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ABSTRACT

Detailed chemical speciation of the dry residue particles from individual cloud
droplets and interstitial aerosol collected during the Marine Stratus Experiment (MASE) was
performed using a combination of complementary microanalysis techniques. Techniques
include computer controlled scanning electron microscopy with energy dispersed analysis of
X-rays (CCSEM/EDX), time-of-flight secondary ionization mass spectrometry (TOF-
SIMS), and scanning transmission X-ray microscopy with near edge X-ray absorption fine
structure spectroscopy (STXM/NEXAFS). Samples were collected at the ground site located
in Point Reyes National Seashore, approximately 1 km from the coast. This manuscript
focuses on the analysis of individual particles sampled from air masses that originated over
the open ocean and then passed through the area of the California current located along the
northern California coast. Based on composition, morphology, and chemical bonding
information, two externally mixed, distinct classes of sulfur containing particles were
identified: chemically modified (aged) sea salt particles and secondary formed sulfate
particles. The results indicate substantial heterogeneous replacement of chloride by
methanesulfonate (CH,SO;) and non-sea salt sulfate (nss-SO,”) in sea-salt particles with

characteristic ratios of nss-S/Na > 0.10 and CH,SO; /nss-SO,” > 0.6.
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1. INTRODUCTION

Aerosols in the unpolluted marine boundary layer (MBL) result from two major
sources. First, sea salt particles generated from wave action, which are typically micrometers
or larger in size. Second, acidic sulfate aerosol formed by nucleation, with sizes on the order
of tenths of a micrometer. This mixture of particle types evolves with time due to a number
of processes, including deposition of condensable species, uptake of gas-phase species and a
variety of heterogeneous gas-to-particle and homogenous in-particle chemical reactions.
Increased interest in the chemical composition and heterogeneity of marine aerosols stems
from their regional and global impact on sulfur oxidation in the MBL, in addition to climate
effects arising from light scattering and cloud condensation nuclei (CCN) activity [Covert, et
al., 1992; Gong, 2003; Gong and Barrie, 2003; Gong, et al., 1997; Gong, et al., 2002; Lewis and
Schwartz, 20045 Murphy, et al., 1998; Quinn, et al., 1993; Sievering, et al., 1991; Sievering, et al.,

2004].

The major gaseous precursor for marine sulfur-containing aerosol is dimethyl sulfide
(DMS). DMS is produced and emitted into the atmosphere by marine phytoplankton [Ke/er,
¢t al., 1989]. Current estimates of global emissions indicate that DMS is the largest source of

1

natural sulfur [Bates, et al., 1992; Kettle, et al., 1999], produced at a rate of ~12 Tg S yr [ Spiro,
¢t al., 1992]. In the atmosphere, DMS undergoes a complex sequence of gas-phase oxidation
reactions, producing a wide variety of oxidized products, which in turn interact with marine
cloud droplets and aerosols. These interactions include nucleation of new particles and the
alteration of pre-existing droplets and aerosols through condensation and multiphase

chemistry. Due to its large flux, the atmospheric cycle of DMS significantly impacts the

radiative budget over oceans on regional and global scales [Charison, et al., 1987; Shaw, 1983].
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The atmospheric chemistry of DMS and its possible impact on aerosols and cloud
droplets is the subject of many studies. Understanding its major reactions has been achieved
through computer kinetic modeling studies [Charlson, et al., 1987; Kerminen, et al., 1998; Koga
and Tanaka, 1993; 1996; 1999; Koga, ¢t al., 1991; Lucas and Prinn, 2002; 2003; 2005a; b; Shaw,
1983; von Glasow and Crutzen, 2004; von Glasow, et al., 2002a; b; Yin, Grosjean, Flagan, et al., 1990,
Yin, et al., 1986; Yin, Grosjean and Seinfeld, 1990; Zaveri, 1997], focused laboratory studies
[Arsene, et al., 2002; Barnes, et al., 1994; Barone, et al., 1996; Hynes, et al., 1995; Hynes and Wine,
1996; Hynes, et al., 1986; Ravishankara, et al., 1997; Stickel, et al., 1992; Turnipseed, et al., 1997,
Urbanski, et al., 1998; Yin, et al., 1986; Zhao, et al., 1996; Zhu, et al., 2006; Zhu, et al., 2003], and
tield observations [M. O. Andreae and Raemdonck, 1983; T. W. Andreae, et al., 1993; Bandy, et al.,
1992; Bandy, et al., 2002; Barnard, et al., 1982; Cooper and Saltzman, 1991; 1993; Spicer, et al.,
1996; Zemmelink, et al., 2002]. A simplified schematic diagram illustrating DMS chemistry and
its climate links is presented in Figure 1. In the ambient atmosphere, oxidation of DMS is
initiated by reaction with a variety of atmospheric free radicals. These radicals include, but
are not limited to, OH, NO,, OCP), Cl, Br, and BrO. Such reactions proceed viaz two
generalized reaction pathways: either addition of an O atom and/or abstraction of an H
atom. The branching ratio between the two generalized pathways is temperature dependent
with H abstraction dominating at room temperature, while O addition becomes increasingly
important at temperatures below 280 K [Hynes, et al., 1986; von Glasow and Crutzen, 2004].
DMS gas phase oxidation products include sulfur dioxide (SO,), sulfuric acid (H,SO,),
dimethylsulfoxide (CH,SOCH,), methanesulfinic acid (CH,S(O)OH), methanesulfonic acid
(CH,SO,H, MSA), in addition to other species [Lucas and Prinn, 2002; von Glasow and Crutzen,

2004; Yin, Grosjean, Flagan, et al., 1990; Zaveri, 1997].
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Under atmospheric conditions, H,SO, is the only DMS oxidation product that forms
new non-sea salt sulfate (nss-SO,”) particles (new CCN) that could potentially increase the
cloud albedo. All other products condense onto pre-existing particles, primarily sea salt,
leading to changes in particle composition and particle size without formation of new CCN.
Fewer and larger particles of mixed sea salt/CH,SO; /nss-SO,” composition would reduce
cloud albedo and increase the wash-out of particles due to collision coalescence, therefore
reducing cloud lifetime. Hence, the partitioning between DMS oxidation products in
different atmospheric environments may affect the number and size of CCN, which impacts
the chemistry-cloud-climate feedback in the marine atmosphere. For the remainder of this
work, methanesulfonate and sulfate are referred to as the anions CH,SO, and SO,
respectively, as in our samples they are present in crystalline form. Their cation pairing may
include an array of ions typical for sea salt, i.e. Na®, Mg2+, K" and others that are omitted for
clarity.

For a specific set of atmospheric conditions, consecutive uptake of the DMS
oxidation products onto cloud droplets and their subsequent oxidation in the aqueous phase,
results in different partitioning between CH,SO; and nss-SO,”. Kinetic modeling studies of
the CH,SO; /nss-SO,” partitioning in marine aerosol predict formation of minor amounts
of CH,SO; and favor production of nss-SO,” in sea salt particles under a variety of
atmospheric conditions [Hertel, et al., 1994; Kerminen, et al., 1998; Kloster, et al., 2006; Koga and
Tanaka, 1996; 1999; Lucas and Prinn, 2002; Yin, Grogjean, Flagan, et al., 1990; Zaveri, 1997].
Measured values of CH,SO; /nss-SO,” ratios in bulk samples typically span a range from
0.001 (low latitudes) to 0.6 (high latitudes) [Alen, et al., 1997; Berresheim, et al., 1990;
Burgermeister and Georgii, 1991; Galloway, et al., 1993; Ganor, et al., 2000; Kouvarakis and

Mihalopoutos, 2002; i and Barrie, 1993; Lz, Barrie and Sirozs, 1993; Li, Barrie, Talbot, et al., 1993;
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Li, et al., 1996; Mibalopoulos, et al., 1992; Saltzman, et al., 1985; 1986; Saltzman, et al., 1983;
Sciare, et al., 2000; Wylie and deMora, 1996]. Recent modeling studies indicate that under
certain conditions CH,SO; /nss-SO,” ratios as high as 1.2 — 3.3 in marine droplets can occur
[von Glasow and Crutzen, 2004]. Specifically, high CH,SO; /nss-SO,” values resulted from
model simulations for the cloudy MBL in winter conditions (surface temperature of 3-8°C
over the ocean). The authors concluded that these high ratios could result from previously
overlooked halogen chemistry that favors production of CH;SO; under cold cloud
scenarios.

The high level of detail used in this model was in principle sufficient to distinguish
and predict CH,SO, /nss-SO,” ratios in droplets and particles of different origin, ze. sea salt
versus sulfate particles [von Glasow and Crutzen, 2004]. However, validation of these
calculations requires field or laboratory data with a similar level of specificity. In this
manuscript we report results from single particle analysis of dry residues of cloud droplets
and interstitial aerosol that provide information on CH,SO; /nss-SO,” ratios in individual
marine particles for the first time.

Samples were collected during the Marine Stratus Experiment (MASE) of July 2005
at the Point Reyes National Seashore located north of San Francisco [MASE, 2005]

(bttp:/ [ www.asp.bnl gov/ MASE.btpr). This field study provided an excellent opportunity to

sample marine particles under relatively cold cloudy conditions, which according to the
modeling predictions of von Glasow and Crutgen [von Glasow and Crutzen, 2004], could display
elevated CH,SO, /nss-SO,” ratios. At the northern coast of California, cold ocean currents
produce preferential upwelling, resulting in low ocean temperatures (~10-15° C) even during
summer time. In addition, low altitude clouds form and typically shroud this region during

the summer months. This region is also an area of phytoplankton bloom, resulting in
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efficient DMS production [S#ub, et al., 1990; A. Thomas and Strub, 2001; A. C. Thomas and
Strub, 1990]. These factors provide a unique opportunity for field studies of CH;SO; and
nss-SO,” partitioning in marine cloud droplets and particles representative of relatively cold
marine atmosphere over an area rich in DMS.

The complementary capabilities of three analytical techniques provide complete
chemical speciation of the field collected marine particles, with the aim of identifying the
chemical forms of particulate sulfur. The three data sets are consistent with one another and
indicate enhanced formation of particulate CH,SO; in sea salt droplets and particles
collected during MASE. This unique combination of single-particle measurements enables

quantitative assessment of CH;SO;™/nss-SO,”” ratios in individual particles.

2. EXPERIMENTAL

2.1.  Meteorological Conditions and Sample Collection. Particle samples were
collected continuously during the cloudy period between July 6th 17:00 —July 7th 9:00 Pacific
Standard time (July 7th 01:00 — 17:00, UTC) on a seashore site within one kilometer of the
Pacific Ocean at the Point Reyes National Seashore, N38°5°, W122°57.43". This site is
shrouded in cold clouds much of the time, as illustrated in Figure 2, and is well situated for
sampling cloud droplets and aerosols. Figure 2 shows backward trajectory calculations
performed using the HYSLPIT model [Draxter and Rolph, 2003], that end at the sampling site
on July 6, 21:00 PST (red) and July 7, 09:00 PST (blue). The trajectories indicate that during
the 36 hours preceding collection, the air mass passed over open areas of the ocean and then
along the northern shore of California. Backward trajectories calculated for 5 days prior to
collection revealed that the sampled air traveled over the Pacific Ocean and did not enter

continental areas in exception to ~1-2 km of the shore area adjacent to the sampling site.
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Over the time frame of the backward trajectory calculation shown in Figure 2b, the relative
humidity was above 78%, the air temperature was 13-16°C and the height of boundary
mixing layer was 250-400 meters.

During sampling, the cloud/fog droplets and (interstitial) acrosol were first separated
using a counter-flow virtual impactor (CVI) [Ogren, et al., 1985] that directs the flow of small
(interstitial) particles and relatively large cloud droplets into two different sampling lines: the
CVI line for particles (drops) larger than ~5 pm and the aerosol observing system (AOS)
line for particles smaller than ~5 pm. The particles were first dried inside the CVI and AOS
probe lines, and the resulting dehydrated particles were collected by two compact time
resolved aerosol collectors (TRAC) [Laskin, et al., 2006; Laskin, ledema, et al., 2003] attached
to each of the lines. The TRAC is a conventional one stage jet-to-plate impactor that
deposits particles on a rotating impaction plate containing pre-arranged substrates. In this
study, each substrate was exposed for 12 minutes of sample collection. The effective
aerodynamic cut-off size D;; of the TRAC is ~0.36 um. Three different types of substrates
were used in this study: (a) Copper 400 mesh TEM grids coated with Carbon Type-B films
(Ted Pella, Inc.) for the CCSEM/EDX analysis, (b) silicon wafer chips (Silson Ltd, Inc.) for
the TOF-SIMS analysis, and (c) silicon wafer frames with silicon nitride windows (Silson
Ltd, Inc.) for the STXM/NEXAFS analysis. After collection, impaction plates with the
exposed substrates were sealed and stored pending analysis.

In general, particle samples collected on substrates may suffer from some artifacts.
These include evaporation of volatile and semi-volatile species during the sampling, storage
and then analysis by the applied techniques as well as possible reactions between sampled
particles and trace gases entering the impactor. For CH,SO; and SO, salts, no sampling

artifacts due to the volatilization are expected to occur. Artifacts like the potential reactions
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of SO,(g), HCI(g) and NO,(g) with the samples inside the TRAC, could not be quantified.
However, their possible impacts were somewhat minimized by drying particles prior to
collection which would decrease their reaction kinetics.

2.2. Methods of laboratory analysis. Detailed characterization of individual
particles required multiple techniques. As illustrated below, applications of different
analytical methods are interdependent; hence, the information from one method guides
subsequent measurements. Three analytical techniques were applied for particle analysis: (a)
CCSEM/EDX - for microscopy imaging of particles and quantitative speciation of their
elemental composition, (b) TOF-SIMS — for qualitative detection of CH,SO; and SO,”
within individual particles, and (c) STXM/NEXAFS — for quantitative speciation of the
CH,SO; to SO,” partitioning within individual particles.

A FEI X130 digital field emission gun environmental scanning electron microscope
was used in this work. The microscope is equipped with an EDAX PV7761/54 ME X-ray
spectrometer (EDAX, Inc) with a Si(Li) detector with an active area of 30 mm’ and an
ATW?2 window. In addition to the standard SEM/EDX mode of operation, the instrument
can also operate in computer-controlled (CCSEM/EDX) mode for analysis of individual
patticles. In the CCSEM/EDX mode, selected samples are inspected automatically and
individual particles are recognized by an increase in the detector signal above a threshold
level. The program then acquires an X-ray spectrum from each detected particle. In this
work, particles with an equivalent circle diameter larger than 20.35 um were measured by
the software. The X-ray spectra were acquired for 10 s, at a beam current of ~500 pA and an
accelerating voltage of 20 kV. Additional details of the CCSEM/EDX approach employed
for the analysis of particles deposited onto carbon coated TEM grids can be found in our

recent review article [Laskin, et al., 2006] and references therein.
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A TRIFT II time-of-flight secondary ion mass spectrometer (TOF-SIMS), (Physical
Electronics, Inc.) was used in this work. TOF-SIMS analysis entails impacting a pulsed
primary ion beam onto a solid sample in vacuum and collecting secondary ions of one
polarity (positive or negative), using a time-of-flight (TOF) mass analyzer. The particles
collected on the silicon wafer chips were placed in the sample holder and subject to 2 “Ga”
source of primary ions in high spatial resolution mode. An accelerating voltage of 15 kV was
used for spectral measurements and 25 kV for mapping. The dose rate was 9.8x10'" ions
cm *. A combination of static and dynamic modes of operation allowed molecular speciation
of different forms of sulfur-containing compounds within individual particles.

STXM/NEXAFS measurements were performed at the carbon (C) (280 — 320 eV)
and nitrogen (N) (395 — 430 eV) K-absorption edges and at the sulfur (S) (168 — 176 V) L-
absorption edge. STXM instruments at beamlines 5.3.2 (C, N) and 11.0.2. (C, N, S) of the
Advanced Light Source of Lawrence Berkeley National Laboratory were used for these
experiments. The intensity of X-rays transmitted through the sample at a fixed energy is
measured as the sample is raster scanned to record an image. Sequences of images are
acquired at closely spaced energies to record a “stack” of images, which is essentially a three-
dimensional map in position, energy and transmission. NEXAFS spectra from individual
pixels or particular regions of interest on the sample image are extracted from the stack. The
absorption through the sample is obtained by converting the signal (Beer-Lambert Law)
using the reference flux measured through a sample free region. This mapping of chemical
bonding information in individual particles [Hopkins, Tivanski, Marten, et al., 2007; Tivanskz, et
al., 2007; Maria, et al., 2004; Russell, et al., 2002] allows a quantitative assessment of the
apportionment between different molecular forms of the same element, ze. CH;SO; and

SO, in this work. For comparison purposes, particles of reference materials were examined

10
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using TOF-SIMS and STXM/NEXAFS, including sodium sulfate (N2,SO,) (99.99% pure),
sodium methanesulfonate (CH,SO;Na) (98% pure) and ammonium sulfate (NH,),SO,)

(99.99% pure) purchased from Sigma-Aldrich.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Twelve samples (6 CVI and 6 AOS samples with time intervals of ~1.5-2 hours
between them) from the Point Reyes sampling site collected during the cloudy period were
analyzed using CCSEM/EDX single particle analysis. Figure 3 shows typical SEM images of
CVI and AOS aerosol samples. The upper images depict samples collected on silicon wafer
chips, while the magnified bottom images are from samples collected on TEM grid
supported films. As seen from the upper images, the spatial distribution of particles is
inhomogeneous. Larger particles are concentrated in the central region, directly under the
deposition nozzle and smaller particles are scattered widely from this area. Thus, a
statistically significant analysis of particles by CCSEM/EDX requites sampling across the
deposition spot, as indicated by the rectangles in the images. The elemental composition was
analyzed for ~1000 particles in a region of 500 um X 80 um across the deposition spot for

each tested sample.

A brief inspection using manual SEM/EDX analysis indicated two prominent
particle classes, characteristic for both the CVI and AOS samples. The particles were mostly
either sea salt or sulfur-rich (S-rich) particles. S-rich particles are composed of a mixture of
H,SO, and (NH,),SO,, as discussed below. Sea salt particles are easily recognized (Figure 3,
bottom panels) as they are typically of super micron size with cubic-shaped NaCl crystals

surrounded by irregularly shaped residues of other salts. In contrast, S-rich particles are

11
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submicron in size and spherical. Consistent with the schematic of sulfur-aerosol-climate links
presented in Figure 1, larger sea salt particles dominate the CVI samples while smaller S-rich

particles are more abundant in the AOS samples.

In this work, as illustrated in panel (a) of Figure 4, a simple rule-based assignment
was used to separate individual particles into three major classes. All particles (~10,000)
detected in the CCSEM/EDX analysis of 12 selected samples are combined in a group and
then all particles containing sulfur above the threshold level of 0.5 atomic percent (as
detected by the EDX analysis) are separated. Next, sulfur containing particles that also
contain sodium are assigned into the “sea salt” class, while those containing only S, O, and
N are assigned to the “S-rich” class. Particles in the S-rich class are expected to display
mixed H,SO, and (NH,),SO, composition. All remaining particles are assigned to one, non-
specific class of “other” particles. Panel (b) of Figure 4 illustrates the results of this
classification scheme for particles sampled from the CVI and AOS lines over the cloudy
period studied here. In general, significant populations of sea salt particles dominate samples
collected from both sampling lines, indicating that even submicron particles typical for the
AOS samples are of sea mist origin rather than sulfates formed by nucleation. Nucleated
sulfates presumably fall into the “S-rich” class and their relative population ranges from
between 2—6% and 15 — 30 % in the CVI and AOS samples, respectively. Relative

contributions of “other” particles normally remains at the 3 — 5% level and only occasionally

reaches values of 8 — 9%. Particle class composition remained largely the same over the

entire period of the cloudy episode for both sampling lines.

Figure 5 illustrates particle number size distributions of sea salt and S-rich particles

determined from the CCSEM/EDX data, combined for the 6 CVI and 6 AOS analyzed

12
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samples. The four distributions are normalized to the total number of particles. Plots
presented in panels (a) and (b) are shown on the same scale to facilitate comparison. Hence,
areas below the distribution curves indicate relative populations of each particle class. The
size distributions in Figure 5 indicate a mode size of ~0.8 pm for residues of sea salt
particles in the CVI samples. A smaller mode size of 0.4-0.5 pm is observed for sea salt
particles in the AOS samples. The number concentration ratio of sea salt particles found in
the CVI samples to those in the AOS samples is approximately 2:1. The situation is reversed
for the S-rich particles where the concentration of S-rich particles in the AOS sample is ~2
times higher than for the CVI samples. The size distributions of S-rich particles peak at ~0.5
um and ~0.4 um for the CVI and AOS samples, respectively. However, the abrupt fall-off of
the size distributions at ~0.3-0.4 um is due to the impactor cut-off function and

comparisons of the size distributions in Figure 5 must be made with this caveat in mind.

The CCSEM/EDX analysis indicates sulfur enrichment in sea salt particles. Figure 6
shows the CCSEM/EDX measured S/Na elemental ratios for sea salt particles detected in
the CVI (upper panel) and AOS (bottom panel) samples. The dashed horizontal line is the
nominal ratio of S/Na = 0.006, typical for sea water [CRC, 1999]. The solid curved line
indicates the experimentally determined deviation of the S/Na ratios for large sea salt
particles. This deviation is a result of ZAF sensitivity effects [Goldstein, et al., 2003], which
were omitted from the quantification method [Laskin and Cowin, 2001; Laskin, et al., 2000].
The S/Na elemental ratios are systematically higher than expected for unreacted sea salt
particles. This indicates cloud and chemical processing of sea salt particles with sulfur
compounds, which is consistent with the DMS chemistry expected in the region of this field

campaign.
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For cloud and chemically processed sea salt particles, chemical reactions of sea salt
components and added sulfuric and/or methanesulfonic acids can be presented by the

following, highly simplified, albeit illustrative reactions:
2NaCl/MgCl,(aq) + H,SO,(aq, g — Na,SO,/MgSO,(aq) + 2HCl(g) @)
2NaCl/MgCl,(aq) + CH,SO;H(aq, g) — CH,SO;Na/(CH,SO,),Mg (aq) + 2HCl(2) (2)

These reactions liberate HCI gas to the atmosphere, leaving particles enriched in sulfur and
depleted in chloride. Additional sulfur-halogen processes could also lead to similar changes
in the elemental composition of sea salt particles [Finlayson-Pitts, 2003; Finlayson-Pitts and
Hemminger, 2000]. However, a full discussion of the detailed reaction mechanism and its

kinetics is beyond the scope of this manuscript.

The sulfur enrichment is larger for sea salt particles in the CVI samples, compared to
those in the AOS samples. This is likely a result of the greater activation of particles (larger
droplets and higher water content) sampled in the CVI line, compared to the smaller sizes
sampled in the AOS line. If so, the higher water content would provide an enhanced
capacity for soluble species in larger droplets, and therefore higher S/Na ratios in the CVI

samples of dry residues would be expected.

CCSEM/EDX analysis provides quantitative data on the S/Na ratios over a
statistically significant number of particles. However, no molecular information on the
chemical forms of sulfur can be inferred from EDX spectroscopy. Molecular speciation of
sulfur-containing compounds is revealed by complementary analysis of individual particles
using TOF-SIMS. To identify chemical forms of sulfur, TOF-SIMS ionic maps were
produced for selected ions indicative of sulfate (SO, , HSO, ), methanesulfonate (SO, ,

CH,SO;"), sodium (Na") and ammonium (NH,"). Figure 7 shows ionic maps (100 pm X 100

14
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pm) characteristic for CVI samples collected during this cloudy period. The maps indicate
that methanesulfonate (SO, , CH,SO;) ions are co-located with Na™ ions, while sulfate
(SO,”", HSO,") ions are co-located with NH," ions. Furthermore, the characteristic locations
of sulfate and the methanesulfonate ions do not overlap. These observations support the
conclusion that methanesulfonate is present in relatively large sea salt particles, while the
characteristic sulfate ions are primarily generated from smaller (NH,),SO, particles. To
confirm this conclusion, TOF-SIMS negative spectra integrated from the areas of sea salt
and (NH,),SO, particles were compared with those acquired from laboratory prepared
samples of CH,SO;Na and (NH,),SO, particles. This comparison is shown in Figure 8. The
characteristic spectra of field collected particles match those of the standard materials nearly
perfectly. Although not shown here, negative spectra of Na,SO,, CH,SO,Na, and HO-
CH,SO;Na particles were also measured (see supplement A), and did not match the spectra

measured in the field samples.

However, these TOF-SIMS observations should be interpreted with some caution.
Particles were examined with a low primary ion dose (static mode of operation), resulting in
an analysis depth of 3 — 5 nm, thus corresponding to the outermost atomic layers of the
particles. As particles dry out, the less soluble salts precipitate first and form the core of the
particle, while more soluble salts are present in the outer layer. Thus, the observed abundant
mass spectrometry signal originating from the highly soluble CH,SO;Na salt does not
confirm the absence of sulfates in these sea salt particles as sulfates could be present at the
particle core, and therefore not detectable in this operating mode of the TOF-SIMS
instrument. Nevertheless, the important observation is that the (NH,),SO, particles show

little or no signal of CH,SO; " characteristic for methanesulfonate salts.
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In principle, a combination of static and dynamic modes of operation of the TOF-
SIMS allows monitoring of chemical speciation of compounds within particles [Gaspar, et al.,
2004; Laskin, Gaspar, et al., 2003; Lin, et al., 2007]. However, these experiments are technically
challenging, and inherently qualitative, providing no quantitative information on the
concentrations of different species within particles. An alternative approach uses
STXM/NEXAFS analysis to study chemical bonding information of different elements for
individual particles. Supported by the TOF-SIMS observations, this enables the speciation of
different elements within particles allowing quantification of CH,SO; /SO,” ratios in

individual particles.

Figure 9(a) shows a representative STXM image (12 um X 12 um) recorded at 290.8
eV of a sample region containing two particle classes observed in our experiments. Contours
of the sea salt and the S-rich particles in the STXM image are marked by squares and circles,
respectively. Maps generated by principle component analysis (PCA) of the acquired
STXM/NEXAFS spectra are shown, with colors corresponding to X-ray absorbance regions
specific for nitrogen, carbon and sulfur. In contrast to the TOF-SIMS maps, these PCA
maps generated from STXM/NEXAFS analysis are indicative of the entire composition of
sampled particles due to the fact that transmitted intensity through the sample is measured.
Comparison of the PCA maps presented in Figure 9(b) and (c) shows that these particles
either contain carbon or nitrogen, but not both elements. This observation is consistent with
particles having either mixed sea salt/CH,SO,/SO,” (red) or mixed H,SO,/(NH,),SO,
(black) composition. The spectral contours of the N K-edge NEXAFS spectra of the mixed
H,SO,/(NH,),SO, and purchased (NH,),SO, are neatly identical (unpublished data), which
is further evidence that these small round particles are mixed H,SO,/(NH,),SO,. The low

catbon absorption in purchased CH,SO;Na and the sea salt/CH,SO; /nss-SO,”” particles
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made peak assignments in their spectra ambiguous, thus preventing comparisons of the C-K
edge NEXAFS spectra. The PCA maps presented in Figure 9(d) indicate two different types
of sulfur characteristic for two particle classes. The particles which contain nitrogen (black)
display a sulfur I.-edge NEXAFS spectrum indicative of SO,” which is consistent with these
patticles being assigned as mixed H,SO,/(NH,),SO,. The particles which contain carbon
(red) display a sulfur I.-edge spectrum that is intermediate of CH,SO; and SO,*. This is
consistent with these particles having a mixed sea salt/CH,SO, /SO,” composition.

Furthermore, combined data sets from CCSEM/EDX and STXM/NEXAFS
measurements, enable quantification of the CH,SO, /SO,” ratios on an individual particle
basis. Elemental analysis performed using CCSEM/EDX measures the total S/Na ratio for a
large number of particles. Separately, STXM/NEXAFS analysis provides quantification of
the partitioning between CH,SO;™ and total-SO,* (nss and ss) on an individual particle basis.
Combining these two data sets, in addition to the literature reported value for ss-SO,” /Na
= 0.06 [CRC, 1999], enables the total-SO,”” to be decoupled into nss and ss components,
leading to the quantitative assessment of CH,SO; /nss-SO,” ratios in particles as will be
described below.

Figure 10(a) presents S L-edge NEXAFS spectra of the Na,SO, and CH;SO;Na
reference particles respectively. The Na,SO, spectrum displays three distinct peaks at 170.9
eV, 172.1 eV and 172.9 eV, in good agreement with literature data [Hizcheock, et al., 1990].
Sulfur spectra recorded from (NH,),SO, and Na,SO,, both of which have an oxidation state
of +06, were identical to one another. However, the CH,SO;Na spectrum is considerably
different, its broad contour has no resolvable peaks and the peak maximum occurs at lower
energy. The peak maximum of the Na,SO, spectrum (or sulfate in general) appears at higher

energy because of its higher oxidation state (+6 for Na,SO, versus +5 for CH,SO;Na).
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These differences in the spectral contours of SO,”” and CH,SO” are advantageous for
determining the partitioning between these two species in individual particles. Mixing of
CH,SO;  and SO,” in particle spectra would lead to a broadening of the resolved peaks
present in SO,”” and a change in the relative intensities of the three peaks. These changes in
spectral contours as a function of the proportion of CH;SO; and SO,” were used to
quantify the amount of CH,SO,” and total-SO,”” present in individual particles. For
example, the CH,SO; /total-SO,”” ratio from the single particle pertinent to Figure 10(b) is
determined as 20:80%. The corresponding spectrum modeled for 20% CH,SO; and 80%
total-SO,” is shown for comparison. A good agreement between the spectral contours is
observed. Further details about the sulfur I.-edge spectroscopy are provided in Supplement
B.

As STXM/NEXAFS is significantly more time and labor intensive than
CCSEM/EDX, a single CVI sample from the studied time petiod was selected for
quantitative analysis. A CVI sample was chosen due to the higher proportion of mixed sea
salt/CH,SO; /nss-SO,”> particles. Several other CVI and AOS samples from this time
period were surveyed using STXM/NEXAFS, and confirmed qualitative observations
reported for the selected sample in this publication. The STXM/NEXAFS analysis method
was applied to sulfur I-edge spectra recorded from ~100 individual mixed sea
salt/CH,SO; /nss-SO,”” particles to determine their CH,SO; /total-SO,”” ratio. In Figure
11 the CH,SO, /total-SO,* ratio is plotted against the average particle diameter. As most
particles are irregular in shape, the equivalent circle diameter was calculated from the particle
projection area. The error bars displayed in Figure 11 represent the standard deviation in the
mean CH,SO; /total-SO,”” ratio, which is derived from the calibration plot presented in

Supplement B. No obvious size dependence was observed in the CH;SO; /total-SO,”” ratio
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for the particles studied, which ranged from ~1 — 5 pum in diameter. Hence, the mean
CH,SO; /total-SO,” ratio, represented by the solid black line in Figure 11 (the two dashed
lines are the standard deviation from the mean), yield a value of 0.52 with a standard

deviation of £ 0.30, assuming invariance with particle size.

Figure 12(a) presents the normalized distribution of the total-S/Na ratios detected in
over 7000 individual sea salt/CH,SO, /nss-SO,” particles using the CCSEM/EDX
technique. The frequency of patticles displaying a particular total S/Na ratio is normalized to
the total number of particles examined. This data is plotted for different size bins with
particle diameters ranging from 0.3 to > 2 pum. The size bins are set using the log(D,) scale
with an even spacing of 0.2, where D, represents particle diameter. The total S/Na ratio is
between 0.05 — 1 and peaks at 0.15 for particles in all size bins. This peak total S/Na value of
0.15 is higher than that characteristic for sea water (0.06) [CRC, 1999]. The higher observed
value can be understood by considering acid displacement reactions of NaCl/MgCl, present
in sea water with H,SO, and CH,SO;H, which increase the total S present in the particles.
Sea salt fully reacted with H,SO, would yield a total S/Na ratio of 0.59. Cleatly, the range of
total S/Na values observed in these multi-component particles exceeds this, reaching values
as high as 1. Again, this higher observed value can be understood by considering reactions of
NaCl/MgCl, with CH,SO;H, which may yield a total S/Na ratio of 1.18. An enhancement in
the fraction of patticles displaying total S/Na ratios > 0.15 is obsetved for smaller particles
that display larger surface-to-volume ratios. This observation could suggest that surface area
controls the uptake of gas-phase CH;SO;H by liquid sea salt particles. The longer average
atmospheric residence times of smaller particles may also increase the probability of reaction

resulting in CH;SO; and nss-SO,”” enrichment.
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As noted above, calculation of the CH,SO, /nss-SO,”” ratio relies on a combination
of data recorded using both STXM/NEXAFS and CCSEM/EDX. The method for
combining this data is presented here. For the mixed sea salt/ CH,SO; /nss-SO,”” particles,
the total S/Na ratio is equal to the sum of ss-SO,””/Na, nss-SO,”” /Na and CH,SO; /Na

ratios, as described by equation 3:

ans]_[is0] [ossot] fonsor ;

[Na] [Na] [Na] [Na]

=0.06

The s5-SO,” /Na ratio is 0.06 [CRC, 1999], leaving two unknowns in this equation. The
CH,SO; /total-SO,”” ratio is determined as 0.52 * 0.30 using the STXM/NEXAFS

technique. This ratio can be written as follows:

[ CH,80; | ) | CH,30; ] /[Na] . [ CH,805 ] /[Na]

[total—SOi’J [total-SOi' }

/[Na]  0.06 +] nss-S0% | /[Na] @

This leaves the same two unknowns as in equation 3. These two equations can now be

solved to determine values for both [CH,SO,]/[Na] and [nss-SO,*|/[Na].

This analysis method is applied to the data presented in Figure 12(a) to yield Figure
12(b), which displays the distribution of CH;SO; /nss-SO,” in individual particles for
different size bins. As particle diameter increases, the distribution of CH,SO; /nss-SO,”
shifts to higher values, ze. sulfur in larger particles is mostly in the form of CH;SO; ", while

sulfur content in smaller particles is dominated by the SO,*” form.
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The peak of the distribution presented in Figure 12(b), which uses the mean
CH,SO, /total-SO,* ratio of 0.52, yields a CH,SO, /nss-SO,>” pattitioning ratio of 0.6.
Using the standard deviation in the mean CH,SO;Na/total-SO,”*" ratio of +0.30, the lower
and upper limits on the CH,SO, /nss-SO,* ratio are calculated as 0.30 and 1.10. The large
variation in this ratio could be attributed to differences in the individual particle history, the
long duration over which the particles were sampled, the uncertainty associated with the
measurement and the assumptions associated with invariance of CH,SO, /SO, with

particle size.

Therefore, all the observations presented in this manuscript so far, can be
summarized as follows. Particles collected during the cloudy period between July 6™ 17:00-
July 7" 9:00 (PST) can be divided in two major particle classes: (a) sea salt particles
composed of a mixture of sea salt/CH,SO,/SO,” and (b) S-rich particles of mixed
H,SO,/(NH,),SO, composition. Qualitatively, these observations are in agreement with the
schematic of the sulfur-aerosol-climate links in the MBL in Figure 1. Indeed, the presence of
CH,SOy in sea salt particles indicates substantial formation and fast uptake of CH,SO;H by
activated droplets containing sea salt presumably resulting from the oxygen addition channel
in the DMS oxidation mechanism. Formation of mixed H,SO,/(NH,),SO, particles is
indicative of H,SO, nucleation resulting from the H abstraction channel of DMS oxidation.
Therefore, the quantitative assessment of partitioning between two different forms of sulfur,
i.e. CH,SO; and nss-SO,”, is important for kinetic modeling as it is an inherent indicator of
the pathways of DMS oxidation in the environment of the given geographic location. The
partitioning between these reaction products is important for climate considerations as the

result impacts the number and size of CCN produced in the marine atmosphere.
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The CH,SO; /nss-SO,> 0.6 ratios in sea salt particles reported in this study are high
compared to previous measurements at similar latitudes. The reported ratios are similar to
those from polar latitudes where the temperature is lower, a factor known to enhance the
addition pathway leading to formation of CH,SOj". The results presented here are somewhat
comparable with model calculations which predict higher CH,SO; /nss-SO,” ratios in the
summer for pristine marine air sampled under cold (276 K), cloudy conditions and implying
additional oxidation reactions of DMS with halogen radicals [von Glasow and Crutzen, 2004].
However, there is an important aspect of the presented data that contradicts modeling study
of von Glasow and Crutzen [2004]. The TOF-SIMS analysis of particle samples (see Fig. 7)
indicate that CH,SO; 1is exclusively associated with sea salt particles, but not with
(NH,),SO, particles. This finding disagrees with the modeling results that indicate significant
formation of CH,SO; ™ in sulfate particles as a result of their smaller size and higher surface-
to-volume ratio compared that typical for sea salt particles. Furthermore, despite their
different starting sizes, the sulfate and the sea salt particles would grow to aqueous droplets
that are roughly of the same size, if activated. As a result, the condensed compounds should
be quite similar in the different activated particles. This observed selectivity of CH;SO;™ to
sea salt particles is quite puzzling and additional studies are required to understand this
discrepancy.

The discrepancy is even more intriguing given that our numerical model calculations
of the atmospheric chemistry occurring in the area of the field experiment suggests that
consideration of cloud chemistry is essentially required to explain the high CH,SO; /nss-
SO,” and S/Na ratios reported in this study. These modeling results are presented and

discussed below.
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During the cloudy period studied here, meteorological data indicate that air parcels
arriving to the sampling site were first swiftly transported from the open ocean area and then
turned southbound along the coastline of northern California (Figure 2) where it remained
for ~12-18 hours prior to sampling. A systematic analysis of phytoplankton pigment
concentrations in this area (derived from satellite based multi-annual records) indicate an
order of magnitude higher phytoplankton concentration in the narrow latitudinal range
adjacent to the shore. Specifically, within 100-200 km of the coast, typical concentrations of
phytoplankton of ~5 ug/l1 are reported, while 300-400 km offshore these decrease to ~0.5
wg/1 [A. C. Thomas and Strub, 1990]. Therefore, the key factor determining the CH,SO; /nss-
SO,” and total-S/Na ratios in sea salt particles is most likely the amount of time the air mass
spent in the area of high DMS emissions (high phytoplankton concentrations) which is in
the order of ~18 hours or less prior to sampling at Pt. Reyes.

A Lagrangian box-model [Zaveri, 1997] was used to simulate atmospheric oxidation
of DMS in the air mass that originated over unpolluted open ocean areas and entered the
region of high DMS concentration ~18 hour prior to the sampling which corresponds to ~
6 am local time. Two model scenarios were examined: (a) gas-phase chemistry only, and (b)
coupled gas- and cloud-phase chemistry. The initial conditions for model runs and a brief
description of the model are given in supplement C.

Figure 13 shows the temporal evolution of DMS, CH,SO, /nss-SO,”, and total
S/Na for gas-chemistry only and coupled gas- and cloud-phase chemistry scenarios. A few
hours are required to build up the SO, concentration from gas-phase DMS oxidation in the
relatively clean air mass as it was advected along the coast over high DMS emissions region
for the next 12-18 hours. During this time, CH;SOj  is efficiently formed in particles, while

formation of nss-SO,” is somewhat delayed. The gas-chemistry-only model results indicate

23



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

that the CH,SO; /nss-SO,” ratio in sea salt particles reaches a maximum of ~0.18 during the
early stages of DMS oxidation (<6 hours) because formation of CH;SO,H proceeds more
rapidly early in the day when compared to H,SO, formation. Later, as both OH and SO,
concentrations increase, formation of H,SO, begins to exceed that of CH,SO;H, resulting in
a decrease in the particulate CH,SO; /nss-SO,” ratio to a quasi-steady-state value of ~0.13,
which is about a factor of 5 lower than the observed ratios seen in Figure 11b. Also, a
negligible increase in the modeled values of the total-S/Na ratio is seen even after 18 hours
of processing, which is at odds with the measurements for the field-collected sea salt
particles as seen in Figure 11a.

Atmospheric conditions during our field study most likely resemble the coupled gas
and cloud chemistry scenario. Indeed, the coupled gas- and cloud-phase model results show
that the CH,SO; /nss-SO,” bulk ratio in sea salt particles reached a maximum of ~0.3 in ~6
hours and then remained fairly steady for the rest of the simulation period. This value is
comparable within a factor of ~2 to our measurements. Also, the total-S/Na bulk ratio is
predicted to increase up to ~0.09 in 12 hours, which is similar to the observed values. These
results therefore suggest that cloud-phase oxidation of SO,, DMS, DMSO, MSIA, and MSA
played an important role under the atmospheric conditions encountered during this field
study.

We note that the purpose of these modeling calculations is to evaluate the feasibility
of the plausible hypothesis rather than providing detailed cross-comparison between field
and modeling data, which lies beyond the scope of this manuscript. With this regard, it is
important to note that modeled CH,SO;/nss-SO,” and total-S/Na ratios is sensitive to a
number of parameters, which include DMS flux, temperature, sea-salt particle concentration

and size distribution, and photolysis rate. Additionally, halogen chemistry and nucleation
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(new particle formation) were neglected in the present model, but may play an important
role. The influence of these parameters are interesting topics for more detailed modeling

studies where the field data provided here could be used for validation.

5. CONCLUSIONS AND ATMOPHERIC IMPLICATIONS

This study presents the first observations of both CH,SO,  and SO,* sulfur
compounds in marine aerosol, identified on a single particle basis. Both TOF-SIMS and
STXM/NEXAFS techniques indicate an external mixture consisting primarily of two
particle classes; mixed sea salt/CH,SO,/SO,” and S-rich particles of mixed
H,SO,/(NH,),SO, composition. Unambiguous, qualitative speciation of sulfur containing
compounds and quantitative assessment of the CH;SO; /nss-SO,”” ratios are facilitated
using combined data sets from three techniques: CCSEM/EDX — quantitative assessment of
elemental composition of individual particles, TOF-SIMS — qualitative molecular speciation
of sulfur-containing compounds in individual particles, STXM/NEXAFS — quantitative
assessment of different forms of sulfur within individual particles. The data provided by
these techniques offer a rich set of qualitative and quantitative information that is of primary
importance to atmospheric processes in the MBL involving sea salt and marine sulfate

particles.

For the first time, size-dependent nss-S/Na and CH,SO; /nss-SO,” ratios are
reported for marine particles. Characteristic ratios of nss-S/Na > 0.10 are reported for sea
salt particles, with higher values observed for smaller particles, indicating more extensive
formation of sulfur-containing salts. Characteristic ratios of CH,SO, /nss-SO,* > 0.60 are

reported for sea salt particles of all sizes, with higher values for large particles. This indicates
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that CH,SO; salts are likely the dominant form of nss-sulfur in large particles while SO,* is
more common in smaller particles.

In the past, much attention has been given to the hygroscopic and optical properties
of sea salt aerosol and the corresponding mixed sea salt/sulfate particles that can be formed
as a result of the DMS—S80,—H,SO, reaction sequence that is assumed to dominate in the
mid-latitude marine boundary layer. However, our analysis of field collected sea salt particles
and presented in this manuscript indicate that DMS conversion to MSA can result in
CH,SO, /SO,” >0.6 and nss-S/Na >0.1 ratios, as were observed under specific conditions
of the coastal area north of San Francisco. These findings indicate that modeling of the
marine boundary layer (MBL) aerosols and cloud formation processes require extensive data
on the hygroscopic and CCN properties of mixed sea salt/CH,SO, /SO,” and perhaps other

organo-sulfur particles. These data are fairly scarce and require future research.
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937  Figure 1 Schematic diagram of sulfur-acrosol-climate links in the MBL (adopted from voz
938  Glasow and Crutzen, 2004).
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942 Figure 2 GOES-10 satellite image (0.65 micron cloud reflectivity at 4 km resolution ) of the
943  California coast, at July 6, 17:45 PST (July 7, 1:45 UTC), showing extensive coastal stratus
944 typical of this region. Superimposed on this image are 48 hour HYSPLIT backtrajectories
945  starting at 10 m AGL on July 6, 21:00 PST (red) and July 7, 09:00 PST (blue)
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Figure 3 SEM images of two samples collected from the CVI and AOS sampling lines
during the cloudy period on July 7, 2005. The upper images are the entire samples and
illustrate the spatial inhomogeneity of the deposition spot. Rectangles indicate the regions
inspected by CCSEM/EDX analysis. The lower images are magnified fields of view,
showing representative particles from the central areas of the samples. Sea salt particles are
larger, irregularly shaped supermicron particles with NaCl cubic crystal cores. Ammonium
sulfate particles are spherical submicron particles.
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Figure 4 (a) Classification scheme applied to the samples collected during the cloudy period on the night of July 7, 2005 (Point Reyes
2005). (b) Stacked column chart diagram of particle-classes present in the CVI (left panel) and the AOS (right panel) samples.
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Figure 5 Number distributions of sea salt and S-rich particles in CVI (left panel) and AOS (right panel) samples measured by the

CCSEM/EDX analysis. For comparison putposes, all distributions are normalized to the total number of analyzed particles.
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indicate the ratio of 0.06 nominal to sea water. The solid lines indicate expected experimental
deviation from the nominal line from sensitivity effects that impact results of EDX particle
analysis. See text for further discussion.
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Figure 7 TOF-SIMS maps of typical samples collected from the CVI line. Upper three left images are maps produced for characteristic
ions of sodium (Na") and methanesulfonate (SO, ", CH,SO;"). The upper right image shows overlaid maps of the Na* and CH,SOj; ions.
Their close overlap indicates formation of methanesulfonate in sea salt particles. The lower three left images are maps produced for
characteristic ions of ammonia (NH,") and sulfate (SO, , HSO,") originating from H,SO,/(NH,),SO, particles. The lower right image
shows overlaid maps of CH,SO; and HSO, ions and indicates external mixing of sea salt and ammonium sulfate particles. Maps are 100
pm X 100 pm. See text for additional details.

42



3

2 4

counts x 10

oo

4

counts x 10
1

30

ulmmﬂﬂuﬂﬂnﬂnnnnn ol 1 Lo 0l
L e e !

S’ CH,SO Na standard

©n

, o g
' o N C/JM
2 2 T

Field sample,
spectrum from CH,SO,” map regions

T M T M 1
40 50 60 70 80 90 100 110
m/z, amu

(b)

4

counts x 10

3

counts x 10

] | \ 73 3
all ||: |I- | Ll | -II

30

'~

o
o (NH,),SO, standard IOV
wn
jas)
. g
O ' n R

o~

Field sample,
spectrum from HSO,” map regions

4ﬂmﬂﬂuﬂmuﬂﬂﬂnn “nn nﬂ H teatllls i
M T M T M T M M T T M 1

40 50 60 70 80 90 100
m/z, amu

110

Figure 8 (a) TOF-SIMS spectrum characteristic of sea salt particles (see upper panel of Fig. 7) shown with the reference spectrum obtained

from laboratory prepared CH;SO;Na particles. (b) TOF-SIMS spectrum characteristic of ammonium sulfate particles (see bottom panel of
Fig. 7) plotted along with the reference spectrum obtained from laboratory prepared (NH,),SO, particles.
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Figure 9 (2) STXM image (12 pm x 12 pm) of externally mixed sea salt/CH,SO, /SO,”
(marked by squares) and H,SO,/(NH,),SO, (marked by citcles) particles, b) C K-edge
STXM/NEXAFS map of sea salt/ CH,SO; /SO, particles, ¢) N K-edge STXM/NEXAFS

map of H,SO,/(NH,),SO, particles, d) S L-edge STXM/NEXAFS map of sea salt/CH,SO;
/SO,” particles (red) and H,SO,/(NH,),SO, particles (black).
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Figure 10 (a) Sulfur I.-edge NEXAFS spectra recorded from reference particles of (I)
Na,SO, and (II) CH;SO;Na. (b) Sulfur I.-edge NEXAFS spectrum recorded from a mixed
(ITT) sea salt/CH,SO; /nss-SO,” particle collected at Point Reyes National Seashore, (IV)

modeled spectrum for 20:80 proportion of CH,SO;Na/Na,SO, particle.
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Figure 11 — Invariance in chemical composition with projected particle diameter. The solid
black line indicates the mean value of the CH,SO, /SO, ratio and the dashed lines
represent one standard deviation from the mean.

46



n
o

('S
o
]

Normalized Frequency
S S

T T T P

0.5

—

B e
1.0 125 2.0
(Total S)/Na

.
O A ——

)
()

(b)

b9
-,

[E—
n
1

[
)

Normalized Frequency

0- L’

I ] . 10

CH,SO, /nss-S0O,
Figure 12 — Distribution of (a) total sulfur to sodium ratio and (b) CH,SO; to nss-SO,*
ratio present in particles with diameter in the range 0.31 — 0.5, 0.5 — 0.79, 0.79 — 1.26, 1.26 —
2 and > 2 um (black, dark grey, light grey, dashed and dotted lines, respectively).
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Figure 13 Temporal evolution of [CH,SO,]/[nss-SO,”] and [total-S]/[Na] ratios in sea salt
particles calculated using “gas-phase chemistry only” (dashed lines) and “gas and cloud
chemistry” scenarios (solid lines). The model calculations are initiated at 6 am assuming

Epys= 20 umol-m™d™, emission rates of DMS. Temporal evolution of DMS mixing ratio is

also shown.
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