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ABSTRACT: Sea spray aerosol (SSA) can have complex
carbon speciation that is affected by biological conditions in
the seawater from which it originates. Biologically derived
molecules can also interact with other longer-lived organic and
inorganic carbon species in the sea surface microlayer and in
the process of bubble bursting. An isolated wave channel
facility was used to generate sea spray aerosol during a 1
month mesocosm study. Two consecutive phytoplankton
blooms occurred, and sea spray aerosol was sampled
throughout. Scanning transmission X-ray microscopy coupled
with near-edge X-ray absorption fine structure spectroscopy
(STXM-NEXAFS) was used to determine spatially resolved
carbon speciation within individual particles from 0.18 to 3.2
μm. During phytoplankton blooms, coarse-mode particles
exhibited an increased abundance of carboxylic acid-rich needlelike structures. The extent of organic enrichment in fine-mode
particles correlates with the occurrence of aliphatic-rich organic species, as detected by an intense C 1s → σ(C−H)* excitation.
These aliphatic-rich species had a strong association with graphitic carbon, as detected by a C 1s → σ* exciton excitation. This
enrichment was unique to particles collected in the aerodynamic size range 0.18−0.32 μm and corresponded with the decrease in
hygroscopicity. Aliphatic organics can significantly suppress the particle hygroscopicity when they replace salt, thus influencing
the effect of sea spray aerosol on light scattering and cloud formation. These results suggest that graphitic carbon is concentrated
in the sea surface microlayer during phytoplankton blooms and released through wave action. These results may have
implications for radiative transfer and carbon cycling in the ocean−atmosphere system.

KEYWORDS: STXM-NEXAFS, sea spray aerosol (SSA), cloud condensation nuclei (CCN), CAICE, IMPACTS

1. INTRODUCTION

Aerosol particles influence the climate directly by absorbing and
scattering light and indirectly by serving as cloud condensation
nuclei (CCN).1,2 Sea spray aerosols (SSAs) contribute roughly
to 50% of the global aerosol mass and are expected to make up
a significant fraction of CCN.1 The cloud nucleating activity of
atmospheric aerosols is a function of the size and chemical
composition of the particles. How the chemical constituents are
mixed (termed the “mixing state”) plays an important role in
both ice nucleation and liquid water uptake.3,4 Previous studies
have shown that SSAs consist of multiple particle types5,6 and
that the degree of mixing between inorganic and organic
constituents presented by the different particle types can lead to

vastly different hygroscopicities, as characterized by the
hygroscopicity parameter κ.2

Through the well-known bubble bursting mechanism,
organic material is expected to be enriched in smaller-sized
SSAs.7−11 Bubble bursting leads to both film and jet drop
formation. Film drops originate from the thin surface film of
the bubbles as they burst and are hypothesized to be enriched
in surface-active organics through the rising of the bubble.10
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Larger jet drops form from the ejection of water from the
resulting cavity and are usually assumed to have a composition
more representative of bulk seawater. Film drop formation is
widely believed to lead mostly to submicron SSAs, while jet
drop formation leads mostly to supermicron SSAs.10,12 As a
result, organic enrichment in SSAs is size-dependent, with the
submicron population being enriched in organics. Accurate
reproduction of SSA generation in the laboratory requires
realistic replication of bubble sizes produced by breaking waves
in the ocean.13,14

Organic matter in SSAs can be derived from dissolved
organic matter (DOM) and particulate organic matter (POM)
in seawater. Seawater organic matter consists of labile
compounds (i.e., monosaccharaides, proteins, and fatty acids)
that are normally at low concentrations in seawater,15,16

semilabile compounds (i.e., acylated polysaccharides),15 and
refractory compounds expected to be humic substances and
carboxylic-rich alicyclic molecules (CRAMs).17 Of the
components that under normal conditions make up DOM,
approximately <1% are labile compounds, 10−15% are
carbohydrates (as semilabile polysaccharides), 5−25% are
refractory humic substances, and 25−40% are high-molecular-
weight compounds that include both semilabile and refractory
compounds.12 The semilabile high-molecular-weight com-
pounds are termed hydrolyzable polysaccharides, as the
structure is unknown, but the decomposition of such
compounds produces individual monosaccharides.18 The
refractory high-molecular-weight compounds include CRAMs,
graphitic black carbon from marine sediments,19 and substances
that cannot be hydrolyzed. The concentrations of these
compounds in SSAs are regulated through a microbial loop
in which microorganisms, including phytoplankton and
heterotrophic bacteria, produce and recycle organic matter.20

It is therefore hypothesized that under differing phytoplankton
and heterotrophic bacteria populations, varying concentrations
of labile, semilabile, and refractory carbonaceous species are
enriched in SSAs through the process of bubble bursting.
During the Investigation into Marine Particle Chemistry and

Transfer Science (IMPACTS) campaign, a unique wave
chamber facility was employed to study the effects of biological
activity on SSA composition. The controlled environment was
used to mimic natural aerosol produced during bloom
conditions while limiting the effects of confounding variables
(e.g., advection of non-SSA particles to the sampling site)
present in the ambient marine environment. During the course
of this experiment, SSAs were generated via wave breaking
while two phytoplankton blooms occurred.21 In this work,
STXM-NEXAFS at the carbon K-edge was used to give
morphological and molecular information on SSAs generated
during the IMPACTS study. The goal of this study was to relate
aerosol chemical composition, morphology, mixing state, and
hygroscopicity to seawater composition. This type of
information contributes to the improvement of models used
to predict the radiative effects of marine aerosols.9,11,21−23

2. EXPERIMENTAL SECTION
2.1. Wave Flume. A wave flume (Figure S1) at UC San

Diego Scripps Institution of Oceanography was used to
simulate breaking oceanic waves and marine aerosol generation.
Details of the wave flume and IMPACTS campaign have been
published elsewhere,11,21 and a brief description follows here.
Seawater (13 000 L) was taken from the ocean floor at the
Scripps Pier in La Jolla, CA, and housed in an isolated wave

generating facility. The seawater was filtered through a 50 μm
mesh to ensure removal of debris and zooplankton. Guillard’s
f/2 growth medium (Aquatic Eco-Systems, Apopka, FL) and
sodium metasilicate were added to the water to promote
phytoplankton growth.24 The seawater was contained in a 33 m
wave channel and illuminated continuously through the glass
walls using 5700 K full spectrum fluorescent lights (Full
Spectrum Solutions, model 205457). The sealed wave flume
was provided with air treated with activated charcoal, potassium
permanganate, and HEPA filters. To generate aerosols, a 2 m
long metal plate located halfway down the length of the wave
flume was angled at 30° starting from the bottom of the
channel to simulate the rising of a beach. The wave channel
used a hydraulic paddle to generate waves. When the waves
approached the simulated rising beach, they broke as a result of
the change in the water depth profile. The breaking waves
formed bubbles, and then bubble bursting generated aerosols,
which were sampled roughly 4 ft from the break through
stainless steel tubing (0.5″ o.d.) that connected to the
microscopy sampler. Other collocated measurements includes
chlorophyll a concentration, bacteria and virus counts, level of
enzyme activity, ice nucleation counts, and real-time mass
spectrometry.

2.2. Sample Collection. Microscopy sampling was
routinely carried out each day in 3 h blocks (8:00−11:00,
13:00−16:00, and 18:00−21:00) from July 3 to August 8, 2014.
A rotating-stage micro-orifice uniform deposit impactor
(MOUDI) (MSP Corp., model 110) was used to collect
particles for microscopic analysis. Particles were collected on 1
mm2 frame size Si3N4 windows having a 100 nm film thickness
(Silson Ltd., ref no. 11406106) using MOUDI stages 8, 6, and
4, having 50% aerodynamic cut diameters of 0.18, 0.56, and 3.2
μm, respectively. Thus, the collected particles had aerodynamic
diameter (Da) ranges of 0.18−0.32 μm (stage 8), 0.56−1 μm
(stage 6), and 1.8−3.2 μm (stage 4). The MOUDI was
operated at 72% relative humidity; therefore, the aerosols likely
had significant liquid water content upon impaction.

2.3. STXM-NEXAFS. Samples collected with the MOUDI
were analyzed using STXM-NEXAFS on beamline 5.3.2.2 at
the Advanced Light Source at Lawrence Berkeley National
Laboratory. Details of the STXM operation been documented
elsewhere25 and are briefly described here. The STXM chamber
was pumped down to 100 mTorr and then backfilled with
helium to ∼508 Torr. The sample was raster-scanned at the
focal point of the monochromatic X-ray beam, and the
transmitted intensity was measured to produce an image. The
transmitted X-ray intensity acquired at each energy and
position on the sample was converted to optical density
(OD) using the Beer−Lambert Law:

μρ= =I I tOD ln( / )0 (1)

where μ is the mass absorption coefficient, ρ is the mass
density, and t is the thickness of the sample.26

To obtain full spectral stacks at the carbon K-edge,
approximately 120 constant-energy images were collected
from 278 to 320 eV with a smaller energy step size near the
carbon edge (284−290 eV). For maps at the carbon edge,
single-energy images at 278 and 320 eV were acquired in order
to capture the carbon pre-edge absorption and total carbon,
respectively. To map the contribution from atomic oxygen,
constant-energy images at 525 and 550 eV were acquired.27

Single-energy images at 400 and 430 eV were acquired to
obtain the contribution from atomic nitrogen.
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Particle types were classified through a particle classification
decision tree. Organic volume fractions (OVFs) were also
determined for individual particles. Details of both methods are
discussed in the Supporting Information.
2.4. Peripheral Measurements. Chlorophyll a concen-

trations were measured fluorometrically using a Wetlabs ECO
BBFL2 sensor that was calibrated against Thalassiosira
weissflogii cultures for chlorophyll a. Heterotrophic bacteria
counts were obtained using epifluorescence microscopy
(Keyence model BZ-Z700) after applying SYBR Green I
nucleic acid gel stains (Life Technologies, cat. no. S7563).
Bulk dry organic aerosol compositions were measured by

high-resolution time-of-flight aerosol mass spectrometry (HR-
ToF-AMS); details of these measurements can be found
elsewhere.28 Positive matrix factorization (PMF) was per-
formed on the mass spectrometric data in order to identify two
organic component factors: aliphatic-rich (AR) and oxygen-rich
(OR).29

A cavity ringdown (CRD) spectrometer was used to measure
hygroscopic growth factors by measuring extinction at <20%
and ∼85% relative humidity (RH). Details of the CRD
spectrometer can be found elsewhere,30−32 and its operation is
described in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Evolution of Particle Morphology. STXM-NEXAFS

was used to characterize the particle morphology and chemical

composition at the carbon K-edge for three size ranges during
three bloom conditions: prebloom, first bloom, and second
bloom. Chlorophyll a concentrations, heterotrophic bacteria
counts, and AMS organic factors were used to characterize the
bloom conditions and guide sample selection for microscopy
(Figure 1). The prebloom period is representative of seawater
conditions in the absence of a phytoplankton bloom, as
indicated by the depressed chlorophyll a concentrations. The
first bloom occurred on July 17 and was characterized by
enhanced chlorophyll a concentrations, an elevated aliphatic-
rich organic component (AR factor, as identified by PMF
analysis of AMS data) within the aerosol mass, and relatively
low heterotrophic bacteria counts. The second bloom occurred
from approximately July 23 to July 28 and was characterized by
high chlorophyll a concentrations and elevated heterotrophic
bacteria counts.21 For each bloom condition, a two-component
singular value decomposition was performed on STXM
microscopy particle maps in order to identify phases that
could be characterized as predominately carbonaceous or
predominately non-carbonaceous (Figure 1).
Care must be taken when interpreting the particle sizes in

Figure 1 because they were sampled according to aerodynamic
diameter at 72% RH; differences in liquid water content can
lead to differences between the aerodynamic diameter at the
time of sampling and the geometric diameter under the dry
analysis conditions.33,34 Differences in organic composition and

Figure 1. Two-component (green = carbonaceous and purple = noncarbonaceous) singular value decomposition images are shown for all particles
analyzed during IMPACTS. Particles are shown as a function of particle size range obtained by the MOUDI aerodynamic diameter cutoffs: 0.18−
0.32 μm, 0.56−1 μm, and 1.8−3.2 μm. The orange shading on the time series leading up to the bottom of each image column indicates the time
period over which each sample was taken. Particles are also divided by bloom conditions (prebloom, first bloom, and second bloom), which are
identified by the chlorophyll a time series (bottom). The first bloom shows an overlap with the peak in the relative AR factor mass fraction, while the
second bloom shows an overlap with the heterotrophic bacteria concentration.
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morphology can also affect the particle aerodynamic diameter
through the following relationship:

ρ
ρ χ

=D Da p
0 (2)

where Da is the aerodynamic diameter, Dp is the geometric
diameter of a spherical particle, ρ is the particle density, ρ0 is
the standard particle density (defined as 1000 kg/m3), and χ is
the dynamic shape factor.33 From this relationship, a decrease
in effective density (ρ/χ) as a result of either an increase in the
organic/inorganic ratio or a nonspherical shape leads to an
increase in the geometric diameter for the same aerodynamic
diameter. Furthermore, because the particles were sampled on
flat substrates, further deformation may occur during the
impaction process. So-called “particle bounce” may also lead to
large particles on the lower stages of the MOUDI.35

Although the morphology of these particles resulted from
subsequent drying and efflorescence, the observed partitioning
of organics and inorganics for individual particles should remain
applicable to effloresced aerosols in the environment. For
hydrated aerosols, the morphology is expected to be somewhat
different because of the increased liquid water content.
For the smallest aerodynamic size range (0.18−0.32 μm),

particles during the first bloom were observed to have more
carbon-rich phases compared with the second bloom and
prebloom periods. The carbon K-edge NEXAFS spectra
(section 3.3) indicate that these particles are rich in aliphatic
hydrocarbons and graphitic carbon. The increased abundance
of AR-carbon-dominant phases during the first bloom is in
agreement with the increased relative AR factor mass fraction
detected by aerosol mass spectrometry.21 Possible reasons why
the aliphatic-rich particles have larger geometric diameters
compared with the hygroscopic inorganic particles are (1)
deformation upon impaction, (2) decreased effective density of
the aliphatic particles, (3) shrinkage of the hygroscopic
inorganic-rich particles, and (4) particle bounce. For inter-
mediate-sized particles (Da = 0.56−1 μm), there are no major
morphological differences between the three bloom conditions.
This size range is dominated by particles having salt cores
surrounded by an organic coating. The organic phase is slightly
thicker for the second bloom, which appears as a slight shift in
the OVF distribution, as discussed in section 3.4.
For larger particles in the 1.8−3.2 μm aerodynamic size

range, the prebloom period is dominated by sea salt−organic
particles having a symmetrical coating of oxidized organics and

a clear NaCl core. Organic phases mixed with sea salt are also
observed during the first and second bloom periods (Figure 1),
but unlike the prebloom period, organics are present in
spinelike structures that are identified to contain carboxylic
acids, calcium, and potassium (section 3.3). In addition, these
particles exhibit a high degree of fractionary recrystallization
and particle shattering (section 3.3.2), as indicated by externally
mixed organic-rich spines and cubic inorganic salts.36 Shattering
and recrystallization likely occurred during sampling and
analysis at low relative humidity. As the blooms progressed, a
variety of carboxylic acids with varying carbon chain length and
number of carboxylic acid groups were identified, as determined
by electrospray ionization high-resolution mass spectrometry
(ESI-HR-MS) by Cochran et al.37 Varying carboxylic acids have
different surface activities and affinities for inorganic ions.38 In
this mesocosm experiment, ESI-HR-MS indicated the presence
of homologous series of carboxylic acids and dicarboxylic acids
with varying degrees of saturation and functional groups (e.g.,
hydroxyl, oxo), with the average molecular weight distribution
of saturated carboxylic acids, for example, decreasing as the
mesocosm experiment progressed.37 Thus, differences in
organic composition may explain the changes in particle
morphology as the bloom conditions changed for the 1.8−3.2
μm aerodynamic size range.

3.2. Particle Class Abundance. Previous wave flume
studies5,11 showed that there are distinctly different marine
aerosol particle types as a function of size, bloom conditions,
and available organics. Here it is highlighted that the chemical
composition and morphology also change as a function of
bloom conditions. To categorize morphologically and chemi-
cally distinct particles for statistical analysis, a rule-based
algorithm was implemented. These particle classes were
optimally separated by using the scheme in Figure S2, and
their relative abundances are depicted in Figure 2. Four particle
classes were determined through STXM:

1. Sea salt−organic particles with a distinct NaCl core and
an organic carbon coating.

2. Homogenous organic particles that contain organic
carbon species mixed homogeneously with inorganic
species. These particles have an absence of inorganic
inclusions and exhibit the spectroscopic and morpho-
logical characteristics of marine gels.5,11,6 For the second
bloom, these particles also had a resolved carbonyl peak
at 286.6 eV for particles identified as homogeneous
organics (Figure S6).

Figure 2. Relative abundances of particle types identified using STXM-NEXAFS: sea salt, homogeneous organics, organic−salt agglomerates, and
needlelike particles. For the size range 1.8−3.2 μm, the first and second blooms exhibited fractionary recrystallization and particle shattering,
resulting in an increase in particles classified as homogeneous organics and needlelike particles.
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3. Organic salt agglomerates that contain both regions of
sea salt and optically thick inclusions of organics
resembling bacteria fragments and lipid-rich exudates.
The lipid-rich exudates were commonly associated with
graphitic black carbon.

4. Needlelike organic-rich particles that contain a calcium-
rich spine that can either be calcium sulfate or calcium
carbonate. The calcium-rich spine is bordered by
carboxylic acid-containing organics as well as potassium.

These particle classes are similar to marine particles observed
previously6,5,39 and have been classified here to enable a
quantitative comparison of variations in their relative
abundances throughout the duration of IMPACTS. Sea salt−
organic was the predominant particle type for all size ranges
and bloom conditions, representing 94 ± 6% of particles for
prebloom, 83 ± 3% for the first phytoplankton bloom, and
roughly 97 ± 3% for the second phytoplankton bloom (Figure
2). The fractional abundance of organic-rich particle types
slightly increased during the bloom conditions. It is
hypothesized that fractionation and subsequent shattering
account for the increase in homogeneous organics and
needlelike particles observed for the first and second blooms
in the size range 1.8−3.2 μm. Further temporal variations for
the different particle types are discussed in detail alongside
OVF trends.
3.3. Molecular Characterization of Organic SSA

Constituents via NEXAFS Spectroscopy. High-resolution
NEXAFS spectra indicated the molecular characteristics of
carbon throughout the three bloom conditions. The NEXAFS
spectra in Figure 3 represent averages over all carbon-dominant
regions and over all particle types for each size range and bloom
condition; individual particle spectra for the different particle
types are shown in Figure S4. For all of the spectra in Figure 3,
contributions from individual transitions were quantified
through deconvolution of the carbon K-edge spectrum.40

Transitions quantified (and indicated in Figure 3) include
alkene (C*C, 285.1 eV), carbonyl (C*O, 286.7 eV),
aliphatic (C*H, 287.7 eV), amide (R−NH(C*O)R, 288.3
eV), carboxylate (R(C*O)OH, 288.7 eV), alcohol (C*−OH,
289.5 eV), and carbonate (C*O3, 290.4 eV). Figure S5 shows
an example of a deconvolution fit to the carbon K-edge. The
peak height values for individual transitions shown in the pie
graphs in Figure 3 are presented in Table S2. Relative
functional group intensities derived from deconvolution are
shown as a function of bloom condition and size range to
decipher the changes in the organics. Similarly, average spectra
and deconvolutions were also obtained for the different particle
types (Figures S6 and S7) to demonstrate spectral variation
between particle types. As carbonate is the dominant form of
carbon in seawater,15 the C*O3 transition at 290.4 eV was
observed in most of the spectra. As indicated in Figure 3, the
C*O3 accounts for 15−22% of the total deconvoluted peak
heights. Determining the mass fraction of CO3

2− with respect
to total carbon is challenging without the availability of
appropriate standards for the organic component. While it is
possible for radiation damage to cause the appearance of C*O3
in STXM chambers open to the air,41 this was not observed
during the course of these experiments; spectra for standard
compounds showed no resolvable contribution from the C*O3
transition. Furthermore, the STXM chamber used here was
evacuated and backfilled with helium to avoid unwanted
reaction of gases with particles in these studies.

3.3.1. Reduced Aliphatic and Graphitic Carbon. Figure 3
shows that differences in carbon speciation were most
noticeable in the 0.18−0.32 μm size range. Aliphatic hydro-
carbons were enhanced in the 0.18−0.32 μm size range during
first bloom, as indicated by the C*H peak centered around
287.7 eV. These aliphatic hydrocarbons were observed to be
internally mixed across multiple particle types (Figure S4).
Spectra obtained from these particles resembled previously
reported spectra for phospholipids,42 which are common
components of cell walls.43 The range of the peak absorbance
of the carbon C*H from 287.4 to 287.9 eV is indicative of
different lengths of hydrocarbons.44 Identified aliphatics during
IMPACTS include fatty acids with carbon chain lengths of C6−
C22.

37 As discussed by Wang et al.,21 it is hypothesized that
aliphatic-rich organic species are transferred into the aerosol

Figure 3. NEXAFS spectra as a function of size range and bloom
conditions. The spectra shown result from averaging over all pixels
identified as organic-dominant for all particle types for each of the size
ranges. Pie charts indicate the results of spectral deconvolution for the
functional groups listed. Values are presented as percentages of total
peak height of the functional groups listed.
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phase via film drops enriched in glyceroglycolipids and
phospholipids (structural and functional lipids) and triacylgly-
cerols (energy storage lipids). Other recent Raman spectromi-
croscopy measurements have confirmed the presence of long-
chain fatty acids.45 These lipids are commonly released into
seawater through lysis of phytoplankton cells.46

First bloom NEXAFS spectra from the 0.18−0.32 μm size
range also indicated a significant increase in the C*C peak
that was spatially correlated with aliphatic hydrocarbons.
Principal component analysis revealed a well-defined double
resonance near 292 eV indicating inclusions of graphitic carbon
(Figure 4, red spectrum). This double resonance is the result of
an exciton that yields a sharp peak at 291.5 eV and bandlike
contributions leading to the broader peak at 292 eV.47

Although distinct σ* transitions near these energies have
been observed for model phospholipids,42 the sharp doubly
resonant exciton peak is not consistent with assignment to
phospholipids. Moreover, the presence of graphitic carbon in
these IMPACTS samples was confirmed with Raman
spectromicroscopy. Graphitic carbon is a component of marine
sediments,19 and although they are not expected to be
abundant in the wave flume, it is possible that fine graphitic
carbon particles could have passed through the 50 μm mesh
used to filter the seawater. The exclusive enrichment of
graphitic carbon to the first bloom, even though the same
seawater was used throughout the 31 day experiment, suggests
that graphitic carbon has an affinity to aliphatics19 and appears
to be selectively transferred along with aliphatics during the first
bloom. These particles, thought to be contamination sources by
Prather et al.,11 may be the result of graphitic carbon being
enriched during periods of organic enrichment.
The observation of graphitic carbon internally mixed with

aliphatic-rich phases suggests the possibility that graphitic
particles may actually be concentrated in the SSML and
subsequently emitted from the ocean during particular blooms.
Although the transfer of insoluble species has been examined in
the past,48 concentration and emission of graphitic carbon from
the SSML is a unique observation with implications for
radiative transfer and carbon cycling between the ocean and the
atmosphere.

3.3.2. Oxygenated Organic Species. Oxygenated organic
species were prevalent throughout the IMPACTS study, in
particular for larger size fractions (Figure 3). The main resolved
spectral signatures of oxidized carbonaceous particles were
those of carboxylic acids and carbonate. The carboxylic acid
functionality was prevalent for all spectra and was the dominant
feature for prebloom and second bloom particles. The
NEXAFS spectral characteristics of highly oxidized organic
carbon from these experiments resemble those of carbohydrates
and carboxylic acids observed in previous studies of SSA.6,49

As the size increases, the contribution from the carboxylic
acid peak increases−likely because the oxidized organic material
is more soluble and therefore enriched in the larger jet drops. In
the smallest size range, the relative contribution from carboxylic
acid and carbonate is depressed during the first bloom because
of the enhanced contribution from aliphatic organics and
graphitic carbon. During the prebloom and second bloom
periods, particles in the 0.18−0.32 nm size range had a larger
contribution from carboxylic acids but still less than for the
larger-sized particles sampled at the same time. The lack of
difference in the chemical characteristics in the intermediate
0.56−1.0 μm size range suggests that the organics in these
particles are likely a result of water-soluble nonlabile oxidized
organics ejected as SSA via the jet drop mechanism. Particles in
the largest size range exhibited the largest overall contribution
from carboxylic acids compared with smaller sizes. Moreover, as
shown in Figure 1, the morphology of these carboxylic acid-rich
particles demonstrated a distinct difference under bloom
conditions compared with particles sampled during the
prebloom period. Strong interactions between carboxylates
and calcium can lead to selective enrichment in aerosols.38,50

Large amounts of carboxylic acid groups were observed coating
calcium spines (Figure S3). The inclusions of calcium tend to
be rodlike and appear similar in morphology to the calcium
sulfate rods identified by Ault et al.5 Examples of both CaCO3
and CaSO4 spines, confirmed through scanning electron
microscopy (SEM) and Raman spectromicroscopy, were
identified during IMPACTS. Either composition, however,
shows clear structural ordering of carboxylic acid around the
calcium spines that are also rich in potassium. The calcium/
carboxylic regions do not homogeneously mix with the NaCl/

Figure 4. Principal component analysis (PCA) applied to a spectral image acquired at the carbon K-edge for the first bloom for the size range 0.18−
0.32 μm. Three unique PCA cluster spectra (right) were used to fit spectral image stack data using singular value decomposition to obtain the image
on the left. The red spectrum indicates regions with high contributions from graphitic carbon, while the green spectrum indicates regions rich in
aliphatic hydrocarbons. The blue spectrum is indicative of non-carbonaceous inorganic material.
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carboxylic regions in the dry state. The lack of mixing between
these phases is characteristic of the high degree of fractionary
recrystallization and shattering as well as the increased
surfactant behavior of organics under bloom conditions.36

Fractionary recrystallization was exclusive to only the first
bloom and for the size range 1.8−3.2 μm, where an abundance
of these calcium/organic spines were observed. Mouri and
Okada36 reported similar calcium sulfate spines resulting from
fractionary recrystallization when the Na/Ca or Na/S ratio is
high. The resulting spines and shattering occur from separate
recrystallization of NaCl and CaSO4 due to solubility
differences, which results in loosely attached crystals of NaCl
and CaSO4 that readily shatter. Others have implied optical and
morphological changes when the carboxylic acid to inorganic
ratio increases.51 These results indicate that biological activity
leads to significantly different organic pools that may impact the
particle morphology.
3.3.3. Distribution of Amides and Saccharides and

Comparison with Model Compounds. The amide group was
resolved for prebloom and first bloom particles and was
observed exclusively in a few particle inclusions during the
second bloom. The source of the amide group is presumably
proteinaceous cellular components of bacteria having an N-
acetyl group. The amide group is associated with organic-rich
inclusions observed during the second bloom (Figure S4). The
spectrum shown (Figure S4, second bloom, organic salt
aggregate) has equal-intensity peaks at 288.3 eV for K 1s →
π* (R−NH(C*O)R) and 288.7 eV for K 1s → π* (R(C*
O)OH) consistent with peptidoglycan, a component of
bacterial cell membranes.52

Other occasionally resolved features of the NEXAFS
spectrum are the absorbance at 289.5 eV for K 1s → 3pσ*
(RC*OH) and 286.7 eV for K 1s → π* (R(C*O)R or
C*OH). The alcohol presumably comes from polysaccharides,
and the carbonyl group is possibly attributed to acetylated
polysaccharides. The second phytoplankton bloom overlapped
with the heterotrophic bacteria bloom and most likely led to
the incorporation of cellular components of bacteria into sea
spray aerosols. As shown in the pie charts in Figure 3, during
the prebloom and first bloom periods, the RC*OH transition
was enhanced in larger particles. Colocated measurements of
oligo/polysaccharides showed that saccharides were enriched in
SSAs during IMPACTS, representing roughly 11% and 27% of
the fine (Da < 2.5 μm) and coarse (2.5 < Da < 10 μm) organic
mass.53 Furthermore, the C*OH transition was observed to be
enhanced in fine particles during the second bloom;
concurrently, a maximum of saccharides in SSAs relative to
seawater were observed by Jayarathne et al.53

Spectral deconvolution was performed for standard com-
pounds to demonstrate the ability of NEXAFS to identify
biologically relevant molecules (Figure S9). Sodium alginate,
galactose, and N-acetylglucosamine are common saccharides
that contain the alcohol functionality. Their spectra are
dominated by the alcohol transition, but the spectra from the
IMPACTS study shown in Figure 3 do not have well-resolved
alcohol peaks. This suggests that polysaccharides were not
present in a large enough abundance to be resolved in the
NEXAFS spectra. However, the RC*OH peak was still used in
deconvolution and accounted for 16−26% of the organic
functional group intensity (Figure 3). The results here
demonstrate that the spectral deconvolution provides a
reasonable estimation of the relative trends for the saccharide

and amide contributions that is consistent with other studies of
SSA.16,53

3.4. Organic Volume Fractions (OVFs). Marine aerosols
consist primarily of sea salt−organic particles, but during
periods of high biological activity, some (but not all) studies
have observed an increase in organic content.9,53,54 OVFs are
key data used in quantitatively evaluating hygroscopicity for
inorganic−organic mixtures. Organic volume fractions were
calculated here using STXM but can also be obtained using
atomic force microscopy, which is a work in progress for the
IMPACTS study. Using absorbance values at the pre-edge and
post-edge and assuming a binary mixture of organic (adipic
acid) and inorganic (NaCl) materials, OVFs were determined
on a single-particle basis. Regions of the particles containing
graphitic carbon were excluded from the OVF calculation. The
sensitivity of the volume fraction calculation for a variety of
organics besides adipic acid was tested as shown in Figure S11.
Even though different values were used for the densities
corresponding to the different organics tested in Figure S11,
when the mass absorption coefficients corresponding to each of
the species were taken into account, the OVF calculated was
not sensitive to which organic species was used for the
calculation. OVFs for specific particle types are presented in
Figure S10 and Table S3 and as a function of bloom conditions
and size in Figure 5.
Particles in the smallest size range have the largest OVFs

because of the role that organics play in film drop production
during bubble bursting. The mean OVF for the 0.18−0.32 μm
size range increased from 0.38 ± 0.17 for the prebloom period
to 0.62 ± 0.17 for the first bloom and then decreased to 0.42 ±
0.14 for the second bloom. The OVF distribution for the first
bloom was bimodal with modes occurring at OVFs of 0.5 and
0.8 (Figure 5). The large organic enrichment during the first
bloom was observed only for the 0.18−0.32 μm size range and
corresponds to increased labile aliphatic hydrocarbons. Even for
sea salt−organic particles the OVF is enhanced during the first
bloom compared with the other bloom conditions (Figure
S10). During the second bloom, the mean OVF distribution
was skewed to slightly higher values because of higher levels of
more oxidized organics.
The particle population in the 0.56−1 μm size range was

dominated by organic-coated sea salt−organic particles, having
a mean OVF of 0.34 ± 0.07 during the second bloom. This was
not significantly different from prebloom conditions (0.36 ±
0.08; Table S3). However, the mean OVF of sea salt−organic
particles for this size range was slightly lower for the first
phytoplankton bloom (0.30 ± 0.14) compared with the
prebloom and second bloom periods. As shown in Figure 5,
the volume fraction distribution for the first bloom at this size
range has two populations of particles, sea salt−organic
particles with the mode near 0.2 and a very small population
of organic-rich particles (homogeneous organics, Figure S10)
with the mode near 0.7. The lower mean OVF for 0.56−1 μm
sea salt−organic particles during the first phytoplankton bloom
(Figure S10 and Table S3) may be a result of scavenging of
organics by rising bubbles, resulting in a competitive
partitioning between small (0.18−0.32 μm) and intermediate-
sized (0.56−1 μm) particles.
The modal OVF for sea salt−organic particles with sizes of

>1.8 μm was 0.05 for all bloom conditions. Unlike the sea salt−
organic particles observed in the size range 0.56−1 μm, much
of the organic portion in the 1.8−3.2 μm size range was
associated with ordered “needlelike” structures, frequently
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outlining calcium-rich spines. Needlelike particles had large
variation in OVF (0.1−0.7), as some were primarily calcium
while others had calcium-containing inorganic species but were
also heavily coated with carboxylic acid-rich organics. Both
Raman spectroscopy and SEM confirmed that these rods were
composed of calcium sulfate in addition to the carboxylic acid-
rich organics identified through STXM. While prebloom and
second bloom conditions primarily produced intact sea salt−
organic particles, particles produced during the first bloom
exhibited a high degree of fractionary recrystallization and
particle shattering.36 As a result, there were many particles with
sizes of <3 μm during the first bloom, and these particles
tended to be rich in either calcium, carboxylic acid-containing
organics, or both. A bulk OVF (mass-weighted, including all
particles) was calculated to be 0.25 ± 0.21 for large (1.8−3.2
μm) particles sampled during the first bloom. The large
uncertainty in these numbers is due to the limited number of
particles measured for this size range. The organic carbon mass
fraction for coarse aerosol (2.5 < Da < 10 μm) was determined
to be 0.016 in the work by Jayarathne et al.53 However, the size
ranges for coarse aerosol in this work and the Jayarathne study
are different and not directly comparable. Here the calculated

OMF seems to be significantly higher than would be expected
given the mass fractions published by Jayarathne et al., although
the range of uncertainty for the STXM measurements is quite
large.

3.5. Implications for Aerosol Hygroscopicity. OVFs
derived from STXM measurements were used to calculate
particle hygroscopicity using the κ formalism of Petters and
Kreidenweis.2 It was assumed that the particles are composed
of two types of materials, organic and inorganic, that have
distinct κ values. Inorganics were assumed to be NaCl and
organics were assumed to be adipic acid for the purposes of
these calculations. Adipic acid was chosen to represent oxidized
organic matter on the basis of the characteristics of the
NEXAFS spectra observed here and oxygen to carbon ratios for
atmospheric particulate matter.55 The κ values for adipic acid
and NaCl are 0.006 and 1.12, respectively.2 The κ values for
specific particle types and size ranges are given in Table S4.
Since the in situ CRD measurements used optically measured
growth factors to derive κ, the resulting values are “optically
weighted”, meaning that the κ value is largely influenced by
particle sizes that influence scattering the most (Dp ∼ 500 nm).
The optically weighted κ was calculated from J individual
particles as follows (eq 3):

∑κ
κ κ

=
∑ − +

w
f f

J

[(1 ) ]

i
i

j i j i jorg, , inorg org, , org

(3)

where forg,i,j is the OVF determined here, κorg is taken as the
value for adipic acid, and κinorg is taken to be that of NaCl. A
weighting function (wi) was used to convert the single-particle
hygroscopicities in the different size bins to an average value
that can be compared with the in situ optical observations. The
in situ observations are scattering-weighted, as they were
determined from the influence of water uptake on particle
scattering, i.e., from measurements of f(RH). The observed
particle number distribution, (dN/d log Dp), was first converted
to a dry particle scattering distribution, (dbsca/d log Dp), where
bsca is the scattering coefficient, by multiplying by the calculated
size-dependent cross section from Mie theory. The weighting
function was calculated by normalizing the dbsca/d log Dp
distributions to have an area of unity. In this way, κ values were
calculated for each of the bloom conditions using the organic
volume fractions obtained here. These values are compared
with κ values derived from growth factors obtained using cavity
ringdown spectroscopy. The κ values calculated with eq 3 are
shown in Figure S12.
For different bloom conditions, the STXM-derived κ remains

relatively constant (∼0.72), whereas the κ values derived from
cavity ringdown demonstrate more variation (Figure S12).
Except for the prebloom, the κ values derived by the two
techniques agreed within the levels of uncertainty. The
unchanging nature of the STXM-derived κ is due to the
relatively constant OVF for the 0.56−1 μm size range, which
was given the largest optical weighting. For the prebloom
period, the κ derived from the STXM measurements was
significantly lower than that obtained using cavity ringdown.
Reasons for this may include the following: (1) the organic
volume fraction measured by STXM is systematically too high,
possibly because of inorganic carbon; (2) the κ values assumed
for the inorganic and organic components were not
appropriate; and (3) differences between Da and Dp.

56,57

Recent observations have implicated surface tension depression
due to surface-active organics as leading to enhanced CCN

Figure 5. Organic volume fraction distributions as functions of bloom
conditions and size. For the first bloom in the size range 1.8−3.2 μm, a
size exclusion of >2 μm was imposed to exclude smaller particles that
may have resulted from particle shattering. As a result, the systematic
error associated with the first bloom in the size range 1.8−3.2 μm is
potentially quite high because of the low number of particles.
Consequently, a bulk organic volume fraction of 0.25 ± 0.21 was
calculated instead for the first bloom in the size range 1.8−3.2 μm. The
organic volume fraction for the size range 0.18−0.32 μm includes only
particles for which full carbon K-edge spectra were available in order to
exclude graphitic contributions.
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activity of mixed salt−organic particles. However, surface
tension depression has a minimal influence on water uptake
at RH values well below 100% (e.g., at 85%) and is thus less
relevant to consider in the context of subsaturated hygroscopic
growth. As the prebloom period represents conditions under
which oxidized nonlabile organics are expected to dominate the
organic composition, it is likely that adipic acid is a poor proxy
for these types of organics, which may have higher
hygroscopicities.
The lack of change in the OVF and composition of the

intermediate particle sizes from prebloom to the second bloom
demonstrates the importance of the ever-present pool of latent
organics rich in carboxylic acids. These results demonstrate the
vast contrasting complexities of carbon in SSA released during
three differing seawater bloom conditions. Through continued
study of similar systems, the effects of ocean biology on SSAs
should lead to more predictable SSA carbonaceous speciation
and physical properties.
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