 
 

Mass fragment 
groups CXHYO 
and CXHYO>1  
 

LS-ToF-AMS, 
Single particles 
(384 ambient, 
7319 
generated) 

180-700 
nm (430 
nm - 1 
µm)e 

164-636 nm  
(391-909 
nm)e 

88-341 nm 
(210-488 
nm)e 

Particles with 
CH mass 
fragment 
signature, 
m/z 41, 43, 
55, 57 

Particles with 
high m/z 44 
mass fragments 

STXM-
NEXAFS, 
Single particles 
(18 ambient, 26 
generated) 

0.39-3.1 
µmf 

0.39-3.1 µmf  Particles 
spectra with 
alkyl and 
aromatic 
functional 
groups 

Particle spectra 
with carboxylic 
carbonyl and 
alcohol 
functional 
groups 
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Based on FTIR spectroscopy, the OM in generated marine particles contained on 

average 46% hydroxyl, 41% alkane, and 13% amine functional groups (Figure 3.1a). The 

average composition of the ambient OM was 18% hydroxyl, 45% alkane, 2% amine, and 

35% carboxylic acid functional groups (Figure 3.1e). This corresponds to average O/C 

values of 0.55±0.17 and 0.51±0.22 for ambient and generated marine particles, 

respectively (Table 3.4). Carboxylic acid and hydroxyl functional groups have high O/C 

ratios, while alkane and amine functional groups contain no oxygen (O/C=0) and are 

grouped here as low O/C (Table 3.1; Figure 3.1i and 3.1m). Using this distinction, the 

generated OM was 46% high O/C and 54% low O/C organic components (±12%), while 

the ambient OM was 53% and 47% ±10%, respectively (Figure 3.2). This composition is 

similar to previous FTIR spectroscopy measurements of generated marine OM with 53% 

high O/C and 47% low O/C [Bates et al., 2012] and ambient marine OM with 55% high 

O/C and 45% low O/C (including 4% organosulfate functional groups) [Hawkins et al., 

2010].   

The organic composition measured by the HR-ToF-AMS was split into ion 

families based on high resolution data analysis (Section 3.5.2.2). The first group is CXHY, 

which has the characteristic ion pattern from the alkane series CxH2y-1
+ and CxH2y+1

+, with 

C3H5
+ (m/z=41), C3H7

+ (m/z=43), C4H7
+ (m/z=55) and C4H9

+ (m/z=57) among the main 

peaks. The second group is represented by CxHyO1
+, which is slightly oxidized and 

typically contains C2H3O+ (m/z=43) and CHO+ (m/z=29). The third group is CxHyO.>1
+, 

which contains the most oxidized ions and has the highest content of CO2
+ (m/z=44).   

 The generated and ambient marine OM compositions were 22% CXHYO>1, 13% 

CXHYO1, and 65% CXHY and 32% CXHYO>1, 18% CXHYO1, and 50% CXHY, respectively  
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Figure 3.1: Normalized spectra of (a-d) generated and (e-h) ambient marine OM and (i-l) 
high O/C and (m-p) low O/C particle OM types, colored across the rows as dark blue, 
bronze, light pink, and dark green, respectively. Columns represent the four measurement 
techniques. FTIR spectroscopy pies show the average functional group composition 
including: carboxylic acid (lime green), hydroxyl (bright pink), amine (orange), and 
alkane (blue). The color bars show the functional group absorption regions, using the 
same colors. HR-ToF-AMS pies show the average OM mass fragment group composition 
with CXHYO>1 (grey), CXHYO1 (dark purple), and CXHY (teal). Specific m/z values are 
labeled in the HR-ToF-AMS and LS-ToF-AMS panels. In the STXM-NEXAFS panel, 
density maps (inset in l and p) illustrate the typical particle morphology and are colored 
as low (blue) to high (red) probability of carbon. Color bars (left to right) represent 
aromatic (black), alkyl (purple), carboxylic carbonyl (brown), and alcohol (red) 
functional group and potassium (yellow) absorption regions for the STXM-NEXAFS 
spectra. 
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(Figure 3.1b and 3.1f). This composition is consistent with previous HR-ToF-AMS 

results from similar measurements [Bates et al., 2012]. Other organic fragment groups, 

including CXHYO>1N, CXHYO1N, and CXHYN, contribute less than 2% to the total OM 

and are excluded from this analysis. When grouping CXHYO1 and CXHYO>1 as high O/C 

and CXHY as low O/C (Figure 3.1j and 3.1n), the composition of the generated OM is 

35% high O/C and 65% low O/C, while the ambient OM is 50% high O/C and 50% low 

O/C (Figure 3.2). This corresponds to average O/C values of 0.63±0.11 for ambient 

aerosol particles and 0.20±0.08 for generated marine particles, respectively (Table 3.4). 

The HR-ToF-AMS collection efficiency (which includes lens transmission 

efficiency, detector efficiency, and losses due to particle bounce) was calculated by 

comparing HR-ToF-AMS sulfate to IC sulfate (CEIC, see Section 3.5.6). The ambient 

CEIC is 0.35, and the generated CEIC is 0.17 (lighter shading in Figure 3.2). After the 

CEIC was applied to the HR-ToF-AMS measurements, the FTIR OM and HR-ToF-AMS 

OM agreed within the instrument uncertainties with an overall average percent difference 

of 12%. Correlations are shown in Figure 3.4. Because the CEIC may be size dependent, 

the composition of the unmeasured OM may not be the same as the measured OM. 

Comparisons of the FTIR and HR-ToF-AMS OM with EGA OC are shown in Section 

3.5.3. The HR-ToF-AMS measurements were also used to calculate the mass of sea salt 

and the CEtotal, which includes sea salt (CESS), described in Section 3.5.4.     

 The LS-ToF-AMS optically detected 7,300 generated and 360 ambient single 

particles, and their average spectra are shown in Figure 3.1c and 3.1g, respectively. Of 

the ambient single particles that were optically detected, 47% of the particles had 

corresponding mass spectra that had total signal to noise (S/N) exceeding 3 (LS+MS) 



100	
  

	
  

(see Section 3.5.2.3). This result is consistent with previously measured LS+MS fractions 

of 0.52 [Liu et al., 2013]. This corresponds to a total ambient LS-ToF-AMS CE (CELSA) 

of 0.47 (grey area of Figure 3.2b), which is consistent with the HR-ToF-AMS CEtotalA of 

0.49 (which includes sea salt, see Section 3.5.6). For the generated particle sampling, 

only 7% of the particles had corresponding mass spectra with total S/N exceeding 3 

(LS+MS), which corresponds to a generated marine CELSG of 0.07 (grey area of Figure 

3.2b) and is consistent with CEtotalG of 0.07 (see Section 3.5.6).   

 The LS+MS particle mass spectra were clustered based on their organic signal 

using the method outlined by Liu et al. [2013]. To identify organic types, only signals at 

selected organic m/z values were used (m/z 20, 22, 24-27, 29, 31, 40-45, 47, 49-59, 61-

63, 65-79, 82-90, 92-97, 98-110). Particles with spectra that contained less than 6 organic 

ions (~50% of the LS+MS particles) were not included in the clustering. The cluster 

analysis separated the particles with CXHY hydrocarbon-like signatures (low O/C), 

including m/z 41, 43, 55, 57 (Figure 3.1o), from those with m/z 44 (high O/C, due to the 

oxidized CO2
+ fragment) (Figure 3.1k). The organic fraction of ambient particles is 9% 

high O/C and 91% low O/C, while the generated particles is 8% high O/C and 92% low 

O/C (Figure 3.2). 

The average STXM-NEXAFS spectra of the generated and ambient marine 

particles are shown in Figure 3.1d and 3.1h, respectively. The particle spectra were 

grouped using Ward cluster analysis, resulting in two types: high O/C and low O/C 

organics, based on functional group peaks. The high O/C group (Figure 3.1l) contains 

particle spectra with high absorbance in the carboxylic carbonyl region (288.2 – 288.9 

eV) and varying absorption in the alcohol region (289.5 eV), which are both oxidized and 
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considered high O/C. The second type of particle spectra, low O/C group (Figure 3.1p), 

did not contain oxidized functional groups but instead showed absorbance only in the two 

alkyl regions (287.4 – 288.5 eV for C-H bonds and 290.8 – 293 eV for C-C bonds). One 

spectrum in this type also had absorbance from 284.4 – 286.4 eV, indicative of aromatic 

or alkene functional groups. Of the 26 generated particles, 13 had high O/C spectra. For 

the ambient particles, 17 of 18 particles had high O/C spectra (Figure 3.2). The particle 

morphologies provided by STXM-NEXAFS are discussed in Section 3.5.7. All of the 

generated high O/C particles were identified as similar to saccharides on sea salt, 

indicating that high O/C OM in the generated particles is associated with sea salt.  

 

Figure 3.2: Comparison of the OM composition for the (a) generated marine and (b) 
ambient atmospheric marine particles.  The OM is separated into high O/C (pink) and 
low O/C (green).  Grey shading in the FTIR pies represents uncertainty (see Section 
3.5.2.1). For the HR-ToF-AMS pies, the lighter shading shows the CEIC that was applied, 
grey shading is the uncertainty (see Section 3.5.2.2), and the dark grey is the percent 
difference between the FTIR and HR-ToF-AMS OM. In the LS-ToF-AMS pies, the light 
grey area is the number based CELS. The individual circles that make up the STXM-
NEXAFS pies represent the small number of particles measured by the technique, and the 
numbers of particles are written in each section of the pie. The light grey shading 
represents the overall lower particle statistics and higher uncertainty for the STXM-
NEXAFS measurements. For the HR-ToF-AMS and FTIR spectroscopy pies, the percent 
of the total OM that is high and low O/C are included, and for the LS-ToF-AMS, the 
percent of total organic particles that are high and low O/C are included. 
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3.3 Comparison of Measurement Techniques  

The OM composition of ambient atmospheric and generated marine aerosol was 

measured by four complementary techniques and classified into two types of OM: high 

O/C OM which is highly oxidized and low O/C OM which has little or no oxidization. 

For the four techniques, OM was separated by: (i) functional groups with high and low 

O/C (FTIR spectroscopy), (ii) mass fragments with CXHYO>1, CXHYO1, and CXHY (HR-

ToF-AMS), (iii) single particles with high m/z 44 or CXHY signatures (LS-ToF-AMS), 

and (iv) single particles that were alkyl-like or oxidized (STXM-NEXAFS). The high and 

low O/C classification of OM provides a basis to compare the four measurement 

techniques (Figure 3.2). While the techniques have different capabilities for sampling the 

high and low O/C OM compositions, the composition of the particles measured by HR-

ToF-AMS and FTIR spectroscopy are generally consistent. The larger differences in the 

generated marine particle composition can be explained by the influence of the high 

fraction of larger diameter sea salt containing particles that were missed by the AMS 

techniques and by the uncertainties of both the FTIR and AMS techniques.    

STXM-NEXAFS measurements provide examples of single-particle morphology 

for two generated marine particle types: high O/C OM on sea salt particles (similar to 

particles identified previously as saccharides on sea salt [Hawkins and Russell, 2010]) 

and low O/C OM particles (Figure 3.1l and 3.1p). Of the ambient particles, 13 of 17 of 

the high O/C particles were also similar to saccharides on sea salt (Figure 3.1l). This 

morphology of a small fraction of saccharide-like organic components compared to sea 

salt (for particles with da of 0.47 to 6.4 µm that the STXM-NEXAFS sees), results in 
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particles that are largely refractory at 650°C and, hence, may bounce off the vaporizer. 

The alkyl-like (low O/C OM) particle type has a more uniform morphology with OM 

throughout the particle and no evidence of sea salt (Figure 3.1p), consistent with these 

particles being vaporized more efficiently at 650°C than the high O/C OM on sea salt. 

The less than 100 particles analyzed with this technique were selected manually based on 

the carbon content detected and do not represent the entire OM particle population. 

However, the identification of both high and low O/C particle types provides consistency 

with the FTIR and AMS techniques, in addition to showing that the high O/C OM is 

typically present on the sea salt-containing particles, especially in the generated marine 

aerosol.   

The HR-ToF-AMS and FTIR measured compositions are similar for ambient 

particles both with approximately 50% high O/C OM, but there is a larger difference in 

the generated OM with a HR-ToF-AMS high O/C fraction of 35% and an FTIR high O/C 

fraction of 46% (Figure 3.2). This larger difference is due to the high (89%) sea salt 

fraction of these particles (see Section 3.5.2.5). The HR-ToF-AMS measures non-

refractory particles only and is influenced by particle bounce effects. Even at 650°C, sea 

salt is inefficiently vaporized in the AMS. Any OM present on sea salt particles, as 

observed in the STXM-NEXAFS morphology, is also inefficiently vaporized in the HR-

ToF-AMS. The larger fraction of low O/C OM measured by HR-ToF-AMS, compared to 

FTIR is a result of the high O/C OM that is associated with sea salt and low transmission 

efficiency of the larger sea salt particles. 

The OM composition as determined by FTIR spectroscopy and HR-ToF-AMS are 

more similar for the ambient particles (within 10%, Figure 3.2b), due to the smaller 
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fraction of sea salt in the ambient particles. If all of the sea salt (3% of the particle mass) 

is from sea spray and the same ratio of OM to sea salt as the generated particles (11:89, 

Table 3.3), only 0.37% of the particle mass is associated with sea salt, which is less than 

1% of the total OM. The OM that is not associated with sea salt is non-refractory and less 

influenced by bounce effects and is sampled efficiently by both the FTIR and CE-

corrected AMS techniques.  

The LS-ToF-AMS measurements demonstrate that a large number (93%) of 

generated marine particles are not vaporized in the AMS and are refractory or bounce off 

the vaporizer, even though they are optically detected by light scattering. The large 

fraction of LS-only particles observed during sampling generated marine particles is 

consistent with a large fraction of sea salt in those particles, compared to the lower 

fraction of sea salt in the ambient particles. The submicron generated particles were 89% 

sea salt (Table 3.3), consistent with an LS-only fraction of 93%. Additionally, the ratio of 

LS+MS particles to total particles observed by light scattering is negatively correlated 

with sea salt concentrations (r = -0.60). This result implies that the sea salt particles 

detected by LS are not vaporized (no mass spectrum with total S/N exceeding 3 is 

obtained), consistent with the refractory nature of sea salt (which contributes to particle 

bounce) and the morphology measured by STXM-NEXAFS.  

The composition of the LS-ToF-AMS particles includes a much higher low O/C 

fraction than the other techniques, for both generated and ambient particles (Figure 3.2). 

This is the result of a disproportionately low representation of the high O/C OM 

associated with refractory sea salt. Additionally, the LS-ToF-AMS measures single 

particles in a limited size range, which may not be directly comparable to the other 
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techniques that include larger (STXM-NEXAFS and FTIR) and smaller (HR-ToF-AMS) 

particles (Table 3.1 and Figure 3.3). See Section 3.5 for more discussion.   

3.4 Implications for Marine Organic Aerosol Composition 

 The results of the HR-ToF-AMS and FTIR measurement techniques show 

consistent OM concentrations and comparable high and low O/C fractions for ambient 

atmospheric aerosol. The discrepancy in the results was greater for the generated OM, 

consistent with the larger fraction of refractory particles. The sea salt particles and 

associated OM do not vaporize at 650°C and are more prone to particle bounce. For both 

aerosol types, the high O/C OM consists of hydroxyl and carboxylic acid functional 

groups measured by FTIR spectroscopy and STXM-NEXAFS and mass fragments of the 

CXHYO1 and CXHYO>1 groups measured by LS-ToF-AMS and HR-ToF-AMS. The low 

O/C OM consists of alkane and alkyl functional groups measured by FTIR spectroscopy 

and STXM-NEXAFS and CXHY mass fragments measured by LS-ToF-AMS and HR-

ToF-AMS.   

The FTIR spectroscopy and HR-ToF-AMS high and low O/C fractional 

composition show good agreement for the ambient marine measurements, with O/C 

approximately 50% of the total OM. The generated marine OM fractions measured by the 

HR-ToF-AMS and FTIR spectroscopy have differences up to 31%. This is consistent 

with the larger fraction of sea salt particles in the generated marine OM, compared to the 

ambient marine OM and the larger fraction of high O/C OM associated with the sea salt 

particles. With CEIC correction applied, the average ratio of HR-ToF-AMS to FTIR 

spectroscopy OM is 0.86, which is within the 20% uncertainty for these measurements. 
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STXM-NEXAFS measurements show both high O/C and low O/C particles are 

present in the generated marine OM, which is similar to the FTIR spectroscopy and HR-

ToF-AMS measured compositions. The difference in the generated and ambient marine 

particle composition compared to FTIR spectroscopy and HR-ToF-AMS is likely the 

result of the low counting statistics and the selection of particles for analysis. The LS-

ToF-AMS measurements demonstrate that a large number of the optically detected 

marine generated particles are not vaporized in the AMS. The result is a 

disproportionately high representation of the low O/C particles in the mass spectra for the 

LS-ToF-AMS (see Section 3.5.8).  

3.5 Appendix 

3.5.1 Marine OM Measurement Techniques 

The composition of the organic component of both ambient and generated marine 

aerosol particles differ substantially in recently reported results [Rinaldi et al., 2010; 

Bates et al., 2012]. The cause of the difference, attributed to either different OM 

measurement approaches or differences in seawater properties that produce the marine 

particles, is still unresolved [Rinaldi et al., 2010]. The purpose of this study is to resolve 

the discrepancy in OM composition of generated marine aerosol as observed by Fourier 

transform infrared (FTIR) spectroscopy and high resolution time of flight aerosol mass 

spectrometry (HR-ToF-AMS) measurements through the use of multiple measurement 

techniques including FTIR spectroscopy, HR-ToF-AMS, evolved gas analysis (EGA), 

scanning transmission X-ray microscopy near edge absorption fine structure (STXM-

NEXAFS), and a light scattering module of the HR-ToF-AMS (LS-ToF-AMS). 
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Given the complexity of the organic composition of marine aerosol particles, 

characteristics can be determined through the combination of techniques that provide 

complementary information. The measurement techniques vary in the fraction of OM 

they can quantify and in the degree to which the organics can be speciated. Spectroscopy 

techniques (FTIR, Raman, and nuclear magnetic resonance) can be used to determine the 

functional group composition, while mass spectrometry techniques (gas chromatography 

mass spectrometry and aerosol mass spectrometry) can be used to determine mass 

fragments. These techniques and others have been utilized to measure the organic 

composition of ambient and generated marine aerosol particles. The multiple techniques 

used and the general organic compositions of marine aerosol determined by each are 

shown in Table 3.2. 

3.5.2 Marine Aerosol Measurements during WACS 

 During the WACS cruise, the R/V Ronald H. Brown traveled from Boston, MA, 

to Bermuda, stopping in the colder, eutrophic seawater of George’s Bank and the warmer, 

oligotrophic seawater of the Sargasso Sea. The nascent (or newly generated) SSA 

particles, referred to as generated marine aerosol particles, were generated with the Sea 

Sweep. These particles were free of influence from ambient air and were transported 

from the sea surface to the research vessel for sampling through a humidity and 

temperature-controlled inlet. 
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Table 3.2: Organic composition of generated and ambient marine aerosol particles 
measured using different techniques. 
Technique Useda OM Composition  Reference 
Ambient   
FT-ICR MS; H-NMR Biomolecules with high 

aliphaticity 
[Schmitt-Kopplin et al., 
2012] 

FTIR spectroscopy 
and STXM-NEXAFS 

Polysaccharides [Russell et al., 2010] 

GC-MS Oxo-, mono-, and di-carboxylic 
acids 

[Kawamura and 
Gagosian, 1987] 

GC-MS Low molecular weight saturated 
fatty acids 

[Mochida et al., 2002] 

GC-MS Low molecular weight fatty 
acids, fatty alcohols, and sterols 

[Fu et al., 2011] 

GC-MS; EGA Saccharides; isoprene products [Fu et al., 2013] 
H-NMR WIOM; WSOM [Facchini et al., 2008] 
H-NMR Diethyl and dimethyl amine 

salts 
[Facchini et al., 2010] 

H-NMR; LC-MS  Lipids, fatty acids, short chain 
aliphatics; WSOC 

[Decesari et al., 2011] 

HPLC Proteins, amino acids, and 
polysaccharides in gels 

[Kuznetsova et al., 2005]  

HPLC Free amino acids in WSOC [Matsumoto and Uematsu, 
2005] 

HR-ToF-AMS Hydrocarbons; oxygenated 
hydrocarbons 

[Ovadnevaite et al., 2011] 

HR-ToF-AMS N/A [Shank et al., 2012] 
IC; EGA WSOC and TOC [Yoon et al., 2007] 
IC; IC-EIT-MS; EGA WIOM; levoglucosan, glucose [Kaku et al., 2006]  
IC; solid/liquid phase 
elemental analysis 

WSOC: methanesulfonic acid, 
alkylammonium salts, 
dicarboxylic acids 

[Rinaldi et al., 2010] 

IC; TOC liquid 
analysis; EGA 

WIOC; WSOC aliphatic and 
partially oxidized humic-like 
substances 

[Cavalli et al., 2004] 

IC; TOC liquid 
analysis; EGA  

Enriched in WIOC with high 
molecular weight; Enriched in 
WSOC (partly oxidized species 
with extended aliphatic 
moieties) 

[O'Dowd et al., 2004] 

IC; TOC liquid 
analysis; EGA; Eddy 
covariance   

WIOC; WSOC [Ceburnis et al., 2008] 

IC-EIT-MS Dicarboxylic acids, 
carbohydrates 

[Crahan et al., 2004] 

 



109	
  

	
  

Table 3.2 (Continued): Organic composition of generated and ambient marine aerosol 
particles measured using different techniques. 
STXM-NEXAFS Polysaccharides, proteins, and 

phytoplankton fragments 
[Hawkins and Russell, 
2010] 

TEM Marine microorganisms; 
microcolloidal aggregates 

[Leck and Bigg, 2005] 

TEM WIOC aggregates; 
exopolymeric gels 

[Bigg, 2007]  

TEM Exopolymers [Bigg and Leck, 2008] 
TOC Analyzer WSOC, WIOC, TOC [Sciare et al., 2009] 
Generated   
FTIR spectroscopy 
and HR-ToF-AMS 

Polysaccharide-like, alkyl-like, 
pattern of CH-fragments 

[Bates et al., 2012] 

H-NMR WIOM: colloids [Facchini et al., 2008] 
H-NMR WIOM: lipo-polysaccharides [Facchini et al., 2010] 
Raman 
microspectroscopy 

Aliphatic hydrocarbons [Ault et al., 2013] 

TOC Analyzer WSOC [Keene et al., 2007] 
aRelevant acronyms: Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS); Fourier transform infrared (FTIR); gas chromatography mass spectrometry 
(GC-MS); proton nuclear magnetic resonance (H-NMR); liquid chromatography mass 
spectrometry (LC-MS); high performance liquid chromatography (HPLC); high 
resolution time of flight aerosol mass spectrometer (HR-ToF-AMS); ion chromatography 
(IC); evolved gas analysis (EGA); ion chromatography electrospray ion trap mass 
spectroscopy (IC-EIT-MS); scanning transmission X-ray microscopy with near-edge X-
ray absorption fine structure (STXM-NEXAFS); transmission electron microscopy 
(TEM); total organic carbon (TOC); water insoluble organic mass/carbon (WIOM/C); 
water soluble organic mass/carbon (WSOM/C). 

3.5.2.1 FTIR spectroscopy 

 Ambient and generated marine particles were collected on pre-scanned 37 mm 

Teflon filters (Pall Inc., 1 µm pore size) for 1 to 8 hours, after passing through a diffusion 

drier filled with silica gel and a 1 µm cut cyclone. The cyclone has a 100% particle 

transmission efficiency for particles with aerodynamic diameters (da) less than 750 nm 

[Gussman et al., 2002], shown in Figure 3.3. Five ambient and sixteen generated samples 

were collected. The filters were analyzed aboard the R/V Ronald H. Brown using Fourier 

transform infrared (FTIR) spectroscopy (Tensor 27 spectrometer, Bruker, Billerica, MA). 
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The filters were then frozen and transported back to San Diego, CA, for further analysis. 

The generated marine samples were dehydrated using the method outlined by Frossard 

and Russell [2012] to remove interference of sea salt hydrate bound water with the 

organic signal in the FTIR spectra.  

The FTIR spectrum from each filter was baselined and integrated at specific peak 

locations to determine the peak areas of the organic functional groups using an automated 

algorithm outlined by Maria et al. [2002] and revised by Russell et al. [2009] and 

Takahama et al. [2012]. The absorptivity and molar masses were used to convert peak 

area to mass for each functional group including: organic hydroxyl (C-O-H), alkane (C-

C-H), amine (C-N-H), carboxylic acid (COOH), and non-acid carbonyl (C=O). Alkene 

(C=C-H) and aromatic functional groups were below the detection limit in all of the 

samples. The total OM for each sample was calculated as the sum of the organic 

functional groups.  20% uncertainty is shown in Figure 3.2, based on Maria et al. [2002].   

3.5.2.2 HR-ToF-AMS 

A high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS) 

(Aerodyne, Billerica, MA) was used to measure the non-refractory submicron particle 

composition of the ambient and generated marine particles including ammonium, sulfate, 

nitrate, sea salt, and OM concentrations [Canagaratna et al., 2007; DeCarlo et al., 2006]. 

Ambient and generated particles passed through a diffusion drier filled with silica gel and 

a 1 µm cut cyclone before sampling. The AMS lens has 100% particle transmission 

efficiency for particles with da from 90 to 700 nm (Figure 3.3) and 30% transmission 

efficiency for 1 µm particles (da) [Williams et al., 2013]. The HR-ToF-AMS alternated 
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between sampling in V-mode (both pToF and mass spectrum modes), W-mode, and LS-

mode, which is discussed in the next section, on a 2-minute cycle for each mode. The V 

and W-mode data was analyzed using the ToF-AMS HR Analysis 1.10H program (Pika, 

D. Sueper, available at http://cires.colorado.edu/jimenez-

group/ToFAMSResources/ToFSoftware/index.html). However, only V-mode data were 

used in this study. pCO2 concentrations were measured during the cruise [Wanninkhof et 

al., 2013] and used in the ToF-AMS HR analysis program to correct for CO2 gas phase 

influence. The ionization efficiency (IE) was obtained using the method described by 

Jimenez et al. [2003]. 20% uncertainty in the HR-ToF-AMS measurements are shown in 

Figure 3.2 [Drewnick et al., 2005].    

3.5.2.3 LS-ToF-AMS 

A light scattering (LS) module on the HR-ToF-AMS (LS-ToF-AMS) was used to 

optically detect single particles before characterizing with the mass spectrometer, as 

described by Liu et al. [2013]. The LS-ToF-AMS has the lens efficiency of the HR-ToF-

AMS, but the smallest particles with significant optical signal are da = 180 nm (Figure 

3.3). Using the LS data processing software Sparrow 1.04D (available at 

http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html 

#Sparrow), single particles were observed and classified based on their vaporization 

behavior. Briefly, in order to determine a sufficient chemical signal, ten high intensity ion 

fragments (m/z 36, 41, 43, 44, 48, 55, 57, 58, 64, 81) were selected to make up the mass 

intensity profile for each particle [Liu et al., 2013]. Based on the intensity profiles, 

particles were separated by those that had light scattering and mass spectral signals 
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(LS+MS) and those that only had light scattering signals (LS-only). The LS-only 

particles were optically detected but not sufficiently vaporized with total mass spectral 

signal to noise less than 3. 

In addition to the optically detected particles, more triggers were saved but did not 

have detectable optical signals, as described by Liu et al. [2013] as an additional duty 

cycle due to an unusual noise spike in the LS channel. During sampling, the coincident 

particles (e.g., more than one particle is optically detected in one cycle) were less than 

0.5% of the total particles and are not included in this analysis, consistent with Liu et al. 

[2013]. 

3.5.2.4 STXM-NEXAFS 

Ambient and generated particles were collected on silicon nitride windows (Si3N4, 

Silson Ltd, Northampton, England) using a Streaker (PIXE International Corp., 

Tallahassee, FL) for impaction. The windows were frozen after collection to prevent 

evaporation. Generated particles were collected from 22:00 to 01:00 UTC starting on 21 

August 2012. Ambient particles were collected from 19:00 to 00:00 UTC starting on 23 

August 2012. 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) at atmospheric temperature and 

under dry He at 1 atm [Hawkins and Russell, 2010; Kilcoyne et al., 2003; Takahama et 

al., 2007; Takahama et al., 2010]. Scans of selected single particles were done from 278 

to 320 eV to determine the X-ray absorption spectra of the carbon K-edge, and functional 

groups were identified by their absorption [Hawkins and Russell, 2010]. Image scans of 
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the particles were used to determine the diameter, morphology, and organic composition 

of the single particles. Due to instrument and analysis constraints, the number of single 

particles analyzed by STXM-NEXAFS is limited [Bahadur et al., 2010]. From the 

particles impacted on the silicon nitride windows, 26 generated and 18 ambient particles 

were analyzed. 

The generated particle diameters (dp) ranged from 0.65 to 3.1µm, and the ambient 

particle diameters (dp) ranged from 0.39 to 2.59 µm. Using a density of 1.1 g cm-3 for the 

low O/C particles and 2.05 g cm-3 for the high O/C particles (based on a sea salt density 

of 2.165 g cm-3 and an average sea salt fraction of 89%), the aerodynamic particle 

diameters ranged from 0.72 to 6.4 µm and 0.47 to 5.3 µm for generated and ambient 

marine particles, respectively (Figure 3.3).  

3.5.2.5 OC and IC measurements 

Ambient and generated particles (<1.1 µm at 60% relative humidity) were 

collected on pre-combusted quartz fiber filters using a two stage impactor downstream of 

a charcoal denuder [Bates et al., 2004]. They were analyzed with a Sunset Laboratory 

thermal/optical analyzer to determine the concentrations of organic carbon (OC) with 

evolved gas analysis, hereafter referred to as EGA OC. Particles (<1.1 µm) were also 

collected on Millipore Fluoropore filters with a Berner-type multijet cascade impactor. 

The substrates were extracted and analyzed using ion chromatography (IC) to quantify 

inorganic ions including Na+, Cl-, sulfate, nitrate, and ammonium [Quinn et al., 1998].  

Sea salt concentrations for the generated marine particles were calculated as 

3.26*Na+ concentrations measured by IC, based on the calculation by Quinn et al. 
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[Accepted] and the ratio of ions in seawater [Holland, 1978]. Ambient sea salt 

concentrations were calculated using measured Cl- plus 1.47*Na+ concentrations to 

account for the depletion of Cl- in the atmosphere [Holland, 1978]. As described by 

Quinn et al. [Accepted] using these measurements, the generated marine particle mass 

was 89% sea salt and 11% OM.  The ambient particle mass was 3% sea salt, 59% OM, 

and 38% other mass (Table 3.3). 

Table 3.3: Mass fractions of OM, non-sea salt sulfate, ammonium, methanesulfonic acid 
(MSA), and sea salt in ambient and generated marine particles (based on Quinn et al. 
[Accepted]). 
 Ambient Generated 
OM (FTIR) 0.59 0.11 
Non-sea salt sulfate 0.25  
Ammonium 0.11  
MSA 0.02  
Sea salt 0.03 0.89 

3.5.2.6 Aerosol physical measurements  

 Ambient and generated marine aerosol size distributions were measured using 

differential mobility particle sizers (DMPS, Aitken and Accumulation) and an 

aerodynamic particle sizer (APS, TSI model 3321) as described by Bates et al. [2012].  

The number and mass size distributions for the generated and ambient marine particles 

are shown in Figure 3.3.  

The 100% transmission efficiency aerodynamic diameter (da) ranges for FTIR 

spectroscopy, HR-ToF-AMS, and LS-ToF-AMS, in addition to the range of particles 

analyzed by STXM-NEXAFS, are included in Figure 3.3 and listed in Table 3.1. Figure 

3.3 shows the overlap of the da ranges with the maximum concentration ranges for the 

LS-ToF-AMS, HR-ToF-AMS, and FTIR measurements. The STXM-NEXAFS technique 
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measured particles with larger da but overlaps with the other techniques at their largest da 

values.  

 
Figure 3.3: Normalized (bottom) number and (middle) mass size distributions of 
generated and ambient marine aerosol particles. (top) Ranges of aerodynamic diameters 
of particles measured with the different techniques, based on Table 3.1. The solid lines 
represent 100% particle transmission efficiency for HR-ToF-AMS and FTIR, the lowest 
detectable diameters to diameters with 100% transmission efficiency for LS-ToF-AMS, 
and the diameters of particles measured for STXM-NEXAFS. Dashed lines show the 
reduced collection on filters and reduced sensitivity for FTIR and 50% transmission 
efficiency for HR-ToF-AMS and LS-ToF-AMS. At 1 µm, the HR-ToF-AMS and LS-
ToF-AMS have particle transmission efficiencies of 30%. 
 

3.5.3 Comparison of HR-ToF-AMS and FTIR OC with EGA OC 

The OC mass measured by FTIR spectroscopy was calculated from the total 

moles of carbon in each sample. On average, the total OC mass measured by FTIR 

spectroscopy was a factor of 1.06 greater than that measured with the Sunset EGA (r = 

0.61) with an average overall percent difference of 3% (Figure 3.4a). HR-ToF-AMS OC 
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was calculated using the ratio of OM/OC and OM. Overall, comparison with EGA OC 

gave a slope of 0.31 and a correlation of r = 0.67 (Figure 3.4b). The HR-ToF-AMS and 

FTIR OM have similar masses after the CEIC is applied (Figure 3.4c), and the ambient 

samples correlate well (r = 0.88). Table 3.4 shows a summary of OM, OC, and O/C from 

FTIR, HR-ToF-AMS, and EGA measurements, and Figure 3.5 shows the variation of sea 

salt, OM, and O/C with time. 

 
Figure 3.4: Correlations of (a) FTIR OC with EGA OC; (b) HR-ToF-AMS OC with EGA 
OC; and (c) HR-ToF-AMS OM (using CEIC) with FTIR OM. Markers are colored as 
generated (dark blue) and ambient (bronze). The overall (ambient and generated together) 
slopes and correlations are given. Two samples were not included in the correlations due 
to filter sampling problems and high humidity. 
 
Table 3.4: Ambient and generated marine particle OM, OC, and O/C values measured 
with FTIR spectroscopy, HR-ToF-AMS, and EGA (OC only). HR-ToF-AMS OC was 
calculated with HR-ToF-AMS OM/OC elemental ratios. HR-ToF-AMS values do not 
have a CE applied.  
 Ambient Generated 
OM (µg m-3)   
FTIR 2.09 ± 1.74 3.23 ± 1.52 
HR-ToF-AMS 0.58 ± 0.32 0.65 ± 0.36 
OC (µg m-3)   

EGA 1.16 ± 0.63 1.68 ± 0.75 
FTIR 1.04 ± 0.79 1.67 ± 1.01 
HR-ToF-AMS 0.33 ± 0.12 0.49 ± 0.30 
O/C   

FTIR 0.55 ± 0.17 0.51 ± 0.22 
HR-ToF-AMS 0.63 ± 0.11 0.20 ± 0.08 
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Figure 3.5: Time series of (top) IC sea salt concentration, (middle) FTIR spectroscopy 
and HR-ToF-AMS (no CE applied) OM concentrations, and (bottom) FTIR and HR-ToF-
AMS O/C ratios. The bars at the top represent the type of sample: ambient (bronze) and 
generated (dark blue) marine aerosol.   

3.5.4 HR-ToF-AMS Sea Salt 

 The heater temperature of the HR-ToF-AMS was set to 650°C to vaporize more 

of the sea salt components [Ovadnevaite et al., 2012]. The HR-ToF-AMS measurements 

were used to calculate the mass of sea salt by identifying and scaling specific sea salt ions 

based on the method outlined by Ovadnevaite et al. [2012]. The concentrations of four 

different combinations of the sea salt ions, outlined in Table 3.5, were averaged over the 

impactor sampling times. A least squares fit was used to fit the concentrations from the 

ion groups in Table 3.5 to the IC measured sea salt to determine a HR-ToF-AMS sea salt 

scaling factor, which is the inverse of the sea salt collection efficiency (CESS). The 

combination of sea salt ions Cl+, HCl+, NaCl+, Na2Cl+, KCl+, MgCl+ and their isotopes 
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were used to calculate the final scaling factor based on the correlation to IC sea salt and 

the combined ion signal. The ambient scaling factor is 12, and the generated marine 

particle scaling factor is 79, which are similar to those used by Ovadnevaite et al. [2012] 

of 2.5 and 51, respectively, calculated for laboratory generated sea salt. The larger sea 

salt scaling factors measured here may be due to a decreased lens transmission efficiency 

of larger sea salt particles, compared to the monodisperse 300 nm particles used by 

Ovadnevaite et al. [2012]. Increasing the number of HR-ToF-AMS sea salt ions in the 

comparison to IC sea salt decreases the resulting scaling factor. While NaCl+ compared 

well to the IC sea salt (r > 0.70), the scaling factor was very high for both ambient (1302) 

and generated (1729) marine particles making the corresponding CESS values very low 

and indicating that additional ions are needed for the scaling. The concentration of Na+ is 

unreliable as a sea salt ion due to its persistence in the HR-ToF-AMS system and was 

therefore not used to calculate the scaling factor [Ovadnevaite et al., 2012]. The moderate 

correlations of the HR-ToF-AMS ions and the IC sea salt suggest that the sea salt 

collection efficiency may also have a size dependence. A more accurate CE could be 

determined using variations in size and lens transmission efficiency.  

3.5.5 HR-ToF-AMS CE Calculations 

The HR-ToF-AMS collection efficiency (CE) was calculated by comparing the 

concentration of HR-ToF-AMS sulfate and the concentration of sulfate from filters 

measured with IC, as discussed by Canagaratna et al. [2007] and calculated by Bates et 

al. [2012] for similar measurements. The sulfate based CE (CEIC) was calculated 

separately for the ambient and generated marine particles to allow for the differences in  
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Table 3.5: Comparison of sea salt scaling factors (1/CESS) used to scale HR-ToF-AMS 
sea salt to IC measured sea salt. The correlation coefficient is shown in parentheses for 
each case. The average of un-scaled and scaled sea salt is shown for each set of ions.  

Average of HR-ToF-AMS sea salt (µg m-3)   Scaling factor 
(correlation 

coefficient, r) Un-scaled Scaledb 
HR-ToF-AMS 
ions used to 
calculate sea 
salt 

Previous 
Values 

Ambient Gen. Ambient Gen. Ambient Gen. 

NaCl+ 51a 1302 
(0.98) 

1729 
(0.71) 

9.5e-5  0.015  0.12  25.2  

Na+, Cl+, HCl+, 
NaCl+, 37Cl+, 
H37Cl+, Na37Cl+ 

2.5a 0.216 
(0.65) 

27  
(0.55) 

0.43  1.0  0.09  28.2 

NaCl+, Na2Cl, 
KCl+, MgCl+, 
Na37Cl+, 
Na2

37Cl, 
K37Cl+, 41KCl+, 
41K37Cl+, 
Mg37Cl+ 

N/A 126 
(0.20) 

707  
(0.67) 

9.1e-4  0.037  0.12  25.8  

Cl+, HCl+, 
NaCl+, Na2Cl+, 
KCl+, MgCl+, 
37Cl+, H37Cl+, 
Na37Cl+, 
Na2

37Cl+, 
K37Cl+, 41KCl+, 
41K37Cl+, 
Mg37Cl+ 

N/A 12 
(0.52) 

79  
(0.59) 

9.9e-3  0.35  0.12  27.6  

a[Ovadnevaite et al., 2012]; laboratory generated sea salt (300 nm, relative humidity = 
65%) and vaporizer temperature of 650°C 
bAverage IC sea salt values: ambient = 0.10 µg m-3 and generated = 26.7 µg m-3 
 

CE values based on particle type. With the direct comparison to independently measured 

sulfate, other factors contributing to the CE, such as particle shape, phase, and acidity are 

taken into account but not directly calculated [Huffman et al., 2005; Matthew et al., 2008; 

Middlebrook et al., 2012]. This method also includes lens transmission efficiency, which 

affects the larger particles, such as the OM associated with sea salt. When comparing the 

HR-ToF-AMS sulfate loadings to IC sulfate only, we obtained a CEIC of 0.35 for 
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ambient, and a CEIC of 0.17 for the generated particles. The different CEIC values for 

ambient and generated marine particles indicate that the CEIC incorporates variations in 

detection efficiency as a function of particle size. The CEIC values were used to scale the 

OM for comparison with FTIR measured OM.  

The CEIC values for generated particles are less than typical AMS CE values of 

0.5 [Canagaratna et al., 2007] because a large fraction of the generated particle mass 

(89%) is sea salt, which does not vaporize efficiently at 650°C (due to its refractory 

nature and tendency to bounce off the vaporizer) and therefore has a much lower CE 

(CESS). For this reason, and to compare directly to LS-ToF-AMS that produces a total CE 

for all particles through optical detection, a total CE (CEtotal) for the HR-ToF-AMS was 

calculated separately for the ambient (CEtotalA) and generated (CEtotalG) particles using: 

CEtotal = CESS*XSS + CEother*Xother. The value of CEother is assumed to be 0.5 

[Canagaratna et al., 2007], and X is the fraction of the respective mass measured by IC 

and/or EGA. The calculated CEtotalG (0.07) is less than CEtotalA (0.49), indicating that only 

a small fraction of the total mass is vaporized by the HR-ToF-AMS under the standard 

operational conditions due to the presence of sea salt. The standard comparison of total 

particle mass to integrated particle mass size distributions was not included due to 

differences in sampling conditions between the HR-ToF-AMS and the particle sizing 

instruments. 

3.5.6 STXM-NEXAFS Particle Morphologies 

The particle morphologies associated with these spectral types were unique to the 

OM types. The low O/C particle type mainly had round or irregular shaped particles with 



121	
  

	
  

uniformly distributed carbon absorbance. A large fraction of the high O/C particles have 

the shapes characteristic of polysaccharides on sea salt, with a cuboidal inner-structure 

surrounded by a high O/C organic [Hawkins and Russell, 2010; Russell et al., 2010]. Four 

of the 17 ambient high O/C particles were round and did not have characteristics of 

organics on sea salt. These particles may be from oxidization of alkyl-like particles or 

secondary formation in the atmosphere. Their spectra are similar to secondary organic 

aerosol particles identified by Takahama et al. [2007]. STXM-NEXAFS measurements 

are too limited (in size range and sample number) to be quantitatively representative of 

the OM particle. 

3.5.7 LS-ToF-AMS and HR-ToF-AMS 

 The composition of the LS-ToF-AMS particles has a much larger fraction of low 

O/C OM than the HR-ToF-AMS for both the generated and ambient marine particles. 

This difference may be attributed to a number of factors. (i) The high and low O/C 

separation for the LS-ToF-AMS was based on a single particle clustering, where the HR-

ToF-AMS OM separation was based on the mass fragment groups of the overall average 

mass spectra. (ii) Additionally, spectra with less than 6 organic ions were not used in the 

LS-ToF-AMS clustering as their composition was not representative of the particle. 

However, those spectra are included in the overall HR-ToF-AMS OM due to the overall 

mass averaging during sampling. The same idea applies to the spectra that were saved by 

the light scattering mode. If a significant mass spectrum was not observed, then that 

spectrum was not used. For the HR-ToF-AMS, all of the mass spectra are averaged, so 

the lack of ions in an individual spectrum does not affect the total. The low OM signal 
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from the generated particles is better included in the bulk averaged HR-ToF-AMS than in 

the individual particles detected by LS-ToF-AMS. (iii) The LS-ToF-AMS has a smaller 

range of measured particles than the HR-ToF-AMS. The smallest particle with significant 

optically detected signal is 180 nm (da). This is a higher cutoff than the HR-ToF-AMS, 

which has a particle transmission efficiency of 100% at 90 nm (da). The LS-ToF-AMS 

particle size detection range falls within the size range of the maximum in particle mass 

concentration but does not have much overlap with the maximum in number 

concentration for the generated marine particles. (iv) Particles that contain less volatile 

species, such as sea salt, can bounce off of the vaporizer [Huffman et al., 2005]. 
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Chapter 4 

Sources and Composition of Submicron Organic 

Mass in Marine Aerosol Particles 

 
 
 
 

 

 

 

The sources and composition of atmospheric marine aerosol particles (aMAP) 

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, or FTIR, spectroscopy) of aMAP from five ocean 

regions to show that: (i) The organic functional group composition of aMAP that can be 

identified as mainly atmospheric primary marine (ocean-derived) aerosol (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 
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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 non-productive 

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 OM 

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. 
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4.1 Introduction 
 
 Atmospheric marine aerosol particles (aMAP) 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). 

aMAP directly scatter incoming solar radiation contributing to a cooling of the surface. 

Organic constituents mixed with sea salts in aMAP can reduce this cooling effect 

[Randles et al., 2004]. aMAP 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 aMAP is important for understanding the degree to which aMAP 

contributes to the current and future aerosol climate forcing [Randles et al., 2004]. 

 Primary marine aerosol (PMA) particles, also referred to as nascent sea spray 

aerosol (Table 4.1), 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 aMAP has been investigated by numerous 

analytical methods, each of which has provided an incomplete characterization of aMAP 

OM composition and its sources (Table 4.2). For example, some studies have focused on 

the water soluble or water insoluble organic carbon (WSOC and WIOC, respectively) 

content of submicron  aerosol  particles.  An enrichment in WIOC relative to  WSOC  has 
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 Table 4.1: Definitions of marine aerosol and relevant seawater terminology. 

Term Definition 
Previous Related 
Usage Additional Information 

Marine Aerosol 

aMAP 
atmospheric marine 
aerosol particles This Study See references in Table 4.2 

PMA 

primary marine aerosol; 
particles emitted directly 
from the sea surface 

[O'Dowd and De 
Leeuw, 2007; 
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., 2008]; model-
generated PMA (mPMA) [Long 
et al., 2014] 

Four aMAP OM Typesa 

aPMA 
atmospheric PMA 
particles This Study 

Contains > 70% PMA from 
seawater and < 30% of other 
sources. 

AMA 

aPMA with secondary 
carboxylic Acid Marine 
Aerosol particles This Study 

Includes 50-70% aPMA; 
contains > 10% carboxylic acid 
groups by mass. 

SMA 
Shipping influenced 
Marine Aerosol particles This Study 

Includes > 30% fuel 
combustion sources in addition 
< 70% aPMA. 

MMA 

Mixed and 
anthropogenic Marine 
Aerosol particles This Study 

Includes 20-40% each of 
aPMA, SMA, and AMA.  

Seawater 

Productive  

Biologically productive 
seawater in eutrophic 
conditions 

[Quinn et al., 
2014] 

high biological activity (HBA) 
[O'Dowd et al., 2004] 

Non-
productive 

Biologically non-
productive 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. 
 
 
been associated with PMA OM, which was separated from non-marine aerosol based on 

surface wind direction and speed and black carbon 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., 
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2008]. At that same site, Ovadnevaite et al. [2011] measured the mass spectral signature 

of non-refractory aMAP 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, collection and extraction of filter samples has enabled 

quantification of low molecular weight (LMW) saturated fatty acids in aMAP from the 

North Pacific, which, based on correlations with sea salt, were found to be associated 

with PMA [Mochida et al., 2002]. Other studies have characterized PMA OM by its 

functional group composition: in the North Atlantic and Arctic oceans, submicron aMAP 

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, aMAP 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 4.2), but more than 22% of the WSOC fraction of aMAP (identified 

as marine SOA) remains uncharacterized [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) 
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submicron particles [Ceburnis et al., 2008; O'Dowd et al., 2004] has confounded attempts 

to clearly distinguish between primary and secondary organic components in aMAP. 

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, aMAP has 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 50 ng m-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 non-marine sources in order to accurately resolve the PMA 

portion of aMAP. 

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., 2013; Facchini et al., 2008; Fuentes et al., 
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2010; Hultin et al., 2010; Keene et al., 2007; King et al., 2012; Martensson et al., 2003; 

Sellegri et al., 2006]. 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 4.2), providing insight on the 

size-dependent composition of gPMA. In the northeastern Atlantic, gPMA contained 

WIOC with lipopolysaccharides [Facchini et al., 2008; 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., 2008] 

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]. Using seawater from Scripps pier 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  
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Table 4.2: Selected references investigating the organic composition and concentration of 
PMA, gPMA, secondary, and general aMAP measured in different ocean regions.   

Reference Ocean Regiona  OM Composition  
Particle Size  
(OM, µg m-3) 

PMA    
Fu et al., 2013 Arctic Saccharides Bulk 
Russell et al., 2010 Arctic and N Atlantic Polysaccharides Submicron 

Hawkins and Russell, 
2010 Arctic and SE Pacific 

Polysaccharides, 
proteins, and 
phytoplankton 
fragments 

Submicron and 
Supermicron 

O'Dowd et al., 2004 NE Atlantic (Ireland) 

Enriched in WIOC 
with high molecular 
weight Submicron 

Ceburnis et al., 2008 NE Atlantic (Ireland) WIOC Submicron 
Facchini et al., 2008 NE Atlantic (Ireland) WIOM Submicron 

Bigg and Leck, 2008 NE Atlantic (Ireland) Exopolymers 
Submicron,  
< 200 nm 

Ovadnevaite et al., 2011 NE Atlantic (Ireland) Hydrocarbon Submicron 

Mochida et al., 2002 N Pacific 
LMW saturated fatty 
acids Bulk 

Sciare et al., 2009 Austral Ocean WIOC Bulk 
gPMA    
Facchini et al., 2008 NE Atlantic (Ireland) WIOM: colloids Submicron 

Facchini et al., 2010 NE Atlantic (Ireland) 
WIOM: lipo-
polysaccharides Submicron 

Keene et al., 2007 
NW Atlantic (Sargasso 
Sea) WSOC 

Submicron and 
Supermicron 

Schmitt-Kopplin et al., 
2012 SE Atlantic 

Biomolecules with 
high aliphaticity < 10 µm 

Bates et al., 2012 NE Pacific (Coastal) 

Polysaccharide-like, 
Alkyl-like, pattern of 
CH-fragments Submicron 

Ault et al., 2013 NE Pacific (Coastal) 
Aliphatic 
hydrocarbons 0.15-10 µm 

Quinn et al., 2014 
NE Pacific (Coastal) 
and NW Atlantic Saccharide-like Submicron 

Secondary    
Fu et al., 2013 Arctic Isoprene product Bulk 

O'Dowd et al., 2004 NE Atlantic (Ireland) 

Enriched in WSOC 
(partly oxidized 
species with extended 
aliphatic moieties) Submicron 

Ceburnis et al., 2008 NE Atlantic (Ireland) WSOC  Submicron 
Facchini et al., 2008 NE Atlantic (Ireland) WSOM Submicron 

Facchini et al., 2010 NE Atlantic (Ireland) 
Diethyl and dimethyl 
amine salts Submicron 
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Table 4.2 (continued): Selected references investigating the organic composition and 
concentration of PMA, gPMA, secondary, and general aMAP measured in different 
ocean regions. 

Rinaldi et al., 2010 NE Atlantic (Ireland) 

WSOC: MSA, 
alkylammonium salts, 
dicarboxylic acids Submicron 

Meskhidze and Nenes, 
2006 Southern Ocean Isoprene product Bulk 

Turekian et al., 2003 
NW Atlantic (Sargasso 
Sea) Oxalate  

Submicron and 
Supermicron 

aMAPb    

Cavalli et al., 2004 NE Atlantic (Ireland) 

WIOC; aliphatic and 
partially oxidized 
humic-like substances 

 Submicron OC 
(0.66); 
Supermicron 
OC (0.26)  

Cavalli et al., 2004 NE Atlantic (Ireland) WSOC  
Submicron 
0.25  

Kawamura and 
Gagosian, 1987 N Pacific 

Oxo-, mono-, and di-
carboxylic acids Bulk 

Matsumoto and 
Uematsu, 2005 N Pacific 

Free amino acids in 
WSOC < 2.5 µm 

O'Dowd et al., 2004 NE Atlantic (Ireland) WIOC and WSOC 

Total OC  
(0.07, LBA; 
0.62, HBA) 

Yoon et al., 2007 NE Atlantic (Ireland)  

Total OC  
(1.2, spring; 
0.1, winter) 
Submicron OC 
(0.2, spring; 
0.05, winter) 

Ovadnevaite et al., 2011 NE Atlantic (Ireland)  
Submicron 
(3.8) 

Schmitt-Kopplin et al., 
2012 SE Atlantic 

Biomolecules with 
high aliphaticity < 10 µm 

Crahan et al., 2004 Tropical Mid-Pacific 
Dicarboxylic acids, 
carbohydrates < 3.5 µm 

Bigg, 2007  SW Pacific (Tasmania) 
WIOC aggregates; 
exopolymeric gels 

Submicron,  
< 200 nm 

Shank et al., 2012 SE Pacific N/A 
Submicron 
(0.01) 

Kuznetsova et al., 2005  NW Mediterranean 
Proteins, amino acids, 
and polysaccharide gels Bulk 

Fu et al., 2011 
N Pacific, N Atlantic, 
Indian, 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 (aMAP). 
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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 aMAP) 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 ± 4 µg 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 (7 ± 2 µg 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 4.1). 
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In order to provide as complete as possible characterizations of the organic fraction of 

aMAP, here we use Fourier transform infrared (FTIR) spectroscopy because it provides 

information about the functional group composition that is characteristic of aMAP 

[Russell et al., 2010] and represents the marine organic fraction more completely than is 

possible with techniques that measure non-refractory mass (vaporizable at 650°C) 

[Frossard et al., 2014]. The three questions that are addressed in this work are: (i) What 

is the organic functional group composition of ocean-derived aMAP? (ii) How much of 

aMAP 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? 

4.2 Methods 

The organic functional group composition of submicron aMAP was measured 

during five shipboard campaigns (Table 4.3). During two of the cruises, gPMA and 

seawater OM compositions were also measured. The tracks for each campaign are 

overlaid in Figure 4.1. In this study we use aMAP measurements from all five cruises to 

provide context, and then we focus on the two campaigns during which aMAP, gPMA, 

and seawater OM were characterized simultaneously, in regions representing broad 

ranges in seawater productivity (and chl-a concentrations), sea surface temperature, and 

other air-sea conditions.  

4.2.1 Shipboard Campaigns that Sampled Open-Ocean aMAP 

aMAP were characterized in the MBL during (i) the International Chemistry 

Experiment in the Arctic Lower Troposphere (ICEALOT) project in March and April 
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2008 on board 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 

on board 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) in May and 

June 2010 on board the R/V Atlantis which traveled from San Diego to Sacramento, CA; 

(iv) the Eastern Pacific Emitted Aerosol Cloud Experiment (EPEACE) in July 2011 on 

board the R/V Point Sur off the coast of Moss Landing, CA; and (v) the Western Atlantic 

Climate Study (WACS) in August 2012 on board the R/V Ronald H. Brown that traveled 

from Boston, MA, 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, aMAP were sampled through a humidity and 

temperature controlled isokinetic, wind-pointing inlet, similar to that described by Bates 

et al. [2002], at ~18 m 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 4.3, 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.  

4.2.2 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 
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generated in the biologically productive seawater at WACS Station 1 and CalNex and the 

non-productive, oligotrophic seawater at WACS Station 2 [Quinn et al., 2014] in order to 

determine the influence of the phytoplankton 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 alongside the R/V Atlantis and R/V Ronald H. Brown [Bates et al., 

2012]. Stainless steel frits were positioned at 0.75 m below the sea surface. While on 

station and steaming slowly forward to maintain continuous renewal of sea surface water, 

zero air 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 system using a 20-cm-diameter 40 L Pyrex 

cylinder, into the base of which fresh seawater was pumped at 4 L min-1 from the bow of 

the ship at 5 m below the sea surface [Keene et al., 2007]. Seawater drained to waste 

evenly over the top annular rim, continuously replacing surface seawater and 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 pumped through fine or 

coarse sintered glass frits at varying flow rates (1.5 to 6 L min-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 (sweep) 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 
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composition.  The number size distributions and average compositions of gPMA 

generated using different production configurations are compared in Figure 4.12 of 

Section 4.6. 

Table 4.3: 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. Salinity, temperature, and wind speed are 
abbreviated as Sal., T, and WS, respectively. 

   
Submicron aMAP Seawater 

Characteristics 
Atmospheric 
Conditions 

Project 
(Sample 
Numbers) 

Sampling 
Period Ocean 

OM  
(µg m-3) O/C  

SST 
(°C) 

Chl-a  
(µg  
L-1) Sal. 

T 
(°C) 

WS  
(m s-

1) 

Radon 
(mBq 
m-3) 

ICEALOT 
(13) 

19 Mar. - 
24 Apr. 
2008 

N Atl., 
Arctic 

0.44  
± 0.21 

0.96  
± 0.26 

6  
± 3 N/A 

34.7  
± 0.5 

1  
± 7 

11  
± 4 

315  
± 108 

VOCALS 
(12) 

20 Oct. - 
30 Nov. 
2008 

SE 
Pacific 

0.40  
± 0.17 

0.56  
± 0.11 

19  
± 1 N/A 

35.0  
± 0.1 

13  
± 1 

7  
± 2 

106  
± 75 

CalNex 
(8) 

15 May - 
7 Jun. 
2010 

NE 
Pacific 

0.71  
± 0.36 

0.52  
± 0.22 

14  
± 1 

5.0  
± 4.0 

33.2  
± 0.2 

13  
± 1 

5  
± 2 

811  
± 664 

EPEACE 
(38) 

12 Jul. - 
24 Jul. 
2011 

NE 
Pacific 

0.62  
± 0.48 

0.61  
± 0.38 

14  
± 1 

0.4  
± 0.6 

33.5  
± 0.2 

14  
± 1 

13  
± 5 N/A 

WACS 
(11) 

19 Aug. -
28 Aug. 
2012 

NW 
Atl. 

1.23  
± 1.29 

0.60  
± 0.34 

27  
± 4 

0.8  
± 2.3 

35.4  
± 1.5 

26  
± 4 

4  
± 2 

301  
± 365 

(3)  St 1 
1.81  

± 1.79 
0.87  

± 0.30 
19  
± 3 

3.6  
± 2.7 

32.4  
± 0.4 

19  
± 2 

2  
± 1 

725  
± 88 

(8)  St 2 
1.14  

± 1.04 
0.50  

± 0.31 
28  
± 1 

0.1  
± 0.1 

35.9  
± 0.4 

27  
± 1 

5  
± 2 

233  
± 322 

 

4.2.3 Aerosol and Related Measurements 

4.2.3.1 Chemical Analysis of Particles Collected on Filters 

 Submicron aMAP and gPMA 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 before collection on 37 mm Teflon filters (Pall Inc., 1 

µm pore size) at a flow rate of 8 L min-1 for 1 to 20 hrs. The filters were frozen and 
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transported to San Diego for analysis by Fourier transform infrared (FTIR) spectroscopy 

(Bruker Tensor 27 spectrometer) [Frossard et al., 2011; Hawkins et al., 2010]. The 

Bubbler gPMA from CalNex were not size selected before collection and were dried after 

collection (before analysis). During WACS and EPEACE, FTIR scans were carried out 

on board the research vessel prior to freezing, to evaluate possible effects of transport and 

storage; no artifacts from storage were identified in either the OM composition or 

concentration.  

During CalNex and WACS, unfiltered seawater was collected from the sampling 

regions in sterile glass mason jars, atomized (TSI constant output atomizer 3076), and 

then collected on Teflon filters without a cyclone. The gPMA samples and atomized 

seawater samples were dehydrated using the procedure outlined by Frossard and Russell 

[2012] to remove interference of sea salt hydrate bound water with the organic signal in 

the FTIR spectra. 

The FTIR spectrum from each filter was baselined and integrated at specific peak 

locations to determine the peak areas of the organic functional groups using an automated 

algorithm [Maria et al., 2002; Russell et al., 2009; Takahama et al., 2012]. 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 non-acid carbonyl (C=O). Alkene (C=C-H) and aromatic 

functional groups were below the detection limit in all of the samples and are excluded 

from this discussion. 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 

has an uncertainty of 20% [Maria et al., 2002; Takahama et al., 2013], indicating that up 
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to 20% of the OM may not have been characterized. This 20% could consist of functional 

groups that were below detection by FTIR spectroscopy 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 non-acid carbonyl) and 

dividing by the total moles of carbon in all observed functional groups for each sample 

[Russell et al., 2009]. Converting the total moles of carbon to mass gives the total organ 

carbon (OC) mass of the samples. After non-destructive FTIR analysis, X-ray 

fluorescence (XRF; Chester LabNet, Tigard, OR) 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. 

Submicron aMAP and Sea Sweep gPMA were also collected with a Berner-type 

multijet cascade impactor during ICEALOT, VOCALS, CalNex, and WACS. 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 IC 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 
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[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.     

4.2.3.2 Single Particle Measurements 

During CalNex and WACS, aMAP (0.39 – 2.6 µm) and gPMA (0.65 – 3.1 µm) 

were collected on silicon nitride windows (Si3N4, Silson Ltd, Northampton, England) 

using a Streaker impactor (PIXE International Corp., Tallahassee, FL). The windows 

were frozen after collection to prevent evaporation. Particles were collected for 30 to 90 

min, 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; Takahama et al., 2010].   

4.2.3.3 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 
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using discrete samples of seawater collected during the cruise and a commercially 

available chl-a standard [Bates et al., 2012].  

4.3 Results 

This study focuses on “marine” aerosol particles, where we use “marine” to mean 

ocean sources that meet the three criteria discussed in Section 4.3.1. In this sense, 

“marine” 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. This section summarizes and classifies the 

measured composition of the samples that meet this definition of aMAP and compares 

the composition of gPMA and seawater OM. 

4.3.1 Classification of aMAP 

Three criteria were used to distinguish aMAP from non-marine aerosol particles. 

First, aMAP 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 aMAP sample selection are included in 

Section 4.6.1. All of the aMAP samples discussed here met all three of these criteria. 

4.3.2 Comparison of aMAP OM From Five Marine Regions 

The mean organic compositions of submicron aMAP measured by FTIR 

spectroscopy during five research cruises are shown in Figure 4.1b. During CalNex the 

submicron aMAP OM concentrations ranged from 0.13 to 1.45 µg m-3 and averaged 0.71 

(± 0.36) µg m-3 (Table 4.3). The aMAP OM had an average functional group composition 

of 23 (± 15)% hydroxyl, 48 (± 12)% alkane, 3 (± 3)% amine, and 26 (± 11)% carboxylic 

acid (Figure 4.1b). 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] and have the highest average 

fraction of alkane functional groups compared to the other projects analyzed in this study 

(Figure 4.1b). The average ratio of O/C for the submicron aMAP OM during CalNex was 

0.52, indicating that the marine OM was also highly oxygenated.  

During EPEACE, the concentration of submicron aMAP OM ranged from 0.06 to 

1.09 µg m-3 with an average of 0.62 (± 0.48) µg m-3 (Table 4.3). The mean OM 

composition was 41 (± 15)% hydroxyl, 43 (± 23)% alkane, 3 (± 6)% amine, and 13 (± 

15)% carboxylic acid functional groups, but the composition varied substantially in the 

FTIR spectra of the EPEACE samples (Figure 4.1b). The wind speed during sampling 

ranged from 5 to 24 m s-1 with an average of 13 (± 5) m s-1, which is sufficiently high 

enough for wave breaking and active production of PMA. The chl-a concentration varied 

from 0.4 µg L-1 to 2.6 µg L-1. The seawater salinity was relatively constant (with an 
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average and standard deviation of 33.5 ± 0.2), as was the air temperature (14 ± 1 °C) and 

the SST (14 ± 1 °C) (Table 4.3). 

 
Figure 4.1: (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 aMAP OM type shown in the legend. (b) Comparison of the normalized 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 COH (green), carbonyl (teal), and amine (orange). 
 
 
 During the WACS cruise (Figure 4.1a), submicron aMAP OM was 1.23 (± 1.29) 

µg m-3 with a mean composition of 21 (± 16)% hydroxyl, 50 (± 20)% alkane, 3 (± 2)% 

amine, and 26 (± 21)% carboxylic acid functional groups (Figure 4.1). Submicron aMAP 

OM was sampled during two periods with distinct atmospheric and seawater properties 

(Table 4.3). 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 

ICEALOT 2008

CalNex 2010

EPEACE 2011

WACS 2012

VOCALS 2008

!"# !$#
aMAP OM Types:

 aPMA (Primary)
 AMA (Acid Containing)

 MMA (Mixed)
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oligotrophic seawater concentrations (0.1 µg L-1). The air temperature (19 ± 2 °C), SST 

(19 ± 3 °C), and salinity (32.4 ± 0.4) were lower than Station 2. The average OM was 

higher at Station 1 (1.81 ± 1.79 µg m-3), and the average composition was 17 (± 4)% 

hydroxyl, 35 (± 12)% alkane, 3 (± 3)% amine, and 48 (± 8)% carboxylic acid functional 

groups. The oligotrophic, non-productive seawater at Station 2 is warmer (28 ± 1 °C) and 

saltier (35.9 ± 0.4). The air temperature was also higher (27 ± 1 °C), and the region was 

non-productive with little variability in the low average chl-a concentration of 0.06 (± 

0.08) µg m-3. The average OM was 1.14 (± 1.04) µg m-3 with a mean composition of 22 

(± 19)% hydroxyl, 53 (± 19)% alkane, 3 (± 3)% amine, and 23 (± 19)% carboxylic acid 

functional groups. 

 During VOCALS, aMAP were collected in the southeastern Pacific (Figure 4.1a). 

The average submicron aMAP OM was 0.40 (± 0.17) µg m-3 (Table 4.3). The average 

OM composition was 24 (± 7)% hydroxyl, 43 (± 7)% alkane, 2 (± 2)% amine, and 30 (± 

5)% carboxylic acid functional groups (Figure 4.1b).  

Submicron aMAP OM was sampled during ICEALOT in the North Atlantic and 

Arctic oceans (Figure 4.1a). The average aMAP OM was 0.44 (± 0.21) µg m-3 (Table 

4.3), and the average composition included 58 (± 13)% hydroxyl, 21 (± 9)% alkane, 2% 

carbonyl, 6 (± 3)% amine, and 14 (± 8)% carboxylic acid functional groups (Figure 4.1b). 

The average SST during ICEALOT was 6 (± 3) °C, lower than CalNex, EPEACE, 

VOCALS, or WACS.  
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4.3.3 Source Identification of atmospheric Marine Aerosol Particles 

(aMAP) OM 

Ward cluster analysis [Ward, 1963] was used to classify the individual FTIR 

spectra of submicron aMAP OM collected during all of the projects. Results yielded four 

clusters of samples (Figure 4.2), 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 4.6.2). Based on 

the atmospheric and seawater conditions, locations during sampling, and spectral 

features, these aMAP OM types were characterized as: (i) atmospheric primary marine 

aerosol particles (aPMA); (ii) carboxylic acid-containing primary marine aerosol particles 

(AMA); (iii) shipping-influenced marine aerosol particles (SMA); and (iv) mixed and 

other anthropogenically-influenced marine aerosol particles (MMA). Of these four aMAP 

types, only aPMA and AMA are considered “clean” in the sense of being derived from 

the natural ocean (with AMA also including atmospheric contributions that may be from 

ocean-derived biogenic volatile organic compounds, such as the photochemical products 

of isoprene, but may also include photochemical products of man-made volatile organic 

compounds). While all four aMAP OM types are marine, based on the selection criteria 

in Section 4.3.1, SMA and MMA have compositions and OM spectral signatures 

indicative of anthropogenic sources (typically incomplete fossil fuel combustion), as 

described in later sections. Since individual atmospheric samples generally include 

contributions from more than one source, this classification categorizes samples based on 

the source that contributes the majority of the OM and denotes as MMA samples for 
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which multiple OM types each contributed, as summarized in Table 4.1. For example, 

aPMA contained an average of 65% by mass of hydroxyl functional groups, which are 

likely to be entirely primary OM from biogenic ocean sources [Russell et al., 2010]. 

AMA, SMA, and MMA OM types all have some aPMA contribution, and, in addition, 

they contain OM contributions from carboxylic acid, shipping, or mixed sources. 

Consequently, each of these four aMAP OM sample types contains one or more source 

contributions, and the clustering identifies either the lack of substantial contributions 

(<30%) from anything but ocean-derived biogenic sources in the case of aPMA, or the 

mixture of aPMA sources with carboxylic acid (AMA), shipping (SMA), or multiple 

other mixed sources (MMA). The fraction of organic mass associated with these source 

types was tested by creating artificial mixtures with varying quantities of the aMAP OM 

types and re-executing the clustering algorithm. The four aMAP OM types and their 

production processes are shown in Figure 4.3, 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 µg m-3 and a functional group composition of 65 (± 12)% hydroxyl, 21 (± 9)% 

alkane, 6 (± 6)% amine, and 7 (± 8)% carboxylic acid (Figure 4.2a), where the variability 

is indicated as one standard deviation (Table 4.4). 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 but not during VOCALS (Figure 4.1a). aPMA 

was more frequently identified during high wind speeds, typically 5 to 24 m s-1 with an 

average of 13 m s-1. All but two of the samples had average wind speeds greater than 7.3 
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m s-1, and all of the samples contained periods with wind speeds greater than 10 m s-1, 

which allowed for sufficient wave breaking (wind speeds greater than 8 m s-1) and bubble 

bursting [Gantt et al., 2011]. The wind speed 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. 

 
Figure 4.2: Normalized FTIR spectra of submicron aMAP separated into four marine OM 
types: (a) aPMA, (b) AMA, (c) SMA, and (d) MMA. 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). 
Pies represent the average functional group composition of each OM type with hydroxyl 
(pink), alkane (blue), carboxylic COH (green), and amine (orange) functional groups. 
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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 since emission into the atmosphere. 

The second clean marine OM type was identified as carboxylic acid-containing 

primary marine aerosol particles (AMA), namely marine OM that includes more than 

10% carboxylic acid functional groups by mass. AMA has an average composition of 49 

(± 6)% hydroxyl, 24 (± 7)% alkane, 4 (± 4)% amine, and 22 (± 6)% carboxylic acid 

functional groups (Figure 4.2b), and the ranges represent the variability as one standard 

deviation (Table 4.4). 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 4.1a), 

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 (11 m s-1) 

that were still sufficient for local wave breaking and hence for PMA production. The 

Na/Cl ratio is similar to the aPMA (0.80 ± 0.20), consistent with aerosol particles that 

have not been depleted in Cl. 
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Figure 4.3: 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 (AMA), 
shipping influenced marine aerosol particles (SMA), and mixed and anthropogenic 
marine aerosol particles (MMA). aPMA, AMA, SMA, and MMA are the four aMAP 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. 
 
 

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 4.2c, Table 4.4). This SMA was observed during 11% of the 

total sampling time (18 samples), mainly as part of EPEACE and WACS (Figure 4.1a). 

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 
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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 4.4a). The SMA OM has the highest 

average fraction of alkane functional groups (66% ± 6%) compared to the other marine 

OM types (Table 4.4) and has a significantly larger alkane functional group fraction than 

aPMA (21 ± 9%) and AMA (24 ± 7%). SMA also contains no carboxylic acid functional 

groups (Figure 4.2), 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. The average fractions of 

hydroxyl and amine functional groups, 30% and 3%, respectively, likely indicate a 

contribution from organic aPMA. The corresponding wind speeds during these sampling 

times had an average of 11 m s-1, which is fast enough to produce PMA from ambient 

bubble bursting. 

The last type of aMAP OM was identified as mixed and other anthropogenically-

influenced marine aerosol particles (MMA) due to the evidence for contributions of 

aPMA, AMA, and SMA, as well as continental sources, in varying amounts (Figure 

4.4b). MMA composition was 23 (± 7)% hydroxyl, 45 (± 13)% alkane, 2 (± 2)% amine, 

and 30 (± 11)%  carboxylic acid functional groups,  with an average  OM  of  0.53 µg m-3  
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Figure 4.4: Normalized FTIR spectra of (a) SMA and gPMA with ship diesel and (b) the 
four aMAP OM types.  The spectral similarities are shown with vertical lines in (b) at the 
aPMA max hydroxyl group peak location (3380 cm-1), the SMA alkane group signatures 
(2865 and 2804 cm-1), and the AMA carboxylic acid group peak (2668 cm-1). 
 
 
(Figure 4.2d, Table 4.4). Thirty-three of the aMAP 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 4.1a). The composition and spectrum 

of this OM type have features of the other three aMAP 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 AMA (22 ± 6%) (Figure 4.4b). The MMA 

OM includes VOCALS samples that were previously identified as “polluted marine” 
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[Hawkins et al., 2010]. In addition, the CalNex samples in this type were sampled close 

to the California coast, consistent with the possible contribution of continental sources. 

These samples were collected during the lowest average wind speed periods (7 m 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 0.1 µg m-3, 

compared to aPMA which had more than 1 µg m-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 AMA) is consistent with atmospheric reactions in particles that have 

more inorganic acid present (relative to aPMA or AMA), 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 MMA OM 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 one contribution to MMA in CalNex is oxidized fossil fuel combustion 

emissions.  

The number of samples of each aMAP OM type for the individual projects is 

shown in Figure 4.1a. During CalNex, of the 8 aMAP 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 
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(continental or ship) emissions did not impact the OM composition. The EPEACE aMAP 

OM included 7, 9, and 6 of the samples in the aPMA, AMA, 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 aMAP 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 aMAP samples from VOCALS were determined to be MMA OM, with no clean 

marine OM observed during this sampling period. The ICEALOT sampling region 

contained only samples identified as clean aMAP OM with 8 aPMA and 5 AMA 

samples. 

4.3.4 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 one standard deviation, as shown in Table 4.4). 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 

(non-productive) with 0.28 (± 0.13) and 0.17 (± 0.13), respectively, but the difference 
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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 air flow rate that was 

varied from 1.5 to 6 lpm (see Section 4.6.4). At the same flowrate (4 lpm), 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 lpm (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 

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 4.8 (see Section 4.6.3 for the samples selected). 

Using these collocated samples, at WACS Station 1, the Sea Sweep gPMA (N = 3) had a 
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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 reflect 

local, short-term trends that are masked by averaging over the longer times and wider 

regions that were sampled 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 is not sufficient to 
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establish whether these local differences are characteristic of broader temporal and spatial 

scales.   

4.3.5 aMAP and gPMA Single Particle Composition 

 STXM-NEXAFS spectra of aMAP 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 

aMAP 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 2.6 µm [Frossard et al., 2014]. Together, the Sea 

Sweep and Bubbler gPMA during WACS was made up of 29 high O/C particles and 25 

low O/C particles. 

4.3.6 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 
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collected during WACS Station 1 at 27.2 m (N = 1) and Station 2 at 2500 m (N = 1) are 

also similar in composition to the near-surface seawater (5 m), 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. 

4.4 Discussion 
  

The aMAP and gPMA measurements made in multiple ocean regions are used to 

determine the factors that contribute to the organic composition of aMAP, including the 

influence of PMA. Three main questions are addressed: (i) What is the organic functional 

group composition of ocean-derived aMAP? (ii) How much of aMAP 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? 

4.4.1 Chemical Composition of Ocean-derived aMAP: aPMA and AMA  

The organic composition of aMAP contains two ocean-derived or “clean” marine 

OM types measured in four of the five sampling regions: aPMA and AMA (Table 4.1). 

aPMA and AMA are considered clean marine based on the aMAP classification in 

Section 4.3.1 and the lack of fossil-fuel-related alkane functional group signatures. aPMA 

OM has a composition (and observed variability, indicated as one standard deviation of 

the mean) of 65 (± 12)% hydroxyl, 21 (± 9)% alkane, 6 (± 6)% amine, and 7 (± 8)% 

carboxylic acid functional groups, which is similar to the composition of saccharides, as 

shown in Figure 4.5. In general, the organic composition of the aPMA samples and 

saccharides all have hydroxyl functional group fractions greater than 55% and alkane 
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functional group fractions less than 45% (with the specific ranges of saccharide alkane 

functional group fractions in Table 4.8). The average FTIR spectrum of the aPMA OM 

samples has high average cosine similarities (all greater than 0.80) with saccharide 

spectra (Table 4.8), 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 (mono and di) saccharides, 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 4.5, indicating that the variability sampled during the five projects 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 is 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 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 non-covarying 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 is also similar to that of the polysaccharide 

chitosan which is derived from the deacetylation of chitin, a constituent of the high 
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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 4.13 and 

Table 4.8). The functional group composition calculated from the molecular structure of 

chitosan contains 59% hydroxyl, 27% alkane, and 14% amine functional groups, similar 

to the aPMA OM composition (65 ± 12% hydroxyl, 21 ± 9% alkane, 6 ± 6% amine, and 

7 ± 8% carboxylic acid functional groups).  

 
Figure 4.5: The hydroxyl, alkane, and amine functional group fractional composition 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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Additional amino sugars (monosaccharides) such as glucosamine and 

galactosamine have been observed in both seawater particulate organic matter (POM) and 

ultra-filtered 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 may 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 4.4) 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 

and gPMA that found 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 may 

reflect the contributions of amide-containing molecules, since mild acid hydrolysis (as 

might occur during sample drying) can destroy the amide functional group bond linkage 
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in seawater proteins and release amino acids, resulting in amine functional groups 

[Aluwihare et al., 2005].   

Table 4.4: Mean molar ratios, mass ratios, and functional group mass compositions of 
aMAP OM, gPMA OM, and seawater OM. 
 Molar 

Ratios 
Mass 
Ratio 

Functional Group Mass Composition 

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

aMAP OM Types        
   aPMA 1.03  9.8 0.45 65 ± 12 21 ± 9 6 ± 6 7 ± 8 
   AMA 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 

   Non-productive 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, AMA, SMA, and 
MMA averages only include samples that contain non-zero moles of N. 
bIncludes all Sea Sweep and Bubbler samples. 
cWACS only. 
 

The other clean aMAP OM is AMA, which has an average composition (and 

variability indicated as one standard deviation) of 49 (± 6)% hydroxyl, 24 (± 7)% alkane, 

4 (± 4)% amine, and 22 (± 6)% carboxylic acid groups. Compared to the average aPMA 

OM spectrum, the average AMA 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 4.2). The shoulder in the 

AMA 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 
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measurement variability, and is consistent with a substantial contribution of aPMA in 

AMA OM.  

 
Figure 4.6: Correlation of the carboxylic acid functional group fraction of AMA OM 
(observed during EPEACE and ICEALOT) with solar radiation. A threshold of 100 W m-

2 was used to exclude the samples in low-light that were not likely to have OM dominated 
by local or recent photochemical production. 
 

Carboxylic acid groups in AMA 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 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 AMA 
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OM is strongly correlated (r = 0.82) with solar radiation, for the samples with mean solar 

radiation (averaged over the sampling interval) greater than 100 W m-2 (Figure 4.6). The 

samples with mean values less than 100 W m-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 AMA, 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]. The higher ratio of OC/Na (1.07) in AMA compared to the aPMA OM (0.45) 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]. Generally, 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 non-marine conditions as secondary (0.4). 
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Nonetheless, the increase in the O/C ratio between the aPMA OM samples (0.80 ± 0.18) 

and the AMA OM (1.09 ± 0.17) samples in EPEACE is consistent with a larger 

secondary component in AMA relative to aPMA. 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], 

but it is possible that the VOC precursors of these acids may be either marine or 

continental in origin. More discussion of the presence of marine carboxylic acids is 

included in the Section 4.6.6. 

STXM-NEXAFS single particle measurements of aMAP also show the presence 

of carboxylic acid and oxidized functional groups in the atmosphere during WACS. Of 

the 18 aMAP 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.    

4.4.2 Chemical Similarities between gPMA and aPMA and Differences 

between gPMA and other aMAP 

The similarities of the organic composition of gPMA and aMAP provide direct 

evidence for the sources of aMAP and, specifically, for the contribution of PMA to 

aMAP. The similarities between aPMA and gPMA spectra and composition show the 

extent to which this type of aMAP is natural and ocean-derived. The differences between 

gPMA and non-ocean derived aMAP (SMA and MMA) provide clear evidence for the 

contribution non-marine sources to particle OM over the ocean. These contributions are 

provided to both marine air and marine seawater, since human activities also affect the 



172	
  

	
  

composition of breaking waves. One striking example of the effect of shipping effluent 

on seawater is the observed increase in the alkane group fraction of gPMA while 

sampling in the San Francisco Bay. 

4.4.2.1 Similarities Between gPMA and aPMA 

 Comparison of the aPMA and gPMA (Figure 4.5) 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 4.5. The average gPMA OM 

composition (and sample variability as one standard deviation) is 55 (± 14)% hydroxyl, 

32 (± 14) % alkane, and 13 (± 3)% amine functional groups, which is very similar to the 

aPMA composition with 65 (± 12)% hydroxyl, 21 (± 9)% alkane, 6 (± 6)% amine, and 7 

(± 8)% carboxylic acid functional groups. 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 (55% hydroxyl, 

32% alkane, and 13% amine functional groups) is quite similar to that of the amino sugar 
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chitosan (59% hydroxyl, 27% alkane, and 14% amine functional groups), a seawater 

constituent. 

Table 4.5: 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 
     Non-productive 3376 ±   9 
aPMA 3377 ± 44 
Monosaccharidesa 3373 ±   4 
Disaccharidesb 3383 ±   4 
Polysaccharidesc 3425 ± 24 

aglucose, fructose, xylose, galactose 
blactose, cellobiose 
cpectin, carboxymethyl cellulose, Chitosan 
  

4.4.2.2 Differences between gPMA and Non-ocean-derived OM in aMAP 

Some of the marine samples selected by back trajectories and the other criteria 

identified in Section 4.3.1 to exclude coastal and continental sources still retain the 

chemical signatures of shipping and other marine pollution in their FTIR spectra. This is 

evident in the SMA (Figure 4.2c) and MMA (Figure 4.2d) 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 aMAP 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 µg m-3 (with more 

than 80% of the sample concentrations less than 1 µg m-3), concentrations that many 
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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 aMAP (aPMA with 21 ± 9% and AMA 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. The MMA OM type was observed in all of the sampling regions, except the 

North Atlantic and Arctic during ICEALOT. It is interesting that the composition of 

MMA is quite similar in multiple ocean regions, reflecting the general chemical 
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similarity of both shipping fuel and ocean components across very different parts of the 

world. 

4.4.2.3 Shipping Effluent Signatures in gPMA 

A striking example of how gPMA can also incorporate non-natural seawater 

components was identified during CalNex in seawater that contained increasing amounts 

of fuels as the R/V Atlantis entered the increasingly dense shipping lanes in the San 

Francisco Bay. The alkane functional group fraction of the gPMA OM increased as the 

R/V Atlantis proceeded into the higher-traffic shipping lanes and into the bay (Figure 

4.7b). The gPMA OM in the bay had a much higher fraction of alkane functional groups 

(62%) than the gPMA furthest 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 higher-traffic 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 4.4.3.3.  

This link between changes in seawater composition and PMA has also been seen 

in the associated aMAP. Bahadur et al. [2010] reported a unique link between the high 

lignin waterways of the St. Lawrence and the aMAP measured in the western north 

Atlantic. A study in Leghorn harbor showed evidence for ship fuel signatures in aMAP 
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measured in that region [Cincinelli et al., 2001]. However, in those studies the influence 

of atmospheric processing could not be ruled out. By analyzing the composition of 

gPMA, the increasing alkane group fraction can be directly linked to the seawater 

composition changes rather than airborne sources of OM. We also note that the alkane 

functional group peaks of the FTIR spectra for the fuel and ship influenced marine type 

(Figure 4.2c) are very similar to those for the San Francisco Bay gPMA (Figure 4.7a), 

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 aMAP, 

except by comparison to gPMA. 

 

 
Figure 4.7: (a) Normalized FTIR spectra of Bubbler gPMA generated at 4.2 lpm at four 
locations starting outside (light blue) and ending in (dark blue) the San Francisco Bay. (b) 
Map of 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 
gPMA OM at the four locations with alkane (blue), hydroxyl (pink), and amine (orange) 
functional groups. 
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4.4.3 Influence of Seawater OM on gPMA OM 

Collecting seawater and gPMA in the same areas 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. The first observed 

difference between seawater and gPMA is the type of saccharide associated with the 

measured hydroxyl group absorbance, which we suggest is attributed to the larger 

saccharides preferentially remaining in the seawater during PMA formation. Second, 

there is an enhancement of the alkane group fraction of gPMA in the productive 

seawater, and we suggest this difference may be attributed to the preferential drainage of 

hydroxyl-containing molecules during the film bursting process. 

4.4.3.1 Spectral Similarities and Differences between gPMA and Seawater 

Seawater OM and gPMA particle OM have similar FTIR spectra and functional 

group compositions (Figure 4.5), both with large fractions (50-75%) of hydroxyl 

functional groups and smaller contributions from alkane groups (15-40%) and amine 

groups (5-20%). The OM spectra of the collocated gPMA and seawater samples are 

shown in Figure 4.8, and the range of hydroxyl group and alkane group fractions of all 

the gPMA samples and seawater are shown in Figure 4.5. 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; monosaccharides and disaccharides 19-31% alkane groups). The samples 

with smaller than expected mass fractions of alkane functional groups (10-15%) are 
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samples for which the alkane mass was above the limit of detection but below the limit of 

quantification (for which method uncertainty is >50% rather than 20% applicable to the 

other samples).    

 
Figure 4.8: 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 panel) the Bubbler and (middle panel) 
the Sea Sweep and (bottom panel) the corresponding composition of OM in surface 
seawater. Pies represent the organic functional group composition as hydroxyl (pink), 
alkane (blue), and amine (orange). 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 wavenumber 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.    
 

One subtle but interesting difference between seawater and gPMA is shown in the 

average hydroxyl functional group peak location listed in Table 4.5, which are also 

evident in the spectra in Figure 4.8. The broad seawater hydroxyl functional group 
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absorption region overlaps that of the gPMA OM spectra (Figure 4.8). This similarity in 

hydroxyl group absorbance between seawater OM and gPMA OM 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 4.6.5 and 

Figure 4.13). However, the 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 4.5). 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 (which was 

measured to be ± 6 cm-1 for the hydroxyl group peak location using atomized ribose 

standards [Takahama et al., 2013]).  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 

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 4.9a). 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 likely reveals 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 
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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 4.9). 

The hydroxyl functional group peak location decreases as the hydroxyl group fraction 

decreases and the alkane group fraction increases. 

 
Figure 4.9: Comparison of maximum hydroxyl functional group peak location with (a) 
sample longitude, (b) alkane functional group fraction of OM, and (c) hydroxyl 
functional group fraction of OM for the gPMA and seawater. 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 (a) and at 
their corresponding molecular alkane and hydroxyl functional group fractions in (b) and 
(c), respectively. 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 
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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4.4.3.2 Chlorophyll-a Dependent Enhancement of Alkane Group Fraction in gPMA  

Chl-a concentration is used as a measure of biological activity (phytoplankton 

productivity) 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 aMAP 

[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 of chl-a concentrations 

measured in this study (Figure 4.10a). Consequently, the hydroxyl functional group 

fraction of gPMA is negatively correlated with the chl-a concentration (r = -0.67, Figure 

4.10b). Together, the Sea Sweep and Bubbler generated gPMA suggest a difference 

between the OM composition of gPMA from productive and non-productive seawater 

(Table 4.4), 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 non-

productive seawater at WACS Station 2 (22 ± 10%). As discussed above, more data are 

needed to confirm this result. 

The seawater has an average composition (and variability indicated as one 

standard deviation) of 71 (± 4)% hydroxyl, 17 (± 5)% alkane, and 11 (± 6)% amine 

functional groups in all samples (Figure 4.8). The average composition of the surface 

seawater OM in the productive and non-productive 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 27.2 m, and at WACS Station 2, seawater was collected at a depth of 2500 m. 
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The OM in these samples is similar to the surface seawater composition, with a variation 

of less than 5%. 

 
Figure 4.10: (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 concentrations (r = -0.67) 
during WACS and CalNex (over the range of chl-a concentrations measured in this 
study). Markers represent sample types as Sea Sweep (circles), Bubbler (squares), and 
seawater (open triangles). Seawater alkane and hydroxyl functional group OM 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 
uncertainty of >50% rather than 20%. 

( )
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These differences in gPMA OM composition between the productive and non-

productive 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 0.65 to 1.5 µm, while in the non-

productive seawater, there were 12 high O/C and 7 low O/C particles measured with 

diameters less than 1.5 µm. While the small number of particles analyzed by STXM-

NEXAFS were 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 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 the model 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. 
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4.4.3.3 Proposed Explanations for the Retention of Polysaccharide-like OM in 

Seawater and the Enhancement of Alkane Groups in gPMA 

Here we consider the process 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. 

The retention of polysaccharides in seawater is likely caused by the failure of these 

compounds to be incorporated in bubble films due to the colloidal formation that is likely 

associated with their large molecular weight and possible gel-forming tendencies. The 

enhancement of alkane groups may result from a difference in the surfactants and the 

preferential drainage of more soluble (lower alkane group fraction) organics back into the 

seawater before the film bursts. These processes are summarized in Figure 4.11 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], and such colloidal structures could prevent 

their inclusion in the bubble films and consequently their partitioning in the aerosol 

phase. Another possible explanation is that polysaccharides could be cleaved by 

ultraviolet radiation at the sea surface [Orellana and Verdugo, 2003], reducing the 
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abundance of polysaccharides available at the sea surface to contribute to the films that 

make aerosol particles. 

 
Figure 4.11: Average functional group composition of OM in (top panel) gPMA 
generated with the Sea Sweep and Bubbler, (middle panel) surface seawater, and (bottom 
panel) deep seawater at 27.4 m and 2500 m measured in productive (left) and non-
productive (right) seawater during WACS. 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). 

 

The samples taken in productive seawater have higher concentrations of chl-a 

(Table 4.3), indicative of higher phytoplankton concentrations and productivity, which 
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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 non-productive 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 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 4.11 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.  
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4.5 Conclusions 

The organic functional group composition of aMAP (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 

aMAP included atmospheric primary marine aerosol particles (aPMA) and carboxylic 

acid containing primary marine aerosol particles (AMA), which had average OM 

concentrations of 0.45 and 0.68 µg m-3 and represented 23% and 14% of the total 

sampling time, respectively. Shipping influenced marine aerosol particles (SMA) and 

mixed and other anthropogenically-influenced marine aerosol particles (MMA) OM 

accounted for 63% of the sampling time with a total aMAP average OM of 0.55 µg m-3 

observed in four of the five sampling regions, confirming the ubiquitous contribution of 

non-natural 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 
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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 aPMA measured during 23% of the sampling time.  

The other ocean-derived OM type, AMA, 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 AMA OM with 

solar radiation for samples with solar radiation greater than 100 W m-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 furthest 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. 
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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 (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, non-productive seawater (22 ± 10%). gPMA organic 

functional group composition variation was 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 non-productive regions. The difference in the 

gPMA from productive and non-productive 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 



190	
  

	
  

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 

non-productive seawater. Further measurements are needed to test this hypothesis.  

4.6 Appendix 

4.6.1 Air Mass Identification 

In order to identify which atmospheric aerosol particle samples could be 

considered “marine,” three criteria were applied. The first was the simple metric that the 

ship’s distance from land must be at least 1 km. Then meteorological models constrained 

by reanalysis data were used to identify the recent history of the air that was sampled. 

Third, radon concentrations and particle number were used as tracers to exclude air 

masses with coastal influences.  

Since CalNex was largely a coastal air quality study, the criteria of distance from 

land and ports excluded 32 of the 40 samples collected. The samples collected while the 

R/V Atlantis was sitting in the Ports of Long Beach or Los Angeles and the Sacramento 

River were all strongly influenced by local sources in the ports and major cities, 

excluding them from consideration as “marine” in this study.  

 To obtain air mass back trajectories for each project, the isentropic Hybrid Single 

Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and Rolph, 2003] 

was used. For CalNex, EPEACE, and WACS, up to 7-day back trajectories were 
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calculated arriving at 30, 100, 500, and 1000 m above sea level, every hour. The general 

trend was similar between the back trajectories arriving at different altitudes. Samples 

were initially selected if their corresponding 3-day air mass back trajectories originated 

from over the ocean and spent more than 75% of the time over the ocean. For example, 

all of the air masses sampled during EPEACE were predominately marine, resulting in 39 

samples. While some back trajectories passed over areas that were close to the coast, no 

air masses originated from or spent significant time over land, as discussed by 

Wonaschutz et al. [2013]. The WACS project has 11 of 14 ambient samples classified as 

having marine origin. The ICEALOT and VOCALS marine sample selection is described 

by Frossard et al. [2011] and Hawkins et al. [2010], and the projects have 13 and 12 

samples classified as marine in this study, respectively. 

During CalNex and WACS, the selected aMAP samples had low average radon 

concentrations of 805 mBq m-3 and 355 mBq m-3, respectively, which are consistent with 

lower radon concentrations in marine regions, further from continental influence. The 

marine samples during ICEALOT and VOCALS had similarly low radon concentrations 

[Frossard et al., 2011; Hawkins et al., 2010]. During EPEACE, marine particles were 

also selected in real time using automated valves to turn off particle sampling when total 

particle counts (CPC, TSI model 3010) were higher than approximately 500 cm-3 at low 

wind speeds and 1000 cm-3 at high wind speeds.  (The higher cutoff was used for high 

wind speeds to accommodate the higher expected production of sea spray particles.) 
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4.6.2 Cluster Analysis of FTIR Spectra and Identification of Clusters 

 In order to complete the cluster analysis reported here, the FTIR spectra of all 

aMAP samples were first normalized to maximum absorbance. The absorbance region 

between 3800 and 1500 cm-1, excluding 2340-1870 cm-1, was used in the cluster analysis 

because this region represents the absorbance region of functional groups quantified in 

this study and excludes the region of interference from Teflon absorption. In order to 

determine the number of clusters that best represented the combined marine aerosol 

spectra, solutions with two through nine clusters were tested. Cosine similarity [Stein and 

Scott, 1994] was used to determine the similarity between spectra within a cluster and to 

compare that to the similarity between the averages of each cluster. The eight-cluster 

solution had the lowest similarity between the average spectra of each cluster (0.78), 

compared to the other solutions. In addition, the similarity of the spectra within each 

cluster was highest for the eight-cluster solution (0.92 average). This result suggests that 

there is adequate separation of the spectra into unique clusters.   

While these eight clusters met the minimum criteria for uniqueness (overall 

cosine similarity between the clusters of less than 0.80), some pairs of cluster averages 

had high cosine similarity (greater than 0.90) and very similar average spectra (and 

functional group compositions), which suggested that a smaller number of clusters could 

be used to represent the spectra with comparable accuracy. Clusters 1 and 3, Clusters 4, 

5, and 6, and Clusters 7 and 8 were combined into three larger clusters, resulting in four 

“recombined clusters” of spectra that still retained the low cosine similarity between their 

average spectra (0.81). Cluster 7 had only 4 spectra and was not considered to be 
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meaningful on its own. The cosine similarities of the spectra within each recombined 

cluster are 0.88, 0.93, 0.86, and 0.91. 

Based on the atmospheric and seawater conditions, locations during sampling, and 

spectral features, these clusters were identified as: (i) atmospheric primary marine aerosol 

particles (aPMA); (ii) carboxylic acid-containing marine aerosol particles (AMA); (iii) 

shipping-influenced marine aerosol particles (SMA); and (iv) mixed and other 

anthropogenically-influenced marine aerosol particles (MMA). aPMA was identified by 

the high corresponding wind speeds (periods with wind greater than 10 m s-1), correlation 

of wind speed with submicron Na concentrations (r = 0.70), and an Na/Cl ratio (0.74 ± 

0.15) within 25% of the Na/Cl ratio of seawater (0.56). AMA was identified by the large 

fraction of carboxylic acid functional groups, similar sampling conditions to aPMA, and 

correlation of the carboxylic acid functional group fraction of OM with solar radiation 

greater than 100 W m-2 (see also Section 4.6.6). SMA was identified through its similar 

spectral features to ship diesel spectra. Figure 4.4a shows the similarity of the SMA 

average spectrum to a spectrum of generated marine aerosol particles (gPMA) added to a 

spectrum of ship diesel. MMA OM was identified by its similarity to the other OM types 

and low corresponding wind speed. MMA has spectral features of the aPMA, AMA, and 

SMA, as shown in Figure 4.4b. The MMA spectrum includes: (i) a similar average 

hydroxyl group peak location (3380 cm-1) to aPMA (3377 cm-1), (ii) alkane functional 

group structural features (i.e. 2957 and 2806 cm-1) similar to SMA (2956 and 2804 cm-1), 

and (iii) a carboxylic acid functional group fraction similar to AMA (Figure 4.4b).   
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4.6.3 Samples Selected for gPMA Comparison 

 The comparisons of aMAP chemical composition in this paper included all 

samples collected on the five cruises: ICEALOT, VOCALS, CalNEX, EPEACE, and 

WACS. However, in order to compare gPMA with seawater, we were limited to the 

CalNex and WACS cruises since gPMA was not sampled on the other cruises. Since the 

Bubbler and Sea Sweep and seawater collection operations were not synchronized (and 

true synchronization would be quite difficult), direct comparisons were not possible. To 

compare the spectral features of gPMA OM (Figure 4.8), we selected those gPMA and 

seawater samples that overlapped most closely in time and location so that the range and 

variability within the average compositions could be compared. This selection excluded a 

couple samples at each location that had a slightly larger range of variability but did not 

change the average differences between the locations. The samples included in the 

spectra comparison in Figure 4.8 are shown in Table 4.7. 

The Bubbler gPMA samples include a range of bubbled air flowrates (from 1.5 to 

6 lpm during WACS and CalNex), as well as both coarse and fine frits (see also Section 

4.6.4), since there was no evidence for systematic differences in organic functional group 

composition for these conditions. The compositional difference between the particles 

produced with the fine and coarse frits and varying flowrates in this study is within the 

measurement variability, as shown in Table 4.6 and discussed in Section 4.6.4.  

The average Sea Sweep gPMA OM functional group fractions reported by Quinn 

et al. [2014] during WACS are slightly different (40 (± 11)% hydroxyl, 47 (± 11)% 

alkane and 13 (± 4)% amine functional groups from the productive seawater and 52 

(±12)% hydroxyl, 35 (±12)% alkane, and 13 (± 3)% amine functional groups from the 
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non-productive seawater) than those reported here (Table 4.6) because four of the 

samples used in that study were excluded in this study due to uncertainties in instrument 

performance (Table 4.7). 

Table 4.6: The average organic functional group composition, number of samples, and 
hydroxyl functional group peak location for the gPMA samples. The Bubbler gPMA 
samples are separated by gPMA frit production type: fine and coarse. 
  Bubbler Sea Sweep 
Functional Group 
Fraction (%) 

Total 
(Frits) Fine Frits 

Coarse 
Frits Totala 

CalNex         
Hydroxyl Group 42 ± 9 45 ± 8 36 ± 6 47 ± 14 
Alkane Group 44 ± 8 40 ± 7 50 ± 5 38 ± 13 
Amine Group 14 ± 3 14 ± 1 15 ± 5 15 ± 3 
Samples (n) 8 5 3 6 
Hydroxyl Group Peak 
Location (cm-1) 

3372 ± 6 
 

3373 ± 8 
 

3370 ± 4 
 

3366 ± 6 
 

WACS S1     
Hydroxyl Group 51 ± 2 52 50 43 ± 11 
Alkane Group 39 ± 3 37 41 43 ± 10 
Amine Group 10 ± 2 11 9 14 ± 4 
Samples (n) 2 1 1 8 
Hydroxyl Group Peak 
Location (cm-1) 

3355 ± 3 
 

3353 
 

3356 
 

3356 ± 5 
 

WACS S2     
Hydroxyl Group 70 ± 7 73 ± 6 68 ± 8 58 ± 11 
Alkane Group 18 ± 8 14 ± 2 22 ± 10 29 ± 11 
Amine Group 12 ± 4 14 ± 4 10 ± 3 12 ± 1 
Samples (n) 6 3 3 4 
Hydroxyl Group Peak 
Location (cm-1) 

3377 ± 8 
 

3382 ± 9 
 

3371 ± 2 
 

3363 ± 7 
 

aExcluding the 4 WACS Sea Sweep samples removed based on uncertainty in instrument 
performance.  
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Table 4.7: Table of gPMA and seawater samples during WACS and CalNex. 
Sea Sweep Bubbler Seawater 
WACS   
8/20/12 13:38 - 8/20/12 17:00a   
8/20/12 18:09 - 8/21/12 0:59a   
8/21/12 2:13 - 8/21/12 10:28a     
8/21/12 10:54 - 8/21/12 16:59  8/21/12 13:42 
  8/21/12 13:42 
8/21/12 18:11 - 8/22/12 0:58a   
8/22/12 1:57 - 8/22/12 9:00a     
8/22/12 10:46 - 8/22/12 9:00 8/22/12 17:09 - 8/22/12 19:08 8/22/12 23:20 
8/22/12 20:21 - 8/23/12 1:00b   
8/23/12 2:06 - 8/23/12 9:10   
 8/23/12 12:40 - 8/23/12 14:01 8/23/12 14:44 
8/24/12 13:00 - 8/24/12 17:57b 8/24/12 12:09 - 8/24/12 13:17  
8/24/12 20:13 - 8/25/12 1:00b 8/24/12 22:26 - 8/24/12 23:48  
8/25/12 1:46 - 8/25/12 9:00   
8/25/12 10:35 - 8/25/12 17:00a   
8/25/12 18:11 - 8/26/12 1:00a   
  8/25/12 18:30 - 8/25/12 20:32a   
8/26/12 3:12 - 8/26/12 4:38 8/26/12 1:32 - 8/26/12 2:59a 8/26/12 0:45 
8/26/12 10:43 - 8/26/12 16:59b 8/26/12 15:21 - 8/26/12 17:04 8/26/12 18:30 
  8/26/12 18:40 
CalNex   
5/15/10 22:50 - 5/16/10 1:16  5/29/10 22:41 
5/24/10 14:49 - 5/24/10 20:53  5/23/10 20:15 
 5/25/10 19:41 - 5/26/10 1:15  5/30/10 16:23 - 5/30/10 17:32 5/26/10 1:10 
5/27/10 20:45 - 5/28/10 1:19a 5/28/10 22:35 - 5/28/10 23:33a  
 5/30/10 4:00 - 5/30/10 5:00a  
 5/18/10 17:41 - 5/18/10 21:58 5/31/10 4:08 - 5/31/10 5:02   
 5/31/10 17:26 - 5/31/10 18:24a  
  6/1/10 3:42 - 6/1/10 4:42a   
 6/2/10 4:06 - 6/2/10 4:54a  
  6/2/10 16:12 6/2/10 17:06a   
6/6/10 21:18 - 6/7/10 2:08 6/6/10 20:24 - 6/6/10 21:24 6/6/10 20:53 
 6/7/10 3:45 - 6/7/10 4:44  
 6/7/10 18:18 - 6/7/10 19:17c  
 6/7/10 20:13 - 6/7/10 20:31c  

aExcluded from the spectra comparison in Figure 4.8 due to lack of collocated samples 
(in time and/or location). 
bExcluded from this study based on uncertainty in instrument performance.  
cExcluded from the composition averages because of sampling in the San Francisco Bay. 
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4.6.4 Comparison of gPMA Number Size Distributions and Composition 

for Bubbler 

 During CalNex and WACS, the organic compositions and number size 

distributions of gPMA generated in the Bubbler using multiple production configurations, 

including fine and coarse frits (Ace glass pore sizes D and A, respectively) with varying 

bubble flow rates were measured. During CalNex, jets of seawater impinged on the 

model ocean surface were also used for a limited amount of time in Monterey Bay. Since 

the range of size distributions and the average organic composition were very similar for 

the different configurations (Figure 4.12), consistent with the results of previous studies 

[Keene et al., 2007; Bates et al., 2012] likely indicating that the generators produced 

particles by similar mechanisms, we have included samples from both configurations in 

assessing the variability and trends of Bubbler gPMA for different regions.   

Figure 4.12 shows the normalized number size distribution and average organic 

functional group composition of gPMA generated in different frit production 

configurations (fine and coarse) during CalNex. Dry size distributions of the gPMA were 

measured using a Scanning Mobility Particle Sizer (SMPS, Brechtel Manufacturing Inc.) 

and an Aerodynamic Particle Sizer (APS, TSI Inc.) [Long et al., 2014]. The fine and 

coarse frits produce particles with very similar submicron particle size distributions, with 

the coarse frits producing slightly larger particles (modes at 70 and 83 nm, respectively). 

The organic compositions of the gPMA produced with the fine and coarse frits are similar 

within the variability of the measurements with 45 ± 8% hydroxyl, 40 ± 7% alkane, and 

14 ± 1% amine functional group composition with the fine frits and 36 ± 6% hydroxyl, 
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50 ± 5% alkane, and 15 ± 5% amine functional groups with the coarse frits (Table 4.6). 

Bates et al. [2012] shows the similarity of the number distributions of the gPMA from the 

Sea Sweep and the Bubbler in the fine frit configuration. Since the limited scope of these 

studies allowed only two particle samples to be collected with the jets (during sampling 

in Monterey Bay), a comparison of the representative organic composition for the jets 

compared to frits is not available. The two jet gPMA sample compositions (69% 

hydroxyl group) were within the variability of the seawater and sampling conditions, 

providing no evidence for a systematic difference in the submicron organic composition 

of jet and frit produced particles despite a small difference in their size distribution 

(shown in Figure 4.12).  

 
Figure 4.12: Normalized number size distribution of gPMA during CalNex produced with 
fine frits (purple), coarse frits (grey), and jets (black). The thin lines are individual filter 
samples, and the thick lines are averages. Pies represent the organic composition of the 
gPMA, with hydroxyl (pink), alkane (blue), and amine (orange) functional groups.  

Fine Frits

Coarse Frits
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4.6.5 Marine Reference Saccharides 

 Saccharide standards were used for comparison to the aPMA OM. The standards 

were created by atomizing solutions of the saccharides in water or acetone (xanthan gum 

and carboxymethyl cellulose only). The atomized particles were collected on Teflon 

filters and analyzed using the same procedures described in the Methods. The saccharide 

spectra were reported previously [Russell et al., 2010] and their relevant FTIR spectral 

values are listed in Table 4.8. The spectrum of the amino sugar (and polysaccharide) 

chitosan is shown in Figure 4.13.   

Table 4.8: Comparison of the aPMA OM spectrum with saccharide spectra. Hydroxyl 
functional group peak location, ratio of alkane to hydroxyl functional group absorption 
peak heights, and calculated alkane group mass fractions are shown for the saccharides 
and the aPMA OM type. The cosine similarities of each saccharide spectrum with the 
aPMA OM are shown. 

Name 

Hydroxyl 
Group Peak 
Location (cm-1) 

Alkane to 
Hydroxyl 
Group Peak 
Heights 

Cosine 
Similarity 
with aPMA 
Spectrum 

Calculated 
Alkane Group 
Mass Fraction 

aPMA OM 3380 0.36 --  
Mono-saccharides    19-27% 
Galactose  3372 0.36 0.93  
Mannitol 3284 0.21 0.81  
Fructose 3372 0.35 0.92  
Xylose 3368 0.32 0.90  
Glucose  3378 0.24 0.92  
Glucosamine   N/A  
Galactosamine   N/A  
Di-saccharides    23-31% 
Sucrose  3267 0.68 0.81  
Lactose 3386 0.26 0.93  
Cellobiose  3380 0.33 0.94  
Poly-saccharides    18-60% 
Xanthan Gum 3382 1.34 0.88  
Carboxymethyl 
Cellulose 3412 0.66 0.94 

 

Pectin  3453 0.37 0.97  
Chitosan 3410 0.11 0.94  



200	
  

	
  

 

 
Figure 4.13: Normalized FTIR spectra of aPMA (grey) and chitosan (black). Functional 
group absorption regions are shown as bars with hydroxyl (pink), alkane (blue), 
carboxylic acid (green), carbonyl (teal), and amine (orange).   
 

4.6.6 Carboxylic Acid Functional Groups 

The carboxylic acid and amide functional groups were not observed in the 

seawater OM or the gPMA particles from the Bubbler and the Sea Sweep in CalNex or 

WACS. Previous studies have shown photochemical production of low molecular weight 

(LMW) carbonyl [Mopper and Stahovec, 1986; Zhou and Mopper, 1997] and carboxylic 

acid [Kieber and Mopper, 1987] functional groups in seawater. Studies have also shown 

a contribution of amide functional groups to seawater OM [i.e. McCarthy et al., 1997]. 

Even though carboxylic acids and amides have been previously measured in seawater, all 

organic acids are below detection limit (BDL, and contribute to < 20% of the OM) for the 

seawater samples. A fraction of amide functional groups may be identified in this study 

as amine functional groups due to sample drying procedures. Mild acid hydrolysis of 

seawater proteins, which may occur during seawater sample drying, can destroy the 

amide functional group bond linkage. This results in amino acids, which contain amine 
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functional groups [Aluwihare et al., 2005]. Organic acids can also bind to Na+ making 

them R-(C=O)-ONa instead of R-(C=O)-OH which absorb as carboxylate salts. This 

leads to a shift in the C=O peak from 1712 to 1552 (± 16) cm-1 [Max and Chapados, 

2004]. There was no detectable absorption in either of these two C=O stretching regions 

in the samples reported here, indicating that both acids and carboxylates were BDL in the 

seawater samples. Additionally, primary amides (R-C=O-NH2) and secondary amides (R-

C=O-NH-R’) have broad C=O absorption at 1680-1630 cm-1. This overlaps with the N-H 

bend (1640 to 1620 cm-1) making the band appear as a doublet [Pavia et al., 2001]. In the 

seawater OM spectra measured in this study, there is a primary amine N-H absorption at 

1630 cm-1, which is present as only one narrow peak suggesting that amide functional 

groups are not present.   

Carboxylic acid and amide groups were also BDL in the gPMA samples. Since 

the acids that have been identified in DOM in seawater are mainly LMW, it is possible 

that they would not form particles during the bubble bursting processes even if they had 

been present in the seawater. The LMW carbonyls and acids, being LMW and water 

soluble, may stay in the dissolved form and drain out as the bubble film drains. Mochida 

et al. [2002] found that the LMW saturated fatty acids they analyzed only accounted for 

up to 4% of the OM in marine aerosol films, supporting the lack of LMW acids in the 

aerosol.  
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Conclusions 
  

 

Ambient atmospheric and generated marine aerosol particles collected in multiple 

ocean regions and characterized using complementary measurement techniques were 

used to determine the sources and composition of aerosol particles in the marine 

boundary layer (MBL). The following questions were posed in the Introduction, and their 

answers are summarized below.  

(i) What are the sources and composition of the OM in the springtime Arctic 

MBL? Aerosol particles measured in the Atlantic and Pacific regions of the Arctic MBL 

were influenced by emissions of European and Asian combustion sources. Based on 

factor analysis, combustion sources contributed to more than 60% of the total submicron 

OM in the Arctic MBL. These combustion sources were identified as industrial and other 

petroleum burning from eastern Europe, measured in the Atlantic Arctic region, and 

biomass burning and shipping emissions, measured in the Pacific Arctic region. The high 

emissions of sulfate from coal-burning in northeastern Europe, combined with the high 

acidity of the aerosol, produced significant concentrations of organosulfate functional 

groups (10% of the submicron OM in the Atlantic Arctic MBL) through acid-catalyzed 

aqueous reactions. The overall Atlantic Arctic springtime OM composition was 46% 

hydroxyl, 23% alkane, 6% amine, 5% carbonyl, 12% carboxylic acid, and 7% 
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organosulfate functional groups, while the Pacific Arctic springtime OM composition 

was 30% hydroxyl, 34% alkane, 6% amine, and 30% carboxylic acid functional groups. 

 (ii) How can seawater-derived particle samples be prepared for analysis by FTIR 

spectroscopy to avoid interference of sea salt hydrate bound water? A method for 

removing the sea salt hydrate bound water, which absorbs in the same infrared region as 

hydroxyl functional groups, from seawater-derived samples, such as those produced by 

model ocean systems, was developed. Model ocean systems (the Bubbler and the Sea 

Sweep) were used to generate primary, ocean-derived marine aerosol particles. Low 

heating (70°C) at atmospheric pressure after freezing removes the sea salt hydrate and its 

spectral signature (double peak at 3380 and 3235 cm-1 and single peak at 1640 cm-1). The 

difference of spectra before and after dehydration have high cosine similarity values with 

the spectra of sea salt hydrates confirming that the mass removed during dehydration was 

hydrate water. This dehydration technique permits the use Fourier transform infrared 

(FTIR) spectroscopy to measure the organic composition of seawater-derived samples. 

The spectra of the dehydrated OM resemble spectra of atmospheric particles from clean 

marine regions.   

(iii) What causes the discrepancy between the organic composition of generated 

primary marine aerosol particles measured with different techniques? Sea Sweep 

generated and atmospheric marine aerosol particles were analyzed using four techniques 

to address this discrepancy: FTIR spectroscopy, high resolution time of flight aerosol 

mass spectrometry (HR-ToF-AMS), HR-ToF-AMS with a light scattering module (LS-

ToF-AMS), and scanning transmission X-ray microscopy with near-edge absorption fine 

structure (STXM-NEXAFS). The organic compositions were separated into low and high 
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oxygen to carbon (O/C) fractions. The FTIR spectroscopy and HR-ToF-AMS 

measurements show good agreement for the atmospheric marine organic composition, 

both with approximately 50% high O/C OM. However, the generated marine aerosol OM 

fractions have differences up to 31%. This is consistent with the larger fraction of sea salt 

particles in the generated marine OM and the larger fraction of high O/C OM associated 

with the sea salt particles (observed by STXM-NEXAFS). The sea salt particles and 

associated OM do not vaporize at the HR-ToF-AMS heater temperature of 650°C and are 

more prone to particle bounce, which reduces the fraction of high O/C OM observed by 

the HR-ToF-AMS.  

(iv) What is the organic composition of ocean-derived atmospheric marine aerosol 

particles? The organic functional group composition of marine aerosol particles measured 

in the MBL of five ocean regions was determined to have contributions from both clean 

and polluted sources. Ocean-derived organic marine particles included atmospheric 

primary marine aerosol particles (aPMA) and carboxylic acid containing marine aerosol 

particles (AMA), which have average OM concentrations of 0.45 and 0.68 µg m-3 and 

represented 23% and 14% of the total sampling time, respectively. The average aPMA 

OM contains 65% hydroxyl, 21% alkane, 6% amine, and 7% carboxylic acid functional 

groups, suggesting an overall molecular composition similar to marine saccharides and 

amino sugars. This composition is similar to the generated primary marine aerosol 

particles OM (55% hydroxyl, 32% alkane, and 13% amine functional groups), indicating 

it is dominated by direct emission from seawater. The AMA OM type contains 49% 

hydroxyl, 22% alkane, 4% amine, and 24% carboxylic acid functional groups. The large 

fraction of carboxylic acid functional groups is likely the result of contributions from 
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photochemical oxidation in the atmosphere forming secondary products with carboxylic 

acid groups. Shipping influenced marine aerosol particles (SMA) and mixed marine 

aerosol particles (MMA) OM together accounted for 62% of the sampling time (average 

OM of 0.55 µg m-3) and were observed in four of the five sampling regions, confirming 

the ubiquitous contribution of non-marine derived OM to aerosol particles in the MBL. 

(v) How much of the atmospheric marine aerosol particle organic composition 

can be explained by generating primary marine aerosol (gPMA) from bubbled seawater? 

The OM composition of the generated primary marine aerosol particles reflects changes 

in seawater organics, demonstrated by the increase in the alkane functional group fraction 

measured in the San Francisco Bay and shipping lanes (62%) compared to the open ocean 

(37%). The similarity between the organic functional group composition of the gPMA 

and the aPMA suggests that aPMA OM is a direct result of ocean bubble bursting and can 

be well represented by gPMA OM. This shows that aPMA OM is similar to gPMA OM, 

making primary emissions from seawater an important source of organics to the MBL, 

with aPMA measured during 23% of the sampling time. aPMA OM represents 17% of 

the total OM measured samples classified as marine, with an average OM of 0.45 µg m-3.  

Additionally, aPMA can contribute up to 58% of the measured OM, much of occurs in 

mixtures with other sources.   

(vi) What are the differences between gPMA and seawater? The seawater organic 

functional group composition varied little in the open ocean regions sampled, but the 

generated marine particles OM composition had a larger fraction of alkane functional 

groups in eutrophic, productive seawater (35%) compared to oligotrophic, non-

productive seawater (16%). This is due to the higher concentration of surfactants in the 
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productive seawater that stabilize the bubbles at the sea surface and allow more draining 

of the soluble organics (i.e. those containing hydroxyl functional groups) from the bubble 

films. This causes a relative enrichment of alkane functional groups in the resulting 

particles. Additionally, the generated marine aerosol has a hydroxyl group absorption 

peak location (3369 cm-1) characteristic of monosaccharides (3373 cm-1) and 

disaccharides (3383 cm-1), where the seawater OM hydroxyl group peak location (3401 

cm-1) is more consistent with polysaccharides (3425 cm-1). This may result from the 

larger saccharides preferentially remaining in the seawater during gPMA and aPMA 

production.  

The measurements presented in this dissertation contribute to a better 

characterization of the contribution of primary, ocean-derived and anthropogenic 

emissions to the composition and concentration of organic aerosol particles in the MBL. 

This work provides a characterization of the composition of the organic fraction of 

marine aerosol particles, which is a prerequisite for determining the overall climate 

influence of marine aerosol particles. Future work can use the absorption properties of the 

marine aerosol organic functional group composition to determine the impacts of the 

organic fraction of marine aerosol on current and future climate. The organic composition 

of the primary marine aerosol particles presented here can be used in climate models in 

order to parameterize the contribution of natural marine sources to the total organic mass.  

A critical component of estimating aerosol effects on climate is correctly attributing the 

organic mass to natural sources.  

In addition, other measurements can be made to address topics raised in this 

dissertation. One example is side by side measurements of generated marine aerosol 
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particles using the four measurement techniques presented, but with the HR-ToF-AMS 

vaporizer temperature increased. This work demonstrated that a fraction of the organic 

mass associated with sea salt is not efficiently measured by the HR-ToF-AMS due to its 

refractory nature and tendency to bounce off the vaporizer. Increasing the vaporizer 

temperature will increase its ability to vaporize the sea salt and associated organics, and 

varying the humidity of the aerosol will decrease its tendency to bounce. At the same 

time, changing the humidity will change the particle sizes and thus their transmission 

efficiency, which is also a consideration for the quantification of the organic fraction of 

generated marine aerosol. Laboratory experiments with known mixtures of sea salt and 

organics can be done to quantify the fraction of OM measured by the HR-ToF-AMS at 

varying heater temperatures, aerosol humidities, and sea salt fractions. This will 

contribute to a better understanding of the direct impact of the refractory nature of sea 

salt (and its tendency to bounce) on the quantification of the organic fraction of primary 

marine aerosol using HR-ToF-AMS. Another example of measurements would be to use 

model systems such as the Bubbler and the Sea Sweep to study the formation of 

secondary organic aerosol and atmospheric processing of marine particles. Gases and 

particles emitted during bubble-bursting could be transported to a smog chamber where 

the many factors of the marine aerosol system can be controlled, such as solar radiation 

and anthropogenic emissions. This experiment could demonstrate the processing of 

primary marine aerosol and the accumulation of secondary components, as observed in 

this work with the carboxylic acid functional groups on primary marine aerosol. 

 




