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HIGHLIGHTS

The molecular composition of

individual nascent SSA particles is

diverse

Molecular diversity of individual

SSA particles is controlled by the

microbial loop

Changes in hygroscopicity of SSA

are driven by shifts in particle

composition
Sea spray aerosol (SSA) particles were found to be diverse with respect to their

molecular composition. The number distribution of the SSA particle ensemble, as

defined by the molecular signatures in individual particles, shifted in response to

changes in the activity of phytoplankton and bacteria in the seawater. This dynamic

shift in the molecular composition of individual SSA particles changes their

hygroscopicity, a key climate-relevant property.
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Article
Molecular Diversity of Sea Spray Aerosol
Particles: Impact of Ocean Biology on Particle
Composition and Hygroscopicity
Richard E. Cochran,1 Olga Laskina,2 Jonathan V. Trueblood,1 Armando D. Estillore,1 Holly S. Morris,2

Thilina Jayarathne,2 Camille M. Sultana,1 Christopher Lee,1 Peng Lin,3 Julia Laskin,3 Alexander Laskin,3

Jacqueline A. Dowling,2 Zhen Qin,2 Christopher D. Cappa,4 Timothy H. Bertram,5 Alexei V. Tivanski,2

Elizabeth A. Stone,2 Kimberly A. Prather,1 and Vicki H. Grassian1,6,*
The Bigger Picture

Sea spray aerosol (SSA) particles

are an important component of

Earth’s atmosphere in that they

serve as a critical link between the

ocean and climate. The key to

understanding how SSA affects

climate is to unravel the chemical

composition and the molecular

diversity among individual SSA

particles and determine how this

influences their climate

properties, including particle

hygroscopicity. Here, we

measured the molecular

composition and hygroscopicity
SUMMARY

The impact of sea spray aerosol (SSA) on climate depends on the size and

chemical composition of individual particles that make up the total SSA

ensemble. There remains a lack of understanding as to the composition

of individual particles within the SSA ensemble and how it changes in

response to dynamic ocean biology. Here, we characterize the classes of

organic compounds as well as specific molecules within individual SSA parti-

cles. The diversity of molecules within the organic fraction was observed

to vary between submicrometer- and supermicrometer-sized particles and

included contributions from fatty acids, monosaccharides, polysaccharides,

and siliceous material. Significant changes in this molecular diversity were

observed to coincide with the rise and fall of phytoplankton and heterotrophic

bacteria populations within the seawater. Furthermore, the water uptake of in-

dividual particles was affected, as learned from studying the hygroscopicity of

model systems composed of representative mixtures of salts and organic

compounds.
of individual SSA particles that

were produced in a unique wave-

flume facility during periods of

dynamic biological activity in

seawater. With respect to

molecular composition, the

number distribution of SSA

particle types was seen to be

influenced by these biological

processes within the seawater.

Shifts in the distribution of

different particles types led to

changes in the average particle

hygroscopicity; these changes

were further explored via

evaluation of the hygroscopicity

of model systems containing

mixtures of organic compounds

and salts.
INTRODUCTION

Anthropogenic aerosols currently constitute only a small fraction of the total aero-

sol mass across the globe, and natural aerosols are the most prevalent.1,2 However,

anthropogenic aerosols are a substantial fraction of the global aerosol number con-

centration and can also affect the flux and composition of primary SSA.3 Deter-

mining the extent to which anthropogenic aerosols perturb the global aerosol con-

centrations requires a better understanding of the contributions from natural

aerosol sources. Of the natural sources, sea spray aerosol (SSA) and mineral dust

are the major contributors of the total global aerosol mass.4–8 Primary SSA is

formed at the air-sea interface upon the rupturing of bubbles entrained from

breaking waves.9–11 The ability to better define the radiative effects of primary

SSA particles will require that their chemical and physical characteristics, as well

as their ability to act as cloud condensation nuclei, be established in more detail.

With this goal in mind, efforts have focused on characterizing the chemical compo-

sition of bulk aerosol across a wide range of marine environments.4–6,12–18 Global

climate models that include primary SSA apply the assumption that aerosols from a

single source exhibit the same chemical and physical characteristics.6,19–21 Recent

efforts have challenged this paradigm by showing that individual particles within
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the SSA ensemble differ with respect to the relative amount of organic and inor-

ganic constituents as well as phase behavior and morphology.9,11,22 However, bet-

ter prediction of aerosol radiative properties and cloud-forming potential will

require a better understanding of the particle-to-particle variability in both their

exact molecular characteristics and their hygroscopicity.

Primary SSA consists of a mixture of inorganic salts, particulate biological compo-

nents (e.g., whole bacteria and viruses), and organic matter (OM).4–6,9,14,22 The

OM fraction of SSA depends on size and varies in composition; field studies have re-

ported that the majority of OM in the bulk submicrometer marine aerosol is relatively

water insoluble and that in supermicrometer SSA is mostly water soluble.12–14,23–26

Spectroscopic measurements of SSA particles collected in the field have shown that

the oxygen-rich organic fraction of individual particles contains molecules with spec-

tral signatures that are characteristic of saccharides,24 and signatures for carboxylic

acids26 and alkanes27 have also been observed.

Oceanic phytoplankton blooms, as identified by chlorophyll a concentrations in

seawater, have been linked to increases in the organic fraction of SSA.16,21,22,28,29

However, in some cases, weak correlations between levels of chlorophyll a and

organic content in SSA have been observed.13,21,27 Recent studies have shown

that bacteria-driven alterations of seawater composition lead to changes in

both the external and internal mixing state of SSA, as well as particle hygro-

scopicity.9,11,14,30–32

In an effort to provide more detail on the complex molecular composition of indi-

vidual SSA, we utilized micro-Raman spectroscopy in this study to measure the

vibrational spectra of individual freshly emitted SSA particles that had been gener-

ated via wave breaking under ocean-relevant bloom conditions in an enclosed

wave flume. By integrating single-particle Raman spectroscopy with the analysis

of bulk particle samples via a range of quantitative methods, we went beyond func-

tional-group analysis to gain insights into the major classes of organic molecules

and their molecular structures that constitute nascent SSA. With this, we report

on the diversity of organic molecules in size-dependent SSA from both single-par-

ticle and bulk-aerosol perspectives. Furthermore, we show the changing composi-

tion of freshly emitted SSA across a broad range of biological conditions. On the

basis of this analysis, we define how specific auto- and heterotrophic processes

that occur within the ocean directly influence the composition of the SSA. Our

article is divided into two sections: (1) defining the molecular diversity of individual

SSA particles and connecting temporal variations in the number distribution of SSA

particles to dynamic ocean compositions and (2) linking the observed temporal

trends in the molecular composition of individual SSA particles to their hygro-

scopic properties.

RESULTS AND DISCUSSION

Molecular Diversity within the SSA Ensemble and Connections to Dynamic

Ocean Biology

Using state-of-the-art methods, we probed the molecular composition of individual

freshly emitted SSA particles collected from a wave-flume facility at different periods

throughout a phytoplankton bloom. This section first describes the observed molec-

ular diversity of individual particles and then compares the observed changes in this

diversity with changes in the measured concentrations of auto- and heterotrophic

species in seawater. To help support the connection between ocean biology dy-

namics and themolecular diversity in SSA particles, we discuss the biological sources
656 Chem 2, 655–667, May 11, 2017
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Figure 1. Representative Raman Spectra of Individual SSA Particles

Six types of Raman signatures observed for 560–1,000 nm and 1.8–3.2 mm SSA particles collected on a quartz substrate during a month-long mesocosm

experiment: (A) chloride salts (SS particles), (B) short-chain fatty acids, (C) long-chain fatty acids, (D) free saccharides, (E) silicaceous material, and

(F) polysaccharides. Organic components identified include short-chain fatty acids, long-chain fatty acids, free saccharides, siliceous material, and

polysaccharides. Each spectrum shown was recorded from a single particle within the SSA ensemble for an average of two separate exposures at 5–10 s

each and recorded in the range of 100–4,000 cm�1. The region below 500 cm�1 (shaded) contains significant contributions from background spectral

features that are attributed to either NaCl or the quartz substrates and were not considered when the identity of the class of organic molecules was

determined. See also Figures S1–S5 and Tables S1 and S2.
of observed molecules in SSA. Finally, we propose a pathway connecting biological

processes to particle composition.

With respect to the presence of Raman spectral features specific to organic com-

pounds (Figure 1; see Table S2 for additional information), all of the SSA particles

collected from the wave flume can be divided into two broad categories. The first

category of particles did not exhibit any Raman spectral signatures associated

with organic molecules and was thus composed of nearly pure sea salt (SS). Of

note, all spectral signals below 500 cm�1 were attributed to the quartz substrate.

The second category exhibited distinguishable Raman signatures associated with

C-H vibrations, indicating a mixture of organic material with SS (referred to as SS-

OC particles). Most of the SSA particles that were analyzed included spectral signa-

tures from the co-presence of organic compounds (i.e., SS-OC particles, of which

only 0%–1.5% and 0%–7.5% of submicrometer and supermicrometer SSA particles,

respectively, were SS particles).

Representative Raman spectra for SS-OC particles are summarized in Figure 1 (see

Raman spectral assignments in the Supplemental Experimental Procedures and

Table S2). For SS-OC particles, five main particle types were identified on the basis

of the comparison of Raman signatures of individual SSA particles with those ob-

tained from the analysis of more than 25 representative model systems (described
Chem 2, 655–667, May 11, 2017 657



in detail in the Supplemental Experimental Procedures; also see the spectra pre-

sented in Figures S1–S5). These particle types included (1) long-chain saturated fatty

acids (C12–18), (2) short-chain saturated fatty acids (C5–10), (3) saccharides (including

oligosaccharides and polysaccharides), (4) mono- and disaccharides (which we refer

to here as ‘‘free saccharides’’; they contain hydroxyl groups that, in the marine envi-

ronment, are often substituted with amine, amide, carboxylate, sulfate, and other

functional groups33,34), and (5) siliceousmaterial (biosilica structures such as exoskel-

etons or frustules). In addition to the SS and SS-OC particle types, a small fraction

(1%–27% of submicrometers and 7%–23% of supermicrometers) were either highly

fluorescent or pyrolyzed during analysis and thus were unable to be categorized.

On the basis of the chemical speciation identified by Raman spectroscopy,

the organic fractions of individual particles were separated into two classes:

aliphatic rich (relatively low O/C values; <0.2) or oxygen rich (relatively high O/C

values; R0.2). Long-chain carboxylic acids (RC10) are operationally defined in

this work as aliphatic-rich species, whereas the rest of the tentatively identified clas-

ses of organic molecules (i.e., free saccharides, polysaccharides, siliceous material,

and short-chain fatty acids) are relatively more oxygen-rich species. Number frac-

tions of SS-OC particles exhibiting spectral features for aliphatic-rich and oxy-

gen-rich organic compounds were determined (an example for SSA collected in

a single day from the wave flume is shown in Figure S6). In submicrometer SSA,

spectral signatures for aliphatic-rich species were the most prominent, in that as

much as 75% of submicrometer particles exhibited strong signals for long-chain

fatty acids either in the protonated or deprotonated form (Figure 2A). In contrast,

up to 88% of supermicrometer SSAs were dominated by oxygen-rich species

(Figure 2B). Some particles showed mixtures of aliphatic-rich and oxygen-rich spe-

cies, in that 4%–17% and 3%–46% of sub- and supermicrometer particles, respec-

tively, exhibited strong spectral signatures for both free saccharides and short-

chain fatty acids (Figure 2).

To support the accurate identification of organic species by Raman spectroscopy, mea-

surements of organic compounds were made for bulk SSA of the same (or similar) size

ranges collected from the wave flume during the first phytoplankton bloom.With a vari-

ety of techniques, C4–C24 fatty acids (Figure S7), saccharides (comprisingmono-, oligo-,

and polysaccharides),35 C14–C40 alkanes, and individual inorganic salts (Na+, K+, Mg2+,

Ca2+, Cl�, and SO4
2�)35 were observed and quantified in bulk SSA.

Characterizing the molecular composition of particles within SSA collected during a

controlled mesocosm devoid of anthropogenic and terrestrial influences provides a

unique opportunity to assess the effect of biological processes on SSA chemistry.

The molecular diversity of individual particles collected during the wave-flume

experiment, which included two consecutive oceanic phytoplankton blooms, was

observed to change in response to fluctuations in the concentration of phyto-

plankton (autotrophs) and heterotrophic bacteria. Figure 2 shows the changes in

the distribution of major organic classes observed with Raman analysis of SSA

collected from the wave flume overlaid on the measured concentrations of chloro-

phyll a (a tracer for phytoplankton activity29) and heterotrophic bacteria in the

seawater, as well as online measurements of the size-resolved bulk chemical compo-

sition by aerosol mass spectrometry (AMS).31 The number of individual SSA particles

that were analyzed each day is provided in Table S1. During the beginning of the first

bloom, only 32% of the submicrometer particles contained long-chain fatty acid

Raman signatures. Smaller fractions of other particle types included polysaccharides

(14%), siliceous material (13%), and a mixture of free saccharides and short-chain
658 Chem 2, 655–667, May 11, 2017



Figure 2. Shifts in the Molecular Speciation within Individual SSA Particles in Response to

Changes in the Concentration of Phytoplankton and Heterotrophic Bacteria

(A and B) Changes in the composition of individual (A) submicrometer (0.56–1.00 mm) and (B)

supermicrometer (1.8–3.2 mm) particles within SSA collected on different days throughout the

mesocosm. Each class of organic and inorganic compound is shown as a percentage of particles

within the SSA ensemble that exhibit Raman signatures for that particular class. The remaining

fraction of particles was highly fluorescent or pyrolyzed during Raman analysis. The average

hygroscopic growth factors of individual submicrometer (0.5–1.0 mm) and supermicrometer

(>1.0 mm) SSA particles collected from the wave flume as determined by offline AFM analysis are

also shown in both (A) and (B). Error bars represent one standard deviation calculated from all

growth factor measurements for particles within that size range.

(C) The measurements of chlorophyll a and heterotrophic bacteria concentrations in the seawater

of the wave flume, along with aliphatic-rich and oxygen-rich factor mass fractions as determined

through the online measurement of the size-resolved bulk chemical composition of SSA by AMS.

The AMS factor mass fractions are reproduced with permission from Wang et al.31 See also Figures

S1–S6 and Tables S1–S3.
fatty acids (17%). The fraction of long-chain fatty acid particles increased significantly

during the first bloom (up to 75%). Interestingly, the relative fraction of these

aliphatic-rich particles remained similar between the two blooms (67%) and through

the second bloom (67%). This is in contrast to the relatively rapid decrease in the

relative mass fraction of aliphatic-rich species (as defined by mass spectra
Chem 2, 655–667, May 11, 2017 659



dominated by hydrocarbon peaks from AMS) from 0.64 to 0.22 over a 1-day period

at the end of the first bloom (Figure 2C). The disparity between the measurements of

individual particles and bulk SSA provides evidence that changes in the normalized

organic mass fraction of bulk SSA are not necessarily reflected in the external mixing

state of individual particles in the SSA. Alternatively, this also suggests that the SSA

particle-size range responsible for the dramatic decrease in aliphatic-rich compo-

nents in bulk submicrometer SSA (particles with aerodynamic diameters between

0.06 and 1.5 mm at a relative humidity [RH] of 80%) could differ from that evaluated

here with Raman spectroscopy (between 0.56 and 1.0 mm at 80% RH). After the sec-

ond bloom, a sharp decrease was observed in the fraction of the SSA population

containing particles with signatures of long-chain fatty acids. During the same

time period, the aliphatic-rich signal of the bulk submicrometer SSA analyzed with

AMS did not significantly change (between 0.14 and 0.16; Figure 2C).

Unlike the submicrometer SSA, supermicrometer SSA displayed substantial differ-

ences between the two blooms. During the first bloom, the distribution between

the classes of oxygen-rich species changed only slightly, and only a small fraction

contained aliphatic-rich compounds. During the second bloom, supermicrometer

SSA particles were dominated by polysaccharides but contained smaller fractions

of other oxygen-rich particle types. The increase in polysaccharides and decrease

in siliceous material in the supermicrometer SSA coincide with the rise in heterotro-

phic bacteria levels observed in the wave flume during the second bloom.

The observed variation in the molecular distribution of individual particles described

above can be connected to the dynamic microbial processes in the seawater via

consideration of their auto- and heterotrophic sources. To better assess the contri-

bution of these sources, we complemented single-particle analysis with offline tech-

niques characterizing the bulk SSA. Using high-resolution mass spectrometry in

conjunction with gas chromatography-mass spectrometry allowed identification

and quantification of a homologous series of fatty acids ranging from octanoic

acid (C8) to tetracosanoic acid (C24) in the bulk SSA.36 The absolute distribution of

saturated fatty acids (Figure S7) followed those previously observed in the organic

fractions of seawater and marine aerosols collected in the field.18,37 In the ocean,

free fatty acids (i.e., alkanoic acids) have been observed to be a major fraction of

the organic compounds present38–42 and are produced by the heterotrophic break-

down of lipid-containing cellular components of microorganisms, such as phospho-

lipids, glycolipids, and triacylglycerides. Although the aliphatic-rich component of

SSA analyzed via online AMSwas hypothesized to include triacylglycerides,31 Raman

spectra obtained in this study for individual SSA particles did not exhibit their spe-

cific signatures. Note, however, that triacylglycerides can be easily oxidized and/

or hydrolyzed before offline analysis, and thus it cannot be concluded that triacylgly-

cerides were not originally transferred to the SSA. Relative to the other classes of

molecules identified in this work, long-chain fatty acids exhibited significantly

increased surface activity, resulting in their enrichment in the sea-surface microlayer.

This provides efficient transfer of the long-chain fatty acids into film drops (typi-

cally <1 mm in diameter) during the bubble-bursting process at the air-sea interface.

This physicochemical behavior explains the consistently large fraction of submi-

crometer SSA particles that exhibited Raman signatures for long-chain fatty acids.

Small-chain fatty acids with even carbon numbers (e.g., C8 and C10) have also been

observed to occur from biological sources.40 Nonanoic acid, for the most part, has

not been previously observed from sources within ocean biota and is suggested to be

produced mainly from the oxidation of C18 unsaturated fatty acids (Equation 1).43
660 Chem 2, 655–667, May 11, 2017



Figure 3. Linking Microbial Chemical Pathways to the Molecular Diversity of Individual SSA

Particles

Degradation pathways of diatoms and bacteria lead to organic species that are transported from

seawater to SSA particles as either film or jet drops. Boxes with a dashed outline were not directly

observed in this work but are shown here as a precursor to classes of compounds that were

observed.
CH3ðCH2Þ7CH=CHðCH2Þ7COOH /
hv;O2

C8H17COOH+OHCC7H14COOH (Equation 1)

The siliceous material observed in SSA particles is suggested here to be a product of

diatoms (known to be one of the largest groups of silicifying organisms) taking up

silica in vast quantities and subsequently bioprocessing it into useful biosilica struc-

tures such as exoskeletons or frustules.44 Upon cell death, the frustules release sili-

ceous material into the water column, which can either be transferred into SSA or

further transformed through heterotrophic processes.

Saccharides observed in this study, and previously observed in the sea-surface

microlayer and marine aerosols, have been suggested to be in the polymeric or olig-

omeric form24,26,45–48 and can exist as cellular polysaccharides (e.g., laminarin,

chrysolaminarin, chitin, lipopolysaccharides, alginic acid, and dextrose) or extracel-

lular polymeric substances (EPSs).14,33,46,49,50Whereas cellular polysaccharides have

a more defined structure, the structure of EPSs is recognized as being either a poly-

saccharide or a glycoconjugate (viscous or gelatinous mixture of saccharides) and is

therefore difficult to identify explicitly.50,51 Within the mesocosm, saccharides

(including mono-, oligo-, and polysaccharides) accounted for 8% of the total organic

carbon of the bulk SSA below 2.5 mm, and the remaining 92% has yet to be deter-

mined. Of note,lipopolysaccharide (LPS) which contains a polysaccharide and oligo-

saccharide core52–55 also contains fatty acid ester side chains.53,55,56

In considering the variations in both the time- and size-resolved compositions,

as well as the various biological sources discussed above, we propose a

comprehensive and dynamic pathway between ocean biology and SSA particle

composition (Figure 3). Upon the death of phytoplankton, particulate forms of
Chem 2, 655–667, May 11, 2017 661



lipids, polysaccharides, and siliceous material are released into the bulk

seawater. Autotrophic enzyme digestion releases fatty acids from higher-

order lipids while generating smaller fragments of cellular poly- and oligosaccha-

rides. Heterotrophic bacteria then further contribute free fatty acids and

smaller saccharide fragments through the efficient enzymatic digestion of phyto-

plankton, and to some extent bacterial, components.53,54,56–58 The heterotrophic

degradation of polysaccharides into smaller oligosaccharide fragments helps

explain the dramatic increase in the fraction of polysaccharide-type particles

in submicrometer SSA collected before and after the peak in the bacteria

concentration.

Many of the pathways described above as biological sources of the molecules

observed in SSA particles are centered around the major role of heterotrophic

degradation processes within bacterial cells. Given that the turnover rate for

these enzyme processes is typically high, it is assumed that the limiting factor in

the heterotrophic chemical transformation of the ocean water is the relative con-

centration of heterotrophic bacteria. The observed response of the molecular di-

versity of SSA particles to changes in ocean biology shows a clearer link between

auto- and heterotrophic activity and single-particle composition. These dynamic

changes in particle compositions can, in turn, affect their physicochemical

properties, including their interaction with water vapor, a key climate-relevant

property.

Interparticle Variability of SSA and Influence on Hygroscopic Growth

Using a novel method to characterize the single-particle hygroscopicity, we

compared the average hygroscopicity of the particle ensemble with temporal

changes in the number fraction of particle types (shown in Figure 2 for both sub-

and supermicrometer SSA particles). The hygroscopic growth factors of individual

particles as determined by atomic force microscopy (AFM; see additional method

details in Morris et al.59) at RH = 80% (growth factors = 80%) of both sub- and super-

micrometer particles collected from the wave flume decreased from 1.39G 0.11 and

1.53 G 0.09, respectively, before the first phytoplankton bloom to 1.31 G 0.04 and

1.20G 0.02, respectively, during the bloom. After the first bloom, the growth factors

then increased to 1.43 G 0.04 and 1.40 G 0.06 for sub- and supermicrometer par-

ticles, respectively. The changes in the measured hygroscopicity of individual parti-

cles of the same size range during the progression of the first phytoplankton bloom

can be explained by the relative changes in the number fraction of particles types

with respect to the observed classes of organic molecules. Recent work has shown

that the ability of an SSA particle to take up water is directly correlated with the hy-

groscopicity (represented by kappa [k] values) of the organic and inorganic fractions,

where the overall particle hygroscopicity is a linear combination of the k values for

each compound present.60,61 In this study, k values calculated from laboratory mea-

surements of particle hygroscopic growth factors of SSA mimics with a hygroscopic

tandem differential mobility analyzer (HTDMA) show that surface-active species

observed in SSA particles from the wave flume, such as long-chain fatty acids and

polysaccharides, exhibit decreased hygroscopicity in relation to free saccharides

(Table 1). These calculated k values help explain the observed changes in the

average and range of hygroscopicities of individual SSA particles collected during

the wave-flume experiment. For example, the increase in the fraction of submicrom-

eter particles dominated by the relatively more surface-active and less hygroscopic

long-chain fatty acid particles from day 10 to day 14 resulted in a lower average hy-

groscopicity and a narrower growth factor distribution. Furthermore, the increase in

the average water uptake of individual submicrometer SSA particles from day 14 to
662 Chem 2, 655–667, May 11, 2017



Table 1. Hygroscopic Growth Factors at 60% and 80% RH at T = 298 K of Particles

Representative of the Individual SSA Particle Types Collected during the Wave-Flume

Experiment

Representative
Compound or Mixturea

Particle Typeb Hygroscopicity
Parameter (k; 80% RH)

Measured Growth Factorc

60% RH 80% RH

NaCl SS 1.32 1.00 G 0.06 2.00 G 0.04

Reef salt SS 1.28 1.12 G 0.08 1.80 G 0.05

NaCl/nonanoic acid (2:1) SS-OC 1.27 1.01 G 0.10 1.91 G 0.12

NaCl/nonanoic acid (1:1) SS-OC 1.13 0.99 G 0.10 1.74 G 0.11

NaCl/glucose (2:1) SS-OC 0.86 1.04 G 0.10 1.62 G 0.03

NaCl/alginate (2:1) SS-OC 0.71 1.01 G 0.08 1.54 G 0.03

NaCl/LPS (1:1) SS-OC 0.50 1.01 G 0.10 1.42 G 0.03

Glucose OC 0.20 1.20 G 0.02 1.20 G 0.02

Sodium alginate OC 0.13 1.14 G 0.04 1.14 G 0.04

LPS OC 0.081 1.09 G 0.05 1.09 G 0.05

Laminarin OC 0.026 1.00 G 0.08 1.03 G 0.06

Hexadecanoic acid OC – �1 �1

LPS, liposaccharide; RH, relative humidity.
aRatios in parentheses refers to the mass ratios of the constituents.
bParticle types refer to SSA containing only sea salt (SS), only organic carbon (OC), or a mixture of organic

carbon and SS (SS-OC).
cGrowth factor values were determined throughmeasurements by HTDMA and were used for calculating

the hygroscopicity parameters for each compound or mixture.
day 18 can be a result of the observed decrease in the long-chain fatty acid fraction

and increase in the more hygroscopic polysaccharide fraction. For supermicrometer

particles, the decrease in the polysaccharide fraction and increase in the short-chain

fatty acid and free saccharide fractions with larger k values (according to the values

for the NaCl/organic mixtures shown in Table 1) led to an increase in the average wa-

ter uptake of the SSA particles. Alternatively, the hygroscopicity could be influenced

by changes in the molar ratios between inorganic salts and organic components.

This effect is demonstrated in Figure 4 for representative model aerosol systems

composed of NaCl and either glucose or laminarin at different mass ratios. For

both systems, the increase in the relative fraction of the organic constituent

decreased the particle hygroscopicity. The above observation highlights the phe-

nomena that the average and distribution of the measured hygroscopicity of individ-

ual particles change in response to observed changes in the molecular diversity of

particle types.

Linking Ocean Biology, SSA Chemistry, and Climate

Using methods to probe the chemical composition of individual SSA particles and inte-

grating themwith other analytical techniques, we have extended the discussion beyond

functional-groupanalysis utilized inprevious studies to identify the specificmajor classes

of organic molecules within SSA particles as a function of ocean biology.

The results from this study demonstrate the particle-to-particle variation in the chemical

composition of SSA particles as a function of particle size and biological activity within

seawater. Furthermore, in coupling techniques for probing the molecular composition

and subsaturated hygroscopicity of individual SSA particles, we have shown a more

direct link between changing ocean chemistry, particle composition, and hygroscopic-

ity. This detailed understanding of themolecular composition of nascent SSAwill guide
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Figure 4. Hygroscopicity of Particles Composed of Representative Mixtures of Salts and Organic

Compounds: Fatty Acids and Simple and Complex Saccharides

Hygroscopic growth factors of representative laboratory-generated aerosol containing NaCl and

mixed mass ratios (NaCl/organic) of either (A) glucose (representative or free saccharides) or (B)

laminarin (representative of polysaccharides). Measured growth factors at both 60% and 80% RH at

298 K are shown. All growth factor measurements were made by HTDMA. Error bars represent

standard deviations calculated from the growth factors determined in triplicate experiments.
future work aimed at establishing a framework for the mechanisms by which molecules

are transferred from the ocean to SSA. Realizing the diversity in themolecular composi-

tions of individual SSA particles and the interplay between particle composition and

hygroscopicity is important in furthering our understanding of the impacts of SSA on

climate and the environment. However, to better define the link between ocean biology

and climate, future experiments coupling observations of ocean biology and SSA

composition to measurements of SSA flux and the secondary chemical transformations

of SSA particles are needed.

EXPERIMENTAL PROCEDURES

SSA particles of similar size and composition to those measured in the atmosphere

were generated via wave breaking during an oceanic phytoplankton bloom con-

ducted within a unique ocean-relevant wave flume at the Hydraulics Laboratory

at the Scripps Institution of Oceanography. SSA was sampled from the wave flume

by a series of online instruments measuring their physicochemical properties. This

included measurement of the SSA size distribution by a scanning mobility particle

sizer and an aerodynamic particle sizer, determination of SSA particle mixing state

with an aerosol time-of-flight mass spectrometer, and chemical composition

of bulk SSA with an Aerodyne high-resolution time-of-flight aerosol mass
664 Chem 2, 655–667, May 11, 2017



spectrometer. Bulk seawater measurements were made throughout the wave-

flume experiment for quantifying the abundance of phytoplankton (via fluorometric

measurement of chlorophyll a concentration) and enumerating bacteria by epi-

fluorescence microscopy. In-depth details of the wave-flume experiment, as well

as the online instrumentation and bulk seawater measurements, can be found in

Wang et al.31 In addition to the online measurements, SSA particles were also

collected for offline measurements of their physicochemical properties and chem-

ical composition. Offline single-particle probing of the functional-group composi-

tion of the organic fraction of SSA was performed by Raman spectroscopy. The hy-

groscopicity of single SSA particles was measured by AFM, as recently described

in Morris et al.59 The phase morphology of individual SSA particles was also deter-

mined by AFM. The total organic carbon concentration in bulk SSA was measured

with a Sunset Laboratory thermal optical analyzer. Identification of fatty acids in

bulk SSA was made possible with an electrospray linear ion-trap orbitrap mass

spectrometer (ESI-LIT-Orbitrap). Concentration measurements of individual satu-

rated and unsaturated fatty acids and saturated alkanes in bulk SSA were made

by gas-chromatography mass spectrometry. Total saccharide concentrations in

bulk SSA were made by ion-exchange chromatography (IEC) with electrochemical

detection. Concentrations of individual inorganic salts were also measured by IEC

with conductivity detection. The total SS concentration was the sum of the major

individual inorganic salts (Na+ + K+ + Mg2+ + Ca2+ + Cl� + SO42�) collected
from the wave flume. Mimic SSAs were generated from aqueous solutions with

an atomizer, and their hygroscopicities were measured with an HTDMA. Further

details for the offline methods listed here can be found in the Supplemental Exper-

imental Procedures.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

1. Laboratory Production of Ocean-Relevant SSA 

1.1. Oceanic Phytoplankton Bloom 

The oceanic phytoplankton bloom was generated in a wave channel located in the Hydraulics Laboratory at 
Scripps Institution of Oceanography. The CAICE intensive campaign IMPACTS (Investigation into Marine PArticle 
Chemistry and Transfer Science) was conducted from July 1-August 1, 2014. The experiment has been previously 
described in detail.1 

2. Collection of SSA and Seawater During the Mesocosm 

2.1. Sea Spray Aerosol Collection 

For spectroscopic analysis, individual SSA particles were collected directly from the waveflume at RH ~ 68-76% 
on quartz coverslips (Ted Pella Inc., part no. 26016) and 400 mesh carbon type B with Formvar transmission electron 
microscopy (TEM) grids (Ted Pella, Inc., part no. 01814-F), using the fourth and sixth stages of a Micro-Orifice 
Uniform Deposition Impactor (MOUDI, MSP Corp. Model 110) operating at a flow rate of 30 lpm. Stage four of the 
MOUDI samplers collected particles with an aerodynamic diameter between 1.8 and 3.2 µm while stage six collected 
particles between 0.56 and 1 µm. SSA particles were collected from the wave flume headspace for 1 hour. All samples 
were sealed with PTFE tape and kept at room temperature until analysis. 

For quantifying individual fatty acids in the bulk SSA ensemble, SSA was also collected onto pre-cleaned 47 mm 
quartz fiber filters using the MOUDI sampler. SSA was collected over multiple days within the mesocosm, sampling 
for approximately 6–9 hours each day. Flow rates were measured before and after sample collection. SSA Samples 
were then stored at -20 °C until extraction and analysis.  

For quantifying individual saccharides in SSA samples were also collected onto Teflon filters (Pall, Life Sciences) 
using an Andersen dichotomous PM10/2.5 sampler (series 241). PM2.5 and PM2.5-10 particles were separated by virtual 
impaction and were collected simultaneously. Total flow through the sampler was operated at 16.67 lpm while the 
coarse stream flow was maintained at 1.667 lpm. Flow rates were measured before and after sample collection and 
the average flow rates of the two measurements were used for the sampled air volume calculations. The total sample 
collection time for each sample ranged between 3–6 hours at ambient temperature and relative humidity (RH; 
67−76%) without being dried. Teflon filters were extracted individually for the saccharide analysis (see Section 5.4). 

For tentatively identifying organic species using high resolution mass spectrometry SSA samples were collected 
onto pre-cleaned 37 mm quartz fiber filters (PALL, Port Washington, NY) using a dichotomous sampler (Andersen 
Instruments, Inc., Thermo Scientific, Waltham, MA). SSA larger than 10 µm in diameter were removed from the 
sampled air using a PM10 cut-off sampling inlet (Model 246b, Andersen Instruments, Inc., Thermo Scientific). SSA 
were separated within the dichotomous sampler into two size bins, those with wet diameters between 2.5–10 µm 
(coarse) and those with wet diameters of 2.5 µm and smaller (fine). SSA samples were collected daily throughout the 
mesocosm experiment, with each sampling time ranging between 3–6 hours. During sampling the relative humidity 
at the inlet of the sampling line was monitored, and was consistently between 67–76%. Samples collected on quartz 
fiber filters were composited chronologically (between 4-6 days of samples were combined) to obtain ~20 μgC. Field 
blanks were collected every five samples by placing pre-cleaned quartz filters into the sampler without any air flow. 

3. Single Particle Measurement of the Chemical Composition of SSA 

3.1. Chemicals and Standards Used In the Spectroscopic Analysis of Individual SSA Particles 

Sodium chloride (≥99%) was purchased from Fisher Scientific. Lipopolysaccharides (LPS) of Escherichia coli 
(E. coli) 0111:B4, galactose (Pharmacopeia Reference Standard), arabinose (≥99%), rhamnose (99%), fucose (≥99%), 
arabitol (≥98%), mannitol (≥98%), sucrose (≥99%), dodecanoic acid (≥98%), tetradecanoic acid (≥99%), 



hexadecanoic acid (≥99%), octadecanoic acid (≥99.5%), pentanoic acid (≥99%), hexanoic acid (≥99.5%), heptanoic 
acid (≥97%), octanoic acid (≥98%), nonanoic acid (≥97%), decanoic acid (≥98%) and 1-docosanol (98%) were 
purchased from Sigma-Aldrich. Glucose (99%), N-acetylneuraminic (sialic) acid (97%), glucosamine (98%), 1-
hexadecanol (98%) were purchased from Alfa Aesar. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
dihexadecanoyl-sn-glycero-3-phosphate (sodium salt) (DPPA) were purchased from Avanti Polar Lipids. All 
chemicals were used without further purification. Polydimethylsiloxane solution was purchased from Rain-X (ITW 
Global Brands, Houston, TX, USA). PRO-REEF© Sea Salt was purchased from Tropic Marin (Wartenberg, 
Germany). 

3.2. Generation of Aqueous Aerosol Standards 

Aerosol particles were formed by atomizing (TSI Inc., Model 3076) aqueous solutions or suspensions of the 
standard that were prepared in Optima-grade water (Fisher Scientific). Upon exiting the atomizer, aerosols were passed 
through a two diffusion dryers in series (TSI Inc., Model 3062) at a flow rate of 1.5 lpm, and the RH of the aerosol 
stream was reduced to <5%. A quartz disc (Ted Pella Inc., part no. 16001-1) was placed in the path of the aerosol flow 
after the diffusion dryer for 2-30 min to collect particles for Raman analysis. 

3.3. Raman Spectra Collection 

Raman spectroscopy was performed using a LabRam HR Evolution Raman spectrometer (Horiba). The 
spectrometer was equipped with an Olympus BX41 optical microscope with 100X magnification lens. Raman spectra 
were recorded in the range of 100–4000 cm-1, Raman scattering was performed using a laser operating at 532 nm. 
Two exposures of 5-10 s each were averaged to obtain the resulting spectrum. The analyzed days were chosen to cover 
different stages of the two blooms that were observed during the campaign. July 13 is the pre-bloom condition, July 
17 is the peak of the first bloom, July 21 is the day between two blooms when chlorophyll-a concentration in seawater 
decreased to its pre-bloom minimum, July 25-27 are within the peak of the second bloom and July 31 represent the 
post-bloom condition. 

3.4. Types of Organic Compounds Identified in SSA by Raman 

For a quantitative comparison of the spectra from SSA with the spectra obtained from the analysis of standards, 
χ2 errors between two spectra were determined. The spectral region between 100 and 550 was excluded to avoid 
discrepancies associated with a broad quartz peak at ca. 400 cm-1. The χ2 error is the square of the difference between 
the spectrum of SSA and the spectrum of the standard at a particular Raman shift, summed over a chosen range of 
Raman shifts (ν1 to ν2) and divided by the number of data points (N; includes highly fluorescent and pyrolyzed 
particles), and can be calculated according to Equation (1):  

 

𝜒𝜒2 =
∑ (𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)2𝜈𝜈2
𝜈𝜈1

𝑁𝑁
 

 
Sodium chloride has no first order vibrational transitions in the 100−4000 cm−1 range. The spectrum categorized 

as chloride salts (Figure 1a) has been assigned based on the lack of vibrational transitions in this region. Figure S1 
shows the comparison of spectra of each organic type of SSA spectra with representative members of the class of 
organics this type belongs to. Additionally, the results of their subtraction using the sodium chloride spectra and 
enlarged CH stretching regions are shown. 

The SSA spectrum categorized as small-chain fatty acids (Figure 1b) has multiple overlapping peaks in the C–H 
stretching region that results in a very broad characteristic feature between 2850 and 2950 cm-1. These peaks can be 
assigned to CH2 symmetric stretching (2853), CH2 asymmetric stretching (2904 cm-1) and CH3 symmetric stretching 
(2927 cm-1). These spectra also show a broad peak at 1068 cm-1 due to C-C stretching as well as signatures at 1303 
cm-1 and 1444 cm-1, that are due to CH2 twisting and bending modes, respectively.2–6 This SSA spectrum, with a broad 
feature in the C-H stretching region, is similar to spectra obtained from the analysis of authentic standard of short 



chain fatty acids, as shown in Figures S2 and S3. Spectra of pentanoic (C5), hexanoic (C6), heptanoic (C7), octanoic 
(C8), nonanoic (C9) and decanoic (C10) acids also feature broad peaks in the CH stretching region. The SSA spectrum 
in Figure 1b has the best overlap with spectra of nonanoic acid (C9), as indicated by the lowest χ2 error. This result is 
consistent with the observation of nonanoic acid (C9) during analysis of SSA by high resolution mass spectrometry 
(SI Text, section 5.2).  

For the SSA spectrum that is categorized as long-chain fatty acids (Figure 1c), the most prominent peaks were in 
the C-H stretching region at 2846 cm-1 and 2880 cm-1, corresponding to the symmetric and asymmetric stretches of 
the CH2 group, respectively. Additional peaks of lower intensity were observed in 1050 to 1500 cm-1 region. These 
Raman modes are associated with the vibration of CH2 groups (particularly C-C stretching; 1062 cm-1, 1129 cm-1), 
CH2 twisting (1295 cm-1) and CH2 bending (1439 cm-1 and 1461 cm-1).2–5,7 These spectrum were compared with the 
spectra obtained from the analysis of authentic standard of saturated fatty acids with even-number carbon chain lengths 
between 12 and 18, fatty alcohols with carbon chain lengths of 16 and 22 as well as with two different species of 
phospholipids: 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC). Even-chain species were chosen due to their high-prevalence from biological sources in the ocean biota.8 
The results from the comparison between the spectra of the standards and that of the spectra shown in Figure 1c are 
shown in Figures S4 and S5. Spectra of all standard acids, alcohols and phospholipids are very similar with prominent 
peaks in the C-H stretching region and lower intensity peaks in 1050 to 1500 cm-1 region due to CH2 group vibrations. 
Comparison using χ2 errors (Figure S5) shows a good match between spectra of SSA and the various fatty acid 
standards. The presence of long-chain fatty acids in the SSA was further supported through the analysis of the SSA 
from the mesocosm using high resolution mass spectrometry (SI Text, section 5.2). Similar Raman signatures have 
also been observed in SSA samples collected in the Pacific ocean, which were attributed to long chain organics.9 

The SSA spectrum categorized as free monosaccharides (Figure 1d) features four peaks in the CH stretching 
region (2915, 2936, 2985, 2998 cm-1) in addition to a large 3408 cm-1 peak due to OH stretching, a peak from the 
stretching vibration of C-O bond (1097 cm-1), bending deformations of a COH group (867 cm-1), vibration of CH2 and 
CH2OH groups (1310, 1363, 1428, 1452, 1475 cm-1) as well as the vibration of an amide group (amide I band) (1640 
cm-1).2,10–13 The OH stretch at 3275 cm-1 may also be due to the overtone of the amide I band. Spectra from Figure 1d 
has been compared with the spectrum of the aged LPS (aged by storing quartz discs that contained aqueous LPS 
aerosols for 1 month at 20°C and 17-20% RH) as well as spectra obtained from the analysis of free saccharides 
representative of marine biology.14–19 Comparisons between the spectrum of aged LPS and standards of free 
saccharides are shown in Figures S6 and S7. Most of the model compounds and aged LPS have similar characteristic 
peaks in C-H stretching region. However, the relative intensities of these peaks vary between the free monosaccharide 
standards and the SSA spectra, resulting in negative χ2 values in that region. The best overlap is observed between the 
spectra of SSA and that of aged LPS (as indicated by the lowest χ2 error). However, the difference in relative intensities 
of the ring (1000-1100 cm-1) and C-H (2900-3000 cm-1) stretching vibrations are different in SSA and aged LPS, 
leading to larger χ2 errors in these regions. Comparisons between the other free saccharide standards show similar 
discrepancies, with the ratio of intensities of the ring (1000-1100 cm-1) and C-H stretching vibrations (2900-3000) 
being higher in SSA. Additionally, the OH stretch vibration in SSA is higher and broader than in the free saccharide 
standards. However, this can be related to water within the SSA particles that gives an overlap of OH vibration of 
water and structural OH vibration. Peaks at 1009 cm-1 and 1037 cm-1 in SSA that are not present in the spectra of 
model saccharides, resulting in positive χ2 values in that region, are associated with sulfates (indicated in Figure S7), 
with 1009 cm-1 corresponding to SO4

2- and 1037 cm-1 to HSO4
- symmetric stretches, respectively.20,21  The hydroxyl 

groups of saccharides can be substituted with sulfate groups. Based on these comparisons, the SSA shown in Figure 
1d can be associated with aged LPS or with a mixture of free saccharides. Better overlap of the SSA shown in Figure 
1d can be achieved by mixing representative free saccharides. A mixture (denoted in Figures S6 and S7 as “Mix of 
Saccharides”) consisting of 40% fructose, 40% sucrose, 15% arabitol and 10% glucose (mixed computationally) gives 
the lowest χ2 error and better overlaps with spectra of SSA shown in Figure 1d. 

The SSA spectrum categorized as siliceous material (Figure 1e) has a peak at 791 cm-1 corresponding to a Si-C 
asymmetric stretching mode. Additional peaks at 862, 1260, and 1408 cm-1 correspond to rocking as well as symmetric 
and asymmetric bending of CH3 groups, respectively.22 This spectrum has been compared to the spectra of a diatom 



collected from a marine biofilm as well as a hydrophobic coating containing polydimethylsiloxane (PDMS) as a main 
component (Figure S9). The siliceous material of diatoms has been found to incorporate a framework of SiO2 polymer 
structures along with polysaccharides.23 All three spectra (of SSA, diatom and PDMS) exhibit two large peaks at 2906 
and 2967 cm-1. The relative intensities for these two Raman modes are slightly different between the spectra, resulting 
in a positive χ2 error at 2906 cm-1. The peaks in the 550-1500 cm-1 region overlap well, leading to a subtraction 
spectrum close to that of quartz (quartz signature is present due to a low signal of a diatom). Diatoms are known to 
have rigid cell walls (frustules) composed of amorphous silica (SiO2) which is released upon cell lysis.24,25 

The SSA spectrum categorized as polysaccharides (Figure 1f) features skeletal C-C, C-O and stretching C-C-O 
bands at 991 and 1044 cm-1, CH2 bending vibration that typically appears at 1459 cm-1 in lipids, a peak at 1642 cm-1 
that can be either C=O stretching in carbohydrates or C=C stretching vibration of unsaturated fatty acid chains and a 
broad peak at 2929 cm-1 identified as the C–H stretching modes of -CH-, methylene (-CH2-) and terminal methyl (-
CH3) groups of fatty acid chains.26,27 This spectrum obtained from SSA was compared with the spectrum of 
commercially available standards representative of cellular polysaccharides: lipopolysaccharide (LPS) from E. coli, 
lamanarin, inulin, sodium alginate and peptidoglycan. For a quantitative comparison of the spectra from SSA with the 
spectra obtained from the standards of cellular polysaccharides, χ2 errors between two spectra were determined for the 
550–4000 cm-1 spectral range (see Figure S8).  

 
As can be seen in the χ2 errors shown in Figure S8, the spectra of E. coli LPS features similarly shaped broad 

peak in C-H stretching region that is only slightly shifted from that of the SSA spectrum, resulting in a slight deviation 
in the subtraction spectrum around the baseline. Low χ2 error (~0.01 for spectra normalized at 1) indicates a good 
match between the spectra of SSA and LPS of E. coli. Figure S8 also shows a good fit between the spectra of SSA 
and sodium alginate. It is well known that diatoms exude adhesive polymers similar to sodium alginate in order to 
adhere to surfaces that are polysaccharides cross-linked via O-glycosidic sugar-protein linkages into large 
proteoglycan assemblages.28 Therefore it can be proposed that diatoms exude adhesive polysaccharide polymers 
(extracellular polymeric substances, EPS) to adhere to the walls of the wave channel, and are then transferred to the 
water and then eventually to the aerosol phase. In the mesocosm experiment described in this paper, the walls of the 
wave channel are the most important surfaces. In the open ocean, micelles, gels and colloids formed at high 
concentrations can provide adsorption surfaces for other dissolved organic matter.29–31 Due to the similarities between 
the spectra of the cellular polysaccharide standards, it is difficult to explicitly indicate the specific polysaccharide 
species present in the SSA. However, dissimilarities exist between the spectra of known polysaccharides and those of 
a mixture of free saccharides (Figure S6). 

3.5. Determining the External Mixing State of Individual Particles within the SSA Population 

Using comparisons to authentic standards, the individual particles of the SSA population collected during the 
mesocosm were analyzed using Raman analysis and classified as either aliphatic-rich (AR) or oxygen-rich (OR). The 
SS-OC categories containing organic species with low O:C values (<0.2) (i.e., long-chain fatty acids) were classified 
as AR, while those with O:C values ≥0.2 (i.e., free saccharides, polysaccharides, siliceous material and short-chain 
fatty acids) were considered as OR. The number fraction (Fj) of the individual particles of the population of SSA 
particles analyzed that exhibited each of these characteristics was calculated using Equations 2 & 3: 

 

 𝐹𝐹𝐴𝐴𝐴𝐴 = 𝑁𝑁𝐴𝐴𝐴𝐴
𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 (2) 

 
 𝐹𝐹𝑂𝑂𝐴𝐴 = 𝑁𝑁𝑂𝑂𝐴𝐴

𝑁𝑁𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
 (3) 

 
where NAR and NOR are the total number of particles assigned to the aliphatic-rich and oxygen-rich classifications, 
respectively. 



4. Measuring Climate-Relevant Properties of SSA 

4.1. Hygroscopic Growth Measurements of Individual Substrate Deposited Nascent SSA Particles by Atomic 
Force Microscopy 

A molecular force probe 3D AFM (Asylum Research, Santa Barbara, CA) was used for water uptake studies at 
298 K. Hydrophobically coated silicon wafers containing substrate deposited particles were placed in an AFM 
humidity cell setup, which is described elsewhere 32. Images were collected in AC mode with silicon nitride AFM 
probes (MikroMasch, Model CSC37) with a nominal spring constant of 0.35 N/m and a typical tip radius of curvature 
of 10 nm. For quantifying water uptake at a specific RH, images were taken at low RH (<5%) followed by images at 
higher RH (60% and 80%), allowing at least 15−20 min equilibration time for water uptake at both 60% and 80% RH. 
The free amplitude and set point used for imaging the liquid particles at high RH were relatively large (3−5 V) to 
achieve optimal imaging without moving or breaking the droplets. Scan rates were between 1.0−1.3 Hz. Repeated 
imaging of the sample area at high RH can be problematic and the data were obtained using the least amount of 
imaging possible. It should be noted that similar measured GF values have been obtained using both AFM (area GF)  
and HTDMA (volume GF).32 Discrepancies between GF values determined by AFM and HTDMA may arise from 
substrate hydrophobicity and particle deformation due to substrate impaction.32 

4.2. Hygroscopic Growth Measurements of Bulk Aerosol Mimics by Hygroscopic Tandem Differential 
Mobility Analyzer (HTDMA) 

HTDMA measurements of the hygroscopic growth of 100 nm particles were performed using a Multi-Analysis 
Aerosol Reactor System (MAARS). The procedure has been reported previously (see Ref. 72 of main text) and 
therefore in-depth details will not be covered here. Briefly, aerosol particles were generated by atomizing a ~0.1 % wt 
solution of the aerosol mimics containing either glucose (Sigma-Aldrich); sodium alginate (Sigma-Aldrich, ≥99.5%), 
LPS (Sigma-Aldrich), nonanoic acid (≥97%) or palmitic acid (≥99%) all as 1:2 or 1:1 mixtures (palmitic acid mixture 
was a saturated solution) with NaCl (Fisher Scientific, 99%). A mono-disperse dry particle (RH ˂5%) of diameter D0 
is selected by the first differential mobility analyzer (DMA1) and then sent to the hydration chamber where they are 
equilibrated to a defined relative humidity (RH). Upon exiting the hydration chamber, the humidified particles are 
sent to the second DMA (DMA2) coupled with ultrafine condensation particle counter (UCPC) where the humidified 
mobility diameter is measured, Dp. The growth factor (GF) at each RH was calculated Equation 4, based on the ratio 
of the humidified diameter to the dry diameter of the particles in the ensemble: 

 

 𝐺𝐺𝐹𝐹 =  𝐷𝐷𝑝𝑝(𝐴𝐴𝑅𝑅)
𝐷𝐷0

 (4) 

The κ value was calculated from the GF measurements summarized below following Petters and Kreidenweis 33. 
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where D is the wet particle diameter and A is calculated from: 
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where σ is the surface tension of water (0.072 J/m2) Mw is the molecular weight of water (0.018 kg/mol), and ρw is the 
density of water (1000 kg/m3) at 298K. 

5. Measurements of the Chemical Composition of Bulk SSA Populations 

5.1. Quantifying the Total Organic Carbon Content of SSA 



The total organic carbon (TOC) content of SSA collected onto quartz fiber filters using the MOUDI sampler was 
measured using a thermal optical analyzer (Sunset Laboratories) following the ACE-Asia protocol, using laser 
reflectance to monitor carbon pyrolysis. The concentration of TOC in bulk SSA was calculated using Equation (7): 

 

 [𝑇𝑇𝑇𝑇𝑇𝑇]𝑆𝑆𝑆𝑆𝐴𝐴 =
𝑚𝑚𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑓𝑓𝑓𝑓
𝑇𝑇𝑂𝑂𝑇𝑇

𝑉𝑉𝑇𝑇𝑓𝑓𝑓𝑓
 (7) 

 
where [TOC]SSA is the concentration of TOC in the SSA (in ng/m3), mTOC

filter is the total mass of TOC on the quartz 
fiber filter, and Vair is the total volume of air sampled from the headspace of the waveflume chamber. 

5.2. Electrospray Ionization High Resolution Mass Spectrometry 

Details on analysis of SSA samples for identifying organic compounds via empirical formula assignments can be 
found in Reference 34. Briefly, SSA samples from the mesocosm experiment were analyzed using an electrospray-
linear ion trap-Orbitrap mass spectrometer (ESI-LIT-Orbitrap) (LTQ Orbitrap XL, Thermo Fisher, Bremen, Germany) 
located at the Environmental Molecular Sciences Laboratory (Richland, Washington). Samples were introduced to the 
ESI-LIT-Orbitrap MS by direct infusion. The ESI source was operated in the negative ion mode with a capillary 
voltage of 4 kV. Empirical formulas were assigned to each major peak in the MS spectra using formula calculation 
software. Calculations were performed using element ranges of 12C: 0–50, 1H: 0–100, 16O: 0–10, 14N: 0–10, 32S: 0–2, 
31P: 0–2, 35Cl: 0–1 and 13C:0–1 with a mass tolerance of 2 ppm. In addition a limit of 10 for the double-bond 
equivalency (DBE) was used. In negative mode, all assigned masses were for the deprotonated molecular ion ([M–
H]–), with little to no Cl- adducts observed. None of the assigned masses resulted from chlorine adducts. All HRMS 
responses in the samples were subtracted by those measured in field blanks. 

5.3. Quantification of C4–C20 Fatty Acids in Size-Resolved SSA 

SSA samples collected onto quartz fiber filters using the MOUDI sampler were extracted sequentially by 
sonication using four separate volumes of 5 mL of dichloromethane. Authentic deuterium-labelled standards of C10 
(decanoic acid-d19), C14 (tetradecanoic acid-d27), C17 (heptadecanoic acid-d33) and C20 (eicosanoic acid-d39) saturated 
fatty acids were used as internal standards and spiked directly to the filter immediately prior to the addition of solvent 
and sonication extraction. The final combined extract volume of 20 mL was reduced to 200 µL under a gentle stream 
of nitrogen at room temperature. A 1 µL aliquot of the final extract volume was analyzed by gas chromatography-
mass spectrometry (GC-MS). GC-MS analysis was performed using a Stabilwax-DA column (Restek, Bellefonte, PA, 
USA) and an oven temperature program with the following steps: 40 °C for 2 min, followed by a ramp at 10 °C/min 
to 250 °C, then switched to a ramp at 5 °C/min until 280 °C, then held at 250 °C for 5 min. A split/splitless injector 
was used at 280 °C, running in pulsed splitless mode with a splitless time of 0.95 min. The carrier gas flow through 
the column was maintained at 1.0 mL/min. The GC-MS transfer line was maintained at 280 °C throughout the entire 
run. MS data was acquired in both total ion current (TIC; m/z 50–500) and selected ion monitoring (SIM) modes 
simultaneously. For SIM, the [C2H4O2]+• (m/z 60) product ion resulting from the McLafferty rearrangement of the 
parent molecular ion ([M]+•) was monitored for each saturated fatty acid compound. All quantitation of fatty acids was 
performed using the SIM data, with calibration curves created from the analysis of a mixture of authentic standards 
of C4–C20 even-carbon saturated fatty acids as well as C16 and C18 mono- and poly-unsaturated fatty acids. The 
identification of fatty acids was supported through the matching of GC-MS retention times observed in SSA samples 
to those of authentic standards and matching observed TIC spectra to those in a MS spectral database (NIST MS 
Search version 2.0f, 2009). 

The calculation of fatty acid concentrations in bulk SSA was performed using Equation (8): 
 

 [𝐹𝐹𝑆𝑆]𝑖𝑖,𝑆𝑆𝑆𝑆𝐴𝐴 = �[𝐹𝐹𝐴𝐴]𝑓𝑓,𝑓𝑓𝑒𝑒𝑇𝑇𝑓𝑓𝑇𝑇𝑒𝑒𝑇𝑇−[𝐹𝐹𝐴𝐴]𝑓𝑓,𝑏𝑏𝑇𝑇𝑇𝑇𝑏𝑏𝑏𝑏�×𝑉𝑉𝑓𝑓𝑒𝑒𝑇𝑇𝑓𝑓𝑇𝑇𝑒𝑒𝑇𝑇
𝑉𝑉𝑇𝑇𝑓𝑓𝑓𝑓

 (8) 

 



where [FA]SSA is the concentration of fatty acid i in the bulk SSA (in ng/m3). [FA]i,extract and [FA]i,blank are the 
concentrations of fatty acid i in the final extract and field blank, respectively, as analyzed by GC-MS (in ng/mL). 
Vextract is the final volume of the extract analyzed by GC-MS (in mL) and Vair is the total volume of air sampled from 
the headspace of the waveflume chamber (m3). 

5.4. Quantification of Saccharides in Size-Resolved SSA 

Teflon filters containing SSA were wetted by 200 µL of acetone and then extracted into 6.00 mL of ultra-pure 
water by 10 minute shaking (125 rpm, VWR) and 30 minute ultra-sonication (60 sonics min-1, 5510-Branson) at 
room temperature. An aliquot was taken out for free monosaccharide analysis and rest of the extraction was mildly 
hydrolyzed using TFA (trifluoroacetic acid) at a final concentration of 0.1 M at 100 ̊C for 12 hours.35 

Instrumental analysis was conducted using ion chromatography (Dionex-ICS 5000) along with electrochemical 
detector (ED) that equipped with a Dionex CarboPacTM PA20 (3 × 150 mm, product # 060142) carbohydrate column, 
corresponding guard column, and Dionex AminoTrapTM trap column. The mobile phase consisted of 27.5 mM aqueous 
sodium hydroxide, which was prepared with degassed ultra-pure water and stored under pressurized (30 psi) ultra-
pure nitrogen environment. Isocratic elution was performed at a 0.480 mL min-1 flow rate and, column cleanup and 
regeneration was performed before each injection using 200 mM sodium hydroxide at the same flow rate over 15 
minutes. A constant temperature of 30 ̊C was maintained in both column and detector compartments. A DV-50 
(Dionex) auto sampler and a 25 µL injection loop were used for sample injection.  Peak identification of the individual 
saccharides was performed based on the retention times of 15 different saccharide authentic standards. (xylitol, 
mannitol, arabinose, glucose, xylose, fructose (Sigma-Aldrich), erythritol, arabitol, trehalose, fucose, (Alfa-Aesar), 
rhamnose, mannose, ribose (Acros Organics), galactose, sucrose (Fisher)). Seven-point calibration curves ranging 
from 10 nM to 10 µM and based on peak area were used for quantification the saccharides in SSA. The concentrations 
(in ng/m3) of all the detected individual saccharides were calculated using the saccharide concentration in the extract, 
extraction volume and sampled air volume. The sum of the individual saccharides are reported as the total saccharides 
and used for calculate the total saccharide fraction of TOC. 

5.5. Quantification of Inorganic Cation and Anions in Size-Resolved SSA 

One eighth of a quartz fiber filter sampled by MOUDI sampler was extracted into 5.00 mL of ultra-pure water (18.2 
MΩ resistivity) by shaking (125 rpm) for 12 hours. The extracts were filtered by 0.45 µm PTFE filter and were directly 
analyzed for water soluble inorganic ions by ion-exchange chromatography coupled with conductivity detection 
(Dionex, ICS-5000) as described in detail elsewhere.36 The mass concentration of inorganic ions in SSA (in µg/m3), 
were calculated using total filter area and total volume of air sampled from the headspace of the waveflume. 



 
Figure S1. Raman Spectra of Representative Authentic Standards: Direct Relationship to SSA Particles in 
Figure 1. Related to Figures 1 and 2. 
Raman spectra of representative authentic standards from from different classes of organics that closely resemble the 
spectra observed from individual SSA particles collected during the mesocosm shown in Figure 1 of the main text. 
Each spectra was recorded from a single particle collected during the atomization of aqueous solutions containing the 
authentic organic standard, averaging two separate exposures at 5–10 s each. Spectra were recorded in the range of 
100–4000 cm-1. 



 

 
Figure S2. Raman Spectra Obtained for Standards of Short-Chain Saturated Fatty Acids with Statisitical 
Comparisons to an SSA Particle. Related to Figures 1 and 2 
(A) Spectra obtained from a single SSA particle collected during the mesocosm that is proposed to contain a significant 
fraction of small-chain fatty acids is shown for reference (same spectra shown in Figure 1B of the main text). (B) χ2 
plots showing the statistical relationship between each standard spectra of small-chain saturated fatty acids to that of 
the single SSA particle collected during the mesocosm (shown in Figure S2A and Figure 1B).  

A 
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Figure S3. Raman Spectra Obtained for Standards of Long-chain Saturated and Unsaturated Fatty Acids, 
Linear Alkyl Alcohols, and Phospholipids with Statistical Comparisons to an SSA Particle Classified as “Long-
Chain Fatty Acids”. Related to Figures 1 and 2 
(A) Phospholipids containing hexadecanoic acid ester chains (1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid, DDPA; 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC). Spectra obtained from a single SSA particle collected during 
the mesocosm that is proposed to contain a significant fraction of long-chain saturated fatty acids is shown for 
reference (same spectra shown in Figure 1C of the main text). (B) χ2 plots showing the statistical relationship between 
each standard spectra of long-chain saturated fatty acids and alcohols and phospholipids to that of the single SSA 
particle collected during the mesocosm (shown in Figure S3A and Figure 1C).
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Figure S4. Raman Spectra Obtained for Standards of Free Saccharides with Statistical Comparisons to an SSA 
Particle. Related to Figures 1 and 2 
(A) Spectra obtained from a single SSA particle collected during the mesocosm that is proposed to contain a significant 
fraction of saccharides is shown for reference (same spectra shown in Figure 1d of the main text). The mixture of 
saccharides (denoted as “Mix of Saccharides”) consisted of 40% fucose, 40% sucrose, 15% arabitol and 5% glucose 
(mixed computationally). (B) χ2 plots showing the statistical relationship between each standard spectra of free 
saccharides to that of the single SSA particle collected during the mesocosm (shown in Figure S4A and Figure 1D). 
Signatures labelled with “*” are due to sulfate signatures present in the SSA spectra.  
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Figure S5. Raman Spectra of Individual Standards of Polysaccharides, Lipopolysaccharide (LPS; from 
Escherichia coli bacteria), PDMS and Siliceous Material and SSA particles with Statistical Comparisons 
Between Standard Spectra and SSA Particles. Related to Figures 1 and 2 
(A) Single particle from SSA in (a) was collected during the mesocosm, with Raman spectra resembling that of 
polysaccharides (Figure 1F). (B) χ2 plot shows the statistical relationship between the standard spectra of LPS and 
sodium alginate to that of the single SSA particle collected during the mesocosm (shown in Figure S5A and Figure 
1F). (C) Raman spectra for “Siliceous material” was obtained from the analysis of biofilm collected from the 
mesocosm. The “SSA” spectra was obtained from a single particle from SSA collected during the mesocosm with 
Raman spectra resembling that of siliceous material (Figure 1e). (D) χ2 plots show the statistical relationship between 
either the standard spectra of PDMS or the biofilm and that of the single SSA particle collected during the mesocosm 
(shown in Figure S5C and Figure 1E). 
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Figure S6. Number Fraction (Fj) of Individual Particles of SSA (a) Exhibiting Raman Signatures of Aliphatic-
rich (FAR) and Oxygen-rich (FOR) Organic Molecules. Related to Figure 1 & 2 
Individual particles of SSA were analyzed by Raman and collected on July 13 and 17 during the first phytoplankton 
bloom of the mesocosm. FFP are particles that were highly fluorescent or were pyrolyzed during Raman analysis. 



 
Figure S7. Relative Distribution of Saturated Fatty Acids Quantified in SSA. 
See method details in SI Text, section 5.3. Size-resolved SSA was collected during separate periods of the mesocosm 
experiment, (the duration of collection are shown in the title of each graph). Phytoplankton levels in the seawater were 
estimated based on chlorophyll-a measurements while bacteria levels in seawater were determined through 
microscopic techniques. 
 



Table S1. Number of individual particles within the SSA ensemble collected during selected days of the 
mesocosm that were analyzed by Raman spectroscopy. Related to Figures 1 and 2 
Based on the number of particles observed on each of the MOUDI stages used in this study, the sample size required 
to obtain an accurate representation of the bulk ensemble of particles at the 85%, 90% and 95% confidence levels are 
23, 96 and 384 particles, respectively. 
 

1.8 – 3.2 µm   560 – 1000 nm 
Date Particles  Date Particles 

  Analyzed     Analyzed 
July 13 149  July 13 120 
July 17 200  July 17 154 
July 21 121  July 21 118 
July 27 72  July 26 123 

August 1 192   August 1 65 
 



Table S2. Vibrational assignment of Raman peaks for different molecular components within individual SSA 
particles (See Ref. 1–3). Related to Figure 1–2 and S1–S5 

Raman Frequency Shift               Vibrational  
(cm-1)                   Mode 

  
Short-Chain Fatty Acids 3 

1068 ν(CC) aliphatic chain vibrations 
1303 CH2 wag 

1444 δ(CH2) asymmetric bend 
δ(CH3) asymmetric bend 

2724 overtone and combination  
2853 CH2 symmetric stretch 
2904 CH2 asymmetric stretch 
2927 CH3 symmetric stretch 

Long-Chain Fatty Acids 3 
1062 ν(C-O) stretch 
1129 ν(C-C) stretch 
1295 δ(CH2) bend 

1439-1461 δ(CH2) and δ(CH2OH) deformations 
2723 overtone 

2846-2880 ν(C-H) 
Polysaccharides 2 

991 ν(C-O-C) asym 
1044 ν(CC) aliphatic chain vibrations 

  

1459 δ(CH2) 
δ(CH3) asym 

1642 ν(C=O) and amide III 
2929 ν(C-H) 

Free Saccharides 2 
861 δ(COH), δ(CCH), δ(OCH) side group deformations 
1009 

ν(C-O) and ν(C-C) stretches 1037 
1097 
1310 amide I 
1250 

δ(CH2OH) deformations 

1310 
1363 
1428 
1452 
1475 
1640 ν(C=O), ν(C=C) and amide III 
2915 C-H asymmetric stretch 
2936 

CH3 symmetric stretch 2985 
2998 
3408 ν(O-H) 

Polydimethylsiloxane 37 
710 Si-C sym. stretch 
791 CH3 asymmetric rock, Si-C asymmetric stretch 
1260 CH3 symmetric bend 

1408 CH3 asymmetric bend 
Olefinic CH2 bend 

1449 δ(CH2) and δ(CH3) asymmetric bend 
2906 CH3 symmetric stretch 
2967 CH3 asymmetric stretch 

    



Table S3. Number of individual particles within the SSA ensemble collected during selected days of the 
mesocosm that were analyzed by atomic force microscopy to measure their hygroscopic growth. Related to 
Figure 2. 
Based on the number of particles observed on each of the MOUDI stages used in this study, the sample size required 
to obtain an accurate representation of the bulk ensemble of particles at the 85%, 90% and 95% confidence levels are 
23, 96 and 384 particles, respectively. 
 

> 1 µm   0.5 – 1.0 µm 
Date Particles  Date Particles 

  Analyzed     Analyzed 
July 13 10  July 13 36 
July 17 23  July 17 45 
July 21 24  July 21 27 
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