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Abstract

This thesis is the culmination of field and laboratory studies aimed at assessing processes that af-
fect the composition and distribution of atmospheric organic aerosol. An emphasis is placed on
measurements conducted using compact and high-resolution Aerodyne Aerosol Mass Spectrometers
(AMS). The first three chapters summarize results from aircraft campaigns designed to evaluate
anthropogenic and biogenic impacts on marine aerosol and clouds off the coast of California. Subse-
quent chapters describe laboratory studies intended to evaluate gas and particle-phase mechanisms
of organic aerosol oxidation.

The 2013 Nucleation in California Experiment (NiCE) was a campaign designed to study envi-
ronments impacted by nucleated and/or freshly formed aerosol particles. Terrestrial biogenic aerosol
with > 85% organic mass was observed to reside in the free troposphere above marine stratocumu-
lus. This biogenic organic aerosol (BOA) originated from the Northwestern United States and was
transported to the marine atmosphere during periodic cloud-clearing events. Spectra recorded by a
cloud condensation nuclei counter demonstrated that BOA is CCN active. BOA enhancements at
latitudes north of San Francisco, CA coincided with enhanced cloud water concentrations of organic
species such as acetate and formate.

Airborne measurements conducted during the 2011 Eastern Pacific Emitted Aerosol Cloud Ex-
periment (E-PEACE) were aimed at evaluating the contribution of ship emissions to the properties
of marine aerosol and clouds off the coast of central California. In one study, analysis of organic
aerosol mass spectra during periods of enhanced shipping activity yielded unique tracers indicative
of cloud-processed ship emissions (m/z 42 and 99). The variation of their organic fraction (f42 and
fo99) was found to coincide with periods of heavy (f42 > 0.15; fgg9 > 0.04), moderate (0.05 < fq2 <
0.15; 0.01 < fgg9 < 0.04), and negligible (f42 < 0.05; fgg < 0.01) ship influence. Application of these
conditions to all measurements conducted during E-PEACE demonstrated that a large fraction of
cloud droplet (72%) and dry aerosol mass (12%) sampled in the California coastal study region was
heavily or moderately influenced by ship emissions. Another study investigated the chemical and
physical evolution of a controlled organic plume emitted from the R/V Point Sur. Under sunny con-
ditions, nucleated particles composed of oxidized organic compounds contributed nearly an order of

magnitude more cloud condensation nuclei (CCN) than less oxidized particles formed under cloudy
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conditions. The processing time necessary for particles to become CCN active was short ( <1 hr)
compared to the time needed for particles to become hygroscopic at sub-saturated humidity ( > 4
hr).

Laboratory chamber experiments were also conducted to evaluate particle-phase processes in-
fluencing aerosol phase and composition. In one study, ammonium sulfate seed was coated with a
layer of secondary organic aerosol (SOA) from toluene oxidation followed by a layer of SOA from
a-pinene oxidation. The system exhibited different evaporative properties than ammonium sulfate
seed initially coated with o-pinene SOA followed by a layer of toluene SOA. This behavior is consis-
tent with a shell-and-core model and suggests limited mixing among different SOA types. Another
study investigated the reactive uptake of isoprene epoxy diols (IEPOX) onto non-acidified aerosol.
It was demonstrated that particle acidity has limited influence on organic aerosol formation onto
ammonium sulfate seed, and that the chemical system is limited by the availability of nucleophiles
such as sulfate.

Flow tube experiments were conducted to examine the role of iron in the reactive uptake and
chemical oxidation of glycolaldehyde. Aerosol particles doped with iron and hydrogen peroxide
were mixed with gas-phase glycolaldehyde and photochemically aged in a custom-built flow reac-
tor. Compared to particles free of iron, iron-doped aerosols significantly enhanced the oxygen to
carbon (O/C) ratio of accumulated organic mass. The primary oxidation mechanism is suggested
to be a combination of Fenton and photo-Fenton reactions which enhance particle-phase OH radical

concentrations.
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Chapter 1

Introduction

Aerosols are ubiquitous in Earth’s atmosphere and significantly impact global climate and human
health. In the context of climate science, aerosols strongly influence the global energy balance via
the absorption/ reflection of solar radiation and modulation of cloud properties. These solar in-
teractions, known as the direct and indirect effects, are the most uncertain of all anthropogenic
forcings contributing to global climate change (IPCC 2014). In terms of human health, high concen-
trations of atmospheric particles, particularly in urban settings, are linked to pulmonary, cardiac,
and other degenerative diseases (Pdloch 2005). Such issues extend far beyond the source; pollution
from industrialized nations is known to impact countries downwind (e.g., Kwon et al. 2002, Lin et
al. 2014). For example, one modeling study estimated that, at most, 12-24% of sulfate pollution
over the Western United States can be attributed to emissions originating from Chinese production
of exportable goods (Lin et al. 2014). Consequently, investigations into the formation, distribution,
and fate of atmospheric aerosols are critical to assess anthropogenic impacts on regional and global
scales.

Of the constituents that compose atmospheric aerosols, organic compounds, such as function-
alized hydrocarbons, are the most diverse and typically contribute up to 50% of total particulate
mass (Jimenez et al. 2009). Organic aerosol may be emitted directly from a source (referred to as
“primary” emissions) or result from the atmospheric processing of a parent compound (referred to
as a “secondary” source). The latter, also known as secondary organic aerosol (SOA), is particularly
challenging to understand because of the number of processes and components contributing to its
formation. Figure demonstrates this complexity with respect to organic reactions with the OH
radical. In general, a volatile organic compound (VOC) undergoes reaction to form an oxidized
species. This species may also be volatile, or, because of functionalization, have the propensity
to partition to the condensed phase. These semi-volatile compounds (SVOC) may contribute to
secondary organic aerosol, or continue to undergo gas-phase reactions with additional oxidation
species. As gas-phase reactions proceed, the original carbon backbone of the parent VOC may

fragment, thus forming higher volatility products. Alternatively, continued functionalization may
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lead to the formation of low-volatility organic compounds (LVOC) found exclusively in the particle
phase.

In concert with this complex gas-phase chemistry, SOA is also formed from reactions occurring
within the liquid fraction of the particle (Ervens et al. 2011). This aqueous-derived SOA (aqSOA)
may undergo an additional suite of oxidation reactions to form new products, some of which partition
out of the particle completely (aqueous-derived VOCs, aqVOC) and some that partition between
the gas and particle phases (aqueous-derived SVOC, agSVOC). Unlike gas-phase chemistry, which
is primarily a means of SOA formation, particle-phase chemistry may act as both a source and sink
of SOA depending on the oxidation pathway (Ervens et al. 2011, Sorooshian et al. 2013).

The chemical processes described above tend to generate oxidized organic species, which af-
fects key physical properties such as particle hygroscopicity. For example, Lambe et al. (2011a)
demonstrated that the organic hygroscopic parameter of laboratory-generated aerosol, xorg, could
be linearly parameterized to the elemental O/C ratio. Likewise, Wonaschiitz et al. (2013) demon-
strated that emissions of hydrophobic organics undergoing atmospheric processing in the marine
atmosphere could generate cloud condensation nuclei (CCN) active particles. The number of CCN
grew as the degree of organic oxidation increased. These studies demonstrate that the presence of
organic aerosol affects a particle’s chemio-physical state. Understanding the nature of these pro-
cesses is especially important in order to gain better predictions of aerosol modifications to cloud
microphysics (i.e., the indirect effect).

The following chapters outline a number of studies aimed at investigating the composition, dis-
tribution, and transformation of organic aerosol in field and laboratory settings. Central to these
studies is the characterization of aerosol composition using the Aerodyne aerosol mass spectrom-
eter (AMS). The AMS measures bulk aerosol mass spectra with fast time resolution. From these
measurements, one can map out a particle’s organic fingerprint and deduce properties about the
particle. For example, the high-resolution AMS described by DeCarlo et al. (2006) employs technol-
ogy capable of resolving the chemical formula of organic fragments, thus allowing one to calculate
bulk elemental composition such as O/C, H/C, and N/C ratios.

Chapters 2-4 summarize results from the 2011 Eastern Pacific Emitted Aerosol Cloud Exper-
iment (E-PEACE) and 2013 Nucleation in California Experiment (NiCE) field campaigns. These
campaigns were based out of the Center for Interdisciplinary Remotely-Piloted Aircraft Studies
(CIRPAS) in Marina, CA. E-PEACE was a multi-institutional effort to investigate aerosol-cloud in-
teractions in the marine atmosphere while NiCE was designed to understand new particle formation
in marine, urban, and agricultural regions. We refer readers to Russell et al. (2013) for details about
the E-PEACE and NiCE platforms.

The studies described in Chapter 2-4 focus on measurements conducted in the marine atmosphere

off the coast of California. This region is a compelling setting to study aerosol and clouds due to the
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persistent presence of marine stratocumulus clouds that are susceptible to the aerosol modifications
(Chaung et al. 2002). As demonstrated by Hegg et al. (2008, 2009, 2010), the marine aerosol
budget (and consequently, bulk aerosol properties) is controlled by a soup of natural and anthro-
pogenic emissions; however, the extent to which each of these sources impact the marine atmosphere
remains uncertain. In Chapter 2, we present measurements conducted during E-PEACE and NiCE
to demonstrate the mechanism by which continental biogenic emissions are transported into the
free troposphere above marine stratocumulus. Periodically during the summer months, the North
Pacific High ridges against the continental U.S. and induces offshore flow (Kloesel 1992, Crosbie et
al. 2015). Consequently, emissions originating from heavily forested regions of the Northwestern
U.S. are transported to the free troposphere immediately above the marine stratocumulus deck.
In regions with the highest impact from continental sources, cloud water samples exhibit elevated
concentrations of organic acids commonly found in biogenic emissions. These observations suggest
that biogenic aerosol originating from the Northwestern U.S. has a noticeable influence on marine
aerosol and cloud properties during periods of offshore flow.

Studies described in Chapters 3 and 4 focus exclusively on measurements conducted during E-
PEACE. Unique to E-PEACE was the use of the R/V Point Sur to purposely emit aerosol into
the marine stratocumulus deck. The CIRPAS Twin Otter aircraft probed these emissions, as well
as those emitted from passing cargo ships, to characterize the impact of these sources on cloud
microphysics. Utilizing AMS measurements, it is demonstrated that particles emitted into the
marine atmosphere undergo extensive chemical evolution that affects both compositional markers
and aerosol physical properties. In Chapter 3, we show that ship emissions that are subjected to
aqueous processing yield a mass spectral fingerprint that is significantly different from the spectra of
freshly emitted particles. This fingerprint was present in over 70% of cloud droplets and 12% of dry,
background aerosol, whereas the fingerprint for freshly emitted emissions was primarily constrained
to the immediate vicinity of the ship (consistent with measurements performed by Murphy et al.
2009). These results suggest that 1) ships have a strong influence on aerosol properties in the
California shipping lanes and 2) fresh ship emissions quickly undergo atmospheric processing. In
Chapter 4, we discuss measurements of organic aerosol plumes emitted from the R/V Point Sur.
Under sunny conditions, new particles formed within an hour of atmospheric processing and led to a
drastic increase in the number of CCN. Under cloudy conditions, no new particles were formed and
CCN concentrations were lower by an order of magnitude. These two chapters demonstrate that
atmospheric processing plays a major role in dictating aerosol properties in the marine atmosphere.

The remaining chapters describe laboratory studies aimed at understanding the properties and
chemical transformation of organic aerosol under controlled, but atmospherically-relevant condi-
tions. We conduct this research using two experimental platforms: the environmental chamber and

the flow tube reactor. The environmental chamber is primarily used to study the time-dependent
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oxidation of a precursor VOC and subsequent SOA formation. The chamber is operated as a batch
reactor and is well-suited to study processes occurring on timescales equivalent to 1-2 days of at-
mospheric processing (e.g., Zhang et al. 2014). The flow tube reactor is operated at steady-state,
and therefore product distributions measured in the effluent of the reactor reflect those of a single
oxidant exposure time. Oxidant exposure times may be varied via changes in the residence time or
oxidant concentration; as a result, flow reactors can simulate atmospheric processing on multi-day
to week-long timescales (e.g., Kang et al. 2007, Lambe et al. 2011b, 2015, Li et al. 2015). Flow
reactors are also more easily maintained due to a smaller surface area than typical environmental
chambers; therefore, one can utilize a flow reactor to study chemical systems that would contaminate
a teflon chamber.

Chapters 5 and 6 summarize SOA studies conducted using the environmental chamber. In Chap-
ter 5, we study the evaporative properties of SOA formed by a-pinene and toluene photooxidation.
In each experiment, SOA was generated via reaction with the OH radical. In mixed SOA experi-
ments, SOA formed from one precursor was coated with a layer of SOA from the other precursor.
After several hours of photochemical processing, SOA was heated under dark conditions to 42° C
and changes in the particle size distribution and elemental composition were monitored. It was
found that SOA produced by a-pinene oxidation was more volatile than that produced by toluene
chemistry. In mixed SOA systems, the evaporative properties most resembled that of the second
coating, suggesting that particles were structured with a core-and-shell morphology. These results
suggest that multi-phase systems may influence key heterogeneous processes such as gas uptake and
diffusion within the particle.

Chapter 6 is concerned with the formation of SOA resulting from the reactive uptake of isoprene
epoxydiols (IEPOX). IEPOX is a product of isoprene photooxidation and is believed to significantly
contribute to organic aerosol mass via heterogeneous chemistry (e.g. Froyd et al. 2010, McNeil et al.
2012). In this study, IEPOX was mixed with inorganic aerosol of different compositions under dry
and humid conditions. IEPOX uptake was greatest in ammonium sulfate seed at high RH (60-85%),
moderate for NH4Cl, and substantially reduced for other seed compositions (NaCl and NaoSQOy).
Furthermore, IEPOX uptake into ammonium sulfate was independent of pH, indicating that the
influence of pH may be weak due to the ability of NHI to act as a ring-opening catalyst. The
enhancement in ammonium sulfate relative to NH4Cl indicates that organic aerosol mass is likely
limited by the availability of nucleophiles capable of generating low-volatility compounds (such as
the reaction with SO;2 to form organosulfates). These results present a possible explanation for the
weak correlation between pH and IEPOX-derived organic aerosol observed in field studies.

The final chapter describes a flow reactor study aimed at investigating the heterogeneous chem-
istry associated with particle-phase iron. Iron undergoes reactions involving HoOs, known col-

lectively as the Fenton and photo-Fenton reactions, that are capable of substantially raising OH



5

concentrations beyond that resulting from hydrogen peroxide photolysis (e.g., Faust and Zepp 1993,
Siefert et al. 1994). In this study, we photochemically age glycolaldehyde in the presence of ammo-
nium sulfate particles doped with iron + HoOg and compare the resulting SOA properties with those
of experiments conducted with pure ammonium sulfate + HoOg. Glycolaldehyde is a water-soluble
organic shown previously to form SOA in OH-driven aqueous systems (Perri et al. 2009, 2010); thus,
we utilize AMS measurements to investigate aerosol composition as a result of OH oxidation. It is
demonstrated that for a 45 minute plug-flow residence time, the systems containing iron exhibited
substantially higher O/C ratios than systems only containing HoOg. The resulting SOA exhibits
carboxylic acid functionalization, which is consistent with the OH mechanism proposed by Perri et
al. (2009). These results suggest that iron chemistry may enhance aqueous OH levels and signifi-

cantly contribute to SOA oxidation in atmospheric particles.

Key
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Figure 1.1: Overview of select processes leading to the formation and consumption of secondary
organic aerosol (SOA).
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Abstract During the 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) and 2013
Nucleation in California Experiment (NiCE) field campaigns, a predominantly organic aerosol (> 85%

by mass) was observed in the free troposphere over marine stratocumulus off the coast of California.
These particles originated from a densely forested region in the Northwestern United States. The organic
mass spectrum resolved by positive matrix factorization is consistent with the mass spectra of previously
measured biogenic organic aerosol. Particulate organic mass exhibits a latitudinal gradient that corresponds
to the geographical distribution of vegetation density and composition, with the highest concentration over
regions impacted by densely populated monoterpene sources. Due to meteorological conditions during
summer months, cloud-clearing events transport aerosol from the Northwestern United States into the free
troposphere above marine stratocumulus. Based on the variation of meteorological variables with altitude,
dry air containing enhanced biogenic organic aerosol is shown to entrain into the marine boundary layer.
Fresh impacts on cloud water composition are observed north of San Francisco, CA which is consistent
with fresh continental impacts on the marine atmosphere at higher latitudes. Continental aerosol size
distributions are bimodal. Particles in the 100 nm mode are impacted by biogenic sources, while particles in
the ~ 30 nm mode may originate from fresh biogenic emissions. Continental aerosol in the 100 nm mode is
cloud condensation nuclei active and may play a role in modulating marine stratocumulus microphysics.

1. Introduction

Marine aerosol particles play an important role in modulating cloud microphysical properties, transmission
of solar radiation, visibility, and the thermodynamic structure of the marine boundary layer. These effects
are governed to a large extent by the physical, chemical, and optical properties of aerosol residing over
the ocean surface. The eastern Pacific off the western coast of the United States is one of the world’s major
subtropical subsidence regions that exhibits persistent decks of stratocumulus, especially during summer
months, making it an ideal location to study aerosol-cloud interactions. In addition to marine aerosol such
as those resulting from sea spray, this region is heavily influenced by ship emissions, ocean biota, and trans-
ported and entrained air masses from both distant regions and coastal areas. The variety of these sources
has the potential to result in strong spatial and temporal gradients in aerosol physicochemical properties.

Aerosol and clouds off the central coast of California have been studied in numerous field experiments [Frick
and Hoppel, 2000; Durkee et al., 2000; Hudson et al., 2000; Straub et al., 2007; Lu et al., 2009; Hegg et al., 2009,
2010; Moore et al., 2012; Benedict et al., 2012; Coggon et al., 2012; Russell et al., 2013]. One topic that has
received considerable attention is the cloud condensation nuclei (CCN) properties of marine aerosol [Roberts
et al., 2006; Sorooshian et al., 2009; Hegg et al., 2009, 2010; Langley et al., 2010; Moore et al., 2012; Coggon

et al., 2012]. Hegg et al. [2009, 2010] apportioned CCN off the coast of California to anthropogenic and
natural sources and determined that about 67% of CCN by number could be attributed to human activities,
which included continental sources such as biomass burning. Roberts et al. [2006] found that continen-

tal sources from Asia and North America can modulate CCN properties over the eastern Pacific Ocean.
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Ship emissions exert a strong influence on marine aerosol in regions of active ship traffic [Langley et al.,
2010]; in one study, Coggon et al. [2012] demonstrated that 72% of cloud droplet residuals measured in the
California shipping lanes showed evidence of ship emissions.

Biogenic-derived compounds make up a significant fraction of volatile organic carbon and organic aerosol
in forested regions of California [Cahill et al., 2006; Worton et al., 2011; Setyan et al., 2012; Shilling et al., 2013]
and have been shown to be CCN active [e.g., Asa-Awuku et al., 2009; Gunthe et al., 2009; O'Dowd et al., 2009;
King et al., 2010; Poulain et al., 2010; Shantz et al., 2010; Creamean et al., 2011; Engelhart et al., 2011; Kerminen
et al.,, 2012; Kuwata et al., 2013; Pierce et al., 2012; Ruehl et al., 2012; Tang et al., 2012; Frosch et al., 2013]. Like-
wise, nucleation events in boreal forests could significantly contribute to the CCN budget in remote regions
[O’'Dowd et al., 2009; Yli-Juuti et al., 2011; Kerminen et al., 2012; Riipinen et al., 2012; Crippa and Pryor, 2013;
Schobesberger et al., 2013; Westervelt et al., 2013]. The extent to which land-based biogenic aerosol impacts
the marine atmosphere, including marine stratocumulus, off the coast of California is an open question that
is examined in the present work.

In the following discussion, source apportionment by positive matrix factorization, satellite data, and forest
surveys are used to establish that a large source of organic above marine stratocumulus off the coast of
California originates from continental biogenic sources. The extent of this aerosol in the marine atmosphere,
its properties, and its potential to act as CCN are evaluated based on case flights.

2. Methodology

The 2011 Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE) was conducted between July

and August to study aerosol-cloud interactions over the eastern Pacific Ocean [Russell et al., 2013]. Mea-
surements were performed onboard the Navy Twin Otter based out of the Center for Interdisciplinary
Remotely-Piloted Aircraft Studies (CIRPAS) in Marina, CA. The focus of E-PEACE was to understand the extent
to which different aerosol sources induce microphysical changes in cloud properties. The Twin Otter mea-
sured the response of stratocumulus to perturbations by three sources: an organic aerosol intentionally
emitted by a specially outfitted ocean vessel, cargo ships of opportunity, and sea salt. In the present study,
we focus on those flights in which continental aerosol was measured and investigate its influence on the
chemical and physical properties of marine aerosol and clouds.

Follow-up flights designed to expand the findings from E-PEACE were conducted in 2013 during the
Nucleation in California Experiment (NiCE). This experiment probed aerosol emitted from sources where
new particle formation might occur, such as urban plumes, animal husbandry, forested regions, and ship
exhaust. We focus here on those flights that specifically probe the impact of continental aerosol on the
marine atmosphere.

2.1. Flight Descriptions: E-PEACE

The complete E-PEACE campaign consisted of 30 flights executed ~ 70 km off the coast of Monterey,

CA [Russell et al., 2013]. In the present study, we focus on four flights performed between Monterey and
Oregon (Figure 1 and Table 1). The flight objectives were to characterize latitudinal gradients in marine and
continental aerosol properties. During flights 27 and 28 (henceforth E27 and E28), we traversed along the
coast and observed weak temperature inversions at 600 m and clear (cloudy) conditions for E27 (E28). Dur-
ing flight E29, we repeated a latitudinal gradient but also followed a longitudinal flight path to assess the
properties of marine aerosol over the open ocean. Flight E29 was characterized by persistent cloud cov-
erage and a strong temperature inversion at 500 m. The flight path for E30 was similar to those of flights
E27 and E28; however, during this transect we performed long slant ascents and descents between 30 and
2500 m above sea level to sample the vertical composition of aerosol over ocean and land. Flight E30 was
also characterized by persistent stratocumulus and a strong temperature inversion at 500 m.

Aside from flight E30 which sampled at many altitudes, the Twin Otter flew at 30 m above sea level or in the
free troposphere above marine stratocumulus. The aircraft diverted 3 times to measure continental aerosol
at various altitudes—the first samples were measured over Monterey, the second were measured 90 km
north of San Francisco near Santa Rosa, CA, and the third were measured 250 km south of the Oregon bor-
der near Gaberville, CA. Five cloud water samples were collected north of San Francisco during flights E28
and E29 to characterize cloud water chemical composition.

COGGON ET AL.
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Figure 1. (a) Flight paths for E27, E28, E29, and E30. Gold makers indicate the locations where the Twin Otter diverted its
coastal trajectory to measure aerosol over land. (b) Flight paths for N5, N10, N15, and N16.

2.2. Flight Descriptions: NiCE 2013

The NiCE campaign consisted of 23 flights conducted in various regions of California. Here we focus on four
flights intended to measure free tropospheric aerosol over marine stratocumulus. In contrast to previous
flight strategies, flights conducted during NiCE were designed to assess the vertical profile of aerosol proper-
ties utilizing deliberate maneuvers such as vertical spirals and slant ascents. Flights 5, 10, and 15 (henceforth
N5, N10 and N15) were conducted along the coast to study latitudinal gradients, while flight N16 was car-
ried out in an E-W fashion to assess properties over the open ocean (Figure 1). All flights encountered a
mix of cloudy and clear conditions with strong marine temperature inversions at 500 m (N5), 500 m (N10),
350 m (N15), and 700 m (N16).

On 26 July 2013, the Big Windy and Whiskey Complex forest fires were first reported in southwest Oregon
(http://www.inciweb.org). These fires were detected during flight N16 and subsequent flights. We use
these data here as a tracer for biogenic sources; however, a more thorough treatment of these fires will
be forthcoming.

2.3. Instrumentation

A nearly identical instrumentation payload was utilized onboard the CIRPAS Twin Otter during both cam-
paigns [Russell et al., 2013]. Cloud droplet residuals were selectively sampled using a counterflow virtual
impactor (CVI) with a cut size of 11 um [Shingler et al., 2012]. Outside of cloud, particles were measured
behind the main subisokinetic aerosol inlet. Under typical airspeeds, the main inlet samples aerosol

< 3.5 pm diameter with 100% efficiency [Hegg et al., 2005]. The focus of the present study is aerosol with
diameters < 1 pm, for which losses due to particle sampling can be disregarded.

Submicrometer aerosol composition was measured using a compact time-of-flight Aerodyne aerosol mass
spectrometer (AMS) [Jayne et al., 2000; Allan et al., 2004a; Drewnick et al., 2005; Aiken et al., 2008]; the data
were collected and processed as described by Coggon et al. [2012]. Aerosol mass detection limits are taken
to be twice the standard deviation of a species signal during filter sampling and are calculated to be 0.19
(organic), 0.032 (sulfate), 0.19 (ammonium), 0.04 (nitrate), and 0.06 (chloride).

Single-particle refractory black carbon mass was measured with a Droplet Measurement Technologies
Single-Particle Soot Photometer (SP2, DMT, Boulder, CO, USA). The SP2 was calibrated and configured
similar to a previous study [Metcalf et al., 2012]. Fullerene soot is used to calibrate the SP2 following rec-
ommendations by Laborde et al. [2012] and Baumgardner et al. [2012]. The single-particle detection limits
are 0.54-103 fg (83-478 nm volume-equivalent diameter, assuming a black carbon density of 1.8 g cm™3)
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with an absolute uncertainty of 30%. Black carbon mass concentrations are determined by summing the
total mass of all single particles detected in a given sample period. These mass concentrations are typically
15-20% lower than mass calculated based on fitted distributions [Metcalf et al., 2012].

Cloud water samples were collected using a modified Mohnen slotted cloud water collector [Hegg and
Hobbs, 1986] and processed according to the procedures described by Sorooshian et al. [2013] and Wang
et al. [2014]. Briefly, samples were treated with chloroform to minimize biological processing and stored
at 5°C for off-line analysis. Chemical speciation was conducted by inductively coupled plasma mass
spectrometry (ICP-MS) and ion chromatography (IC).

Cloud condensation nuclei (CCN) number concentrations were measured using a streamwise
thermal-gradient cloud condensation nuclei counter (CCNC, Droplet Measurement Technologies) [Roberts
and Nenes, 2005; Lance et al., 2006]. A flow orifice and active control system was used to maintain instru-
ment pressure at 700 mb independent of ambient pressure. The instrument was operated in scanning
flow CCN analysis (SFCA) mode [Moore and Nenes, 2009]. SFCA produced CCN spectra over the range
0.15-0.85% supersaturation.

Absolute particle number concentrations were measured with an ultrafine CPC (UFCPC, D,>2nm, model
3025, TSI). Aerosol size distributions were measured behind the subisokinetic inlet using a custom-built
scanning mobility particle sizer (SMPS, D, > 10 nm), which consists of a differential mobility analyzer (DMA,
model 3081, TSI, Shoreview, MN) coupled to a condensation particle counter (CPC, model 3010, TSI). Size dis-
tributions and aerosol number concentrations were also measured outside the aircraft using a passive cavity
aerosol spectrometer probe (PCASP, D, > 100 nm).

Satellite imagery from the Geostationary Operation Environmental Satellite (GOES) and Moderate
Resolution Imaging Spectoradiometer (MODIS) were used to visualize cloud coverage and vegetation den-
sity, respectively. Data were downloaded from the Naval Research Laboratory website (http://www.nrlmry.
navy.mil/sat_products.html) and NASA (http://modis-atmos.gsfc.nasa.gov/NDVI/index.html).

2.4. Mass Spectra Deconvolution Using Positive Matrix Factorization

We use positive matrix factorization (PMF) [Paatero and Tapper, 1994; Paatero, 2007] to deconvolve the
organic mass spectra into the contributions of its different sources. Details about the PMF solution can be
found in the supporting information. Numerous studies have utilized PMF to analyze AMS data [e.g., Ulbrich
et al., 2009; Slowik et al., 2010; Chang et al., 2011; Hildebrandt et al., 2011; Hersey et al., 2011; Ng et al., 2011;
Elsasser et al., 2012; Garbariene et al., 2012; Mohr et al., 2012; Craven et al., 2013]. Spectra can often be sep-
arated into just two categories—hydrocarbon-like organic aerosol (HOA) and oxygenated organic aerosol
(OOA) [Ng et al., 2011]. HOA is representative of particles typically formed from gasoline or diesel emissions
and is considered a tracer for anthropogenic pollution. In the marine environment, HOA is typically observed
in the presence of fresh shipping exhaust [Murphy et al., 2009; Coggon et al., 2012]. OOA is formed when the
products of volatile organic compound (VOC) oxidation partition to the aerosol phase and is often indicative
of aged air masses. Depending on the degree of oxidation, OOA can be further categorized as low (LV-OOA)
or semivolatile (SV-OOA). Low-volatility organic aerosol is more aged and typically exhibits a higher atomic
oxygen-to-carbon ratio (O:C) than SV-OOA or HOA due to the presence of highly functionalized compounds
such as carboxylic acids. Semivolatile aerosol is also oxygenated; however, it tends to be dominated by com-
pounds with alcohol or ketone groups. For spectra measured with unit mass resolution, the fraction of mass
at m/z 44 (typically CO;) can be used to approximate the aerosol O:C ratio [Aiken et al., 2008]. In remote
regions, such as rural or marine atmospheres, OOA components may make up more than 95% of the organic
mass [Ng et al., 2011, and references therein].

3. Results and Discussion

3.1. Organic Aerosol From Continental Sources

Subcloud marine aerosol is dominated by sea spray and compounds resulting from the oxidation of marine
precursors. Supermicrometer aerosol (D, >1 pm) is predominantly sea salt generated by mechanical pro-
cesses [Mclnnes et al., 19971, whereas aerosol in the submicrometer regime (Dp <1 pm) is formed by both
primary and secondary processes. Secondary chemical processing generates aerosol compounds by the
gas-to-particle partitioning of low volatility compounds. Such compounds derive from the gas phase oxi-
dation of biogenic (e.g., dimethyl sulfide) and anthropogenic precursors (e.g., ship emissions) and are
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Figure 2. Summary of aerosol properties for (a) flight E28 from E-PEACE and (b) flight N10 from NiCE. Aerosol above
the marine temperature inversion is highly organic ( > 85%) whereas aerosol below the marine temperature inver-
sion is a diverse mix of organic and inorganic species. Aside from organics, sulfate is the other dominant species
measured by AMS. The Org/SO, ratio is used as a proxy to distinguish between aerosol above and below the marine
temperature inversion.

predominantly composed of organics, sulfate, and ammonium. Sea spray has been observed to contribute
large fractions of primary organics in the submicrometer regime in regions with high biogenic activity [e.g.,
O’Dowd et al., 2004; Keene et al., 2007; Facchini et al., 2008; Ovadnevaite et al., 2011; Prather et al., 2013]. This
is important in regions with large upwelling, such as along the western coast of the United States.

Figure 2 summarizes measurements made during flights E28 from E-PEACE and N10 from NiCE. In general,
organic and sulfate are the dominant aerosol species. Below and within cloud, aerosol and cloud droplet
residuals have organic to sulfate (Org/SO,) ratios typical of marine aerosol measured during the E-PEACE
and NiCE campaigns (range 0.34-4.07 with an average of 1.14, Coggon et al. [2012]). During all flights pre-
sented here, we observe a stark change in aerosol properties above cloud in which particles at high mass
concentrations are dominated by organic material (> 85%). The bulk properties of these particles are nearly
identical during both campaigns; however, higher mass concentrations were observed during NiCE.

In addition to variations in bulk aerosol composition, the organic mass spectra of aerosol measured above
cloud differs from that measured below cloud. These differences are best illustrated in the triangular space
defined by Ng et al. [2010] (Figure 3). The triangular space is a proxy to evaluate ambient aerosol oxidation
based on the fraction of organic mass at m/z 44 and 43 (f,, and f,3, respectively). Fractions of organic at
m/z 44 and 43 scattering about the top of the triangular region are typical of LV-OOA, those scattering about
the middle of the triangle are typical of SV-OOA, while those scattering about the bottom of the triangle are
typical of HOA. Aerosol with high Org/SO, exhibits f,, and f,; that scatter within the semivolatile region of
the triangle plot while those with low Org/SO, exhibit fractions that scatter in regions of both semi volatility
and low volatility (Figure 3). The source of aerosol with high Org/SO, above the marine temperature inver-
sion is of particular interest in the present study. Similar observations were made during the other flights
presented in Table 1.

In the present study, we evaluate the organic mass spectra of data collected during E-PEACE using PMF

to infer the origin of the organic aerosol measured above cloud. As mentioned in section 2.4, a detailed
description of the PMF solution is provided in the supporting information. In general, two factors are suffi-
cient to describe the variation in organic mass spectra over the course of a flight. The mass spectra and time
series for each factor are shown in Figure 4. Factor 1 is dominated by mass at m/z 44 (typically CO}) and m/z
43 (typically C,H;0% or C5H,), whereas Factor 2 is dominated by mass at m/z 44 and m/z 29 (typically CHO").
Both factors have spectra consistent with semivolatile organic aerosol (SV-OOA). In the triangle space, these
factors exhibit f;, and f,; that scatter about regions coincident with aerosol of high and low Org/SO, ratio
(Figure 3). As discussed in the supporting information, Factors 1 and 2 represent the profiles of aerosol mea-
sured above (high Org/SO,) and below (low Org/SO,) the marine temperature inversion, respectively. A HOA
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Figure 3. Triangle plot [Ng et al., 2010] showing the relative contributions of organic mass at m/z 44 (f,4) and 43 (f;3)
measured during (a) E-PEACE and (b) NiCE. Markers are colored and sized by the Org/SO, ratio. Red markers indicate
Org/SO, > 10; however, measurements as high as Org/SO, = 50 were observed above the marine temperature inversion.

factor is not resolved from the PMF solution, implying that fresh primary anthropogenic emissions did not
impact measurements presented here.

The time series trends for Factors 1 and 2 are compared to external traces of sulfate and NaCl measured

by AMS and black carbon measured by the SP2 (Figure 4). The NaCl trace is defined similarly to that from
Allan et al. [2004b] and is the sum of mass at m/z 23 (Na*), 35 (CI*), 36 (HCI*), and 58 (NaCl*). While NaCl is
refractory and therefore not quantifiable by standard AMS operation, small amounts of NaCl fragments can
be used as tracers for sea spray and primary marine organic aerosol.

Factor 2 varies positively with sulfate and NaCl and is constrained below cloud (Figure 4). Factor 2 variation is
stronger with respect to sulfate (R = 0.59) than with NaCl (R = 0.22), implying that Factor 2 is not sea salt in
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Figure 4. (top) Factors 1 and 2 spectra and time series profiles compared to (bottom) external traces of sulfate, NaCl,
and black carbon. The NaCl trace is defined similarly to that from Allan et al. [2004b] and is the sum of mass at m/z 23
(Na'), 35 (CIT), 36 (HCIT), and 58 (NaCl*). Note that factor profiles and external tracers presented here are uncorrected
for collection efficiency.
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Figure 5. (top row) Map showing the spatial distribution of Factor 1 during E-PEACE flights. (bottom row) Temperature
profile observed during each flight. Markers are colored and sized by the mass contribution of Factor 1.

nature. Positive variation with respect to NaCl is likely due to enhancement of both Factor 2 and NaCl within
the marine boundary. Sulfate in this region could result from continental sources such as biomass burn-
ing and anthropogenic emissions or marine sources such as sea spray, dimethyl sulfide, and ship exhaust.
During E-PEACE, most sulfate that was measured resulted from shipping emissions which often impact
background marine aerosol off the coast of California [Coggon et al., 2012]. Likewise, this is a region of strong
oceanic upwelling; thus, biogenic emissions of dimethyl sulfide can strongly impact sulfate concentrations
[e.g., Gaston et al., 2010]. Consequently, sulfate observed in the present study likely results from sources orig-
inating within the marine boundary layer as opposed to continental sources. Given the positive variation
between Factor 2 and marine species and Factor 2 enhancement within the boundary layer, we interpret
Factor 2 as representative of marine boundary layer organic aerosol.

Factor 1 varies negatively with sulfate (R = —0.13) and NaCl (R = —0.18) making it unlikely to be a marine
source. Figure 5 shows the Factor 1 spatial distribution for E-PEACE flights. Factor 1 exhibits low mass over
ocean but rises sharply to values as high as 3 pg m=3 over land, suggesting that Factor 1 is a continental
source. Measurements performed during NiCE show similarities to those from E-PEACE. Based on PMF anal-
ysis and measurements of bulk aerosol composition, continental aerosol (Factor 1), which is constrained
above the marine temperature inversion, exhibits an Org/SO, ratio > 3 and f,,/f,; of 0.125/0.11 (Figures 2a
and 3a). Aerosol measured above the marine temperature inversion during N10 exhibits the same bulk
properties and detailed organic mass spectra (Figures 2b and 3b), indicating a continental impact during
NiCE. Further discussion about the continental sources contributing to Factor 1 is provided in section 3.2.

Measurements of the vertical temperature profiles suggest that meteorological conditions during E-PEACE
may have facilitated transport of continental aerosol into the free troposphere above marine stratocumulus.
Figure 5 illustrates that during most E-PEACE flights, a strong marine temperature inversion existed. The
continental factor contributes little mass at low altitude but increases to values as high as 3 ug m=3 above
the inversion. Measurements made over land show a weak inversion, and the contribution from continental
factor is prominent at both low and high altitudes. Given that the continental factor originates from a region
with a weak inversion, it is plausible that this aerosol is lifted into the free troposphere and subsequently
transported over the ocean. This is consistent with the observation of aerosol with high Org/SO, ratio above
the marine temperature inversion (Figure 2). In section 3.3, we will further investigate the mechanism by
which continental aerosol is transported over marine stratocumulus using data from NiCE.
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3.2. Biogenic Impact on the Continental Factor

The continental factor’s mass spectral profile resembles SV-OOA, which is known to originate from many
types of sources [Ng et al., 2011]; thus, the continental factor is either natural, anthropogenic, or some
combination of both. While previous studies have resolved separate anthropogenic and natural factors in
continental regions [e.g., Setyan et al., 2012; Han et al., 2014], we find that additional factors do not exhibit
meaningful correlations with external tracers, nor do they improve PMF goodness-of-fit criteria; therefore, a
single factor is attributed to continental aerosol in this study (i.e., Factor 1. See supporting information). This
limitation is reflected by the shortage of instruments capable of detailed chemical speciation that might
elucidate factors corresponding to natural or anthropogenic continental sources. In the absence of instru-
mentation that could provide source specific tracers, we rely on black carbon (BC) data measured by the
SP2, emission factor analysis, and satellite data to determine which sources (natural or anthropogenic) most
likely contribute to the continental factor.

Figure 4 shows that the continental factor positively varies (R = 0.66) with black carbon (BC) which implies
that some fraction of the organic may result from anthropogenic (e.g., vehicles) or natural (e.g., biomass
burning) combustion. However, the organic variation with BC is not direct, which suggests that combustion
may not be the only contribution to the continental factor. For example, measurements performed during
flights E27 and E28 show that organic mass is enhanced relative to BC as compared to measurements per-
formed during flights E29 and E30. We rule out biomass burning as a major source of aerosol given a lack of
fires in this region during flights presented here (http://www.calfire.ca.gov); furthermore, aerosol does not
exhibit typical biomass burning markers (high organic mass at m/z 60 and 73, Ng et al. [2011]).

Fossil fuel combustion could be a source of BC and, likewise, continental organic aerosol. Anthropogenic
organic material may be emitted directly as primary organic aerosol (POA) or produced via secondary
processes (secondary organic aerosol, SOA). To estimate an anthropogenic contribution due to fossil fuel
consumption, we calculate the organic mass that might be associated with BC as either POA or SOA using
organic carbon (OC) and organic mass (OM) ratios measured in urban environments.

POA is estimated using an OC/BC ratio of 2.08 reported by Novakov et al. [2005]. This ratio is typical for
aerosol measured in United States urban environments and is assumed to represent OC from primary emis-
sions [Novakov et al., 2005]. Performing these calculations for the highest BC concentration observed in
the present flights (0.13 pg m~3) and assuming that total OM is approximately 1.4 times higher than OC
[Novakov et al., 2005], we estimate POA mass as

oc oM
POA = 0.13pgBCm~> - 2,08 H92% 1 4 HIM

-1, =0.38pgOMm™3 1
9B 19 OC ngOMm (1

Accounting for uncertainties in BC (+ 30%) measurements and OC/BC ratios (+ 0.85), POA could contribute
0.38 (range 0.16-0.7) pg m~ of organic mass to the continental factor. Secondary organic mass is calculated
assuming that SOA produced by fossil fuels is primarily attributable to vehicular emissions. Here calcula-
tions are performed using emission factor analysis similar to the methods employed by Ensberg et al. [2014]
to calculate vehicular SOA mass in the Los Angeles, CA Basin (Table 2). Equations (2) and (3) summarize
these calculations.

EFvoc
RVOC/BC = FBC 2

SOAMass = BCptass - RVOC/BC - SOAVjeiqg ®3)

The inputs to equations (2) and (3) include the mass of gas phase organics (EFyc, 9/kg) and BC (EFg¢, g/kg)
emitted per kilogram of fuel consumed and SOA yield for bulk diesel or gasoline emissions (SOAy;gy). Emis-
sion factors and yields representative of the California vehicle fleet are provided by Gentner et al. [2012] and
summarized in Table 2. The ratio Ryoc 5c (€quation (2)) is an estimation of the mass of gas phase organics
emitted from diesel or gasoline emissions per gram of BC measured. Assuming that 100% of the VOCs emit-
ted from vehicular sources undergo reaction, equation (3) yields an upper estimate of the total SOA mass
attributable to gasoline or diesel activity (SOA,;)-

Performing these calculations for the highest concentration of BC observed in Figure 4 (BCy,,,, 0.13 pg m™3),
we estimate that secondary processing of gasoline and diesel emissions could account for 0.09 (range
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Table 2. Results of Emission Factor Analysis Using Yields and BC, Gasoline, and
Diesel Emission Factors From Gentner et al. [2012]2

b . d -3
R EFgc Yield SOA Mass® pg m
Gasoline  0.61+024 002+0003 0023+0007  0.09(0.03-0.25)
Diesel 1.18 + 047 0.54 + 0.07 0.15 + 0.05 0.04 (0.01-0.12)

3SOA mass is calculated using equations (2) and (3) with a maximum BC mea-
surement of 0.13 (+30%) pg m~3. Values in parentheses represent upper and
lower estimates of SOA mass based on uncertainties in emission factors, yields,
and BC mass.

bVOC emission factors are reported as grams of gas phase organic mass
(gGPOM) per liter of fuel consumed [Gentner et al., 2012]. Values listed here
represent emission factors on a mass basis (QGPOM/kg fuel) assuming gasoline
and diesel densities of 0.74 and 0.852 kg/L, respectively. Uncertainty ranges are
calculated assuming + 40% error [Ensberg et al., 2014].

“BC emission factors are reported as gBC/kg fuel.

dSOA Mass is calculated assuming 100% VOC reaction.

0.03-0.25) and 0.04 (range 0.01-0.12) pg m~3 of organic mass, respectively. Assuming that gasoline emis-
sions represent an upper estimate of fossil fuel SOA, total fossil fuel organic mass (POA + SOA,,ine) could
contribute as much as 0.47 (range 0.18-0.95) pg m~3 to the observed continental organic aerosol.

The mass estimated to be attributed to fossil fuel combustion is lower than organic mass measured during
E-PEACE (3-4 ug m~3, Figure 2) and NiCE (8-10 pg m~3), suggesting that fossil fuel combustion is unlikely
to be the sole source of continental organic aerosol measured in the present study. While anthropogenic
BC could originate from nonvehicular emissions (e.g., ships, industrial activity, and human-induced biomass
burning), there is little inorganic content and lack of tracers associated with biomass burning aerosol to
support other anthropogenic sources (see above-cloud aerosol composition, Figure 2). Therefore, we reason
that a fraction of the organic mass associated with the continental factor may be influenced by terrestrial
biogenic sources.

Northern California is a region of densely populated coniferous forests. Figure 6a illustrates the flight
path for E28 superimposed over a map of the normalized difference vegetation index (NDVI) for
California during 13-28 August 2001. The NDVI, a product of the NASA MODIS satellite, is a measure of
the relative amount of vegetation in a given region, with higher values indicating higher vegetation den-
sity. Though these data were collected 10 years earlier than E-PEACE, we presume that they reflect the
same seasonal vegetation distribution as in August 2011. Data and details about NDVI can be found at
http://modis-atmos.gsfc.nasa.gov/NDVI/index.html.

The continental factor is present preferentially in northern California, in correspondence with the NDVI
which is highest at latitudes above 38°. Figure 6a suggests that the organic signature over land may be
strongly influenced by biogenic sources that are more abundant at higher latitudes. Figure 6b shows that
the continental factor’s spatial gradient opposes that of human population density, which is consistent with
our inferences of a limited anthropogenic impact.

The biogenic nature of the continental factor can be investigated further by examining its mass spec-
trum. Figure 7 compares the continental factor’s mass spectrum to those of anthropogenic and biogenic
SV-OOA previously resolved using PMF [Ng et al., 2011; Hersey et al., 2011; Setyan et al., 2012; Han et al.,
2014]. The SV-OOA factor reported by Ng et al. [2011] is representative of an average SV-OOA profile from
six data sets and could result from natural or anthropogenic emissions. The factor resolved by Hersey et al.
[2011] represents anthropogenic SV-OOA measured in the Los Angeles Basin, CA. The profiles resolved
by Setyan et al. [2012] and Han et al. [2014] are those of aerosol impacted by biogenic sources near the
foothills of the Sierra Nevada Mountains, CA and in a Japanese boreal forest dominated by monoterpene
emissions, respectively.

The continental factor shows close similarities to the factors resolved by Setyan et al. [2012] and Han et al.
[2014] and exhibits high fractions of m/z 29, 43, and 44 with a distinguishable peak at m/z 55. All three fac-
tors exhibit similar features as organic spectra of aerosol generated from VOCs of monoterpene-emitting
plants in chamber oxidation experiments (not shown, [Kiendler-Scharr et al., 2009]). In contrast, the mixed
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Figure 6. (a) Flight path for E28. Missing markers indicate periods removed from PMF analysis due to low organic mass
or brief impacts by cloud-processed shipping emissions (see PMF description in supporting information). Markers are
colored by the continental factor mass. The flight path overlays a satellite image of California. The map is colored by
the normalized difference vegetation index (NDVI), which is a relative measure of the amount of vegetation in an area.
Darker colors indicate higher vegetation. NDVI data can be found at http://modis-atmos.gsfc.nasa.gov/NDVI/index.html.
The yellow star indicates the location of San Francisco, CA. (b) Map showing the human population density of a given
California county. Numbers in each county represent the number of people per square mile as measured during the 2010
census and can be found at http://census.gov. (c) Map showing the total number of trees in a given California county. The
composition (HH = hardwood, OS = other softwood, SH = soft hardwood, and P = pine) of the forests for four counties
are shown. A breakdown of each category is provided in Table 3.
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Figure 7. (a) Comparison of average SV-OOA [Ng et al., 2011], anthropogenic SV-OOA measured in the Los Angeles Basin,
CA [Hersey et al., 2011], biogenic organic aerosol measured in Sacramento, CA [Setyan et al., 2012], and biogenic organic
aerosol measured in a Japanese boreal forest [Han et al., 2014] to the continental factor resolved in this study. (b) Com-
parison of f4,/f43 for the continental factor resolved in this study to SV-OOA factors resolved previously [Ng et al., 2011;
Hersey et al., 2011; Setyan et al., 2012; Han et al., 2014]. Note that f43 and f,, are calculated with the signal of 39 removed.
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Table 3. Major Species (> 5% of Total Number) in the Tree Subgroups (HH = Hard Hardwood, OS = Other Softwood)
Shown in Figure 6

Common Name Genus Species® Group  %Total Number®  %a-Pinene¢  REPY
Monterey County
Canyon live oak Quercus chrysolepis HH 24 348 1.176
Coast live oak Quercus agrifolia HH 23 348 1.176
California laurel  Umbellularia californica HH 17 26 0.065
Blue oak Quercus douglasii HH 1 348 1.176
Marin County
California laurel  Umbellularia californica HH 47 26 0.065
Tanoak Lithocarpus densiflorus HH 15 348 1.176
Coast live oak Quercus agrifolia HH 11 348 1.176
Redwood Sequoia sempervirens 0S 10 25.7 0.016
Humbolt County
Tanoak Lithocarpus densiflorus HH 46 34.8 1.176
Douglas-fir Pseudotsuga menziesii oS 23 64.2 9.909
Redwood Sequoia sempervirens oS 12 25.7 0.016
Mendocino County
Tanoak Lithocarpus densiflorus HH 39 348 1.176
Douglas-fir Pseudotsuga menziesii 0S 21 64.2 9.909
Redwood Sequoia sempervirens oS 1 25.7 0.016
Pacific madrone Arbutus menziesii HH 7 — —

2As listed by the National Forest Service (http://www.fs.fed.us).

b9sTotal Number is the percentage of the total number of trees in the given California county.

“%a-pinene is the percentage of alpha-pinene released relative to the total monoterpene flux [Geron et al., 2000].
a-pinene fractions reported for the genus Quercus are an average of many species. Estimates are cited in
Geron et al. [2000].

dREP is the relative emission potential, which is the product of the monoterpene emission factor, estimated
percentage of the total crown coverage in the United States and the foliar density [Geron et al., 2000, and references
therein]. Higher values of REP suggest that a species is a greater contributor to monoterpene emissions. Estimates are
cited in Geron et al. [2000].

and anthropogenic-influenced SV-OOA factors from Ng et al. [2011] and Hersey et al. [2011] exhibit lower
fractions of m/z 44 and 43 and increased contributions from m/z 55 and 57. The continental factor resolved
in this study and the biogenic factors resolved previously occupy roughly the same region of the triangle
plot, which is in contrast to mixed or anthropogenic-influenced SV-OOA.

Analysis of the organic mass spectrum and spatial distribution leads us to conclude that the continental fac-
tor is linked to organic aerosol largely impacted by biogenic sources (Figures 6 and 7). Trees emit a complex
mixture of biogenic volatile organic compounds (BVOCs) that can undergo atmospheric oxidation [Geron
et al., 2000; Holzinger et al., 2005; Steinbrecher et al., 2009; Eddingsaas et al., 2012]. Isoprene is the globally
dominant BVOC (~ 500 TgC yr~'), and its emissions are strongly dependent on tree species [Guenther et al.,
1995; Holzinger et al., 2005]. Monoterpenes (organics with chemical formula C,4H,¢) may be the primary
BVOC in coniferous forests [e.g., Geron et al., 2000; Yli-Juuti et al., 2011; Riipinen et al., 2012]. For example,
Geron et al. [2000] used the population of trees in California, a species emission factor, and the correspond-
ing monoterpene composition profile to show that nearly 50% of the monoterpenes emitted by trees along
the northern coastal regions could be attributed to a-pinene. The carbon flux due to a-pinene was esti-
mated to be as high as 225 pgm=2 h~', making the northern Pacific coast one of the most concentrated
emission sources of a-pinene in the United States.

The conclusions drawn by Geron et al. [2000] are analyzed further in Figure 6c and Table 3, which show the
total estimated number of trees and bulk forest composition in California coastal counties. These data are
from compiled surveys performed by the United States Forest Service from 2002 to 2011 and are available
at http://www.fia.fs.fed.us/. While the latitudinal trends in tree populations mirror those observed in NDVI
(Figure 6a), the composition of coastal forests also changes with latitude. Near Monterey County, CA, the
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majority of trees are hardwood, which are dominated by canyon live oak (24%), California live oak (25%),
California-laurel (17%), and blue oak (11%). As shown in Table 3, these species emit a monoterpene com-
position that is roughly 30% a-pinene. The relative emission potential (REP) for these species, which is a
ranking of the importance of a species as a monoterpene emitter [Geron et al., 2000], is modest compared
to those with high REP (Pinus taeda, REP = 11.77) and those with low REP (Abies fraseri, REP = 0.00). In con-
trast, Mendocino County in northern CA is home to a significant fraction of softwood species dominated by
Douglas-fir (21%) and Redwood (11%). Douglas-fir, for example, has a monoterpene composition dominated
by a-pinene (64.3%) and exhibits a REP of 9.909, making this species one of the most important monoter-
pene emitters nationally [Geron et al., 2000]. Thus, it follows that the high flux of a-pinene in northern CA

is not only attributable to the concentrations of trees but also to a shift toward trees that emit elevated
concentrations of a-pinene.

The observation of elevated organic aerosol at latitudes with high emission of monoterpenes is consistent
with previous studies that have observed enhanced biogenic SOA mass from boreal forest emissions [e.g.,
Cabhill et al., 2006; Worton et al., 2011; Pierce et al., 2012; Riipinen et al., 2012; Han et al., 2014]. One recent
study by Ehn et al. [2014] has shown that extremely low-volatile compounds (referred to as ELVOCs) form at
high yield from OH— and ozone-initiated photochemistry of a-pinene, suggesting that SOA from monoter-
pene oxidation could dominate the aerosol budget over boreal forest canopies. Thus, a strong biogenic
impact on aerosol above northern California forests is not surprising.

3.3. The Impact of Continental Aerosol on the Marine Environment

Several studies have investigated biogenic organic aerosol (BOA) formation in California [e.g., Cahill et al.,
2006; Worton et al., 2011; Setyan et al., 2012; Shilling et al., 2013]. The data presented here suggest that bio-
genic sources can give rise to strong latitudinal gradients and impact free tropospheric aerosol over the
ocean (Figures 5 and 9). In section 3.1, we suggest that continental aerosol is lifted into the free tropo-
sphere and transported over marine stratocumulus, thus increasing organic aerosol concentrations above
the marine temperature inversion. Here we expand upon this discussion and investigate the mechanisms by
which continental plumes could impact the marine boundary layer.

Typically, air off the coast of California flows in a north-to-south direction with the predominant wind fields
originating from the remote northeast Pacific Ocean; thus, aerosol in this region is typically marine in nature.
These meteorological patterns are due to the North Pacific Subtropical High which is a semipermanent anti-
cyclone over the Pacific Ocean [e.g., Li et al., 2012]. However, as is common in the summer months, this high
pressure system may shift toward the continental United States and induce offshore flow of continental air
[Kloesel, 1992]. Previous studies have found that this flow of dry air along with large-scale subsidence can
lead to persistent cloud-clearing events [Kloesel, 1992; Koracin and Dorman, 2001].

These “plumes” of dry continental air were routinely observed during NiCE. In the present study, we are
interested in determining if such events transport continental aerosol, and thus BOA, into the marine atmo-
sphere. Flights N5 and N10 were designed to contrast aerosol properties between air masses impacted by
the plume to those with persistent stratocumulus. During N5, a large patch of dry air with features similar to
the cloud-clearing events described by Kloesel [1992] developed over the course of the day and extended as
far south as Santa Barbara, CA (Figure 8); at 19:00 UTC, it encompassed an approximate area of 145,000 km?.
As shown in Figure 8, aerosol sampled within the plume exhibited higher Org/SO, than aerosol measured
over persistent marine stratocumulus. In section 3.1, we show that high Org/SO, is typical of continental
BOA; therefore, Figure 8 suggests that the plume event during N5 led to enhancement of BOA above the
marine temperature inversion.

A similar cloud-clearing event developed during flight N10 as air from the Northwestern United States was
transported over marine stratocumulus (see Movie S1). As shown in Figure 9, measurements at low latitudes
were executed over solid decks of marine stratocumulus and exhibit high Org/SO, ratio which suggests a
continental BOA impact above cloud. The presence of these emissions likely resulted from a plume event
that had transported continental aerosol into the marine atmosphere the previous day (see Movie S1).

The area subsequently filled with clouds; however, the signature of continental impact remained high
above cloud. Measurements performed at high latitudes were conducted inside the dry plume and exhibit
enhancements in Org/SO, relative to those performed to the south. These observations complement those
from flight N5 and further suggest that plume events described here are a means by which continental
organic aerosol from the Northwestern United States is introduced into the marine atmosphere.
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Figure 8. (left column) Satellite image taken at 18:30 UTC showing a dry air plume originating from the northwest United
States. (right column) Expanded view of flight path and altitude profile for flight N5 overlaying the same satellite image
(data downloaded at http://www.nrimry.navy.mil/sat_products.html). The dotted line indicates the top of the marine
boundary layer, and the yellow star indicates the location of San Francisco, CA. Markers are colored by the Org/SO,4
ratio. Data are separated into two regions: those that were measured within and outside of the dry air plume. In general,
aerosol with high Org/SO, are dominant inside the plume. Likewise, measurements are constrained to altitudes above
the marine inversion (500 m), which is consistent with Figures 5 and 9.
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Figure 9. Flight path and altitude profile for flight N10 overlaying a
satellite image showing cloud coverage at 23:15 UTC (data downloaded
at http://www.nrlmry.navy.mil/sat_products.html). Markers are colored
by the Org/SO, ratio. Data are separated into two regions: those that
were measured south (low latitude) and north (high latitude) of Santa
Rosa, CA. In general, aerosol with high Org/SO, are dominant north

of Santa Rosa, CA, however particles in both regions exhibit higher
Org/SO, than those of typical marine aerosol (Org/SO4 ~ 1). Like-
wise, particles are constrained to altitudes above the marine inversion
(500 m), similar to the results shown in Figure 5.
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Given the observation of enhanced

BOA above cloud, it leads to the
question of the extent to which BOA
also impacts the marine boundary

layer and, subsequently, marine stra-
tocumulus. As demonstrated by

Kloesel [1992], cloud-clearing events may
develop when dry continental air dis-
places the marine boundary layer. As the
airmass is advected downwind over the
ocean, the marine inversion redevelops
and, given time, may refill with clouds.
In the case of the N10 plume event, con-
tinental air is transported over a marine
boundary layer that originated from the
northeast Pacific (see supporting infor-
mation, Figure S1), thus the formation of
a dry plume would occur through mix-
ing between air at the top of the marine
boundary layer and the dry air in the
free troposphere.

We illustrate that the mechanism
described above plays a role in the
development of the N10 plume using
data collected from a suite of vertical
spirals performed within (S5-S8) and
outside (S1-54) of the cloud-clearing
event (Figure 10). Figures 10a and 10b
show that boundary layer air inside the
plume exhibits a lower water mixing
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Figure 10. Summary of meteorological conditions from N10. Vertical profiles of (a) water mixing ratio, (b) particle num-
ber, (c) temperature, and (d) horizontal wind speed. Figure 10d summarizes the locations of each profile corresponding
to the spirals (S) performed outside (blue) and inside (red) the plume. Figures 10c and 10d show individual spirals
whereas Figures 10a and 10b show bulk vertical profiles segregated based on dry plume influence.

ratio and higher particle concentration than boundary layer air outside of the plume, indicating a recent
impact by dry air with high particle number concentrations. This is consistent with the observation of
enhanced dry, continental aerosol above cloud (Figure 9). Similarly, meteorological conditions within

the plume suggest mixing with free tropospheric air (Figures 10c and 10d). Spirals S7 and S8 (latitude
40.7°) were performed in the heart of the cloud-clearing event (see Movie S1) and exhibit weakened
temperature inversions relative to spirals S1-S6. This weakening is likely due to enhanced mixing with con-
tinental air. This is supported by faster horizontal wind speeds aloft and a higher inversion base (500 m)
than spirals performed downwind of the plume (375 m). Spirals S5 and S6 (latitude 39.5°) were conducted
at the leading edge of the cloud-clearing event and exhibited inversion profiles similar to those measured
outside of plume influence (S1-54). Thus, the evolution of the plume is consistent with a continental per-
turbation at high latitudes and redevelopment of the boundary layer as the air mass is advected southward
over the ocean [Kloesel, 1992]. This mechanism would suggest a BOA impact on lower latitude clouds

in Figure 9 given that this area had been impacted by a plume the previous day and filled with clouds
overnight (see Movie S1).

Given the presence of BOA above cloud both within and outside of plume-impacted airspace, we ques-
tion the extent to which the area of the dry plume in satellite data represents the general area of impact
by continental BOA. From back trajectory analysis of the N10 event (see Movie S1), it is likely that a sig-
nificant fraction of the plume is continental in nature; however, the Twin Otter did not measure aerosol
near the plume’s western boundary which may have cleared solely due to subsidence [Kloesel, 1992]. We
suspect, however, that such plume events could carry BOA over a wide region of the marine atmosphere.
Evidence for such an impact is provided by data collected during N16 (Figure 11). This flight was influenced
by biomass burning organic aerosol (BBOA) originating from Oregon forest fires (Table 1). Similar to flight
N10, a dry plume from the previous day had influenced measurements over regions of persistent stratocu-
mulus. Based on enhancements of mass at m/z 60, which is a typical tracer for biomass burning due to its
association with the mass spectrum of levoglucosan [e.g., Alfarra et al., 2007; Adler et al., 2011], BBOA was
observed at distances farther than 100 km from the coast. Given the geographic commonality of the BBOA
and BOA sources, Figure 11 provides additional support for the large area of impact by plume events.

Regardless of the plume’s areal extent, we infer that cloud-clearing events such as those observed during
flights N5 and N10 indicate the presence of continental aerosol in the free troposphere above the marine
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Figure 11. Flight path and altitude profile for flight N16 overlaying a satellite image showing cloud coverage at

21:00 UTC (data downloaded at http://www.nrlmry.navy.mil/sat_products.html). Measurements of biomass burning
organic aerosol (BBOA) from Oregon fires were measured over marine stratocumulus. Markers are colored by the mass
of organic at m/z 60 which is a typical tracer for BBOA. Markers are sized by the total organic loading, with the largest
markers representing loadings of 150 pg m~3. The red trace is a back trajectory ending at the location where the highest
concentration of BBOA was measured. The back trajectory shows that measurements originated from a region impacted
by Oregon fires (red stars). The yellow star indicates the location of San Francisco, CA.

temperature inversion and, moreover, its likely presence above and within cloud (Figure 9). The presence of
BOA above marine stratocumulus leads us to inquire as to the degree to which this source could act as CCN
or influence cloud water chemistry. We examine these questions in sections 3.4 and 3.5.

3.4. The Impact of Biogenic Organic Aerosol on Cloud Water Chemistry

Cloud water measurements demonstrate continental impacts on cloud chemistry. Figure 12 shows selected
cloud water species measured over the course of the E-PEACE campaign together with 48 h HYSPLIT [Draxler
and Rolph, 2012] back trajectories for aerosol measured in the free troposphere during flight E28. Back tra-
jectories from flight E28 show that aerosol measured in the free troposphere above the location of the cloud
water samples had been transported over land before impacting marine stratocumulus. Wang et al. [2014]
showed that these cloud water samples exhibited the highest concentrations of crustal elements, such as
Si, B, and Cs, of all samples collected during E-PEACE, implying a larger continental impact. These results are
consistent with the observations of the BOA signature above marine stratocumulus (see section 3.3).
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Figure 12. Spatial maps of cloud water species measured during the E-PEACE campaign. Markers are colored and sized
by the air equivalent concentration, which is a concentration measure normalized by the cloud liquid water content.
Dotted lines over the acetate:formate map are back trajectories for air masses above cloud during flight E28.

Acetate and formate (also shown in Figure 12) are the anions of monocarboxylic acids that are largely
derived from the gas phase oxidation of vegetation sources [e.g., Talbot et al., 1988; Sanhueza et al., 1995;
Orlando et al., 2000; Wang et al., 2007; Paulot et al., 2011; Stavrakou et al., 2011]. One recent study has shown
that boreal forests may be a large source of formate and that biogenic sources in general account for ~ 90%
of the global formic acid budget [Stavrakou et al., 2011]. Acetate and formate may also come from com-
bustion sources, and previous studies have observed these acids in cloud water samples impacted by ships
[Sorooshian et al., 2007]. Formate is also a common product formed by the cloud processing of compounds
such as glyoxal and thus may be an indication of particle aging [e.g., Ervens et al., 2003; Carlton et al., 2006,
2007; Sorooshian et al., 2007; Lim et al., 2013; Sorooshian et al., 2013].

Sorooshian et al. [2013] found that acetate and formate measurements from E-PEACE were well correlated
(R=0.88) and exhibited higher concentrations closer to the coast, suggesting primary influence from
continental sources. We highlight these findings in Figure 12. The highest concentration of acetate

(0.25 pg m~3) during E-PEACE was measured north of San Francisco and is coincident with the highest con-
centrations of Si [Wang et al., 2014], which may imply continental influence. Given that these air masses
were transported over heavily forested regions (see back trajectories, Figure 12), it is likely that these
enhancements result from biogenic sources.

Formate concentrations are more variable than those of acetate and are enhanced both north (0.12 ug m=3)
and south (0.15 pg m=3) of San Francisco. Enhancement of formate to the north is likely due to impacts
from continental sources given the high correlation with acetate. Enhancements of formate to the south
could be the result of anthropogenic influence, however, this is unlikely given poor correlation with typical
anthropogenic tracers such as vanadium, iron, nitrate, and sulfate [Sorooshian et al., 2013].

Given a lack of evidence for strong anthropogenic impacts on cloud water formate, enhancement of formate
at lower latitudes is consistent with agueous phase processing. Sorooshian et al. [2013] found that cloud
water samples to the south exhibited higher fractions of oxalate, a typical end product of aqueous phase
oxidation. Similarly, the cloud water acetate to formate ratio, which is proposed to be a proxy for the relative
impact of fresh emissions (higher values) to secondary production from cloud processing (lower values)
[Talbot et al., 1988; Wang et al., 2007], exhibits a latitudinal gradient consistent with fresh impacts to the
north (acetate to formate ratio > 1.5) and aged cloud droplets to the south (acetate to formate ratio < 1).
These results agree with the conclusions drawn by Sorooshian et al. [2013] and this study that acetate and
formate have a continental source at higher latitudes.

3.5. The Potential for Biogenic Organic Aerosol to Act as CCN
The observation of a fresh continental impact on cloud water at higher latitudes and the enhancement
of compounds largely derived from biogenic sources provide additional support for BOA impacts on
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Figure 13. CCN spectra and SMPS distributions for aerosol measured over land (40° latitude) in the free troposphere
(blue squares) and those measured over the ocean at 30 m (red circles). Error bars are the standard deviation in the
measurement. The 100 nm mode observed in the free troposphere is consistent with that of biogenic aerosol. The
appearance of a nucleation mode (~ 30 nm) likely results from fresh emissions. In the absence of chemical composition
below 60 nm, we propose that this smaller mode is biogenic organic aerosol that has yet to grow to 100 nm.
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Figure 14. Organic mass distributions for m/z 43 (continental biogenic aerosol) and m/z 44 (marine aerosol), respectively,
from flight E29. The corresponding mass spectra at the distribution peak are shown.

stratocumulus north of San Francisco. We can evaluate the CCN potential of BOA relative to other marine
sources by comparing CCN and size distribution measurements of BOA in the free troposphere to those

of subcloud marine aerosol (Figure 13). The size distribution of aerosol in the free troposphere is variable;
flight E27 and E29 exhibit a bimodal distribution, whereas flight E28 and E30 each show a single mode. The
larger peak at 100 nm appears to be consistent with biogenic SOA, a conclusion supported by the mass size
distribution and size-resolved mass spectra measured by the AMS. Figure 14 shows organic mass size dis-
tributions of m/z 43 and m/z 44 for aerosol measured in the free troposphere and marine boundary layer,
respectively, during E29. Note that particle sizes measured by the AMS are reported as vacuum aerody-
namic diameters, which are typically larger than electrical mobility diameters measured by the SMPS by a
factor corresponding to the particle density. The mass distributions in Figure 14 correspond to the larger
mode aerosol, given that the mode below 100 nm lies outside the 100% transmission range (60 nm < D,, <
600 nm) of the AMS and accounts for only a small fraction of the total mass. The corresponding mass spectra
at the distribution peaks are shown. The organic mass spectrum of the free tropospheric aerosol distribution
is consistent with that of the continental factor, whereas, for comparison, the organic mass spectrum of the
subcloud aerosol distribution is consistent with the marine factor. Thus, we conclude that the 100 nm mode
in Figure 13 is primarily that of biogenic aerosol.

The BOA signature, as shown previously, is mostly organic. Previous field studies and chamber experiments
have shown that organic aerosol originating from continental biogenic precursors may effectively act as
CCN [Shantz et al., 2008, 2010; Lambe et al., 2011; Pierce et al., 2012; Ruehl et al., 2012; Tang et al., 2012]. While
organic aerosol often exhibits lower CCN activity relative to inorganic aerosol, the CCN activity of organics
varies widely depending on the source or organic composition, such as the oxygen to carbon ratio [Lambe
etal, 2011; Kuwata et al., 2013; Wonaschilitz et al., 2013]. For example, Ruehl et al. [2012] have shown that
products from a-pinene ozonolysis reduce the surface tension of NaCl particles by 50-75%, implying that
surface active products may enhance water uptake in certain aerosols. Wonaschditz et al. [2013] found that in
the study region examined here, initially hydrophobic organics emitted from an ocean vessel yielded higher
CCN after atmospheric aging.

Disregarding the smaller modes in Figure 13 for the moment, the CCN behavior of BOA can be inferred
from the properties of the continental aerosol from flights E28 and E30, which exhibited a single,
biogenic-influenced mode. BOA typically has an Org/SO, ratio > 3, whereas marine aerosol below cloud
has an Org/SO, ratio ~ 1 (Figure2). Aerosol with a large fraction of inorganic substituents, such as sub-
cloud marine aerosol, typically activate with greater efficiency, yet here we observe that BOA has a similar
CCN activation spectrum as aerosol measured below cloud. These similarities are likely due to size effects.
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Figure 15. Time lapse showing the evolution of marine stratocumulus during flight N15 (26 July 2013). The time (UTC)
above each panel indicates when the satellite image was recorded. The red trace is the Twin Otter flight path, and the
labels S1, S2, and S3 indicate the location of a vertical spiral designed to sample a localized profile of marine aerosol. The
area void of clouds (referred to as a plume of dry air) originated from the continent and moved south as time elapsed.
Point T was a period where the Twin Otter briefly sampled aerosol above cloud top within the plume. The dotted yellow
lines are 24 h back trajectories ending at the location of each spiral.

Calculations of the hygroscopicity parameter k according to the procedure by Moore et al. [2011] indicates
that BOA from flights E28 and E30 had « of 0.08-0.12, which is consistent with BOA k ~ 0.1 measured pre-
viously [Engelhart et al., 2011; Lambe et al., 2011; Pierce et al., 2012; Tang et al., 2012]. Marine aerosol below
cloud exhibited x of 0.15-0.58, which is expected to vary greatly depending on the sources affecting marine
aerosol [Pringle et al., 2010]. Given that BOA is less hygroscopic than particles within the marine boundary
layer, it leads to reason that both sources have comparable CCN activation spectra because BOA had larger
diameters than marine aerosol (Figure 13). These data suggest that the 100 nm mode observed in continen-
tal BOA could compete with marine CCN and impact the properties of marine stratocumulus in regions with
enhanced entrainment.

The lower CCN fraction measured during flights E27 and E29 relative to flights E28 and E30 results from the
presence of the 30 nm mode, which encompasses particles below the critical size for activation. This is clear
because not all of the particles in the 100 nm mode act as CCN (see CCN spectra for flights E28 and E30,
Figure 13). The 30 nm mode observed during flights E27 and E29 likely evolved from recently nucleated
particles. Given that vegetation is prominent above 40° latitude, one possibility is that this mode is BOA that
has yet to grow to 100 nm. Monoterpenes are suspected to play a major role in the growth of nucleated
particles in coniferous forests given that these species are the major VOCs emitted by trees in these regions
[Laaksonen et al., 2011; Yli-Juuti et al., 2011; Riipinen et al., 2012]. For example, Yli-Juuti et al. [2011] found that
seasonal variations in the growth rates of nucleated particles in Hyytiala, Finland were strongly dependent
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Figure 16. Summary of data from N15 corresponding to the flight path shown in Figure 15. (row a) Size distributions
from each spiral (S1, S2, and S3). (row b)) Altitude and liquid water content (LWC). (row c) PCASP and ultrafine CPC
(UFCPC) measurements. (row d) AMS measurements summarizing aerosol composition. Regions colored red, orange,
and green correspond to S1, S2, and S3, respectively. PCASP concentrations apply to aerosol with diameters > 100 nm,
whereas UFCPC concentrations apply to aerosol with diameters > 2 nm; thus, enhancements in UFCPC relative to PCASP
are indications of enhanced concentrations of sub-100 nm small particles.

on the concentrations of monoterpenes. The composition of BOA measured here is most consistent with
organic aerosol measured previously from boreal forests (section 3.2), implying that biogenic SOA likely
impacts the 30 nm mode observed in this study.

The 30 nm mode is of particular interest because if it is transported into the marine environment, it could
modulate cloud water chemistry via cloud scavenging or activate to cloud droplets if the particles grow

to CCN sizes, thus influencing the microphysical properties of marine stratocumulus. Biogenic nucleation
events from boreal forests in North America have been shown to yield CCN [e.g., O'Dowd et al., 2009;
Creamean et al., 2011; Kerminen et al., 2012; Pierce et al., 2012] and may significantly impact the CCN budget
in clean air masses [Spracklen et al., 2008]. Given the predominant biogenic signature in continental aerosol
transported to the marine atmosphere (section 3.3), it leads to the question whether particles in the 30 nm
mode survive scavenging and impact the aerosol budget above marine stratocumulus.

Flight N15 afforded an opportunity to sample continental aerosol over the marine boundary layer close to
the emission source when a small-scale dry plume developed near Cape Mendocino, CA (Figure 15). Three
spirals and one vertical slant were conducted to sample the vertical profile of aerosol properties within
(S2, T) and outside (S1, S3) of this dry plume (Figure 16). Spiral S1 was conducted north of the plume

and exhibited an Org/SO, ratio typical of BOA above marine stratocumulus. The number size distribution
exhibits a single, 100 nm mode. Furthermore, the difference between PCASP (D,J > 100 nm) and ultrafine
CPC (UFCPC, Dp > 2 nm) number concentrations was small, implying that the diameters of most particles
during S1 exceeded 100 nm. When the Twin Otter spiraled through the dry plume (S2), an enhancement in
UFCPC appears relative to PCASP, indicating the presence of sub-100 nm particles. The number size distri-
bution during S2 exhibits a bimodal distribution with a prominent sub-100 nm mode. At point “T;" the Twin
Otter briefly sampled aerosol above cloud within the dry plume and again observed an enhancement in
UFCPC relative to PCASP. Measurements to the south of plume (S3) were similar to those to the north (S1).

These results indicate that the plume event observed during N15 contained small particles that could
have nucleated from secondary processes. We suspect that more extensive plume events could transport
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nucleated particles over a wide area of the marine atmosphere (Figure 8). Though we cannot deduce the
extent to which these particles grow to the larger, CCN-active continental mode (100 nm), their presence
above cloud is notable, and future studies might consider the role these particles play in modulating the
chemical or physical properties of marine stratocumulus.

4. Conclusions

Organic aerosol layers above marine stratocumulus off the California coast are observed to originate from
northwest United States continental sources. Positive matrix factorization analysis resolved a semivolatile
oxygenated organic aerosol (SV-O0A) factor with a mass spectrum and spatial distribution consistent with
organic aerosol derived from biogenic precursors. This biogenic organic aerosol (BOA) exhibits a latitudi-
nal gradient that corresponds to changes in both vegetation density and forest composition. Summertime
meteorological conditions induce offshore flow of continental air; subsequently, BOA is transported into
the free troposphere via a plume of dry air and impacts aerosol over marine stratocumulus. Close to the
plume source, we observe small particles that appear to be indicative of new particle formation, consistent
with previous observations of nucleation events in North American coniferous forests [0'Dowd et al., 2009;
Creamean et al., 2011; Kerminen et al., 2012; Pierce et al., 2012]. The measured vertical profile of meteorologi-
cal variables indicates that BOA can be entrained into marine stratocumulus. This observations is supported
by cloud water measurements that show a gradient in the acetate:formate ratio, which is a relative measure
of the impacts of fresh emissions to secondary processes such as aqueous phase oxidation.

Sea spray, shipping exhaust, marine biota, biomass burning, anthropogenic sources, and continental dust
all impact marine stratocumulus [Roberts et al., 2006; Straub et al., 2007; Sorooshian et al., 2009; Hersey et al.,
2009; Hegg et al., 2009, 2010; Langley et al., 2010; Benedict et al., 2012; Coggon et al., 2012]. Here we show that
relatively long-range transport of continental biogenic aerosol can also impact marine stratocumulus. BOA
CCN activation spectra are comparable to those of boundary layer marine aerosol and is slightly hygroscopic
(k ~ 0.1); thus, it follows that this source can influence cloud microphysics in regions with entrainment.
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Abstract. We report properties of marine aerosol and cloudssibly due to cloud processing. We propose that the organic
measured in the shipping lanes between Monterey Bay andtactions of these ions be used as a metric for determin-
San Francisco off the coast of Central California. Usinging the extent to which cloud-processed ship emissions im-
a suite of aerosol instrumentation onboard the CIRPAS Twinpact the marine atmosphere whepax(> 0.15; fgg > 0.04)
Otter aircraft, these measurements represent a unique set wfould imply heavy influence from shipping emissions,
data contrasting the properties of clean and ship-impacted0.05< f12 < 0.15; 0.01< fgg9 < 0.04) would imply moder-
marine air masses in dry aerosol and cloud droplet residuate, but persistent, influences from ships, ayigh & 0.05;
als. Below-cloud aerosol exhibited average mass and numjgg < 0.01) would imply clean, non-ship-influenced air.
ber concentrations of 2 pg™ and 510 cm3, respectively,
which are consistent with previous studies performed off the
coast of California. Enhancements in vanadium and cloud
droplet number concentrations are observed concurrentlyl Introduction
with a decrease in cloud water pH, suggesting that periods
of high aerosol loading are primarily linked to increased Ship exhaust is estimated to account for 14 and 16 % of
ship influence. Mass spectra from a compact time-of-flightglobal NG, and SQ emissions, respectivelyCorbett and
Aerodyne aerosol mass spectrometer reveal an enhancemenischbeck1997. Models show that ship emissions also con-
in the fraction of organic ain/z 42 (fa2) and 99 (fgg) in tribute 1.67 Tgyr?! to global particulate matter, which is
ship-impacted clouds. These ions are well correlated to eachearly equivalent to current estimates of particulate matter
other (R? > 0.64) both in and out of cloud and constitute emitted by all on-road vehiclesEgring et al, 2005 Yan
14% (fs4) and 3% (fog) of organic mass during periods et al, 2011). Because many shipping lanes are located along
of enhanced sulfate. High-resolution mass spectral analycoastal regions where marine stratocumuli persist, ship emis-
sis of these masses from ship measurements suggests tt&ions have the potential to directly affect cloud microphysics.
the ions responsible for this variation were oxidized, pos-Studies of cargo ship exhaust/cloud interactions have shown
distinct cloud responses to these perturbations (e.g., Coakley

Published by Copernicus Publications on behalf of the European Geosciences Union.
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et al., 1987; Ackerman et al., 1995; Frick and Hoppel, 2000;Center for Interdisciplinary Remotely-Piloted Aircraft Stud-
Durkee et al., 2000; Hudson et al., 2000; Noone et al., 2000jes (CIRPAS) in Marina, CARussell et al.2012. The pur-
Lu et al., 2009; Christensen and Stephens, 2011). Satellitpose of the field mission was to study the effect of ship emis-
imagery shows that ship tracks can exist hours after initialsions, sea-salt and organic aerosol on Eastern Pacific ma-
emission Coakley et al. 1987 Durkee et al.200Q Chris- rine stratocumulus commonly found off the coast of Cen-
tensen and StepherZ011) and therefore have the potential tral California. Thirty flights were conducted by the CIR-
to exert a significant effect on local radiative fluxes. PAS Twin Otter aircraft to probe the emissions of cargo and
Ship emissions mix with marine aerosol and subsequentlytanker ships and their effects on marine stratocumulus. The
with cloud droplets, however the extent of this effect is focus of this study is a set of measurements made during
not well established. Marine aerosol is a complex mixturetwenty-six flights conducted in a sampling region between
of natural and anthropogenic sources, and thus the signaSan Francisco and Monterey Bay (FiD. Four additional
ture from shipping emissions is difficult to detect. Natu- flights were performed outside of this sampling region and
ral marine aerosol comprises particles resulting from seaare analyzed in Secd.1to compare aerosol properties dur-
spray (e.g., NaCl, KCI, organics), marine biological activ- ing cloudy and clear conditions, however a more extensive
ity (e.g., dimethylsulfide and subsequent oxidation prod-analysis of these flights will be forthcoming. In addition to
ucts), and those from continental origins (e.g., dust, secsampling direct ship emissions, measurements of aerosol and
ondary products from biogenic oxidation). Anthropogenic cloud properties were made below, within, and above cloud
sources include ship emissions, continental pollution, andduring each flight. Simultaneous measurements of marine
biomass burning. Sea-salt typically dominates the super miaerosol properties were conducted onboard the Rdint
crometer aerosollf, > 1 um), whereas organics, sulfate, and Sur. Averaged measurements made outside direct ship fumi-
ammonium from natural and anthropogenic sources constigation were taken to reflect the variation of marine aerosol
tute a large portion of mass in the submicrometer regimeand cloud properties over the course of the campaign.
(Dp <1 pm) Cunningham and Zolled 981 Mcinnes et al.
1996. 2.2 Aerosol and cloud droplet measurement
With its location along busy shipping lanes and near heav- methodology
ily populated areas, the California coastal zone is an es-
pecially advantageous region to evaluate the anthropogeni€loud and aerosol properties were measured by ship and air-
contribution to marine aerosol and cloud condensation nu-craft using a suite of aerosol instruments (Ta})leA detailed
clei (CCN). Table 1 summarizes studies conducted in thedescription of the instrumentation used in this study can be
vicinity of the California coastal zone on marine aerosol andfound in the Appendix. Cloud droplet residuals were mea-
cloud droplets. Important studies biegg et al(2008 2009 sured downstream of a counterflow virtual impactor (CVI)
2010 have utilized source apportionment models to attributeinlet with a cut size of 11 umShingler et al.2012).
size-resolved hygroscopicity, light scattering coefficient, and In the following discussion, we report cloud residual mass
CCN activity of marine aerosol to natural and anthropogenicconcentrations measured behind the CVI inlet. Despite the
sources. They estimated that 50% of the measured CCNmproved CVI design that can accommodate high sample
concentrations and 57 % of the light-scattering coefficientflow and thus reduce the need for large counterflow and dilu-
of marine aerosol in the California coastal region originatedtion (Shingler et al.2012), uncertainties remain in total mass
from anthropogenic sources. Though anthropogenic signaand number concentrations that are common among all CVI
tures contribute significantly to measured aerosol propertiesinlets. Primarily, the transmission efficiency (TE) of the CVI
the extent to which ship emissions contribute to this signalis a function of several parameters, including aircraft speed,
remains uncertain. sample-flow dilution, and particle diameter. In addition, the
Few studies along the California coast have investigatednstrument is characterized by a cut size that restricts the
marine aerosol and cloud properties simultaneously (Tasmallest particle that can be sampled; thus, the cloud resid-
ble 1). In this study, we utilize state-of-the-art aerosol mea-ual mass concentrations reported in this study (Table 3) are
surements to build upon the knowledge of marine aerosol andess than the total cloud residual mass. However, there are
cloud properties, with special attention to the contribution relative differences between periods of low and high concen-
from ship emissions. tration that suggest a qualitative difference between flights.
An altitude-dependent, zig-zag aircraft sampling pattern
was utilized to measure unperturbed and perturbed air

2 Methodology masses. Upon locating a ship, the Twin Otter sampled be-
low, within and above cloud in close proximity to the ship’s
2.1 Field mission description plume. While in cloud, measurements were made behind the

CVI, thus sampling only cloud droplet residuals. Measure-
From July—August 2011, the Eastern Pacific Emitted Aerosolments made out of cloud were sampled through the main
Cloud Experiment 2011 (E-PEACE) was operated out of thesub-isokinetic aerosol inlet. The main inlet is designed to

Atmos. Chem. Phys., 12, 8438458 2012 www.atmos-chem-phys.net/12/8439/2012/
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Table 1.Previous studies on the properties of marine aerosol over the Northeastern Pacific Ocean. Footnotes define instrument abbreviations

Author Research  Instruments Typeof  Sources CCN Hygroscopicty ~ Size Chemical  Species Analyzed Summary
Location Mission ~ Sampled Properties Properties  Properties
Hegg et al. Pacific nephelometer Aircraft  Dry - yes - - - Authors report the optical and hygroscopic properties
(1996 Coast PCASP, SMPS, Aerosol of marine aerosol in the vicinity of the California coast.
DNH The hygroscopic growth factor was shown to be 1.7

while the ratio of backscatter to total scattering was
found to be 0.13.

Mclnnes et al. E. Pacific  Filter Sampling Ground, Dry - - - yes sea saltions, This study investigated the composition of
(1999 and off-line analy-  Ship Aerosol sulfate, sub-micrometer aerosol. Gravimetric measurements
tical chemistry ammonium, showed that a significant amount of mass (0-76 %)
water was unaccounted for in filter measurements. Water

uptake on the filter samples made up 29 % of the
mass and the remaining mass was likely to be
organic in nature.

Phinney et al. N.E. SMPS, PCASP, Ship Dry - - yes yes MSA, sulfate, Marine aerosol off the coast of British Columbia was
(2009 Pacific MOUDI, AMS, Aerosol organics, nitrate, ~ measured for size and composition. MSA was found
GC ammonium, to be an order magnitude higher than previously
sea salt observed in the N.E. Pacific. AMS organic spectra

showed that ship emissions may play a role in
contributing to the organic signature of marine

aerosol.
Straub et al. California  Cloud water Aircraft  Cloud - - - yes TOC, inorganic Cloud water off the coast of California was analyzed
(2007 Coast collector inlet Particles ions, sulfate, for ionic, TOC, trace ion, soluble organics and
and off-line analy- nitrate, hydrogen  formaldehyde concentrations. The measurements
tical chemistry, peroxide, represent a unique compilation of remote marine
FSSP, PCASP, formaldehyde cloud water chemistry.
PVM (LWC)
Sorooshian et al. California  PILS, LWC, Aircraft  Cloud - - - yes oxalate, sulfate Oxalatey §@asurements tended to increase with
(20073 Coast cviI Particles altitude, suggesting that cloud processing of below-
cloud aerosols generated a higher fraction of oxalate.
LES simulations showed that particles above cloud
were likely generated due to cloud evaporation; thus,
the high fractions of oxalate observed above cloud
were partially due to cloud processing.
Hegg et al. California  Filter Sampling Aircraft  Dry - yes - yes organics, inor- Aerosol hygroscopicity was observed to increase with
(2008 Coast and off-line analy- Aerosol ganic ions, BC, altitude. Given that the MBL is a well mixed system,
tical chemistry, sulfate, lead changes in aerosol properties with altitude plausibly
AHS, Light- resulted from oxidation of organic films. No evidence
scattering humi- for the accumulation of inorganics was observed.
digraph, PSAP
Hegg et al. California  Filter Sampling Aircraft  Dry yes - yes yes organics, inor- CCN measurements off the coast of California are
(2009 Coast and off-line analy- Aerosol ganic ions, BC, attributed to natural and anthropogenic sources using
tical chemistry, sulfate, lead receptor modeling. Roughly 50 % of the samples
AHS, PSAP, measured in the study were anthropogenic in nature.
CCN, PCASP
Hersey et al. California  AMS, DASH-SP Aircraft  Dry - yes - - organics, DASH-SP and AMS measurements are coupled to
(2009 Coast Aerosol sulfate characterize the chemical dependence of aerosol
growth factors. It was found that higher organic
fractions yielded lower growth factors at high RH.
High organic fractions are correlated with continental
sources from back trajectory modeling.
Sorooshian et al. California  PILS-IC, LWC, Aircraft, Aerosol, yes yes yes yes DEA, MSA The link between chlorophgdhcentrations and the
(2009 Coast FSSP, SMPS, ground,  Clouds fraction of MSA and DEA in aerosol suggests that
CCN, DASH-SP satellite ocean biota have significant influence over marine
aerosol properties including CCN and hygroscopicity.
Alink between cloud properties and chlorophyll
is not shown as cloud properties were heavily
influenced by meteorological conditions.
Hegg et al. California  Filter Sampling Aircraft  Dry yes yes yes yes organics, inor- A receptor based model is used to investigate the
(2010 Coast and off-line analy- Aerosol ganic ions, BC, extent of anthropogenic sources on CCN in the
tical chemistry, sulfate, lead marine environment. The authors report that 63—74 %
AHS, PSAP, of the aerosols are anthropogenic in nature.
CCN, PCASP
Langley et al. N.E. AMS, SMPS, Ship Dry yes - yes yes MSA, 50 Ship measurements of marine aerosol showed that
(2010 Pacific CCN, gas Aerosol organics periods of high sub-micron CCN activity were
phase S@ consistent with increased concentrations of MSA.
CCN and MSA/sulfate were strongly correlated.
Organics (primarily anthropogenic) are important
as acting as a site for sulfate condensation and
subsequent CCN activation.
Moore et al. N.E. AMS, SMPS, Aircraft  Dry yes yes yes yes organic, nitrate, Detailed characterization of CCN off the coast of
(2012 Pacific CCN Aerosol sulfate, California are made and compared to CCN in urban

ammonium and rural areas. CCN-derived hygroscopicity
parameter was highest in marine outflow compared
to urban or rural areas.

PCASP — Passive Cavity Aerosol Sizing Probe; FSSP — Forward Scatter Spectrophotometer Probe; PSAP — Particle Soot Absorption Photometer; SMPS — Scanning Mobility
Particle Sizer; PVM — Particle Volume Monitor; CCN — Cloud Condensation Nuclei; AMS — Aerosol Mass Spectrometer; LWC — Liquid Water Content; DASH-SP — Differential
Aerosol Sizing and Hydroscopicity Spectrometer Probe; DNH — dual-nephelometer humidigraph; CVI — Counter-Flow Virtual Impactor; PILS-IC — Particle Into Liquid Sampler —
lon Chromatography; MOUDI — Micro-Orifice Uniform-Deposit Impactor; AHS — Aerosol Hydration Spectrophotometer
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Table 2. Instruments onboard the Twin Otter aircraft and &Nt Sur

Parameter Instrument Time Resolution  Detection Limit ~ Size Range Twin Otter  Point Sur

Particle Number Condensation Particle Counter 1s <50000cm3 > 10nm v v

Concentration (TSI CPC 3010)

Aerosol Size Scanning Mobility Particle 110s N/A 10-700 nm ' v

Distribution Sizer (SMPS)

Cloud Droplet Counterflow Virtual N/A N/A >11pm v

Residuals Impactor (CVI)

Bulk Cloud Modified Mohen Slotted N/A N/A N/A v

Water Composition Cloud Water Collector

Cloud and Aerosol Size Cloud and Aerosol Spectrometer 1s N/A 0.65-55um v

Distribution Probe (CAS)

Cloud Droplet Liquid Light Diffraction 1s N/A 5-50 um v

Water Content (Gerber PVM-100 probe)

Aerosol Bulk Composition High Resolution Time-of-Flight 2min <1lug n3 60-600 nm v
Aerosol Mass Spectrometer (HiRes-ToF-AMS)

Aerosol Bulk Composition Compact Time-of-Flight Aerosol 8-12s <1lpgn3 60-600 nm '
Mass Spectrometer (C-ToF-AMS)

Cloud Condensation Nuclei Continuous Flow Streamwise Thermal 1-20s <20000cn3  5.50.2-0.7% v v

(CCN) Number Concentration ~ Gradient CCN chamber

3 Aerosol and cloud droplet properties

Unperturbed
38 In the following discussion, we use terminology such as
m—— “background” and “perturbed” to define aerosol conditions
E - of the marine atmosphere. We acknowledge, however, that
37 Marina, CA & ’:y Parturbed the assignment of these terms is not without ambiguity.
22 A solely background signal in the remote marine atmosphere

is a condition that occurs only when natural marine processes
p—— contribute to the aerosol. Without anthropogenic or continen-
 — tal influences, one might presume that a true baseline ma-
rine signal exists. However, even in a total absence of an-

thropogenic influence, such a signal is likely not unique and
constant throughout the remote marine atmosphere. Varying
wind speeds that generate sea spray, or biological production

of dimethyl sulfide (DMS), which leads to homogeneously
nucleated particles, can increase local “background” signal.

Latitude (°)

w
o
1

800 900 1000
Number Concentration (cm'3)
354

_ Y -
4 : : : : o‘w : | On the other hand, varying wind speeds can dilute particles
124 123 122 21 120 119 118 and lead to evaporation or ventilate DMS and inhibit new
West Longitude (%) particle formation. Furthermore, particles can be lost due to

wet or dry deposition. Even in the absence of non-marine

mission. Inset shows a typical sampling pattern when encounteringsources’ the natural background marine aerosol is dynamic.

a ship exhaust plume. The color bar indicates the total aerosol num- Rather than relying on a definition Of“ “baclfgrour:d"
ber concentration as measured by the Twin Otter CPC. aerosol, we choose to distinguish between “clean” and “per-

turbed” conditions based on the extent to which the marine
atmosphere is impacted by shipping emissions. We define
decelerate airstream velocities outside the cabiB ms 1) “perturbed” air masses as being pockets of the marine atmo-
to lower velocities that can be effectively sampled by aircraft sphere that have been directly impacted by local ship emis-
instruments £ 7 ms™1). Under normal airspeed, the inlet on sions. This would comprise relatively small spatial regions
the Twin Otter samples aerosol below 3.5 pm with 100 % ef-in which the aerosol number concentration has increased,
ficiency Hegg et al. 2005. Thus, for the results reported the aerosol number size distribution has shifted in mean di-
here, there was no appreciable loss of particles due to aircrameter, and the aerosol composition has changed relative
sampling. to the surrounding region. The atmosphere unperturbed by
ship emissions, which we take to be synonymous with the
term “clean”, can be broken into a spectrum of conditions
with varying degrees of non-ship related influences. Here, we
are interested in comparing properties of the marine aerosol

Fig. 1. Twin Otter flight paths for RF 1-26 during the E-PEACE

Atmos. Chem. Phys., 12, 8438458 2012 www.atmos-chem-phys.net/12/8439/2012/
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Table 3. Summary of average aerosol and cloud properties over the course of the E-PEACE campaign. Bottom table summarizes key aerosol
properties from previous studies of marine aerosol and cloud droplets off the coast of Central California. Values in brackets represent standard

8443

deviations of the average. Values in parenthesis list the range of measurements. Values below detection limit (DL) are noted.

Below Cloud Aerosol Measurements

Cloud Measuremerfis

Air Equivalent Cloud Water Chemistry

Research Date Total  Orgaflic Sulfaté! cpC CCN CCN Total  Organié  Sulfatd  Ng° pH Na(1d) Fe@ad) Mn(oh vt LwcP
Flight (RF) Mas8 (0.15%) (0.3%) | Mas$
(gm®) (g3 gmd)  em ) em ¥ em ) | g @) (g3 (emd) (gn3)  (ugm 3  (gn3) (w3 (@gmd)

1 8.Jul 0.96 0.65 0.28 665 - 349 | 137 0.76 0.41 208 | 4.02 87182 51.41 472 0.59 0.10
2 9.Jul 1.32 0.70 0.51 892 - 238| 2.06 1.01 0.84 235 |  4.23 16956 26.63 212 2.12 0.09
4 14 Jul 1.04 0.60 0.45 968 - 131| 1.68 0.84 0.69 93 432 7757  <(L)  <(DL) 1.29 0.15
5 15 Jul 0.86 0.75 0.20 364 - 78 | 092 0.49 0.20 23 4.63 688 0.19 0.07 0.31 0.01
6 16 Jul 0.90 0.58 0.31 329 - - 1.06 0.67 0.22 27 4.50 127 <(L) <L) 2.02 0.11
7 17 Jul 0.77 0.72 0.18 341 - - - - - - - - - - - -
8 19 Jul 0.88 0.44 0.40 323 - - 1.24 0.68 0.54 145 4.21 3671 11.78 0.52 4.25 0.19
9 213ul 1.83 0.70 0.78 578 217 - 1.08 0.63 0.39 127 5.16 17662 4.85 311 1.50 0.23
10 22 Jul 1.80 0.49 1.02 376 213 - 1.81 0.79 0.78 116 4.67 15212 7.58 1.08 2.46 0.25
11 23 Jul 2.83 0.86 1.56 976 300 400 184 0.88 0.81 169 | 430 13881 17.61 1.55 3.28 0.18
12 24 3ul 2.81 0.92 157 736 226 355 1.90 0.87 0.85 170 3.99 5362 15.95 1.36 3.12 0.10
13 26 Jul 0.99 0.60 0.34 221 75 116| 1.04 0.56 0.32 87 4.95 11702 5.13 0.41 411 0.23
149 27 Jul 2.99 0.81 1.91 425 207 - 1.53 0.64 0.80 199 3.86 4587 34.05 2.29 16.78 0.22
15 28 Jul 4.74 1.06 3.14 589 101 406| 4.98 2.21 2.50 327 2.92 10772 86.28 4.89 43.08 0.12
16 29 Jul 2.62 0.70 1.59 465 96 304| 214 0.89 113 252 3.84 3664 164.63 17.47 19.99 0.28
17 1 Aug 2.22 0.58 1.44 400 78 352| 186 0.62 1.10 212 3.77 978 47.07 271 7.35 0.10
18 2 Aug 255 0.80 1.47 587 184 335| 234 1.00 113 269 | 4.07 2777 27.67 1.98 8.92 0.21
19 3Aug 1.41 0.57 0.70 346 167 173 111 0.60 0.38 120 | 4.80 11406 < (DL) 0.45 3.63 0.19
206 4 Aug 1.08 0.52 0.55 229 44 83 - - - - - - - - - -
21 5 Aug 2.06 0.65 117 561 63 254| 113 0.57 0.48 163 | 465 8376 19.06 1.69 1.03 0.19
22 8 Aug 3.75 1.01 2.24 737 328 333| 2.03 0.52 1.30 323 3.66 42794 26.45 131 417 0.11
23 9 Aug 2.97 0.92 1.73 428 28 204| 179 0.75 0.80 226 4.06 34543 13.77 1.01 1.24 0.11
24 10 Aug 1.57 0.83 0.79 296 49 296| 0.99 0.65 0.41 150 4.54 27015 31.42 1.76 7.64 0.25
25 11 Aug 118 0.53 0.46 252 157 91| 086 0.58 0.21 41 5.07 1538 1.86 0.59 3.97 0.13
26 12 Aug 3.49 1.24 1.94 670 - 459 | 1.80 0.71 0.97 257 3.90 32109 17.24 1.07 3.56 0.14

Min 0.77 0.44 0.18 221 28 78 0.86 0.49 0.20 23 2.92 127 0.19 0.07 0.31 0.01

Max 4.74 1.24 3.14 976 328 459 | 4.98 2.21 2.50 327 5.16 87182  164.63 17.47 43.08 0.28

Below Cloud Aerosol Measurements \ Cloud Measuremerfls \ Air Equivalent Cloud Water Chemistry
Author/ Date Total Organft ~ Sulfaté* CcPC CCN CCN Total Organi@  Sulfaté  NgP pH Na(1d) Fe(1d) Mn(10% V(0% LwcP
Mission Mas8 (0.15%) (0.3%) | Mas$
(g3 @gn®) g  emd)  @emd  emP) | g @) @gmd)  (emd (g3 @gm® (gm3) mgm3d @gm3)

E-PEACE Jul-Aug 1.98 0.73 1.07 510 148 266 1.67 0.78 0.75 171 | 448 13227 23 2.3 5.4 0.16
Average 2011 [1.07] [0.19] [0.76] [225] [91] [120]| [0.85] [0.34] [0.50] [86] [0.72]  [15531] [37] [4.1] m [0.07]
Hegg et al(2010°
CARMA Il Jul 2004 312 - 1.34 - - 100-825 - - - - - - - - - -
CARMA Il Aug2005  3.93 - 13 - - 75-115 - - - - - - - - - -
CARMA IV Aug 2007 163 - 1.04  197-6104 - 50-70p - - - - - - - - - -
Sorooshian etal. Jul 2007 - - 0.78 307 - 73 - - - 104 - - - - - 0.15
(2009 [0.59] [239] [27] - - [56] [0.07]
MASE Il
Mclinnes et al. Apr-Jun 221 - - - - - - - - - - - - - -
(1996 1994 [1.16]
Straub et al. Jul 2001 - - - - - - - - - 174 | 3.26-4.82 38900 71 2.3 - 0.33
(2009 [79] (3900~ (0-369)  (0-11.6) [0.17]
DYCOMS-II 133900)

2 Measurements from AMS.

b Averaged cloud probe data during cloud water sampling period.

€ No clouds (7/17), few cloud measurements by probes (8/4).

d AMS Failure — limited measurements available below cloud (7/27).

€ Filter samples for aerosel 0.2 ym in diameter.

f Filter samples for aerosel 1 ym in diameter.

9 Organics, sulfate and total mass concentrations measured behind the CVI are a fraction of the total loading and may not reflect absolute mass concentrations. See text for details.

during periods of high aerosol mass loading owing to shipducted in the Eastern Pacific. We note that observations
emissions (defined here as “perturbed”) with properties infrom this study agree broadly with previous findings. No-
adjacent air masses not directly impacted by ship emissiongably, aerosol mass measured by the AMS agrees well with
(defined here as “clean”). The nature of non-refractory ma-that measured by filter sampling reportedvicinnes et al.
rine aerosol (i.e., non sea salt components such as organi¢4996. Mass loadings from this study reflect submicrom-
and sulfate) can be consistently categorized using data froreter, non-refractory aerosol, whereas loadings reported by
the aerosol mass spectrometer (AMS), which transmits parMclnnes et al(1996 reflect total submicrometer mass. The
ticles with vacuum diameters ranging between 60-600 nnclose agreement suggests that the mass measured in the sub-
with 100 % transmission efficiency. Initially we will rely on micrometer regime is dominated by non-sea salt components.
bulk AMS mass concentrations as the basis on which to idenThis is consistent wittMclnnes et al(1997 who show that
tify and define “clean” and “perturbed” conditions, but sub- 87-96 % of the total number concentration of submicrometer
sequently, we will derive conditions that more concretely de-particles in the remote marine atmosphere are non-sea salt.
fine air masses directly impacted by shipping emissions. We can use the results from Table 3 to identify flights
Table 3 reports average aerosol properties for each flighthat were clean and perturbed during the E-PEACE cam-
compared to measurements reported by other studies compaign. Figure2 shows the mass contributions of bulk AMS

www.atmos-chem-phys.net/12/8439/2012/ Atmos. Chem. Phys., 12, 843%8 2012



41
8444 M. M. Coggon et al.: Ship impacts on marine aerosol and clouds

species to dry marine aerosol and cloud droplet residuals 6
over the course of the study. As is also shown in Table 3, 5 Cloud Drop
submicrometer aerosol mass concentrations strongly varied Residuals
between flights. In the beginning of the study, a continual
period of low aerosol loading was observed between 15-19.,~
July (RF 5-8). These measurements yielded aerosol mass€
concentrations below 1pgm and were among the low- g
est aerosol concentrations observed during E-PEACE. Inthe @ 0—~7—7t 7t —1 1 1 1 T T 1
present study, these were likely to have been the least in- 2 4 6 8 10 12 14 16 18 20 22 24 26
fluenced by shipping emissions and are therefore defined as
“clean”.
Clean conditions have been previously observed in the ma-
rine atmosphere and are known to vary greatly (&ginnes 3
et al, 1996 Phinney et al.2006 Straub et al.2007 Lang- 2
ley et al, 201Q Ovadnevaite et gl2011). For example, us- 1
ing an AMS, Phinney et al(2006§ measured submicrome- ol LI LTI TTIITTTTTIITITIITIITILE
ter aerosol mass concentrations of 1.4 gfrim the remote 2 4 6 8 10 12 14 16 18 20 22 24 26
sub-arctic Pacific Ocean. The majority of the mass was sul- Research flight
fate (0.74 pg m3), of which MSA was found to contribute
significantly, however organics were also a large fraction ofFig. 2. Bulk AMS species measured in cloud drop residuals (top
the total signal (0.3 ug im?). Ammonium and nitrate were Panel) and dry, below-clqud aerosol (bottom pan_e_l) over the course
present in low amounts, which is consistent with the resultsC! the study. Only organic and sulfate vary significantly each day
from this study (see Fig). In contrastOvadnevaite et al. (variance of organie=0.04, sulfate=0.6 in below-cloud aerosol).
. . . Ammonium and nitrate exhibit variances that are at most 0.5 % of
(201)) observed organic aerosol mass concentrations as hig ) )
3 . . ) . e variance of sulfate.
as 3.8ug m° during high wind events from clean marine
air masses. The organic mass spectra and the observation of
high biological activity suggested a primary organic source.
In Sect.3.5 we show that the origin of air masses sampled 200 nm, which is the accumulation mode commonly ob-
during RF 5-8 was remote marine. Of the previous studiesserved in regions with marine stratocumulitoppel et al.
that we have discussed, the clean conditions in this study ar&986 1994 Frick and Hoppel 2000, may be indicative
most consistent with measurementsRiyinney et al(2006 of cloud processing. We note, however, that other sources
andMclnnes et al(1996. However, as has been shown, for can contribute to this mode. For exampkhinney et al.
example, by authors likevadnevaite et a(2011), clean ma- (2006 observed organic mass distributions during periods
rine environments can exhibit a large range of aerosol massf direct ship fumigation with modes between 150-200 nm
concentrations. which may enhance number concentrations in this “cloud-
Of particular interest in the present study are flights with processed” mode. However, given that most flights were con-
elevated sulfate concentrations. Sulfate in the marine atmoeducted in the presence of marine stratocumulus, we suspect
sphere is primarily attributed to DMS, continental pollution, that cloud processing was a major contributor to aerosol in
and shipping exhaust. Flights conducted between 27 July—#he accumulation mode.
August (RF 14-18) exhibited enhancements in total aerosol During perturbed flights, the total aerosol volume con-
mass concentrations that were nearly double the amount oleentration is approximately twice as large as that for clean
served during clean conditions. These flights also had soméights. For example, the aerosol volume concentration for
of the highest concentrations of sulfate below cloud and inflights 16, 26 (perturbed) and 8, 20 (clean) are 2.24,
residual cloud droplets. Though there were other flights in2.74 un? cm=3 and 1.47, 0.47 pfcm—3, respectively. Rep-
which the total aerosol mass concentration was high, the peresentative size distributions of fresh ship exhaust from three
riod during RF 14-18 represents nearly a week of uninter-ships (Fig.3, bottom panel) exhibit a primary mode between
rupted enhancements in aerosol mass. Thus, we focus o&6—73 nm, which falls in the range of non cloud-processed
attention to these flights and define them as “perturbed”.  aerosol. It is possible that ship emissions enhanced the num-
ber concentration of small mode aerosol during perturbed
3.1 Cloud-processed aerosol flights.
Cloud processing likely affected aerosol composition
Figure 3 shows typical marine aerosol number size distri- (Fig. 4), which is consistent with previous studies. Cloud
butions as measured by the scanning mobility particle sizescavenging and subsequent reaction of gaseous sulfur species
(SMPS). In general, marine aerosol exhibits two modes atead to the accumulation of sulfaté&gloona (2009 and
approximately 60 and 200 nm, respectively. The peak ateferences therein). Under conditions of low acidity, some

Sulfate
Organic
Nitrate
Ammonium

oppnm

=
[ 4

5 Dry, Below-Cloud
Aerosol

Mass Load
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Fig. 3. Marine aerosol_ number size distribution_s of below-clouq Fig. 4. Average organic:sulfate mass ratio of dry, unperturbed ma-

aerosol measured during clean and perturbed flights (top and mid-. ¥ ™ = . : .

dle panels). Aerosol size distributions for the exhaust of three shipsrme. aerosol sampleq n cloud-free air asa function of altitude. For

(bottom panel). Lines are log-normal fits. clarlty_, stgndard devmons_bars are omitted, hoyvever we note that
variation increased with altitude. Average LWC is presented to il-

lustrate the study-averaged, below-cloud top liquid water profile

. . and show that cloud processing was prevalent at all altitudes. The

studies have shown that organics can also be formed fromampaign-average cloud base is shown with bars depicting the range

aqueous-phase processing. If the pH is high enough, the Uyt cloud bases and tops observed during the campaign. Cloud base

take and reaction of organic precursors (e.g., glyoxal andaltitudes were measured during aircraft soundings.

acetic acid) may exceed that of 3(Ervens et al.2003ab;

Sorooshian et 8l.20073 For example,Sorooshian et al.

(20073b), showed that the ratio of oxalate:sulfate increasesganic salts often increase the activation of organic aerosol

in cloud droplets with higher liquid water content (LWC). particles (e.gBilde and Svenningssp8004. Thus, particles

After the droplet evaporates, low volatility organics that may with higher amounts of sulfate may activate to cloud droplets

be formed by aqueous-phase chemistry remain in particléirst, therefore leaving behind interstitial aerosol with higher

residuals $orooshian et a[20073 and references therein). concentrations of organic. Despite these effects, it appears

Figure4 shows the average out-of-cloud organic:sulfate ratiothat cloud processing may have played a significant role con-

as a function of altitude. As observed Bprooshian et al.  trolling aerosol composition in the present study, which is

(20073, the ratio of organic:sulfate increases with altitude, consistent with the observation of a cloud-processed mode in

a finding that is also coincident with an average increasehe aerosol size distribution data (F8).

in LWC. Though we suspect that this may be an indication

of aqueous-phase chemistry, there are other processes th&2 Cloud water chemistry

could affect the organic : sulfate ratio. During a typical flight,

aerosol above cloud top exhibited high concentrations of orfigure5 summarizes the trends in major cloud water ion and

ganic. Previous studies have found that entrainment of aimetal concentrations. These data are presented similarly to

from the free troposphere into the marine boundary layer ishose reported bystraub et al.(2007) and Benedict et al.

a major source of aerosol numbéfatoshevski et al.1999 (2012, such that the present values can be easily compared.

Kazil et al, 2011J). If this aerosol were to be entrained into In this study, Ct, sof;, and NG are measured by IC and

the cloud, this would elevate organic : sulfate ratios. Further-are therefore representative of soluble ions. Species such as

more, it is possible that the dry aerosol shown in Biglid Na, Ca, Mg and K are measured by ICP-MS. This analy-

not result from evaporated cloud particles; rather, the aerosadis technique strictly gives information about the total metal

could be the result of incomplete particle activation. Inor- content. In order to compare the results of the present study
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Fig. 5. Summary of major seawater species measured in marine cloud water. Data are presented analogously to those @pauied by

et al. (2007 andBenedict et al(2012. In the present study, we assume that seawater species measured by ICP-MS (e.g., Na, K, Mg, Ca)
reflect aqueous phase ions. The solid lines indicate the ion ratio typically observed in seawater. Each point represents a single cloud watei
measurement. Clean flights (RF 5-8) are colored in blue while perturbed flights (RF 14—18) are colored in red. The remainder of the flights

are shown as brown circles.

to those byStraub et al(2007 andBenedict et al(2012), that the variation in calcium was primarily influenced by sea
we assume that those species measured by ICP-MS originaspray.
from soluble seawater species and represent the ion content Of particular interest is the variation of seawater species
of each sample. Furthermore, to calculate concentrations ibetween flights. Markers in Fig.colored by blue and red in-
units of normality (UN), we assume that when present in thedicate flights performed during clean (RF 5-8) and perturbed
aqueous phase, these metals exist in their most stable vgRF 14-18) conditions, respectively. In general, the concen-
lence state (for example, we assume that magnesium medration of seawater species in marine cloud water is invariant
sured by ICP-MS exists as Mg). If we assume that sodium  during clean and perturbed flights. These species also appear
concentrations reported in this study are representative ofo be present at lower concentrations during these flights than
soluble sodium witht-1 valence, then E-PEACE concentra- compared to all other flights performed during E-PEACE.
tions (0.7-3900 pN) are consistent with those observed byt is reasonable, therefore, to neglect the mass contribution
Straub et al(2007) (36—2784 uN). Of all the common sea- from seawater to the variation of sulfate observed in Table 3
water species, Cl, Mg, and K exhibit a ratio with respectto and Fig.2, given that clean and perturbed flights show little
Na that is consistent with the global average ratio found invariation in sea-related species.
seawater. Calcium is observed at a ratio slightly higher than Sulfate and nitrate in the present study do not exhibit
typical seawater. Similar enhancements in calcium have beea strong linear relationship with sodium. These species
observed previously (e.dStraub et al.2007 Benedictetal.  are also enhanced during perturbed conditions (5jgin
2012 and may be the result of dissolved crustal minerals.Sect.3.4, we show that metals associated with shipping emis-
The strong linear correlation with sodium, however, implies sions (such as vanadium) are also enhanced during perturbed
conditions and that their variation is coincident with higher
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concentrations of sulfate in dry marine aerosol. It is possi- 1.2
ble that enhanced sulfate and nitrate in cloud water samplesy 1.0 s s

S = 0.23088 + 0.00946

originated from ship-impacted air masses. 0.8

0.6 1

RF 20 (Clean Flight)
0.4 rate = 4.7109 £ 1.05
S, = 0.27382 % 0.0123

Fraction Activat

3.3 CCN measurements
0.2+

Marine aerosol CCN measurements are summarized in  %°~ w0

Fig. 6. In the top panel, CCN activation spectra are compared 1.4 : .
for perturbed (red, RF 15) and clean (blue, RF 20) flights. In 1.2 -: Y,
general, the fraction of activated particles at a given super- :32:
saturation is enhanced under perturbed conditions. For ex-3 |
ample, at 0.7 % supersaturation, 90 % of the particles mea-

2.5
2.0
1.5
1.0
0.5
0.0

(_w Br) a1eyng

¢

0.4+
sured during RF 15 activate in the CCN instrument. In 0.2
contrast, only 60% of the particles activate in the instru- 0.0
ment during RF 20. If we fit a sigmoidal curve of the form
CCN/CN=ag/(1+(x/a1)~“2) (whereag, a1 andas are fitted
parameters) and take the inflection point to reflect the aerosdtig. 6. CCN spectra showing the activation of particles at various
population ensemble critical supersaturatidfofre et al, supersaturations. The top panel is CCN data from a perturbed flight
2011), we find that the critical supersaturation is lower for (red markers, RF 15) and clean flight (blue markers, RF 20) fitted to
particles measured during RF 15 than those measured duf Sigmoidal curve of the form CCN/CNag/(1+(x/a1)~“2) where
ing RF 20 (0.23% vs. 0.27 %). While this does not repre-%0: 41 anday are fitted pargmeters. The error bars represent the
sent a significant difference in supersaturation, it appears tharpeasuremen: stangard devt'ﬁ“on' The b]??hom panel .ShOM:SOaESCgNS
highe?r.fractions. of particles activglte to CCN under perturbedgga:nuézﬂe‘;Z&era?:;iorﬁ course of the campaign at B.%5, B,
conditions relative to clean conditions.

The bottom panel in Figh shows the fraction of activated

particles at0.15, 0.3, 0.5 and 0.7 % supersaturation for all drygitate can be primarily linked to shipping emissions; thus,

aerosol measurements. Markers are colored by sulfate loadsyipping emissions may have exerted a strong control on
ing to illustrate the extent to which shipping emissions may ccN properties during this study.

have influenced the measurement. In general, a higher frac-
tion of activated particles is coincident with elevated con-3.4 Relationship between marine aerosol and cloud
centrations of sulfate. This is consistent with the averaged droplet properties
spectrum in Figb (top) which shows that more particles ac-
tivated during perturbed flight RF 15 compared to clean flightIn this study, sulfate is a major constituent of submicrometer
RF 20. From Fig3, we see that the aerosol measured duringmarine aerosol (Fig2). Sulfate affects cloud water chem-
RF 20 exhibited two modes that, when normalized by totalistry and cloud droplet number concentrations by lowering
aerosol number, have similar peak shape to aerosol measuretbud water pH (via S@oxidation) and increasing CCN con-
during a perturbed flight (e.g., RF 16). The only observablecentrations (e.g., ship emissions, homogeneous nucleation
difference in normalized number size distributions is that theof HoSO4 or MSA) (Hegg and Hobhs1986 Hoppel et al.
small mode from RF 20 peaks at a smaller diameter (40 nm{1994 Straub et a].2007 Hegg et al. 201Q Langley et al.
than RF 16 (60 nm). While this may partially explain the in- 2010. Sources of sulfate in the marine atmosphere include
creased fraction of CCN during perturbed conditions, the enship emissions, DMS, and continental pollution. Here, we
hancement of activated particles may also result from elerelate sulfate measured below cloud to properties of cloud
vated concentrations of sulfate (as shown in Bjg. water chemistry and present evidence that elevated sulfate
Enhanced CCN concentrations in the presence of anthromeasured during perturbed flights was largely influenced by
pogenic pollution events has been previously observed irship emissions. In the present discussion, we only compare
the Eastern PacifidHegg et al. 2009 201Q Langley et al. trace metals such as iron and vanadium due to their links
2010. Langley et al.(2010 found that anthropogenic pol- to shipping. Subsequent work will provide a more complete
lution acted as condensation sites for sulfur species, resulteverview of cloud water chemistry during the E-PEACE
ing in an increase in CCN number concentratioHegg  campaign.
et al. (2010 deduced that 67 % of the CCN off the coast Figure7 compares below-cloud sulfate with various cloud
of California are anthropogenic in origin. The CCN con- properties. Iron and vanadium were measured in cloud wa-
centrations reported in the present study are consistent witker samples using ICP-MS, while hydronium concentrations
those results (see Table 3 comparison), suggesting that anvere calculated from cloud water pH. All data are presented
thropogenic sources are major contributors to the CCN propin air equivalent units, which represents the mass of a species
erties reported in Figs. In Sect.3.4, we show that increased per unit volume of air (see Appendix A for details). We

Fraction Activated

T
0.4 0.6 0.8
Supersaturation (%)

0.0
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P re—— Air Equivalent V (10%) tion with below-cloud sulfate suggests that enhanced sulfur
B pertrbed (g m™) (wgm’) emissions led to an decrease in pH. Even more suggestive
3 3 of ship-influenced acidification is the correlation between
. cloud water vanadium and cloud water acidit§?(= 0.8,
2 ' ;%L‘ Fig. 8). Studies have shown that shipping emissions are the
e predominant source of vanadium in the marine atmosphere
S —— é : : : : (Agrawal et al, 2008 Sholkovitz et al.2009 Furutani et al.
000 004 008 012 0 10 20 30 40 2011). The strong correlation between vanadium and acid-
\ ity and the enhancement of both during perturbed conditions
7 e 1) implies that in the present study, shipping emissions largely
3] 3] contributed to cloud water acidification.
The variation in iron concentrations with below-cloud sul-
7 s + fate (Fig.7) could result from a number of sources. While
14 N 1 iron is often attributed to continental dust, recent studies sug-
L o‘ HiH . ° | ﬂ° O g_est that_lron_also has_ significant sources from s_hlp emis-
o 100 200 300 o 50 100 150 200 250 sions. Using single particle mass spectrométtyutani et al.
(2011 found that iron-containing aerosol from Asian out-
Fig. 7. Trends in below cloud sulfate vs. air equivalertt Feloud  flows could be subdivided into several major iron-containing
dl’Oplet number COnCentratiOW&), air eqUiValent V and air eqUiV' Categones’ one of which is iron associated with vanadium.
ale_nt Fe. Iron and vanadium were me_asured in cloud water Sampleﬁon-containing aerosols constituted nearly 40 % of the to-
using ICP-MS. Hydronium concentrations were calculated based o, mper of particles in the ship-associated vanadium cat-
cloud water sample pH. Air equivalent units are calculated as the S - - .
egory. While it is possible that shipping emissions enhanced

product of the concentration of a species in a bulk cloud water sam- trati duri turbed flights. it that
ple and the average liquid water content measured during the clou ©N' cOncentrations auring perturbed Tignts, It appears tha

water collection period. Each point represents a single flight. Clearf€vated iron concentrations in the present study were largely
flights (RF 5-8) are colored blue while perturbed flights (RF 14-18) due to continental dust. Figug{bottom) shows the relation-
are colored red. Error bars show the standard deviation of each me#hip between iron and manganese in cloud water samples.
surement. The remainder of the flights are shown as brown circles.The strong correlationR? = 0.9) suggests that the two are
linked to a common source.
Manganese is primarily attributed to crustal minerals

observe that sulfate in below-cloud aerosol correlates well(Statham and Chestet988 Guieu et al. 1994 Ohta et al.
with pH (not shown) and cloud droplet number concentration2006 Duvall et al, 2008. Iron and manganese concentra-
(R%2 = —0.57 and 0.64, respectively). This is consistent with tions were not strongly correlated to cloud water sulfate
observations of enhanced cloud water acidification and CCNR2 = 0.27 and 0.29 for iron and manganese, respectively);
in the presence of sulfate (e.¢dpppel et al. 1994 Straub  therefore, the elevation of iron and manganese in cloud wa-
et al, 2007 Langley et al. 2010. Perturbed flights exhibit ter during perturbed flights is likely indicative of air trans-
greater acidification in cloud water samples and higher conported from continental sources. The contribution of below-
centrations of cloud droplets, vanadium, and iron as com-cloud sulfate from continental sources is difficult to quantify
pared to clean flights. Of all the flights, the highest concen-given that iron and manganese are related to the transport of
tration of sulfate below cloud occurred during RF 15, which dust and are not directly linked to anthropogenic sources. We
also exhibited the greatest amount of acidification, highesnote, however, that iron and manganese are not strongly cor-
concentration of vanadium, highest concentration of cloudrelated with cloud water acidification (not showk? = 0.36)
droplets, and second highest concentration of iron in cloudvhich we hypothesize resulted from g0xidation. Further-
water samples. This enhancement is clearly seen in Table 3nore, we show in SecB.5that perturbed flights were largely
where perturbed flights 14—-18 exhibit 5-10 times higher con-affected by air masses that were transported through major
centrations of iron and vanadium than clean flights. shipping lanes and not by air masses that were transported

The hypothesis in the present study is that cloud waterdirectly over land. Though we cannot rule out continental
acidification results from the oxidation of S@riginating sources as contributors to below-cloud sulfate, we presume
from ship emissions. This could occur by several mecha-that shipping emissions exerted a stronger impact on prop-
nisms. SQ could be oxidized in the gas-phase to form sul- erties of marine aerosol over continental sources given that
furic acid, which could then partition into cloud droplets or metals associated with shipping emissions, such as vana-
aerosol particles. If the aerosol particles were to activatedium, are strongly correlated to other properties of cloud wa-
then this could subsequently lead to cloud droplet acidifi-ter chemistry such as acidification.
cation. Alternatively, if exhaust were directly emitted into  DMS as a major source of sulfate during perturbed flights
the cloud, then gas-phase $buld partition into the cloud can be ruled out in the measurements here based on the small
droplet and undergo aqueous-phase processing. The correlaariation of methanesulfonic acid (MSA, DMS oxidation

-3

SO, Below Cloud (ug m”)

Ng (em’)
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Fig. 9. Back-trajectories (72 h) of cloud water samples collected
s during clean (blue) and perturbed (red) flights. Back-trajectories
= were calculated using the NOAA HYSPLIT model (available
& at: http://www.arl.noaa.gov/ready/hysplit4.himBimulations were
S initialized with trajectories ending at the time, location and altitude
E’r of cloud water sampling. Inset shows a closer perspective of the Cal-
E ifornia coast. The green traces are the ship tracks of 15 cargo and
< . . : .
tanker ships probed during the campaign and illustrate the general
location of the shipping lanes north of Long Beach, CA.
0 T T T T
0 0.5 1.0 1.5 2.0x10°
® Perturbed Air equivalent Manganese ble 3, Fig.2). During flights in which there is strong evi-
® Clean (ug m™) dence of anthropogenic influence, air was primarily trans-

ported along the coast and through some of the most heavily
Fig. 8. Top — variation in air equivalent vanadium with respect to transited shipping lanes. This is consistent with the observa-
air equivalent hydronium concentrations for cloud water samplesiion of enhanced vanadium (shipping influences), iron, and
Hydronium concentrations were calculated based on cloud Watef*nanganese (continental influence) in cloud water samples
sample pH. Bottom — trend in manganese and iron concentrationauring perturbed flights (Figd.and8). We infer from Fig.9
in cloud water for measurements made during clean (blue) and perfhat changes in meteorolog ' likel .inﬂuenced the val:iation
turbed (red) days, respectively. . y Yy

in aerosol and cloud properties and that the enhancement of

sulfate below cloud during perturbed conditions is partly due

product). Appendix FigAl shows the variation of cloud wa- to the transport of air masses through shipping lanes.

ter MSA and sulfate as measured by ion chromatography.

The amount of MSA in cloud water was no different dur- 4 ship impacts on marine aerosol and clouds
ing perturbed flights when compared to clean or intermedi-

ate flights. We infer from these results and those from Figs. 4.1 Organic aerosol mass spectra

and8 that the primary source of below-cloud sulfate during

perturbed flights originated from ship exhaust. In the following discussion, we compare organic aerosol
spectra during clean and perturbed flights to investigate pos-
3.5 Back-trajectory comparisons sible influences of ship emissions on the composition of

cloud droplet residuals and dry, below-cloud marine aerosol
As discussed in Se@.4, the variation of manganese and iron (Fig. 10). Flight 9 (RF 9) was used as a basis for clean con-
in cloud water samples is likely indicative of crustal minerals ditions, despite exhibiting slightly higher sulfate than most
transported from continental sources. Based on these resultsther flights categorized as clean, because in this flight, dis-
we presume that the enhancement in sulfate during perturbetinct ship tracks were observed next to unperturbed cloud. As
flights was at least partly due to changes in meteorologyshown in the column of spectra to the right of the dotted line
These inferences are supported by the 72h (NOAA HYS-in Fig. 10, we compare perturbed and unperturbed organic
PLIT) back-trajectories corresponding to cloud water sam-spectra of cloud droplet residuals to provide a reference to
ples collected during clean and perturbed flights (B)g. how the organic composition of cloud particles changes in

During clean flights, air was primarily transported acrossthe presence of ship emissions. These spectra can be com-

the remote ocean, which may explain the observation of lowpared to those from flight 15 (RF 15), which was found
mass loadings in sulfate, organics, iron, and manganese (Tde have the highest concentrations of vanadium and sulfate
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"Clean” Flight "Perturbed” Flight ~Ship Track ever accumulation of low volatility organics may have also
®F9) (RF15) @ increased the fraction of oxidized mass.
The lack of prominent HOA masses in aged ship exhaust
o mrz gy Perturbed precludes the use of these peaks as tracers for ship emissions.
| ! Figure 10, however, provides evidence for a distinctive mass
- spectrum of ship emissions in perturbed cloud residuals. Dur-

9
. l Unperturbed ing RF 9, little difference existed between the organic signa-

0.15 4

In-Cloud 0.10 J‘ J e
005 '
§ ’ m i ol Ih ¥l . J

0 ]
0154

Below
Cloud

tures of cloud residuals and below-cloud aerosol (R@.
ot bottom). In contrast, during RF 15, cloud residuals exhibited
Difference 8 and 3% enhancements in masses:at 42 and 99 over

| Spectra dry, below-cloud aerosol. This enhancementrify 42 and
S S L 99 is also observed between the mass spectra of perturbed
2040160 80100 20 40 Bf 80100 20 40 60 80100 and unperturbed clouds (Fig0, third column), suggesting

" thatm/z 42 and 99 may be linked to cloud-processed ship
Fig. 10. Aerosol mass spectra comparing the organic signature oeMmissions.
aerosol below and within cloud for a clean flight (RF 9) and per- The source ofn/z 42 and 99 can be further investigated
turbed flight (RF 15). To the right of the dotted line is a comparison when considering the time series trendigf; 99 across mul-
of a ship track in cloud observed during RF 9 to the unperturbed, in-tiple flights. Figurell illustrates the variation ofi/z 99,
cloud background organics. The bottom row illustrates normalized| WC, and bulk AMS traces for (1) RF 9 — moderately clean,
difference spectra, which are the differences in the normal'm¢§ ( cloudy (2) RF 16 — perturbed, cloudy (3) RF 27 — moderately
mass/total mass) mass spectra of measurements presented in the E%an, no clouds and (4) RF 28 — moderately clean, clouds.

and middle rows. Positive values indicate a relative enhancement irr,_.Ii hts RE 27 and RE 28 were additional experiments that
masses observed in the top row spectra whereas negative values in- 9 P

dicate a relative enhancement in masses observed in the middle ro ere Copducted outside the sampling area shpwn m],;'g' .
spectra. These flights were performed along the coastline starting in

Monterey Bay and ending near the California/Oregon bor-

der. Figurel2 shows the flight paths of RF 27 and RF 28

in relationship to the sampling area shown in FigBack-

trajectories of samples measured in the middle of each flight
within cloud and was the most likely to have been influencedshow that air was transported from the same direction on both
by ship exhaust. days.

The top and middle rows in Fig.0are normalized organic Inspection of Fig.11 reveals multiple trends consistent
mass spectra of cloud droplet residuals and dry, below-cloudvith the inferences drawn from Fid.0. First, we note that
aerosol, respectively. In general, aerosol and cloud residthe time series ofn/z 99 varies with bulk AMS traces and
uals are highly oxidized, exhibiting strong signalsnatz is most prominent when measuring ship tracks and perturbed
44 (COf). These spectra are consistent with marine aerosolir masses. The time series@fz 99 shows an enhancement
measured byurphy et al.(2009 andPhinney et al(2006 in mass when ship tracks are detected (marked, Flj.
and cloud droplet residuals measuredl®e et al.(2012. which is not observed in nearby unperturbed clouds. Also,
Jimenez et al(2009 classified aerosol with similar mass we see thaiz/z 99 is highly variable both in and out of cloud
spectra as low volatility, highly oxidized secondary organic and is coincident with variations of sulfate during a perturbed
aerosol (LV-O0A). flight (RF 16). From these results, we infer that the source of

Many studies have shown that primary organic aerosoln/z 99 is shipping exhaust.
from ship and diesel exhaust exhibit reduced ions consistent The trends in Figl1 also imply thatm/z 99 is linked to
with hydrocarbon-like organic aerosol (HOA) (e.@ana-  cloud processing. Among the flights presented, RF 27 was
garatna et al.2004 Murphy et al, 2009 Phinney et al.  the only one performed under clear meteorological condi-
2006. The prominent HOA peaks in fresh ship exhawst{ tions. This is evident by the negligible LWC during verti-
55, 57, 69, 71, etc.) constitute less than 2% of the mass irtal soundings. In addition, the larger mode in the aerosol
dry aerosol during perturbed flightglurphy et al.(2009 at- size distribution (Figl1, top row) peaks at a lower diameter
tributed similar observations to dilution processes by com-(77 nm) during clear conditions than during cloudy condi-
paring AMS measurements of fresh ship emissions to thaions (180-250 nm). This, along with the low LWC, possibly
organic spectrum of exhaust aged for 60 min. The authorsmplies that cloud processing contributed less mass to below-
showed that the organic fraction evolved to resemble thecloud aerosol during RF 27 than other flights. The time se-
surrounding low volatility, unperturbed aerosol — the frac- ries ofm/z 99 during RF 27 shows little variation over the
tion of m/z 44 increased, while prominent HOA masses de-course of the flight. If we contrast this to RF 28, which was
creased. The authors note that this aging process could be egerformed during a cloudy day and along a similar flight path
plained primarily by dilution with unperturbed aerosol, how- (as illustrated in Figl2), we see that the variation of/z 99

Fraction of Organic Signal

Z:;E mli.......b mJ._w

0.08

Difference 004+ I
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Fig. 11. Time series of organic, sulfate, organic/z 99, LWC and altitude for research flights RF 9 (moderately clean, clouds), RF 16
(perturbed, clouds), and two additional flights that were performed outside the sampling region defined,iRFig7 (moderately clean,

no clouds) and RF 28 (moderately clean, clouds). The top row of normalized aerosol number distribtidriedp/(integrated loading))

show the distribution of marine aerosol below cloud for each flight. The dotted boxes show periods when samples were collected through the
CVlinlet.

44 is enhanced in and out of cloud. This evidence, along with
the variation ofn/z 99 in ship-impacted air masses, leads us
—— California Coast to conclude that the variation @i/z 99 likely results from
e oy, cloud processing of ship emissions.

424 —— Flight Path RF28
. K - - RF 27 Backtrajectory

=~ RF 28 Backtrajectory 4.2 Application of m/z 42 and 99 in evaluating
ship-impacted airspace

40+
Given the unit mass resolution of the C-ToF AMS, a num-
ber of masses could be responsible for the signals observed
atm/z 42 and 99. The species;B,0%, C3HT, CoHsN*

and CHOC{ are the non-isotopic ions presentmﬁz 42
while CgH}, CgH110", CsH7O5 and GHj are the non-
isotopic ions present at/z 99. Thus, the varlatlon aft/z

42 and 99 in ship-impacted clouds could result from the frag-
mentation of aqueous-phase oxidation productsHgO™,
CsH7O7, and GH110™), alkane species (®i];) or unsat-
urated carbon chains ¢8i¢, CgH3). High-resolution AMS

Latitude (°)

se measurements of marine aerosol performed onboard the R/V
S Point Sursuggests that the enhancements in masses/ at
West Longitude (°) 42 and 99 result from the increase in signal frogHgO™

and C‘5H7O+ (see Sect4.3). This supports the presump-
Fig. 12.Path of additional flights RF 27 (red) and RF 28 (blue) com- jon that the enhancement af/z 42 and 99 in perturbed air
pared to the path of all other flights in the present study (grey). Dot- masses result from aqueous-phase oxidation of ship emis-

ted lines are back-trajectories (24 h) for air masses measured durin
the middle of each flight. RF 27 and RF 28 were coastal gradlentg'ons We note that other masses, such 4544, are promi

flights conducted on clear (RF 27) and cloudy (RF 28) days. nent in the mass spectra of ship emissions measured in-cloud
(see Fig.10). We suspect that these masses also result from
cloud-processed ship emissions. However, given that these
masses also dominate surrounding unperturbed air masses,
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9257 Cloud Droplet Residuals  °%7] aerosol. Therefore, we propose a metric by which one can
(Behind CVI) Dry Aerosol evaluate the extent of ship-impacted air masses in the pres-

ence of clouds. Measurements of the organic fractions of
m/z 42 (fa2) and 99 (fag) scattering about the red markers
in Fig. 13 (f42 > 0.15; fg99 > 0.04) would imply heavy influ-
ence from shipping emissions. Measurements af 42 and
99 scattering about the green markers (6<0f;2 < 0.15;
0.01< fo9 < 0.04) would imply moderate, but persistent,
ship influences. Finally, measurementsmofz 42 and 99
scattering about the blue markerg;{ < 0.05; fg9 < 0.01)
would imply clean, non-ship-influenced air. If we apply these
metrics to the data in the present study, this would imply that
72 % of the measurements made behind the CVI and 12 %
0 20 40 80 g500° 0 20 40 60 goo? of measurements of dry aerosol were at least moderately im-
fos foo pacted by ship emissions.
Fig. 13. Variation of the organic fraction aof:/z 42 andm/z 99 DeS.plte Qbserylng similar SpeCFra from cI_oud-pr(_)cessed
(fa2, foo) in the organic spectra of cloud water droplet residuals O'9anics originating from many different ships during the

and dry aerosol. Markers are colored by sulfate loading to illustrateE-PEACE campaign, we note that shipping emissions are
the potential impact of ships on each measurement. highly variable. Thus, one cannot assume that all cloud-

processed shipping emissions will exhibit the same mass
spectra as those presented here. Furthermore, we were un-
we believe that using:/z 42 and 99 as tracers for cloud- able to determine an exact chemical source for the masses
processed ship emissions will help to delineate the source ofitm/z 42 and 99. Therefore, this proposed metric is subject
subsequent marine aerosol measurements. to future identification of the exact source of these masses.
Given the large fraction ofz/z 42 and 99 in perturbed We note that further investigations into the chemical origin
air relative to clean air, we propose using these masses tof m/z 42 and 99 might also help to elucidate chemical pro-
indicate the degree to which shipping emissions affect ma-cesses not yet identified in current literature.
rine aerosol. Figurd3 shows the relationship between the
fractions ofm/z 42 and 99 in the present study. Markers are4.3 High resolution AMS analysis of ions at
colored by sulfate mass concentrations to illustrate the ex-  m/z 42 and 99

tent to which ships may have impacted each measurement. .
These plots show that the fraction @f/z 42 in the organic Additional aerosol properties were measured below cloud

spectra strongly correlates with the fractioefz 99, with ~ ©nboard the R/\WPoint Surfrom 13-23 July. The R/\Point
R? =0.72 and 0.67 for measurements of cloud droplet resig-Surwas primarily d_eployec_i to gene_rate controlled ship tracks
uals and dry aerosol, respectively. Also, higher fractions of/0" @erosol/cloud interaction studieRyssell et al.2013);
m/z 42 and 99 are coincident with higher loadings of sulfate. "OWeVer, the high-resolution AMS onboard the RPdint
Appendix Fig.A2 shows the PearsaR correlation spectrum  SUr continuously sampled marine aerosol. As shown in Ta-
relating the fraction ofr/z 42 and 99 with sulfate loading Pl€ 3 and Fig2, the first half of the cruise (14-19 July) was
(top) and the fraction of all other organic masses (midd|e’00|n0|dent with the c_Ieanest period of the study, whereas the
bottomn). Of all the masses in the organic spectru 42 latter half of the cruise (20—23 July) corresponded to peri-
and 99 have the strongest correlation with sulfae=(0.58 ods of elevated sulfate. Investigating the variation of ions at
and 0.53, respectively). This correlation could result from si-"*/z 42 and 99 during the latter half of the cruise is likely to
multaneous aqueous phase sulfur oxidation or from the preg?rovide information relevant to ship-impacted air masses.
ence of sulfate in shipping emissions. Similarly, these two 1aPle4 summarizes the fraction of the non-isotopic ions at
ions appear to correlate only with each other and not with’”*/z 42 @nd 99 during the R+/‘V’0|nt Surcruise. Oveithe en-
typical aerosol tracers (e.gn/z 57 for HOA spectra and Ure Cruise (top), ions §H20™ (m/z 42) and GH70, (m/z
m/z 44 for OOA). The relationship between/z 42 and 99 99) cqnstltute the maJo_rlty?( 50 %) of th_e mass at their re-
appears to be unique and strongly linked to ship emissions. spectivern /z. The contribution of these ions to the total sig-
If we take the fraction ofn/z 42 andm/z 99 to re- nal increased during the latter half of the cruise. The fraction

flect the degree of cloud-processed ship emissions (as sug?-f other ions either decreased or increased litd& @6) dur-

gested by Figsl0and11) and that ship emissions are coin- N9 the period of elevated sulfate (bottom), implying that ions

+
cident with elevated sulfate concentrations (as suggested b§t”/z 42 and 99 other thanE1,0" and GH-O; are not

Fig. 7 and the observation of high sulfate during the heav-Strongly associated with ship emissions.
iest ship-influenced flights), then we see that Ri§.illus-
trates the extent to which ship emissions influence marine
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Table 4. Fraction of each ion at/z 42 andm/z 99 over the entire R/\Point Surcruise (top) and during periods of high sulfate loading
(bottom). Values in parenthesis are the variance in the measurement.

m/z 42 m/z 99

Average over entire cruise Average over entire cruise
lon Fraction of total ~ Fraction of signal lon Fraction of total ~ Fraction of signal

organic signal atn/z 42 organic signal ak/z 99
CoH,Ot  0.014 0.57 GH705  4.22¢107% 0.51

(5.11x1072) (0.030) (1.26¢10°7) (0.044)
CaHg 0.008 0.33 GH : 2.42<107% 0.21

(2.43x1079) (0.037) (5.4810°8) (0.036)
CoHaNT  0.002 0.08 GH110T  1.84x1074 0.19

(2.36x10°6) (0.005) (2.4 1078) (0.020)
CHOCH  4.01x107% 0.02 GH3 7.81x10°° 0.09

(1.26x1077) (0.0004) (9.2%1079) (0.008)

Average during period of elevated sulfate (19-23 Jul) Average during period of elevated sulfate (19-23 Jul)
lon Fraction of total ~ Fraction of signal lon Fraction of total ~ Fraction of signal
organic signal atn/z 42 organic signal ab/z 99

CoH,Ot  0.020 0.72 GH705  6.72¢10°% 0.58
(5.07x1079) (0.013) (1.25%10°7) (0.030)
CaHg 0.004 0.15 GH s 2.23<10°% 0.15
(8.27x1076) (0.009) (5.1%10°8) (0.023)
CoHgNt  0.003 0.11 GH110T  2.23x1074 0.18
(2.51x1076) (0.006) (2.7&10°8) (0.013)
CHOCH  2.92x107% 0.01 GHJ 1.08<1074 0.10
(1.21x10°7) (0.0004) (1.1%1078) (0.007)

Based on Tabld, we presume that£1,0" and C‘5H7O§ ion atm/z 42 and 99 during the clean and perturbed periods.
are the major ions responsible for the variatiomify 42 and  During the clean period, there is little variation in the ions at
99 observed in Fig. 9. Even though the alkane iom At 99 their respective masses. In contrast, during the periods of in-
(C7H1r5) constituted approximately 20 % of the signal, this ceased sulfate, the variationssatz 42 and 99 are enhanced
ion can be ruled out as a major contributor to the variation inand are mostly attributable te,8,01 and (.‘5H7O§r. In con-

m/z 99 because other major HOA-type ioms/¢ 55, 57,69,  junction with Table 5, FigA3 suggests that the variations in
71, etc.) were not observed to vary significantly witlz m/z 42 and 99 observed in C-ToF AMS measurements re-
42 or 99 (see Appendix Figh2). Cg,Hgr was also variable sult from the enhancement of the oxidized iongigO™ and
and constituted a significant fraction of the signahat 42. C5H7O§r, respectively.

Though the contribution of this ion decreased when aver-

aged during the perturbed periodglq is an unsaturated,

reduced ion of the seriesnagn, which is likely alkeneinna- 5 Conclusions

ture McLafferty, 1980, that could have originated from an

HOA or aged organic source. A major finding of the present work is the identification of

Appendix Fig.A3 shows the variation in the organic frac- aerosol mass spectral peaksnat; 42 and 99 as markers
tion of C,H,O and (‘3H6+ atm/z 42 versus the organic frac-  for cloud-processed ship emissions. The co-variation of
tion of C:5H7O§' atm/z 99. Over the entire cruise,,8,0" 42 and 99 in dry marine aerosol is unique and likely due
is better correlated with 703 than with the reduced ion to ship emissions that were processed by clouds and sub-
(R?2 = 0.49 versusk? = —0.09, respectively). The two oxi- Sequently dried. Based on high-resolution AMS measure-
dized ions also exhibit a positive correlation that is consistentMents, it appears that these masses were primarily due to
with the variation ofn /z 42 andm /z 99 observed in Figl3. variations in oxidized ions. In the present study, we are un-
The variation appears to be coincident with increasing sul-2ble to link the variation of these ions to a specific chemi-
fate, which is also similar to the trend observed in Rig. cal source. Therefore, until future studies can identify a spe-

Appendix Fig.A3 also shows the time series trends of eachCific compound that is linked te:/z 42 and 99, we must
caution that not all cloud-processed shipping emissions may
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T T T T T T Fig. A2. PearsomR spectrum showing the variation af/z concen-
0.0 0.1 0.2 0.3 0.4 0.5 trations vs. the concentration of sulfate (top), the variation of the
® Perturbed Air Equivalent Sulfate fraction of m/z 42 (f42) against the fraction of all other organic
® Clean (ug m-3) masses (middle), and the variation of the fractiomgt 99 (fgg)

against the fraction of all other organic masses (bottom). These cor-
Fig. AL. Variation of air equivalent MSA and sulfate in cloud wa- relations were calculated for measurements made outside of cloud.

ter droplets. Red markers represent measurements made during per-

turbed flights (RF 14-18), blue markers represent measurements

made during clean flights (RF 5-8). Brown markers are all other Appendix A
measurements.

Additional instrument information

exhibit enhancements in these ions. Further investigationi
into the source of these ions may provide information about
the _chemical transformations of shipping emissions in theCloud and aerosol properties were measured onboard the
ma‘:'r;lrl)eu;r:ﬁ:p;xear(?t.chemical source remains uncertain onTWin Ott_er using g_suite of wing-mounted probes and cabin-
can use the fractions of /z 42 andn /z 99 as a proxy for de,- %_ased size classifiers. Ae_rosol size and nl_meer con_centra—
termining the extent of ship influences on cloud and aerosoFIons were measured outside the aircraft using a passive cav-
2 X . ity aerosol spectrometer probe (PCASP) (Particle Measuring
properties in the marine environment. Measu_remepts_ of thPSystems Boulder, CO). Simultaneous measurements were
?t:gé‘rr;g;gjging_ ?Sn_/ ;g:i ((})C%Lawngu?g ?:%Q&;awggv\ymu- performed pehind th(_e main geros.ol inlet/CVI using a_lcgstom-
ence from shipping émissions. Measurements af 42 and buﬂ_t scanning mop_lllty particle sizer (SMPS) consisting of
99 in the range 0.05 f4s < 0.15; 0.01< foo < 0.04 would a differential mobility analyzer (DMA, model 3081, TSI)
; ' AN L . coupled to a condensation particle counter (CPC 3010, TSI,
imply moderate, but persistent influences from ships. Fma"y’ShorevieW MN). PCASP and SMPS were calibrated using
measurements ofi/z 42 and 99 in the rang¢s, < 0.05; ' ’

f99 < 0.01 would imply clean, non-ship-influenced air. These polystyrene latex spheres.

proxies apply under the condition in which clouds have been Cloud droplet distributions were measured using a cloud,

impacted by ship emissions. The results from this study aIsoaerOSOl and precipitation spectrometer (CAS) (Droplet Mea-

suggest that shipping exhaust is a major contributor to maTs.urement Technologies, Boulder, CO) and was calibrated us-

rine aerosol in regions of heavy shipping. If we apply the ing glass beads. Cloud droplet number concentrations pre-

. LS sented in this study reflect integrated CAS distributions for
proposed conditions for moderate shipping influences, we

find that 72 % of the measurements illustrated in Eigare pa(r;t:gleds x;hdgﬁgﬁgegsnzgi? p(r:n(.:N number concentrations
(at least) moderately perturbed cloud particles, while 12 % u uclei ( ) nu

of the measurements are moderately perturbed evaporatevéﬂelre measured using a streamwise thermal-graident cloud

cloud droplets. The marine atmosphere off the coast of Cen_condensatlon nuclei counter (CCNC, Droplet Measurement

tral California is likely seldom free from shipping influences Technologies)l(ance et al.200§ Roberts and Nene2003.

o : L ) X .A flow orifice and active control system was used to maintain
and exhibits a persistent shipping signature on marine parti:

cles in the region defined between latitude 35.5-3K.8nd instrument pressure at 700 mb independent of ambient pres-
longitude 122—123.25, ' ’ sure. The instrument was mostly run in scanning flow CCN

analysis (SCFA) modéMoore and Nene2009. SFCA pro-
duced CCN spectra over the range 0.15-0.85% supersatu-
ration every forty seconds. During zig-zag ship intercepts,

1 Physical properties of aerosol and cloud droplets
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Fig. A3. Top — variation of GH,O" and C;;Hg atm/z 42 with (35H7O§r atm/z 99. Markers are colored by sulfate loading. Bottom — time
series trend showing the variation of the ionsnatz 42 and 99. Region shaded grey corresponds to the clean period of the cruise, region
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CCNC operation was switched to conventional operation,to be twice the standard deviation of organic, sulfate, nitrate,
maintaining a constant flow rate and constant 0.15 % superammonium and total mass measured during the filter period.

saturation. Composition dependent collection efficiencies (CE) were
calculated based on the methodMildlebrook et al(2012).
A2 Composition measurements by aerosol mass Figure A4 compares aerosol mass concentrations measured
spectrometry by AMS to calculated aerosol mass concentrations from

SMPS data before (left) and after (right) applying the CE cor-

A compact time-of-flight (CToF) aerosol mass spectrome-rec'[ion factor. Volume concentrations measured by the SMPS
ter (AMS, Aerodyne Research Inc., Billerica, MA) was used Were calculated by integrating SMPS data from 60—-1000 nm.
onboard the Twin Otter to measure bulk aerosol chemiStry.V0|Ume concentrations were then converted to mass concen-
A high-resolution time-of-flight AMS (HR-ToF-AMS) was _ trations assuming a density of 1.6 gcfpwhich is represen-
used onboard the RAPoint Surto characterize detailed tative of a mixture of 60 % sulfuric acido(=1.84gcn1°)
aerosol chemistry. The AMS has been described elsewher@nd 40 % organicso(= 1.2 g cni®) (Phinney et al.2008).
and only a brief description is given heagne et a).200Q Before applying the CE correction, AMS and SMPS data
Allan et al, 2004 Drewnick et al, 2005. The AMS mea-  Scatter below the 11 line with a slope of 0.45. After ap-
sures the ensemble average mass spectra and chemically fying the CE correction, AMS and SMPS data scatter close
solved size distribution of non-refractory particle phase or-to the 1: 1 line with a slope of 0.85. The bias towards higher
ganic and inorganic species. Spectra were analyzed in |GORerosol mass concentrations calculated from SMPS data may
Pro (WaveMetrics, Inc., Lake Oswego, Oregon, USA) usingresult from a number of unknowns including overestimation
the SQUIRREL v 1.51H and PIKA v 1.10H modules. Gas of aerosol density, uncertainty of particle losses in the SMPS
phase interferences were corrected using the fragmentatiofistrument and uncertainty in the amount of non-refractory
table developed b#llan et al.(2004 andAiken et al.(2008. material present in the aerosol. In general, however, the good

Onboard the Twin Otter, MS mode was run for 8s per agreement warrants use of the method developédidylle-
saved run. A pressure-controlled inlet was used to maintairProok et al (2012 in estimating the CE correction factor.
a flow rate of 1.4cm3s™! to the AMS vacuum chamber.
Prior to each flight, the AMS ionization efficiency (the ra- A3 Cloud water chemistry
tio of the number of molecules ionized to the total number
of molecules that enter the instrument) was calibrated usingCloud water samples were collected using a modified Mo-
dried 350 nm NHNO;3 particles. Detection limits were taken hen slotted cloudwater collectoHégg and Hobhs1986).
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Abstract. During the Eastern Pacific Emitted Aerosol Cloud fractions: an average GF of 1.06 was observed for aerosols
Experiment (E-PEACE), a plume of organic aerosol was pro-with an organic mass fraction of 0.53, and a GF of 1.04 for
duced by a smoke generator and emitted into the marinen organic mass fraction of 0.35.

atmosphere from aboard the RRo6int Sur In this study,

the hygroscopic properties and the chemical composition of

the plume were studied at plume ages between 0 and 4h

in different meteorological conditions. In sunny conditions, 1  Introduction

the plume particles had very low hygroscopic growth fac- ) ) ) ) )

tors (GFs): between 1.05 and 1.09 for 30 nm and betweer] he interaction of atmospheric aerosol particles with water
1.02 and 1.1 for 150nm dry size at a relative humidity is a crucial factor affecting their evolution in the atmosphere.
(RH) of 92 %, contrasted by an average marine backgroundY taking up water, particles grow in size and experience
(several 10000 crm?), which lead to substantially increased ability to interact with solar radiation. Activation into cloud
cloud condensation nuclei (CCN) concentrations at superdroplets is a determining factor in the atmospheric lifetime
saturations between 0.07 and 0.88 %. Ratios of oxygen t®f particles. Furthermore, cloud droplets and water in del-
carbon (O C) and water-soluble organic mass (WSOM) in-iguesced aerosol particles provide an aqueous medium for
creased with plume age: from <0.001 to 0.2, and from 2.42 toehemical reactions, which can lead to a change in the chem-
4.96 ug n3, respectively, while organic mass fractions de- ical composition of the particles (Hegg, 1985; Blando and
creased slightly 0.97 to~ 0.94). High-resolution aerosol Turpin, 2000; El Haddad et al., 2009; Bateman et al., 2011;
mass spectrometer (AMS) spectra show that the organic fragervens et al., 2011).

mentm/z 43 was dominated by £1307 in the small, new Organic compounds can have a profound impact on the
particle mode and by £ in the large particle mode. In watgr-uptake prqperties of particle_s. An increase in the or-
the marine background aerosol, GFs for 150 nm particles aanic mass fraction of aerosol particles can reduce water up-

(DRH) of salts, while simultaneously enabling hygroscopic
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growth at RHs below the DRH (e.g., Dick et al., 2000; Hersey han et al., 2004; Sorooshian et al., 2010). In the absence of
et al., 2009; Meyer et al., 2009). In the atmosphere, agingsuch sources, marine background aerosol typically shows a
processes affect hygroscopic properties of the organic frachygroscopic mode with growth factors around 1.6-1.79 at
tion of aerosols (commonly referred to as organic aerosols90 % RH (Swietlicki et al., 2008, and references therein).
OA). Organic components in fresh aerosols have been obkess hygroscopic and hydrophobic modes are encountered
served to decrease water uptake, but in aged aerosols, théy continental outflow (e.g., Hawkins et al., 2010; Hegg et
can have the opposite effect (Saxena et al., 1995). Aging o#l., 2010), free tropospheric air masses, and during episodes
aerosols broadly encompasses any change in their chemicaf fresh biogenic aerosol production (Swietlicki et al., 2008;
composition and physical properties during their lifetime in Allan et al., 2009; Hersey et al., 2009; Mochida et al., 2011).
the atmosphere. For OA, important aging processes includélygroscopic growth factors and the activation ratio (the ratio
the addition of organic mass through secondary productiorof CCN at a given supersaturation to the total measured par-
via gas-to-particle conversion and aqueous-phase productioticle number concentration, CCN/CN) have been shown to
(e.g., George et al., 2007; El Haddad et al., 2009; Ervens eincrease with the age of the continental air mass (Massling et
al., 2011), as well as the continuing oxidation during pho-al., 2007; Furutani et al., 2008). Anthropogenic disturbances
tochemical and cloud processing (Jimenez et al., 2009). Theuch as emissions from ship traffic and oil spills constitute
transition from less oxidized to more oxidized organic com- further sources of organic aerosols in the marine atmosphere.
pounds in OA increases hygroscopic growth factors €6F The injection of container ship exhaust, which includes parti-
dp,rH/dp,dry) (Massoli et al., 2010; Duplissy et al., 2011). cles consisting of a mix of hydrocarbon-like organic aerosol
The conversion of hydrophobic primary OA to hydrophilic and sulfate (Murphy et al., 2009), is a persistent anthro-
particles has been shown to be rapid during the daytime in apogenic impact on atmospheric composition (Eyring et al.,
urban environment (Wang et al., 2010). 2009). During the Deepwater Horizon oil spill, hydrocarbon-
Hygroscopic growth and cloud condensation nuclei (CCN)like SOA was found to derive from intermediate volatility or-
activity are often described in terms of a single parameterganic compounds evaporated from the oil surface (de Gouw
connecting the hygroscopicity of particles in the sub- andet al., 2011). Most of these particles acted as CCN at su-
the supersaturated regime (Petters and Kreidenweis, 200fersaturations exceeding 0.3 %, but were characterized by
Wex et al., 2008; Dusek et al., 2011). However, observa-low hygroscopicity in the subsaturated regime (Moore et al.,
tions of several aerosol types, including biomass burning2012).
aerosol (Petters et al., 2009; Dusek et al., 2011), laboratory- This study aims to improve the process-level understand-
generated secondary organic aerosol (SOA) (Wex et al.ing of changes in water-uptake properties of organic aerosol
2009), primary marine organic aerosol (Ovadnevaite et al.py investigating a rare “hybrid experiment” between labora-
2011a), and urban ambient aerosol (Hersey et al., 2013), havery and field conditions: a well-defined organic aerosol is
shown conflicting behavior in the form of reduced hygro- artificially generated in large quantities and exposed to the
scopic growth factors with simultaneous enhancements irreal marine atmosphere. We report measurements of hygro-
CCN activity. The role of organic compounds in changing scopic growth factors and CCN concentrations in this organic
water-uptake properties of aerosols is not fully understood. plume, and compare its aging and its hygroscopic properties
The marine environment is well suited to study the ag-in both cloudy and sunny conditions.
ing of organic aerosols. In continental locations, with nu-
merous anthropogenic and natural aerosol sources, fresh
and aged organic aerosols are often found in the same Methods
air mass. Over the ocean, sources of organic aerosols are
more limited. Continental outflow is often the most impor- 2.1 The E-PEACE field campaign
tant source of OA (Hawkins et al., 2010); however, pri-
mary and secondary marine sources can be relevant (Gantthe Eastern Pacific Emitted Aerosol Cloud Experiment (E-
and Meskhidze, 2013). An important marine primary or- PEACE) was a field campaign conducted off the coast of Cal-
ganic aerosol source is bubble bursting, which transfers disifornia in July and August of 2011. Its general aim was to
solved or film-forming organic substances from the oceanstudy aerosol-cloud—radiation interactions through the con-
surface into the particle phase in the atmosphere (e.g., Midtrolled emission of known aerosols into the marine stratocu-
dlebrook et al., 1998; O’Dowd et al., 2004; Cavalli et al., mulus deck and the measurement of its effects from ship,
2004; Leck and Bigg, 2005; Facchini et al., 2008a; Russellaircraft, and satellite observational platforms. A detailed de-
et al., 2010; Modini et al., 2010; Ovadnevaite et al., 2011b).scription of the experiment and its first results are given by
Proposed marine sources of SOA include biogenic aminefussell et al. (2013). The location of the experiment is shown
(Facchini et al., 2008b; Sorooshian et al., 2009; Dall'Osto etin Fig. 1. In this study, we investigate an organic plume pro-
al., 2012), isoprene oxidation above phytoplankton bloomsduced on and emitted from the RRoint Suron a 12-day re-
(Meskhidze and Nenes, 2006; O'Dowd and de Leeuw, 2007)search cruise (12—-23 July). To create the plume, refurbished
and aqueous-phase production in marine stratus clouds (Crépattleship smoke generators were operated at the ship’s stern:
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Hygroscopic growth factors were measured using a hu-
midified tandem differential mobility analyzer (HTDMA
Model 3002, Brechtel Manufacturing Inc.) (Sorooshian et
al., 2012). The system consisted of a dry DMA (DMA 1,
RH <8 %) selecting particles with dry diameters of 30, 75,
150, and 300 nm; a humidifier, in which the dry particles
were exposed to RHs of 40, 70, 85, and 92 %; and a sec-
ond, humidified DMA (DMA 2), which measured the num-
ber size distribution after hygroscopic growth. CCN concen-
trations for supersaturations)(ranging between 0.07 and
0.88 % were measured using a CCN counter (custom design,
miniaturized after Roberts and Nenes, 2005).

Submicrometer particles, separated from larger particles
with a cyclone, were analyzed with a high-resolution time-
of-flight aerosol mass spectrometer (AMS, Aerodyne Re-
search Inc.) (DeCarlo et al., 2006) to measure the nonrefrac-
Fig. 1. Smoke generation on the RRbint Sur(photo taken from {4y jnorganic (ammonium, sulfate, nitrate, chloride), and or-
CIRPAS Twin Otter). Insert: General area of the E-PEACE field o 5ic chemical composition. Submicrometer particles were
campaign off the coast of Callfornla. The ship’s course is shown foralso collected on 37 mm Teflon filters and scanned using
the days that are the focus of this study. Fourier transform infrared (FTIR) spectroscopy (Tensor 27,

Bruker Optics, Inc.) (Russell et al., 2009; Frossard and Rus-

sell, 2012). | addition, samples of the ship diesel and smoke
pulse jet engines operated with standard gasoline pumpegj| that were used during the E-PEACE cruise were atomized
and heated a paraffin-type oil, which vaporized at a temper{atomizer, TSI Inc.), collected on Teflon filters, and scanned
ature of about 158C, without igniting. Upon emission into  ysing FTIR spectroscopy.
the marine atmosphere through three nOZZles, the oil con- Water-soluble Organic carbon (WSOC) mass concentra-
densed into a thick smoke of oil droplets and vapor (“or- tions were quantified with a particle-into-liquid sampler
ganic plume”, Fig. 1). More details on the oil production can (p|LS, Brechtel Manufacturing Inc.) coupled to a total or-
be found in Russell et al. (2013). The properties of the or-ganic carbon analyzer (Sievers, Model 800) (Sullivan et al.,
ganic plume and its interactions with the marine environmentp0oe: Wonaschuetz et al., 2011). Black carbon (BC) concen-
were measured from two platforms: the Center for Interdis-trations were obtained from a single-particle soot photometer
ciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin (Sp2, Droplet Measurement Technologies Inc.). Meteorolog-
Otter aircraft, and an instrument container on the Rt jcal conditions, including ambient temperature, wind direc-

Suritself. This study focuses on measurements from the R/Mjon and speed (corrected for the ship’s movement), and RH,

| 18July Santa Cruz

Monterey
36.0+ 17 July

-124.0 -123.0 -122.0
Longitude (deg W)

Latitude (deg N)

Point Sur were measured routinely on the RRoint Sur along with
ship-specific data such as heading and speed. Additional vi-

2.2 Instruments sual observations (e.g., fog, other ships) were noted in deck
logs.

A complete list of all instruments located on the two plat- Mass concentrations of oxalate and glyoxylate are re-
forms is given by Russell et al. (2013). The instruments on-ported in this work for the smoke-sampling events (described
board the R/VPoint Surwhose data are used for this study in Sect. 2.6). PMp was collected on prebaked 47 mm quartz
are summarized in Table 1. The RRo6int Surinstrument  fiber filters that were stored in a freezer prior to chemical
container was located at the ship’s bow. A common verti-analysis. The filter extraction procedure consisted of ultra-
cal inlet, which was shielded from spray, sampled ambientsonication (15 min) of filter halves with 18.2® Milli-Q
aerosol up to several micrometers in diameter. The aerosolater. Syringe filters (Acrodisc filter, 25 um) were used to re-
was dried in diffusion driers before distribution to the in- move any remaining insoluble matter from the extracts after
struments. Submicrometer particle size distributions wereultrasonication. lon chromatography analysis (IC — Thermo
measured with a scanning electrical mobility spectrometerScientific Dionex ICS-5000 anion system with an AS11-HC
(SEMS Model 138 2002, Brechtel Manufacturing Inc.). Size 2 mm column) was conducted using a 38 min multi-step gra-
distributions of larger particles were measured with an aero-dient program with sodium hydroxide eluent (1 mM from 0
dynamic particle sizer (APS 3321, TSI Inc., size range 0.5-t0 8 min, 1 mM to 30 mM from 8 to 28 min, 30 mM to 60 mM
20 um) and an optical particle sizer (OPS 330, TSI Inc.,from 28 to 38 min).

size range 0.3-10 um). A condensation particle counter (CPC

3010, TSI Inc.) measured total particle number concentra-

tion.
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Table 1. Instruments on the R/¥Point Sur.

Measurement Instrument Size range Time resolution
Particle size distribution ~ APS 0.5-20 pm 2 min
OPS 0.3-50 pm 2 min
SEMS 10-946 nm 5 min
Number concentration CPC >10nm 1s
Water uptake CCN counter 9s
HTDMA (hygroscopic growth) 30, 75, 150, 300 nm~ 5 min
Chemical composition AMS <lpm 4 min
PILS — TOC (water-soluble organic carbon) <1um 6 min
SP2 (black carbon) 80-300 nm 10s
Filters scanned with FTIR spectroscopy <lum 20 min—-4 h
2.3 Data processing and quality control DMA measurements, the change in mean RH in DMA 2 from

one scan to the next rarely exceeded 1% RH. The measure-

ment GF uncertainty was therefore estimated by calculating
For the HTDMA data, an important source of uncertainty is the change in GF for a change in RH of 1% (RH) around the
the variability of RH in DMA 2 (Swietlicki et al., 2008). For  set-point RH for pure particles of the three model substances.
quality control, temperature and RH in DMA 2 and their vari- The maximum GF uncertainty for a RH set point of 40 %
ability in time (over the duration of a scan) and space (alongis estimated to be 0.010 (malonic acid particles; the RH set
the DMA 2 column) were calculated from measurements ofpgint of 40 % is below the efflorescence point for ammonium
flow rates, temperatures, and RH in the sample flow out ofsyifate and sodium chloride). For the RH set point of 92 %,
the humidifier and the sheath flow in DMA 2 at the begin- the maximum GF uncertainty is 0.185 (sodium chloride).
ning of the DMA 2 column (these two flows were humidi- sjnce the three model substances are among the most hygro-
fied separately), and of temperature in the excess flow at thgcopic inorganic and organic compounds, these changes in
end of the DMA 2 column. Scans were accepted if they ful- RH represent upper limits on the uncertainty in the measured
filled the following criteria: (i) flow rates were within 25% GF of the ambient particles, which are likely an internal mix-
of the set point, (ii) combined humidifier and sheath air RH {,re of more and less hygroscopic compounds, or on plume
variability over the time of a scan did not exce¢d.5%  particles, which, as will be outlined, contained a large frac-
RH, and (iii) the temperature gradient over the length of thetjgn of nonhygroscopic organics.
DMA 2 did not exceedt1°C. Based on these criteria, 75%  The SEMS, OPS, and APS each use a different operating
of all scans were accepted. The raw count data from DMApyrinciple to size aerosol particles. Total aerosol size distribu-
2 were inverted to produce the growth factor distributions: tjons were created by merging the distributions over the nom-
raw counts were shifted in time to correct for particle tran- jha] diameter range 0.01—20 pm using an algorithm based on
sit time between the DMA column and particle counter and Khlystov et al. (2004). For the AMS data, a collection ef-
desmeared to correct for a finite particle counter responseiciency of 0.5 and a detection limit of 0.01 pghwere
time. The desmeared data were finally inverted using theypplied. Total nonrefractory mass concentrations were cal-
diffusing form of the DMA transfer function (Stolzenburg, cylated as the sum of organic and inorganic concentrations.
1988) and assuming a single charge. Correcting only for asjze distributions of the nonrefractory mass components
single charge (i.e., inverting for DMA 2 only, rather than the \yere calculated from the AMS measurements (DeCarlo et
combined TDMA system) will accurately recover GF values g|. 2004, 2006). Since the measured masses were close to
and the relative fractions of growth factor populations, with the getection limit, the size distributions were smoothed over
some limitations on the resolution of the distribution shapeq1 sjze bins, resulting in a smoothed size distribution be-
(Gysel et al., 2009). Growth factors were estimated by fit-yyeen 21 and 946 nm. The AMS V-mode measurements were
ting a lognormal function to the growth factor distributions, \;sed to calculate the ratio of oxygen to carbon (O:C) in
assuming mono-modal distributions as a first-order estimatgne measured organic particles (Aiken et al., 2007). For the
and advancing to multi-peak fits when needed (Sect. 3.5). \wsSOC measurements, the detection limit was 0.1 pg@.m

The GF uncertainty was estimated using modeled GRySOC concentrations were converted into water-soluble or-

values for selected inorganic salts (ammonium sulfate an(banic matter (WSOM) concentrations using two different
sodium chloride) and malonic acid from a thermodynamic conversion factors based on literature values (Turpin and

model of particle water uptake (Brechtel and Kreidenweis,| jm 2001): 1.4 for the R/MPoint Surorganic plume, and
2000a, b; Sorooshian et al., 2008). Over the course of the HT-
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1.8 for the marine background aerosol. Water-insoluble or- s 3.

ganic matter (WIOM) was calculated as the difference be- 55 W

tween AMS organic and WSOM. The FTIR functional group 2%

composition was determined using an automated algorithm
that includes baselining, peak fitting, and integrating at spe- 50
cific wavenumbers associated with major carbon bond types

(Russell et al., 2009; Takahama et al., 2012). The functional 5

groups that were quantified include hydroxyl, alkane, amine, % 45 —{Regime 1: — Jul 12
carbonyl, and carboxylic acid groups. E Y

8 Jul 15|
2.4 Auxiliary data 40 it

Transition: Jul 18

Three-day HYSPLIT back trajectories (Draxler and Rolph, Jul 19
2012) ending at the ship’s location and at an altitude of 50 m 35 |Regime 2 — Jul 20
were calculated for every third hour of the RRoint Sur S
cruise. GOES visible satellite images (every 15min) were | ——Jul23 | | |
collected and overlaid onto plots of the RRbint Sufs 155 150  -145 140 135 -130  -125  -120
course to confirm and complement the visual observations of Longitude (deg)

Clou(;:i_s_ from the R/\fo"}t Sur To analyze Syhodptlc weather Fig. 2. Three-day HYSPLIT back trajectories (every three hours,
conditions, maps of surface temperature, wind, pressure, angnding altitude: 50 m) show air mass origins during the cruise.

500 mb geopotential height were obtained from the websiterpee distinct groups of trajectories governed by synoptic condi-
of the NOAA/OAR/ESRL Physical Science Divisioht{p:  tions are apparent: back trajectories pertaining to Regime 1 (blue,

/lwww.esrl.noaa.gov/psd/data/composites/gday/ green), Transition (orange), and Regime 2 (red).

2.5 Synoptic conditions

Synoptic conditions during the cruise were characterized by-8 July were chosen for comparison. Plume characterization
thus took place in air masses that were less influenced by

two different regimes, as determined by the 500 mb geopo- ) ! - '
tential height charts: the first (“Regime 17, 1219 July) was c0astal air (Regime 1 and Transition). The RPdgint Sur
governed by a midlatitude trough north of the cruise region;Stack exhaust was sampled on one occasion on 22 July (yel-
the second (“Regime 27, 20-23 July) was characterized by©W shading in Fig. 3).

the reestablishment of a seasonally typical subtropical ridge DUring the cruise, 17 July was one of only two cloud-
to the south. Regime 1 was characterized by lower surfacd’€€ days (Fig. 3, panel 3). GOES visible images show that
temperatures. HYSPLIT back trajectories show that duringtl0uds were present in the early morning but started to dis-
Regime 1, air masses arrived from the NW (Fig. 2). During §|pate around 10:00 (this and all times here_lnafter are local
the regime change (18-19 July), hereinafter termed “TrantiMe. LT). The general area around the RAdint Sur'slo-
sition”, an episode of back trajectories from the west is ap-Cation was cloud-free by 13:00. Relative humidity dropped
parent, in conjunction with a surface low-pressure center jusffom 91 % around sunrise (05:54) to 80 % at noon and fur-

north of the cruise area. Back trajectories parallel to the coast1e" t© @n all-cruise minimum of 70 % by 18:00. Ambient
were dominant during Regime 2. temperature in the same time frame ranged between 13.6

and 15.7C. Smoke production on the R/Roint Surbe-
2.6 Plume tracking gan at 6:45 and ended at 11:15. The wind direction measured

on the R/VPoint Surduring smoke production and track-
During the majority of the cruise, ambient aerosol was mea-ing was between 30Gand 350, with an average wind speed
sured. Background measurements are defined as time period$ 3.7+ 0.9 ms L. The low wind speed on 17 July allowed
with CPC particle number concentrations <1000¢émOn for plume tracking by the R/\Point Surfor several hours.
several occasions the R/Robint Surturned into the freshly  Figure 4a shows the ship’s course as the plume was sam-
generated plume and tracked it downwind. Plume trackingpled. Smoke properties were measured during the time peri-
was limited by the ship’s maximum speed, which was slowerods 11:20-11:32 (A1, fresh plume), 11:36-13:01 (A2, some-
than typical wind speeds on most days. The ship was able twvhat aged plume), and 15:02-15:20 (A3, aged plume). The
catch up with and track the plume on three days (16, 17, anghlume was also encountered between 13:20 and 14:00, but it
18 July, green shading in Fig. 3). The plume was tracked boths likely that sampling occurred at the edge rather than the
by visually following the plume and by monitoring CPC par- center of the plume. Therefore, this time period was not in-
ticle number concentrations in real time. The ship’s coursecluded in this analysis. The age of the plume encountered
was changed when needed to follow the highest concentraduring tracking was estimated using the average wind speed
tions. For this study, two plume tracking periods on 17 andand calculating the transport time from the location of the
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last smoke production to the ship’s locations during the three3 Results
time periods of plume sampling. This estimate of plume age
represents a lower boundary as the smoke encountered at31 Background aerosol
particular point may have been produced at a time earlier
than the last smoke production. The lower bounds of theAMS measurements show that the nonrefractory, submi-
plume ages during the three time periods of interest were eserometer fraction of the background aerosol is dominated
timated to be Ak 6 min, A2~ 1.6 h, and A3x 4.2 h. by sulfate and organics (Fig. 3). During Regime 1, wind
On 18 July, it remained cloudy throughout the day. In ad- speeds generally stayed below 10Th.sin Regime 2, wind
dition, thick fog was noted in the deck logs (the ship’s fog speeds were frequently higher than 10Th,sbut rarely ex-
horn was used) from 04:00 to noon. RH remained close toceeded 15 mst. Externally mixed sea salt starts to become
100 % during most of the morning and only dropped belowan important contributor to marine aerosol at wind speeds
95% at 12:25. Ambient temperature ranged between 14.@xceeding 6-10 nTs (Ovadnevaite et al., 2012; Swietlicki
and 16.£2C. The R/VPoint Sufs course during smoke sam- et al., 2008, and references therein). A mode of particle vol-
pling is shown in Fig. 4b. Smoke was produced in two stagesume in the 400 nm-1 pm range (Fig. 3, top panel) was ob-
from 06:45 to 07:40 and again from 09:00 to 09:30. Intermit- served during Regime 2 and likely had its origin in bubble-
tent smoke sampling at the plume’s edge occurred betweehursting processes, but constituted only a minor contribu-
06:15 and 08:30; see also Fig. 5b (B1). The center of theion to the background aerosol. The plume measurements,
plume was tracked successfully between 09:35 and 10:45yhich were conducted at low wind speeds during Regime 1,
see also Fig. 5b (B2). The typical wind speed during smokefound that plume particle concentrations were much higher
production and plume tracking was 541.3ms1, with a than the background particle concentrations. For these rea-
direction between 190 and 240The estimated plume ages sons, we do not expect sea salt to have a controlling influ-
were Al~ 2 min and A2~ 37 min. ence on the plume measurements. BC concentrations dur-
During the plume tracking events (green shading in Fig. 3),ing Regime 1 were lower (1.081.06 ngnT3) than during
the organic mass fraction (AMS organic mass : total AMS Regime 2 (1.8 1.01ngnt3, the difference is statistically
mass) in the fresh plume (plume age A1) wa87 %, as also  significant at the 99 % confidence level), but short spikes in
found by Russell et al. (2013). The primary plume particlesBC concentrations were observed in both regimes, confirm-
were created at a rate of #8-10'3s~1, and ranged between ing that the aerosol encountered during Regime 1 was still
100 nm and 8 um in diameter (Russell et al., 2013). The highfar from pristine. This is consistent with other work in the re-
organic mass fraction distinguished the plume from othergion showing a persistent influence of anthropogenic sources
cargo ship exhaust plumes, which typically cont&is0 % (Hegg et al., 2010; Coggon et al., 2012).
sulfate (Russell et al., 2013), and the background marine Hygroscopic growth factors at lower RH (40 and 70 %),
aerosol, which was found to contain between 40 and 60 % orbelow the deliquescence RH of most common inorganic
ganic. The average ratio of organic : sulfate mass encountereshlts, differed by meteorological regime. Table 2 shows that
in the background aerosol was 1:4%.80, and exceeded 5.0 for a particle dry size of 150 nm, the growth factors aver-
in only a couple measurements during the entire campaignaged over Regime 2 were significantly lower (95% confi-
Therefore, the plume was identified through AMS measure-dence level in a two-sampletest) than those averaged over
ments for which the ratio of organic: sulfate exceeded 5.0.Regime 1. Hygroscopic growth at a RH below the deliques-
R/V Point Surstack emissions also had very high organic cence RH of most inorganic salts is at least partly enabled
mass fractions (around 90-95 %), but were characterized byy the presence of organics (e.g., Hersey et al., 2009). It is
higher BC concentrations (>6ngm and lower overall unlikely that previous hygroscopic growth of inorganic com-
mass concentrations (yellow shading in Fig. 3). Using BCponents caused the observed growth as the aerosol was dried
as an indicator, we find that stack emissions influenced théo RH < 8 % before the growth factor measurements, well be-
plume measurements only on rare occasions. For both plumew the efflorescence RH of most salts. The lower growth
tracking events, the total volume concentrations of the plumefactors observed in Regime 2 at 40 and 70 % RH could have
during tracking (A2) were comparable (see also “large modebeen caused by the higher BC concentrations (if internally
volume” in Fig. 9), suggesting that the attempt to track themixed) and/or by a lower organic mass fraction: the aver-
center of the plume was successful. age submicrometer organic mass fraction was &5311 in
Regime 1 and 0.3% 0.10 in Regime 2. Additionally, the or-
ganic fraction in Regime 1, with trajectories from the sea
rather than from coastal regions, may have been more aged
and therefore more hygroscopic. At a RH above the deli-
quescence of most pure salts (92 and 85 %), there was no
significant difference in growth factors between Regimes 1
and 2. In previous studies, lower growth factors at high RH
have been observed in continentally influenced air masses,
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Fig. 3. Submicrometer volume distributions (SEMS), total number concentrations <6000 ¢BPC), black carbon concentrations <5

ngm- 3 (SP2), chemical composition (AMS and PILS), and hygroscopic growth factors (HTDMA) for a dry particle size of 150 nm (indicated

in the volume distribution (top panel) by the red line) and four different RHs as a function of time over the entire research cruise. Green
shading: plume; yellow shading: ship stack exhaust; no shading: Regime 1; dark-gray shading: Transition; light-gray shading: Regime 2.
Mass concentrations for AMS and PILS in green or yellow shading (plumes) pertain to the &gist Refer to Sect. 3.1 for more details.

referring to back trajectories originating over the continent Table 2. Hygroscopic growth factors (150 nm dry diameter) aver-

(e.g., Massling et al., 2007; Allan et al., 2009; Hersey etaged over the two meteorological regimes. For the bold values, the
al., 2009). This type of back trajectory was not encoun- difference of the means between Regime 1 and Regime 2 is sta-

tered during this campaign (Fig. 2), explaining the lack of tistically significant (95 % confidence levels* denotes standard

a more striking difference in growth factors by air mass ori- déviations.

gin at higher RH. Over the entire campaign, growth factors at

92 % RH (particle dry diameter of 150 nm) ranged between

150nm  Regimel | Regime 2

1.43 and 1.96, with an average of 164.11. These val- RH mean o | mean o

ues compare well with the “more hygroscopic modes” ob- 40% 1.06 003 1.04 0.03
served in marine accumulation-mode aerosol in other studies 70 % 124 004| 1.21 003
(Massling et al., 2007; Swietlicki et al., 2008, and references 85 % 1.44 005 1.44 0.05
therein; Allan et al., 2009; Mochida et al., 2011), and are 92 % 166 0.12| 1.60 0.10

associated with internally mixed aerosols containing sulfate,
aged sea salt, and organic matter (Swietlicki et al., 2008).
Higher growth factors are expected for fresh/pure sea-salt
particles, and were found in the background aerosol of 18above the background. On 17 July (Fig. 4a), in contrast, par-
July (Sect. 3.5). ticle number concentrations of > 10 000tfr(a lower limit,

as the CPC has substantial coincidence errors at concentra-
3.2 Secondary organic aerosol formation in the plume tions >10000cm? and does not report values exceeding

40000cnT3) were observed for several hours at ages A2
The most striking difference between the two plume track-and A3. These high particle concentrations, hours after the
ing events (17 July, sunny, and 18 July, foggy) can be seemlume production stopped, are consistent with new particle
in the particle number concentrations in the aged plumeformation successfully competing with dilution and coagula-
(black/white marker boundaries in Fig. 4). On 18 July tion. The temporal coincidence of these high number con-
(Fig. 4b), number concentrations initially showed a shortcentrations with the chemical signature of the plume (or-
spike of 30000 cm?, but dropped below 5000 crd within ganic: sulfate >5) and the absence of comparably high con-
five minutes and soon approached levels only about 40 %entrations at any other time during the cruise make it highly
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A similar development potentially signifying evaporation

a) e of primary plume particles is also visible on 18 July (Fig. 5d).
36.71 a s However, no new particle formation and growth was ob-
366 Blytenon. Lo & served. Itis conceivable that different parts of the plume with

S different particle size characteristics were sampled on the

S 36.57 two days. Due to the reduced visibility on 18 July, it was diffi-

S 364 cult to follow the plume in an identical manner as on 17 July.

-% 'ﬂ;_ The higher concentrations of large particles observed in the

— 36.3 SOThar - gy fresh plume on 18 July, as compared to the fresh plume on 17
362 = July, indicate that a somewhat denser and fresher part of the

: - : : plume was sampled initially. However, the plume was pro-
-123.0 1229 -122.8 1227 duced identically on both days, and, as described in Sect. 2.6,
b) 37.0- Lengitude {dea) _— care was taken to follow the highest particle number concen-
2000 trations. The most obvious difference distinguishing 18 July
36.8.] Number conc. (cm from 1_7 July_ was the presence of fog a_md cIOL_st, and the
associated diminished solar radiation (Fig. 3, middle panel).

_ There are at least two explanations for the absence of a nucle-

é’ 36.6 _ ation and growth event: (i) VOCs may have partitioned onto

b & existing surfaces (e.g., fog droplets) instead of forming new

S 364- particles — at least parts of the plume were able to enter the

§ ‘h_t_:il liquid phase, as evidenced by observations of the organic sig-
aEs /,..T.T- nature of the plume in cloud droplet residual particles (Shin-

T ‘ ] , gler et al., 2012); and (ii) if photooxidation of plume VOCs
1244 1242 -1240 -123.8 was responsible for SOA formation on 17 July, cloud and fog
Longitude (deg) shading may have suppressed such processes on 18 July.
mo Marker size ~ total AMS mass ) N
Organic: sulfate  |Range: 0.5 - 200 ug m® 3.3 Chemical composition

Fig. 4. R/V Point Surship trace during plume sampling on 17 July On 17 July (Fig. 6a), the maximum concentrations of AMS
(a) and 18 July(b). The plume location is identified by values of total organic mass and WSOM in the fresh plume (A1) were
organic: sulfate >5 (green markers). Black borders indicate high885.67 and 4.16 ug ¥, respectively. The decrease of AMS
particle number concentrations. Al, A2, and A3 designate the threerganic mass with plume age is attributable to dilution as the
plume ages described in Sect. 2.6. ship moved farther away from the location of the last smoke
production, and potentially also to evaporation of organic
mass from primary plume particles (Sect. 3.2). An interesting
aspect is the increase of absolute concentrations of WSOM
unlikely that the particles derived from any source other thanduring A2: from 3.44pgm? at 11:38 to 4.96 ug e at
the R/VPoint Surplume. 12:32. Since the typical background WSOM concentrations
Figure 5 shows number and volume distributions for thewere below 1 ug m2, mixing of the plume with background
plume events measured by the SEMS (10-500 nm) and thaerosol cannot explain this increase. Rather, it is likely that
merged APS/OPS data (500 nm-2 pm). On 17 July, a “baWSOM formed in the plume, potentially contributing to the
nana plot” typical of new particle formation and subsequentobserved growth of newly formed particles. In the most aged
growth is visible (Fig. 5a, age A2, 11:36 to 13:01). Volatile part of the plume (A3), WSOM and AMS total organic con-
organic compounds (VOCs) were emitted in the gas phasegentrations still reached 3.4 and 48.4 pginrespectively,
along with the primary particles from the generators, andshowing that SOA production largely compensated for plume
may have condensed after dilution and cooling, or underwentlilution.
oxidation to form SOA in the aging plume. Alternatively, = On both days, the O: C ratio and the relative contribution
VOCs may have evaporated from primary plume particles,of WSOM to AMS total organic concentration increased as
and formed SOA after photooxidation, in a process similar tothe plume aged, indicating a change in the functionality of
that shown in the laboratory chamber experiments by Robinthe organic aerosol. Since the chemical measurements are
son et al. (2007). Figure 5¢ shows initial plume particles inmass based, the chemical composition data for plume age
a size range of 500 nm-1 pm approximately 5 min before theAl are most representative of the larger, primary plume parti-
onset of new particle formation, and a subsequent decreasdes, which dominated the volume distribution (Fig. 5c, Al).
of both total volume and the modal size of the volume distri- The primary plume particles had low O: C ratios (<0.001)
bution, potentially indicating evaporation of plume particles. and few water-soluble components (WSOM : Ord@.002)
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Fig. 5. Number(a, b) and volume(c, d) size distributions (SEMS and APS/OPS) of the plume particles on 17(dut) and 18 July(b,
d). A particle formation and growth event is observed on 17 July, which contributes substantial aerosol mass to the plume. Only large plume
particles were detected on 18 July.

and 0.07, respectively (Fig. 6a, A3), showing that the organic
fraction of the small-mode aerosol was more oxidized than
that of the large mode. During A2, the volume was more
evenly distributed over the primary and secondary plume par-
ticles (Fig. 5c, A2). For this plume age, it is not obvious
whether the increasing O: C ratio and the observed produc-
) tion of WSOM (Fig. 6a, A2) were mostly properties of the
S ATH 12 18 e 140 14 1800 1800 new, growing particles or a result of the aging of the primary
A1 A2 A3 particles, or both. On 18 July, new particle formation was not
observed, and the volume distribution was at all times domi-
nated by particles with diameters >100 nm (Fig. 5d). An in-
crease in O:C and WSOM : Org was observed, suggesting
10 [ pamereene that a chemical transformation to more oxidized and more
ASiei water-soluble compounds occurred in the primary plume par-
ticles (Fig. 6b).
o930 1000 1030 1100 LRSI Figure 7 shows a comparison of the FTIR spectra of plume
Local tme particles sampled during ages Al and A2 (“AA2") on 17
Fig. 6. Plume chemical composition measured by AMS for the threeand 18 July, and aged particles sampled dgrlng A3 on 17
plume ages (A1, A2, A3) and marine background aerosol on 17 July]l“y' as We_" as the spectrum O_f particles directly emitted
(a) and 18 July(b). Light-gray shading designates plume ages A2 from the ship stack. For comparison, the spectra of labora-
and A3, and dark-gray shading represents the fresh plume (A1). Théory samples of the oil used for smoke generation and the
ratios O :C and WSOM : Org increase with plume age both days,diesel fuel for the ship’s engine are shown as well. The spec-
and an absolute increase of WSOM is observed on 17 July. tra all show absorbance at 3000-2800¢mwhich is in-
dicative of alkane functional groups. The individual peaks
at 2920 and 2850 crit indicate the presence of methylene
(Fig. 6a, Al). At plume age A3, accumulation-mode par- 9roups (Pavia et al., 2001). An increase in hydroxyl func-
ticles, which likely had grown out of the nucleation mode, tional groups (3700-3100 cm) can be observed in the spec-
were dominant in the volume distribution (Fig. 5c, A3). Ra- trum of the ship stack emissions (black line, upper panel,
tios of O : C and WSOM : Org at A3 were approximately 0.2 Fig. 7) compared to the laboratory spectrum of the ship diesel
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Fio. 7. ETIR tra of the plume for a filter sampl r Al Fig. 8. Size-resolved concentrations of AMS organic, and the or-
'9. 7 Spectra ot the plume for a Hiiter sample over ages ganic markersn/z 57 andm /z 43 for 17 July(a) and 18 July(b).

a_nd A2 (“AHAZ")’ anda sample for age A3 (Upper panel) anqthgir The small particle mode is clearly visible on 17 July. The marker
difference (middle panel). Spectra of the pure ship stack em|35|on§n/Z 57 only appears in the large particle mode, the m 43
(sampled on 22 July) as well as the smoke oil and the ship dieselln both modes ’
fuel are shown for comparison (lower panel). Hydroxyl functional '

groups are detected in the aged smoke plume, but much less so in

the fresh smoke and the laboratory samples.

m/z 43 is expected to be dominated by nonacid oxygenates
(Ng et al., 2010), which have also been found to be a major
. . - component in laboratory-generated SOA from primary an-
lack line, lower panel, Fig. 7). Similarly, th ra of th . h S
(black line, lower panel, Fig. 7). Similarly, the spectra of the thropogenic sources (Heringa et al., 2012). When examining

smoke plume (orange, yellow, and blue lines, upper panel ; +
. . . the temporal behavior of the fragmentsHzO™ and GH7
Fig. 7) show higher peaks in hydroxyl than the spectrum Oftogether with the integrated aerosol volumes for the small

the generator oil (green line, lower panel, Fig. 7). These rel- . . . . )
ative increases in hydroxyl functional groups are indicative(partICIe diameter <1QO nm)_a_nd the_ large (particle diame
ter >100 nm) mode (Fig. 9), it is obvious that on both days,

of oxidization of the alkane groups in the emissions that con-

+ . +
tributed to the particle formation. In the aged particles (A3) CgH7 traces the large-mode volumepi€s0™, in contrast,

; : . fraces the small particle volume on 17 July. The correlations
on 17 July, an increase in hydroxyl and a decrease in alkan

. . . A S %etween (5H;r and the large mode are significant on both
functional groups are evident, implying increased oxidation n . .
L - . . . days, whereas £630" only shows a significant correlation
with increased aging. This increase in hydroxyl functional " . o
. . ; ; . . with the small-mode volume on 17 July (Table 3). This indi-
groups with the age of particles is consistent with the - tes that the small mode comprised more oxvaenated com
crease in O:C observed by the AMS. For plume age A3, P Y9

the hydroxyl peaks are a large feature. The concurrent I0\/\PoundS than the large mode.
ratios of WSOM : Org (0.07) reflect the fact that WSOM and
hydroxyl groups are not directly correlated. 3.4 CCN concentrations

Size-resolved AMS measurements of organic mass
(Fig. 8) clearly show the larger fresh plume mode in the The temporal development of CCN concentrations and acti-
size range 500-800 nm for both plume sampling events, theation ratios during the plume sampling periods is shown in
newly emerging particle mode at A2, and the grown particlesFig. 10. On both days, CCN concentrations at the lower su-
at A3 on 17 July (Fig. 8a). The organic markerz 57, which persaturation) of 0.07-0.08 % were largely unaffected by
is associated with aliphatic organics;;tﬂ:_,*) and serves as the presence of the plume. At medium28< S < 0.26 %)
a tracer for hydrocarbon-like organic aerosol (Zhang et al.,and high (087 < S < 0.88 %) S, a substantial number of par-
2005), was strongly related to the larger aerosol particles irticles activated. Supersaturations in the stratocumulus deck
the plume on both days, and did not appear in the smalleare generally estimated to be in the range of 0.1-0.4 % (Hop-
emerging mode. High-resolution AMS data show thalt-lg: pel et al., 1996; Feingold et al., 1998; Thouron et al., 2012).
was the dominant fragment in/z 57 in the fresh plume. During E-PEACE, in-cloud supersaturations of 0.09 and 0.25
The markern /z 44, dominated by acid-like oxygenates, did were estimated during two Twin Otter flights on 16 July and
not contribute substantially to any of the two modes. The or-10 August (Russell et al., 2013). As reported by Russell et
ganic markenn/z 43 was a component of both the larger al. (2013), the amount of CCN created in the plume was suf-
and the smaller mode. Two fragments goverfy 43: C3H$ ficient to create a track in the marine stratocumulus deck that
from alkyl groups and gH30" from nonacid oxygenates was visible via satellite remote sensing. The primary plume
(Ng et al., 2011). In ambient aerosols, the organic markermparticles were large enough to activate without the presence
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of soluble ions, but it is possible that some of the newly a) 254 A 56
formed particles acted as CCN as well. ) 'g 140 b

On 17 July (Fig. 10a), the onset of new particle formation 5 “g 120 [1200% | 40
at 11:32 was accompanied by a dramatic reduction in the ac- Pe 5100 £1000 g g
tivation ratio. The use of the CCN activation ratio as aproxy o 1.5 E 5 © 30 T
for hygroscopicity requires caution when there is a high vari- Ag S = E
ability in the aerosol size distribution, as was clearly the case > 10 g 60 2 Hg
here: the drop in activation ratio is a result of the order of ' 05 g 409 £ |10 -
magnitude increase in condensation nuclei (CN) concentra- T T 20 gm
tions between Al and A2. As the plume aged, CCN concen- 00 & 0- . "'"‘"“"m o 3,lo
trations increased and eventually reached over 400G an 11:30 12:00 12:30 13:00 =
high S. Changes in the size distribution are often the primary p) 25 @;140— — Volume <100 nm
driver for CCN concentrations (Roberts et al., 2002; McFig- 2 444 — Volume >100 nm-20x10° |- 120
gans et al., 2006), and probably explain most of the increase .—~20 & B | 400
in the CCN concentrations at the highobserved here: the gm o Lt 15 G 55 ‘532
newly formed particles were too small to act as CCN, but =~ 2 801 g T
grew into the relevant size ranges (Fig. 5a, A2, after 12:00) O 10 5 601 10 o 160 &
as the plume aged. However, as the primary plume particles i é 40 = e E 40 3,
were shown to become more oxidized, and therefore also 051 = 5] eogs0, ‘ g loo
more hygroscopic, itis likely that they contributed as well. At 00] & 0lesme ety g v gm—o
plume age A3, the secondary particles had grown into the ac- 09:30 10:00 10:30 11:00 &
cumulation mode (Fig. 5a), and CCN concentrations reached Local time

637 and 9910 cr® at the medium and high, respectively.

On 18 July (Fig. 10b), activation ratios were only initially Fig. 9. Volume concentratior_ls in _the large (particle diameter
suppressed, and increased steadily as CN concentrations g0 nm) and the smal|+(part|c|e ﬂ'ameter <100 nm) modes, and
creased. The absolute CCN concentration at Kigicreased concentrations of §Hz0 ™ and GHy on 17 July(a) and 18.‘]u'y

s . . (b). The large-mode volume concentration decreases with plume
with increasing r3)lume age, from 151 cihat 09:33 .to apeak age on both days. On 17 July, the volume concentration in the small
value of 4?4 cm* at 10:13, a far lower conlcentratlon.than ON mode increases as the plume ages, while on 18 July, no such dra-
17 July. Since there was no such dramatic change in the sizgatic increase is observedy 8307 covaries with the small parti-
distribution as on 17 July, the increase in CCN concentratiortie mode on 17 July, while 443 covaries with the large particle
on 18 July was likely driven by chemical transformations andvolume on both days.
the condensation of hydrophilic organics on the existing par-
ticles. Very short aging times (no more than a few hours) to
convert hydrophobic particles into CCN have been observedter for both supersaturations at age Al. For mediyiafc
in laboratory experiments (Tritscher et al., 2011) and sug-was lower thanik at plume age A2; for higl§, dac Stayed
gested for atmospheric particles, particularly in daytime con-abovedy . An activation diameter larger than the Kelvin di-
ditions with photochemical production of secondary aerosolameter can occur if a subpopulation of particles does not ac-
mass (Wang et al., 2010). The CCN activity at high super-tivate even at higts. Instances ofiat > dk thus point to
saturations can also be explained without invoking organicthe presence of an external mixture (Burkart et al., 2012).
transformation: even trace amounts of hygroscopic materias discussed in Sect. 3.2, a fresher part of the plume was
(e.g., sulfate) deposited at the surface of the particle can leafikely sampled on 18 July. Thus, the external mixture may
to activation and droplet growth. Such inorganic trace com-comprise both large plume particles that did not activate and
ponents would be hard to detect by the mass-sensitive onlinfhore aged plume patrticles, that activated at a size békaw
chemical measurement methods. Bulk measurements of CCN are prone to uncertainties in ex-

The activation diameter for medium and hi§iwas esti-  ternally mixed aerosols; thus, future work should aim to mea-
mated by integrating the merged APS/OPS and SEMS sizeure size-resolved CCN concentrations. A decreasing trend
distributions from the largest to smaller sizes to match thein estimatedia.t was observed at both supersaturations and
observed CCN concentrations. On 17 July, the estimated amn both days, and is indicative of a chemical transformation
tivation diameterdac) was smaller than the Kelvin diameter of CCN-inactive to CCN-active particles (e.g., Furutani et al.,
(dk) at both supersaturationg = 0.81 um forS = 0.26 % 2008).
and ¢ = 0.24um for S = 0.88%) and at all plume ages.

This implies that plume particles smaller than the Kelvin di- 3.5 Hygroscopic growth factors

ameter activated due to the probable presence of soluble ions

and a certain degree of hygroscopicity. On 18 July, the estiAs opposed to the CCN measurements, which were not size
mated activation diameter was larger than the Kelvin diam-resolved, the GFs were measured for specific sizes, thus
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Table 3. Correlations ¢ = intercept;p = slope;n = number of samples) between the fragmengsig0t and Cg,H;r and particle volume
for the large and the small mode. Bold: correlation is statistically significant at the 99 % Igvej. Correlates with the large mode on both
days; GH30" correlates with the small mode on 17 July.

Day Mode GHY \ CoHz0t
a b r2 n ‘ a b r2 n

17 July  volume >100nm —0.459 0.009 0.77 24 0.270 0.001 0.16 22
volume <100 nm 2.881 —0.016 0.10 24| 0.247 0.006 0.39 22

18 July volume >100nm  1.525 0.003 0.86 42 0.247 1.418 0.01 41
volume <100 nm 3.765 0.859 0.03 20.275 -0.003 0.00 41

GFs (RH= 92 %) ranged between 1.05 and 1.09. Those with

a)@;?zzz ] I © f1~6 a dry size of 150 nm (representative of Iarger plume parti-
\20, = drrrs e 14 @ cles) had GFs between 1.02 and 1.10. The high GFs shown at
& 100 - 505 | a0 1.2 the very beginning and the very end of the plume period are
© 1.0 representative of background marine aerosol, as evidenced

by low number concentrations in the respective GF distribu-

0:1 7 tions (about a factor of 2 lower than those observed within

CCN/CN

0.01 } the plume). Particles with a dry size of 75nm did not grow
0.001 4 ﬁ Mo at any plume age. The 75nm particles are representative of
10:00 11:00 12:00 13:00 14:00 15:00 the particles contributing most to the CCN concentrations, as
b) Local time the particle number concentration in the plume at ages A2

100 nm (Fig. 5a). The very low to negligible GFs are not in
contradiction with the observed increase in CCN concentra-
tions: trace amounts of inorganic compounds contribute lit-
tle to hygroscopic growth, which is sensitive to volume frac-

288 ' 16 and A3 was dominated by particles in the size range below
L]

CCN (cm™)
N
o
=]

z CCN CCN/CN tions of hygroscopic material. Similarly, insoluble but wet-
S o1 8 A& lowS table organic substances would result in little or no hygro-
S 2 = = e scopic growth, while allowing for activation as CCN.

0.01 While the measured GF change (1-1.1) is within the upper

© GF (dp, ar, =150 nM)
© GF (d,, ¢, =30 nm)

estimate of GF measurement uncertainty based on sodium
chloride given in Sect. 2.3, the measured O : C ratios and GFs
Fig. 10. Hygroscopic growth factors for 30 and 150 nm dry size compare well W'th a chamber study on aging diesel exhaust,
at 92% RH, and time series of CCN concentrations and activai" Which O: C ratios were observed to increase from 0.1 to
tion ratios at three supersaturation®@0< § < 0.08% (red, low), ~ 0.19 within <2h, while simultaneously, GFs increased from
0.24< S < 0.26% (green, medium), and&¥ < S < 0.88% (yel-  1to 1.1 (95% RH, 100 nm dry particle diameter) (Tritscher
low, high) for the plume sampling events on 17 J@ and 18  etal., 2011). The organic aerosol formed in the plume under-
July (b). Dark-gray shading represents plume age Al, and light-went an overall chemical transformation leading to higher
gray shading plume ages A2 and A3. Refer to Sect. 3.4 for moreQ : C ratios, from <0.001 in the fresh plume to values around
details. 0.2 in the plume at age A3 (Fig. 6a). Additionally, size-
resolved measurements of the AMS organic concentrations
at the center of the two modes of the plume (the primary

giving direct insight into the hygroscopic properties of the mode at 500-800nm and the emerging mode-dio0 nm

smaller and the larger mode particles. The bulk chemicaft Plume age A3) indicate that a more oxygenated form of
composition measurements cannot be assumed to be reff9anic aerosol was present in the growing small mode as
resentative of the chemical composition of smaller particlecompared to the large primary mode (Sect. 3.3), potentially

sizes (30, 75, and 150 nm), for which the hygroscopic growthdVing rise to modest hygroscopic growth. _
factors were measured. On 18 July, in contrast, GFs increased significantly with

Hygroscopic growth factors in the plume on 17 July at ageincreasing plume age (Fig. 10b). For particles with a dry size

A2 and A3 (Fig. 10a) were very low: for particles with a dry ©f 30 and 75nm, the GF distributions (not shown) were bi-
size of 30 nm (representative of the newly formed particles),M°dal. showing a mode with negligible hygroscopic growth

09:00 10:00 11:00
Local time
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and a background mode with GFs between 1.5 and 1.7. Fooxylate (79 ngm3). Oxalate is also associated with coarse
150 nm particles, the GF distributions were mono-modal, butcrustal matter (e.g., Wang et al., 2012); however, its simul-
very broad, suggesting the presence of several overlappintaneous detection with glyoxylate only on 18 July suggests
peaks that are not readily distinguishable. In order to gainthat aqueous-phase processing was an important factor on
more insight, the distributions were approximated with a fit that day. Another, more speculative explanation is that sur-
of three lognormal modes. In the background aerosol (i.e.face organic films may have prevented water uptake on 17
an average over all scans of 18 July that were uninfluenceduly and formed a kinetic barrier, which may have been “bro-
by local particle sources), two higher GF modes were foundken” by the higher RH on 18 July. However, the timescales
and yielded GFs of 1.60 and 2.09. One of these modes (GBver which such a barrier would operate are not known (Mc-
= 1.60) corresponds to the “more hygroscopic mode” of theFiggans et al., 2006).
marine background (Sect. 3.1), the other (&R2.09) po-
tentially to a pure sea-salt mode (Swietlicki et al., 2008).
These two modes were assumed to be present and invariant Conclusions
throughout plume sampling. With this constraint, a lognor-
mal mode was fitted that best explained the remainder of th&Ve have shown substantial differences in hygroscopic
GF distribution. This mode was still wider than the GF dis- growth and CCN activity of smoke-generated organic parti-
tributions for plume particles observed on 17 July, and thuscles emitted in the marine atmosphere under different mete-
the possibilities that additional modes were present, or thabrological conditions. In sunny conditions, new particle for-
the background during plume tracking may differ from the mation occurred and originated from VOCs emitted together
all-day average, cannot be excluded. The GFs shown in th&vith or evaporated from larger primary plume particles. The
gray-shaded area in Fig. 10b pertain to the modeled lower Glorganic fragmentn/z 43 appeared both in the large plume
mode. Within eight consecutive scans, the GF increased fronparticles and in the newly emerging mode, but with differing
0.94 to 1.47, a much larger increase than on 17 July. Whiledominant fragments: 5I—|;r (alkyl groups) was dominant in
these GF values seem to approach background values, it haise large particle mode, while;E30™ (nonacid oxygenates)
to be noted that number concentrations in all GF scans wergvas dominant in the smaller mode, showing that the newly
at least 36 % higher than those in background GF distribuformed particles consisted of more oxygenated organic com-
tions, and organic mass fractions were above 91 % (Fig. 6b)pounds. No growth of newly formed particles was observed
thus sampling occurred well within the plume. in the aged plume in foggy conditions. Most likely, photooxi-
O: C and WSOM: Org increases for 18 July are compara-dation of plume VOCs leading to new particle formation was
ble to those of 17 July and do not explain the range of GFdess efficient due to the reduced solar flux. Additionally, the
(up to 1.47). Based on the findings of Jimenez et al. (2009)fog droplets may have acted as a sink for VOCs and small
for a purely organic particle, an O : C ratio of 0.55-0.6 is re- particles due to the large surface area they provide for diffu-
quired to result in a GF of 1.5. Such levels were not reachedsive deposition.
during plume sampling in this study. However, in the ab- Meteorological conditions have a profound impact on size
sence of a newly emerging mode, mass concentrations badistributions and CCN vyield of the plume particles. The ma-
low about 200 nm were very low. Bulk chemical measure-jority of the plume particles did not act as CCN. However,
ments may not be representative of particles with a 150 nithe newly formed particles activated as CCN initially after
dry size, and size-resolved AMS measurements close to thgrowing into the appropriate size ranges and CCN concentra-
detection limit are less reliable. We suggest the following ex-tions reached very high numbers (> 4000&nat high su-
planations for the increasing GF on 18 July: (i) internal mix- persaturationsy = 0.8 %). Newly formed particles, consist-
ing with inorganic compounds, in particular sulfate. On 17 ing largely of SOA, can thus provide high concentrations of
July, the 150 nm particles likely grew out of smaller particles CCN, as was found in other studies (Hennigan et al., 2012).
through condensation of VOCs (assuming higher VOC lev-In the foggy conditions without new particle formation, the
els on the sunny than on the foggy day), and may thereforemumber concentration of CCN produced by the plume was
have contained higher organic mass fractions than those olower by an order of magnitude.
18 July. (ii) Aqueous-phase processing of organics towards In sunny conditions, plume particles with a dry size of 30
more hygroscopic organic species, as has been documenteshd 150 nm showed very limited hygroscopic growth (GF
before in the region (e.g., Crahan et al., 2004; Sorooshian et 1.02-1.10 at RH= 92 %), while those with a dry size
al., 2007). The expected higher O: C ratios resulting fromof 75nm did not grow at all. Mixing with inorganic com-
aqueous-phase processing may not be reflected in the bulonents, or aging of the organic fraction, which was re-
measurement of O:C, for the reasons stated above. Filteflected in increasing ratios of O:C and WSOM: Org, can
samples show that two particulate species that are tracers faause hygroscopic growth. While the increase in O: C from
cloud-processing the region (Crahan et al., 2004; Sorooshiar 0.001 to~ 0.2 is below what has been observed to influ-
et al., 2007) were observed in Rylsamples of the smoke ence GFs in ambient organic aerosols (Jimenez et al., 2009),
on 18 July but not on 17 July: oxalate (236 ngthand gly-  both the range of O : C and that of GFs are consistent with a
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chamber study of aging primary organic aerosol (Tritscher et ent Studies, J. Atmos. Sci. 57, 1872-1887, Hai1175/1520-
al., 2011). This shows that the aging time to transform a pure 0469(2000)057<1872:PPCSFH>2.0.C(2Q00b.
hydrocarbon-like aerosol of the kind emitted in this exper- Burkart, J., Hitzenberger, R., Reischl, G., Bauer, H., Leder, K., and
iment into a hygroscopic organic aerosol of the kind found ~Puxbaum, H.: Activation of "synthetic ambient" aerosols — Rela-
in many ambient measurements is longer than the 1-4 h that Flon to chemical composition o_f particles <100 nm, Atmos. Env-
were available in this study in clean marine conditions. The _ "1 54, 583-591, ddl0.1016/j.atmosenv.2012.01.0&D12.

. . . . Cavalli, F., Facchini, M. C., Decesari, S., Mircea, M., Em-
aging time for the same particles to act as CCN, in contrast, blico. L. Fuzzi. S. Ceburnis. D.. Yoon. Y. J.. O'Dowd. C

IS m_UCh §horter (<1h). On the foggy day, GFs of 150 nm D., Putaud, J.-P., and Dell’Acqua, A.: Advances in charac-
particles increased to up to 1.47 as the plume aged. A dif- terization of size-resolved organic matter in marine aerosol
ferent degree of internal mixing with hygroscopic inorganic  over the North Atlantic, J. Geophys. Res., 109, D24215,
compounds and/or agueous-phase processing are suggestedioi:10.1029/2004JD005132004.
as possible explanations for this behavior. Coggon, M. M., Sorooshian, A., Wang, Z., Metcalf, A. R., Frossard,
A. A, Lin, J. J,, Craven, J. S, Nenes, A., Jonsson, H. H., Rus-
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Chapter 5

On the Mixing and Evaporation of
Secondary Organic Aerosol
Components

This chapter is reproduced with permission from ”On the mixing and evaporation of secondary organic aerosol
components” by Christine L. Loza, Matthew M. Coggon, Tran B. Nguyen, Andreas Zuend, Richard C. Flagan, and
John H. Seinfeld, Environmental Science and Technology, 47, 6173-6180, doi:10.1021/es400979k. Copyright 2013
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ABSTRACT: The physical state and chemical composition of an
organic aerosol affect its degree of mixing and its interactions with
condensing species. We present here a laboratory chamber procedure
for studying the effect of the mixing of organic aerosol components
on particle evaporation. The procedure is applied to the formation of
secondary organic aerosol (SOA) from a-pinene and toluene
photooxidation. SOA evaporation is induced by heating the chamber 2 468 2 468
aerosol from room temperature (25 °C) to 42 °C over 7 h and
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detected by a shift in the peak diameter of the SOA size distribution.

With this protocol, a-pinene SOA is found to be more volatile than toluene SOA. When SOA is formed from the two precursors
sequentially, the evaporation behavior of the SOA most closely resembles that of SOA from the second parent hydrocarbon,
suggesting that the structure of the mixed SOA resembles a core of SOA from the initial precursor coated by a layer of SOA from
the second precursor. Such a core-and-shell configuration of the organic aerosol phases implies limited mixing of the SOA from
the two precursors on the time scale of the experiments, consistent with a high viscosity of at least one of the phases.

Bl INTRODUCTION

Recent studies suggest that atmospheric organic aerosols may
exist in an amorphous semisolid or amorphous solid (glassy)
state."™® The physical state of a particle affects its interaction
with water and condensing organic compounds and its behavior
upon heating or cooling."® It is difficult to observe the physical
state of submicrometer particles directly; therefore, a number of
indirect techniques have been used to probe the physical state
of aerosols, typically at room temperature and low relative
humidity (RH). Bounce of secondary organic aerosol (SOA)
particles in an impactor was taken as indicative of a solid
state.”® Another study employed an amorphous protein
substrate as a proxy for an amorphous, semisolid aerosol and
showed that a model with finite, condensed-phase diffusion was
necessary to reproduce ozone uptake by the substrate.* That
the uptake of organic nitrates by a-pinene ozonolysis SOA did
not follow absorptive equilibrium partitioning theory was taken,
in another study, as indicative of nonliquid-like behavior.”
Ammonia uptake of a-pinene ozonolysis SOA was larger under
humid conditions (RH >94%) than under dry conditions (RH
<5%), suggesting a transition from semisolid to liquid particles
for increasing RH.® In other studies, a-pinene ozonolysis SOA
exhibited slower evaporation kinetics than that expected for
liquid droplets,” and pyrene evaporation from a-pinene
ozonolysis SOA indicated a particle viscosity of approximately
10® Pa s, much greater than typical liquid viscosities of 107>~
10° Pa s.” Based on the observation that a-pinene ozonolysis
SOA partially evaporated in a thermodenuder without a change
in particle chemical composition, it was concluded that particle-

v ACS Publica‘tions © 2013 American Chemical Society
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phase diffusional limitations prevented higher volatility
compounds from evaporating preferentially.> The primary
inference in each of these studies is that the retarded diffusion
of compounds within the condensed phase can be attributed to
highly viscous particle-phase behavior.

Others have studied particle mixing using controlled aerosol
generation from two different sources. Laser ablation single-
particle mass spectrometry data suggest that dioctyl phthalate
and a-pinene ozonolysis SOA formed two separate phases
when one type of aerosol was coated with the other type.> In
another study,'’ SOA mass yields (ratio of mass of SOA formed
to mass of parent hydrocarbon reacted) of sequentially formed
a-pinene ozonolysis and labeled toluene photooxidation SOA
showed that the SOA yield of the second precursor was
consistent with partitioning to the combined SOA mass from
the first and second precursors (pseudoideal mixing)'>™'®
rather than partitioning to the SOA mass formed solely by the
second precursor.

In this work, we present an experimental protocol designed
to probe the mixing state of organic aerosols by observing the
evaporation behavior of SOA formed sequentially from two
different precursors in an environmental chamber. While
oxidation products from the first precursor are present in the
chamber throughout the experiment and can partition into the
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particle phase as more organic particle mass is formed from the
second precursor, the second period of SOA formation is likely
dominated by oxidation products from the second precursor. It
is hypothesized that particle evaporation reflects the nature of
SOA mixing. If a particle is well mixed, i.e. molecular diffusion
time scales within the particle are the same order of magnitude
or faster than evaporation time scales,"® then volatile SOA
components have essentially immediate access to the particle
surface for evaporation. If diffusion time scales within the
particle are much longer than evaporation time scales,
evaporation of volatile components is inhibited.

Evaporation is induced by heating the chamber, run as a
batch reactor, rather than using a thermodenuder, which is
limited in the study of potential particle-phase mass transfer
limitations due to its characteristic residence time (2 to 30
s).'7"® Two drawbacks exist, however, to using chamber
heating as a basis to infer aerosol evaporation behavior. First,
the maximum chamber temperature, in the present case 50 °C,
is substantially lower than that achieved in thermodenuders,
~400 °C. Second, condensable organic vapors are difficult to
remove from a batch reactor without also removing the
particles themselves. In a thermodenuder, the sample flows over
a bed of activated carbon to remove vapors immediately after
heating. Here, we dilute the chamber contents before heating to
decrease the concentration of vapor-phase components and
promote particle evaporation. Other studies have used chamber
heating or dilution separately to evaluate the yield, volatility,
reversibility of SOA formed from a-pinene ozonolysis'®~>' and
m-xylene photooxidation;”* we combine these procedures to
study the mixing state of SOA.

B EXPERIMENTAL SECTION

Experiments were performed in the Caltech indoor, dual 24-m®
Teflon chambers. Prior to an experiment, the chamber was
cleaned by flushing with air passed through beds of activated
carbon, silica gel, Purafil SP Blend Media, and molecular sieves
and a particle filter to achieve a particle background of <10
cm™ and a relative humidity of <7%. The experiments were
conducted under conditions of <5 ppbv NO, and <7% relative
humidity. Initial O; concentration was <S5 ppbv, the instrument
lower detection limit. While some O; formed during photo-
oxidation, the major sink of both SOA precursors was reaction
with OH. The temperature of the chamber enclosure was
maintained initially at 25 + 1 °C. Hydrogen peroxide (H,O,,
50% wt., Sigma Aldrich) was used as the OH radical source and
was injected into the chamber by flowing purified air at S LPM
over 280 uL of H,0, in a glass bulb immersed in a 35 °C water
bath. Photolysis of H,0, by 350 nm-centered UV broadband
lamps (40 W Sylvania 350BL, jyo, ~ 6 X 107 s7") provided a
constant source of OH radicals during the irradiation period at
a concentration of about 3 X 10° molecules cm™, as inferred
from the decrease in parent hydrocarbon concentration.
Ammonium sulfate seed particles were added to the chamber
by atomizing an aqueous solution of 0.015 M ammonium
sulfate; particles dried upon contact with the dry air in the
chamber. Toluene (99.8% purity, Sigma Aldrich) and/or a-
pinene (99+ % purity, Sigma Aldrich) were added to the
chamber by flowing purified air at 5 LPM over a measured
liquid volume. After injections, the chamber contents were
allowed to mix for 1 h before irradiation.

During sequential precursor experiments, the second
precursor was added in the same manner as the first after
SOA growth from the first precursor stabilized. After 17—24 h,
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the irradiation period ended, and the lights were turned off,
halting OH production, which was confirmed by a leveling of
the concentration of unreacted toluene. Approximately 100
ppbv of cyclohexane, used as a dilution tracer, was added to the
chamber using the same method as the hydrocarbon injections.
Once the cyclohexane concentration stabilized, the chamber
contents were diluted by a factor of 2—3 with purified air. After
dilution, the temperature of the dark chamber enclosure was
ramped linearly over 7 h from 25 to 45 °C to achieve a
maximum chamber temperature of 40—42 °C. The chamber
was maintained at the maximum temperature for 7 h.

A suite of instruments was used to study the evolution of the
gas and particle phases. Toluene, a-pinene, and cyclohexane
were measured using a gas chromatograph equipped with a
flame ionization detector (GC/FID, Agilent, 6890N). Samples
were collected by drawing chamber air through a 10 mL sample
loop and were analyzed using a HP-S column (15 m X 0.53 mm
ID X 1.5 yum thickness, Agilent). The sample was injected onto
the 60 °C column; after 1 min, the oven temperature was
ramped at 40 °C min~" to 250 °C and then held at 250 °C for 3
min. Relative humidity and temperature, NO and NO,, and O,
were continuously monitored using a Vaisala HMP 233, a
chemiluminescence NO, monitor (T200, Teledyne), and an O,
monitor (APOA-360, Horiba), respectively.

The suspended aerosol size distribution and number
concentration were measured continuously using a custom-
built scanning mobility particle sizer consisting of a differential
mobility analyzer (DMA, TSI, 3081) coupled to a condensation
particle counter (CPC, TSI, 3010), henceforth referred to as
the DMA. The DMA was operated in a closed-loop
configuration with a recirculating sheath and excess flow of
2.67 L min™! and a 5.4:1 ratio of sheath to aerosol flow rates,
and column voltage was scanned from 15 to 9850 V over 45 s.
DMA mobility (diameter) resolution, R, is defined as™

*
b

Az, M
where Z is the mobility corresponding to the peak of the
transfer function, and AZP is the full width of the transfer
function at half-maximum. The resolution was calculated for
each of the 106 mobility (diameter) bins using the transfer
function given in Stolzenburg.** Because size distribution data
are binned, a well-resolved change in mobility is deemed one in
which a particle with any mobility in the first bin is resolved
from a particle with any mobility in the second bin. At the
DMA operating conditions in the present work, the DMA can
resolve a 15—25% change in particle diameter. Here, particle
diameter shifts are reported using the size bin median diameter.
Real-time particle mass spectra were collected by an Aerodyne
high-resolution time-of-flight aerosol mass spectrometer
(AMS).>>* The AMS switched among the higher sensitivity,
lower resolution “V-mode,” Particle Time-of-Flight (PToF)
mode, and the lower sensitivity, higher resolution “W-mode.”
AMS data were processed using “Squirrel,” the ToF-AMS Unit
Resolution Analysis Toolkit (http://cires.colorado.edu/
jimenez-group/ToFAMSResources/ToFSoftware/index.html),
in Igor Pro Version 6.22A (Wavemetrics, Lake Oswego, OR).
“V-mode” and PToF data were analyzed using a fragmentation
table to separate sulfate, ammonium, and organic spectra and to
time-trace specific m/z ratios.”” “V-mode” and “W-mode” data
were analyzed using a separate high-resolution spectra toolbox
PIKA (Peak Integration by Key Analysis) to determine the

dx.doi.org/10.1021/es400979k | Environ. Sci. Technol. 2013, 47, 6173—-6180
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chemical formulas contributing to distinct m/z ratios.”> The
signals of organic ions below m/z 141 were used to calculate
elemental ratios. The ratio of particle-phase CO* to COj was
approximately equal to 1, and in “V-mode,” the contribution of
CO" to the organic signal was equated to that of particle-phase
COj. The intensities of water-derived ions (H,0", OH", and
0*) were calculated from particle-phase CO,"® A relative
ionization efficiency of 1.4 was applied to organic ion signals.
AMS data reported in this work are averaged over 1-h intervals.

Bl RESULTS AND DISCUSSION

Aerosol Size Distribution Evolution. Both evaporation
and particle wall losses affect suspended particle size
distributions in this study (Figure 1). Partial particle
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Figure 1. Evolution of the suspended particle size distribution of
single-precursor SOA during heating of the chamber enclosure. The
data shown are averaged over 1-h intervals. Abbreviations correspond
to toluene (tol.) and a-pinene (a-pin.). The final aerosol size
distribution for Experiment 2 is not reported due to inadvertent
chamber irradiation (see Table 1). The inset in panel b shows the
change in particle size distribution for pure wall loss observed in
Experiment 7 (Table 1). The initial size distribution after dilution is in
gray, and the final size distribution after 9 h is in black.

evaporation decreases particle size but does not affect the
number concentration, whereas particle wall loss decreases the
number concentration but does not change particle size.

Particle wall loss rate constants in the Caltech chambers are
size-dependent with a minimum occurring between 200 and
300 nm. Particle wall losses potentially change the shape of the
size distribution as particles of certain diameters are lost faster
than others. The inset of Figure 1b shows the evolution of a
SOA size distribution generated from sequential photo-
oxidation of toluene and then a-pinene in which the chamber
contents were diluted but not heated (Table 1, Experiment 7),
and only particle wall losses were observed. The diameter of the
size distribution peak remained within the same size bin (300—
319 nm) over 9 h of wall loss. In the size range of the present
experiments, wall loss is not expected to affect the diameter of
the size distribution peak, only its magnitude. Evaporation can
shift the size distribution peak diameter to lower diameters and,
due to the Kelvin effect, broaden the size distribution as vapors
evaporating from smaller diameter particles condense onto
larger diameter particles. For particle diameters in the present
study (>200 nm), the Kelvin effect is not expected to be
significant, but the effect is admittedly difficult to isolate in the
behavior of the particle size distributions.

SOA evaporation also can be observed as a decrease in bulk
particle mass and volume; however, particle wall losses, in
addition to evaporation, affect the bulk particle mass and
volume and must be corrected for prior to assessing possible
particle evaporation. One large uncertainty associated with
particle wall loss corrections is the extent of gas-particle
partitioning of deposited particles. SOA mass, calculated using
the two gas-particle partitioning limiting assumptions (depos-
ited particles undergo no gas-particle partitioning or the same
gas-particle partitioning as suspended particles), can differ by
almost 100% when comparing the lower and higher limits.””
There are also uncertainties associated with quantifying particle
wall loss rates necessary to wall-loss correct the DMA data, and
AMS PToF data show that the organic-to-sulfate ratio is not
constant across the mass distribution in the present experi-
ments, which would necessitate the use of size-dependent wall
loss rates to quantify particle wall losses for AMS data.** Given
the uncertainties associated with particle wall loss corrections, it
is advantageous to detect partial SOA evaporation as a shift in
the size distribution peak diameter.

The evaporation of toluene and a-pinene SOA was first
assessed individually (Experiments 1 and 2, see Table 1). SOA
was photochemically formed and aged for 17—19.5 h before
dark dilution and heating, and no particle nucleation was
observed. In Experiment 1, all a-pinene was consumed before
dilution, and in Experiment 2, 70% of the toluene reacted
before dilution. Figure 1 shows the evolution of the hourly
averaged, suspended particle size distributions during the 7-h

Table 1. Experimental Details

expt # seed vol (um® cm™) first precursor® conc (ppbv)
1 23.6 + 7.1 a-pin. 67.1 + 3.8
2° 227 + 6.8 tol. 98.8 + 6.2
3 95.0 + 28.5 a-pin. 610 + 35
4 42.8 + 12.8 a-pin. 740 £ 4.2
N 34.6 + 104 tol. 760 + 4.8
6 116 + 35 a-pin.? 580 + 3.3
7 65.3 + 19.6 tol. 43.5 £ 2.8

second precursor”

conc (ppbv) dilution ratio® max temp (°C)

- - 3.0 41 +2
- - 1.8 41 +2
tol. 904 + 5.7 3.0 40 +2
tol. 753 + 4.8 37 40 +2
a-pin. 80.7 + 4.6 34 2+2
tol.# 100 + 6 3.0 41 +2
a-pin. 470 27 32 27 +2

“Abbreviations correspond to toluene (tol.) and a-pinene (a-pin.). YRatio of cyclohexane concentration before and after dilution. “During
Experiment 2, the chamber was inadvertently irradiated beginning approximately 1 h after the chamber reached 41 °C. The remaining 17 ppbv of
toluene reacted with the OH produced, forming a small amount of SOA. 9Both a-pinene and toluene were injected initially.

6175

dx.doi.org/10.1021/es400979k | Environ. Sci. Technol. 2013, 47, 6173—-6180



Environmental Science & Technology

78

heating period after dilution. Particle evaporation is charac-
terized by a significant shift, as determined by the DMA
resolution, in the size distribution peak diameter to smaller
diameters, behavior that is observed for a-pinene (Figure la)
but not for toluene (Figure 1b). After the heating period, a-
pinene SOA continued to evaporate while the chamber
enclosure was held at an elevated temperature, indicated by
the black size distribution in Figure la. For the initial a-pinene
SOA size distribution, a shift in peak diameter of 36 nm was
deemed significant, and a 47 nm peak shift was observed; the 9
nm peak shift observed for the toluene SOA size distribution
was not considered significant. These observations suggest that
a-pinene SOA is more volatile than toluene SOA. Previous
studies have measured the volatility of SOA from a-pinene or
toluene photooxidation using a thermodenuder and found that
both types of SOA evaporated to some extent.””*">* Notably,
55% of toluene SOA evaporated at 39 °C and 16.5 s residence
time.”® In that study, however, the SOA was produced at 11 °C.
In the present study, SOA was produced at 27 °C. SOA yields
increase as temperature decreases,7‘1‘?‘2‘29 as partitioning of
semivolatile species to the particle phase is facilitated at lower
temperatures. SOA produced from a specific precursor at
higher temperatures is expected to contain a higher fraction of
low volatility components than that produced at lower
temperatures.

The results from Experiments 1 and 2 show that a-pinene
SOA evaporates partially, whereas toluene SOA does not
evaporate significantly. By observing the evaporation behavior
of combinations of a-pinene and toluene SOA, it is possible to
determine whether particle-phase diffusion is rapid (ie.,
evaporation of SOA components, presumably from a-pinene
photooxidation, occurs regardless of the SOA formation
sequence) or not.

Figure 2 shows irradiation, dilution, and heating stages and
the evolution of the chamber contents during Experiment 4 in
which SOA was produced sequentially, first from a-pinene and
then from toluene. Similar particle growth, hydrocarbon decay,
and temperature changes were observed for Experiments 3 and

[ Irradiation [J Dilution [ Heating
_. 250
S % 200 — f
) g 150 — 3
Sec 100 & v
S 3 50 —w . v
o 0 I a-pin. V—————
100 — injection| tol. injection o o-pin.
5 75 — A tol.
%.g_ 50 — % cyc.
©L 25 ‘\
IEREITERIIIECN
[ ==
. 40—
£C
59, 30 —
20 T |
0 10 20 30 40

Elapsed time (h)

Figure 2. Experiment profile for SOA formation and evaporation when
a-pinene and toluene were injected sequentially (Experiment 4). The
suspended particle volume concentration, a-pinene (a-pin.), toluene
(tol.), and cyclohexane (cyc.) concentrations (when above the limit of
detection), and the chamber temperature are shown. Periods of
irradiation, dilution, and heating are highlighted, and the toluene
injection is denoted by the vertical, black line.
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S. In Experiment 6, both a-pinene and toluene were injected
before irradiation, and the evolution of the chamber contents
resembled that in Experiment 4, excluding the second SOA
growth period (commencing at the black, vertical line). During
Experiments 3—5, SOA growth from the first precursor
stabilized before the second precursor was added; a-pinene
and toluene growth stabilized after 8 and 17 h of irradiation,
respectively. Although some toluene remained after 17 h, the
next part of the experiment was begun at this point due to
constraints imposed by particle wall losses. Particle nucleation
was not observed in Experiments 3—6.

The evolution of the hourly averaged suspended particle size
distributions during the heating period for Experiments 3—6 is
shown in Figure 3. A significant shift of the size distribution
peak diameter is observed only in Experiment S (panel c), in
which toluene oxidation was followed by a-pinene oxidation.
The peak shift observed was 98 nm, and a shift of at least 77
nm was deemed significant. Experiments 3 and 4 (panels a and
b), in which SOA was produced in the reverse order, did not
show significant changes in particle diameter due to heating. A
significant shift in the peak diameter was considered to be at
least 45 nm, but the peak diameter shifted 0 and 31 nm in
Experiments 3 and 4, respectively. The size distribution
behavior in Experiment 6, in which both precursors are present
initially, is similar to that observed in Experiments 3 and 4. In
Experiment 6, the diameter change of the peak, 33 nm, was also
deemed insignificant (48 nm shift required). Because a-pinene
reacts more rapidly with OH than does toluene (the OH
reaction rate constants at 298 K are 5.3 X 107! cm® molec™
s and 5.6 X 10712 cm® molec™! s71,*3* respectively), SOA
formed initially in Experiment 6 likely was composed of a-
pinene photooxidation products; toluene photooxidation
products condensed later in the experiment, which resulted in
SOA that was more similar to that in Experiments 3 and 4 than
to that in Experiment 5.

The evaporation behavior in Experiments 3—6 suggests the
extent of particle mixing. In Experiments 3—6, the evaporation
behavior of the SOA most closely represents that of the SOA
from the second parent hydrocarbon. This behavior suggests
that the particle structure more closely resembles that of a core
of SOA from the initial precursor coated by a layer of SOA
from the second precursor rather than a single, homogeneous
particle phase (aside from the solid ammonium sulfate seed).
The evaporation behavior of particles in the present experi-
ments is consistent with observations by Emanuelsson et al,,*
who measured the volatility of mixed anthropogenic (toluene
or p-xylene) and biogenic (a-pinene and limonene) SOA using
a thermodenuder. The anthropogenic SOA was less volatile
than the biogenic SOA. When anthropogenic SOA was formed
on biogenic SOA particles, the volatility of the particles
decreased, whereas when biogenic SOA was formed on
anthropogenic SOA nparticles, the volatility of the particles
increased. The proposed core-and-shell SOA configuration is
inconsistent with results obtained by Hildebrandt et al,"" who
found that SOA yields of a-pinene and toluene SOA indicated
pseudoideal particle mixing. Uncertainties in the SOA mass
calculations prevented the authors from making definitive
conclusions about SOA mixing thermodynamic ideality. It is
possible that the SOA in the present experiments does not exist
as a strict core and shell but that long diffusion times cause
SOA at the gas-particle interface to be poorly mixed with that in
the particle interior.
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Figure 3. Evolution of the suspended particle size distribution of SOA from sequentially or simultaneously injected precursors during heating of the
chamber enclosure. The data shown are averaged over 1-h intervals. Abbreviations correspond to toluene (tol.) and a-pinene (a-pin.).

For Experiments 3 and 4, in which SOA from a-pinene was
coated with that of toluene and for which no evaporation was
observed, it is possible to estimate the thickness of SOA from
toluene condensed onto that from a-pinene and to obtain an
upper bound on the diffusion coefficient for SOA components
from a-pinene photooxidation in a matrix of those from toluene
photooxidation, assuming that diffusional limitations prevented
evaporation of SOA formed from a-pinene. The characteristic
diffusion time in spherical coordinates, 7 (s), is>*

2

——

=D 2
where R, is distance in the radial direction (cm), and D is the
diffusion coefficient (cm® s7'). Toluene SOA coating
thicknesses in Experiments 3 and 4 were 2.2 X 107 and 2.9
X 107 cm, respectively, and significant evaporation was not
observed in a 14-h period, providing a upper estimate of D = 1
% 1077 cm? s, that of a semisolid.*

The initial concentrations of a-pinene and toluene differed
among Experiments 1-6 by ~25 ppbv (Table 1). In
Experiment S, the initial concentration of a-pinene, 81 ppbv,
was the highest of all experiments in the present work. Partial
SOA evaporation was observed in this case; however, partial
evaporation was also observed in Experiment 1, in which SOA
was formed from 67 ppbv a-pinene. This result indicates that
within the range of a-pinene concentrations in the present
work, no bias toward evaporation should be expected of SOA
formed from higher initial a-pinene concentrations.

Because of the sequential protocol in Experiments 3—6, the
second precursor and its photooxidation products were present
in the chamber for less time than the first precursor and thus
experienced lower OH exposure. SOA that partially evaporated
(Experiment S5) contained products formed from 8 h of a-
pinene photooxidation, whereas SOA that did not evaporate
significantly (Experiments 3, 4, and 6) contained products
formed from 23 h of a-pinene photooxidation. To investigate if
increased oxidative aging affected particle evaporation, dilution
and heating of solely a-pinene SOA (Experiment 1) was begun
after 19.5 h of irradiation. The SOA partially evaporated
(Figure 1) after experiencing OH exposures slightly less, i.e.
shorter photooxidation time, than in experiments that did not
show significant SOA evaporation (Experiments 3, 4, and 6).
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Similar results were observed by Lambe et al,,*® who found that
a-pinene photooxidation SOA evaporated partially in a
thermodenuder regardless of the OH exposure used to produce
it. It is unlikely that increased OH exposure under these
laboratory settings would produce a-pinene SOA that is
essentially nonvolatile.

Experiments 3 and 4 were conducted in the same manner,
but different amounts of a-pinene and toluene were used to
generate SOA in each experiment (Table 1). Although the size
distribution peak diameter shifts were not significant upon
heating in either experiment (0 and 31 nm for Experiments 3
and 4, respectively), a larger shift was observed in Experiment 4
than in Experiment 3. The initial a-pinene concentration in
Experiment 4 was higher than that in Experiment 3, and the
concentration of toluene added in Experiment 4 was lower than
that in Experiment 3. At the end of the a-pinene SOA growth
period, the size distribution peak diameters were similar for
both experiments, but after toluene addition, the peak diameter
of the size distribution in Experiment 3 increased by 43—73
nm, whereas the peak diameter increased by 14—43 nm in
Experiment 4. If SOA from the second precursor coats the
existing SOA from the first precursor, then the observed
increase in size distribution peak diameter suggests that
particles in Experiment 3 were more thickly coated with
toluene SOA than those in Experiment 4. It is possible that a
thicker toluene SOA coating would hinder evaporation of an a-
pinene SOA core more than a thinner coating because species
must diffuse farther through a thicker coating than through a
thinner coating to reach the particle surface; however, this effect
was not clearly detected in the present study with a 14-h
evaporation period.

Aerosol Chemical Composition. One may expect to find
a correlation between evaporation behavior and SOA chemical
composition. If compounds with a range of volatilities exist
within a particle and if mass transfer limitations do not exist,
then species of higher volatility should evaporate before species
of lower volatility. However, mass transfer limitations within a
particle will impede evaporation of high volatility compounds.
The extent to which such trends exist was evaluated using
average carbon oxidation state, OS calculated from oxygen-to-
carbon and hydrogen-to-carbon ratios (O:C, H:C) measured
by the AMS.* 1t is important to note that the AMS measures
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bulk particle chemical composition even if the SOA exists as a
core-and-shell configuration. For example, as a-pinene SOA
condenses onto toluene SOA, the bulk chemical composition of
the particles may change; however, the condensing a-pinene
SOA may not greatly affect the chemical composition of the
pre-existing toluene SOA core. With the exception of small
molecules and oligomers, volatility of a compound decreases
with increasing 0:C,*® and thus OS¢. Upon evaporation of
higher volatility components, OS¢ should increase in the
remaining SOA.

The bulk chemical composition of SOA formed during all
experiments is shown in Figure 4. During the SOA formation

< 1:a-pin. only
2:tol. only
o 3:a-pin. then tol.

O 4:a-pin then tol.
5: tol. then a-pin.
A 6: a-pin. and tol.
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Figure 4. Evolution of aerosol oxidation state during formation (panel
a) and dilution and heating (panel b). The error bars in panel a
represent the uncertainty values for OS¢, calculated from those for
H:C and O:C, 10% and 31%, respectively,”® at the end of the
formation period. The rate of change of OS: as a function of
temperature for each experiment is listed in panel b. Abbreviations
correspond to toluene (tol.) and a-pinene (a-pin.).

period (Figure 4a), OS. increases, a trend generally observed
during SOA growth,®**** with the exception of Experiment 5.
In Experiment S, the expected trend is observed during the
initial formation of SOA from toluene, but once a-pinene is
injected and a-pinene SOA condenses onto the toluene SOA,
OS: decreases abruptly. As a-pinene SOA continues to
condense, the expected trend is repeated. SOA from a-pinene
has lower OS. than that from toluene, as observed in
Experiments 1 and 2 and by others, reported separately as
0:C and H:C.*>'7* The aromatic ring of toluene provides more
sites for OH attack than does the structure of a-pinene, which
contains only a single alkene functionality, and has a greater
potential for producing highly oxygenated species. The vapor
pressure of a-pinene is a factor of 10 lower than that of
toluene,*** and less oxygenation of a-pinene than of toluene is
needed to produce condensable products. Because toluene
contains fewer carbons than a-pinene, the addition of each
oxygen atom to the molecule preferentially increases the O:C,
and thus OSg, for toluene products more than for a-pinene
products. SOA condenses within 30 min of a-pinene
photooxidation, and because its chemical composition differs
from that of toluene SOA, a sudden change in SOA chemical
composition when a-pinene SOA condenses onto toluene SOA
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is not unexpected. A rough estimation of the volume fractions
of SOA from a-pinene and toluene in Experiments S can be
obtained from the change in size distribution peak diameter
upon SOA condensation. Peak diameters for the seed, seed and
SOA from toluene, and seed and SOA from toluene and a-
pinene are 69, 162, and 482 nm, respectively. The ratio of SOA
from a-pinene to that from toluene is approximately 25:1, and
bulk SOA chemical composition is expected to reflect primarily
a-pinene, even upon evaporation.

Bulk SOA chemical composition did not change drastically
upon dilution and heating (Figure 4b). OS. increased upon
heating linearly with temperature, as shown in Figure 4b with
the rate-of-change of OS, rOSg, listed for each experiment on
the right side of the panel. The largest rOS was observed for
SOA from toluene coated with that from a-pinene (Experiment
5), and the smallest rOS was observed for SOA from toluene
only (Experiment 2). All changes in OS; during the heating
period were small relative to the change in OS; upon SOA
formation, and the differences in OS. among SOA generated in
the different experiments. The lack of substantial chemical
change during evaporation is consistent with results obtained
by Cappa and Wilson® and Huffman et al.** when measuring
the bulk chemical composition of thermodenuded a-pinene
ozonolysis SOA. However, in other studies of a-pinene
ozonolysis SOA evaporation, using either a thermodenuder or
diluting particles suspended in a chamber, chemical changes
were observed in the SOA wupon evaporation.'”*** The
differences in the studies that lead to the contrasting results
remain to be identified.

Correlations between bulk chemical composition and
evaporation behavior were assessed using data collected
immediately before the dilution and heating period, those
with the largest elapsed time in Figure 4a. The data show that
the SOA formed spans a range of OS: values. A clear
correlation of chemical composition with volatility is observed
for the solely toluene SOA and the solely a-pinene SOA
experiments. Toluene SOA, which has the highest OS¢ of the
systems studied, did not evaporate significantly. a-Pinene SOA
exhibited lower OS¢ than the toluene SOA and partially
evaporated. From these two observations, it is possible to
conclude that a transition from volatile to essentially non-
volatile SOA occurs in the range of average OS¢ observed in the
present work for a-pinene and toluene SOA. However, for the
combined a-pinene and toluene SOA, no distinct correlation
between bulk chemical composition and evaporation behavior
is observed. The bulk chemical composition of the two-
precursor SOA more closely resembled that of a-pinene SOA
than toluene SOA. SOA with lower OS than solely a-pinene
SOA (formed from toluene then a-pinene) partially evapo-
rated, whereas SOA with higher OS. than solely a-pinene SOA
(formed from a-pinene then toluene or a-pinene and toluene)
did not significantly evaporate. However, the variance in the
data for these SOA types, excluding solely toluene SOA, lies
within the uncertainty of the measurements, represented by the
error bars in Figure 4a. Even if SOA exists in a core-and-shell
configuration, the bulk elemental composition reflects a
combination of SOA from the two precursors and will not be
indicative necessarily of the elemental composition of the phase
at the gas-particle interface. While bulk chemical composition
data correlate with volatility for SOA from a single parent
hydrocarbon, the same correlation does not apply to SOA
formed from multiple precursors. The present experiments
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suggest that both particle composition and history can play a
role in its physiochemical behavior.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: seinfeld@caltech.edu.

Present Address

Snstitute for Atmospheric and Climate Science, ETH Zurich,
Switzerland.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Office of Science (Biological
and Environmental Research), US Department of Energy Grant
DE-SC 0006626. We thank Jill Craven, Rebecca Schwantes,
Lindsay Yee, and Xuan Zhang for experimental assistance,
Andrew Metcalf and Manabu Shiraiwa for helpful discussions,
and Yu Jun Leong and Robert Griffin for lending us their AMS
power supply.

B REFERENCES

(1) Virtanen, A.; Joutsensaari, J.; Koop, T.; Kannosto, J.; Yli-Piril4, P.;
Leskinen, J.; Mikeld, J. M.; Holopainen, J. K.; Pschl, U.; Kulmala, M;
Worsnop, D. R;; Laaksonen, A. An amorphous solid state of biogenic
secondary organic aerosol particles. Nature 2010, 467, 824—827.

(2) Vaden, T. D; Song, C; Zaveri, R. A; Imre, D.; Zelenyuk, A.
Morphology of mixed primary and secondary organic particles and the
adsorption of spectator organic gases during aerosol formation. Proc.
Natl. Acad. Sci. US.A. 2010, 107, 6658—6663.

(3) Cappa, C. D.; Wilson, K. R. Evolution of organic aerosol mass
spectra upon heating: Implications for OA phase and partitioning
behavior. Atmos. Chem. Phys. 2011, 11, 1895—1911.

(4) Shiraiwa, M.; Ammann, M.; Koop, T.; Péschl, U. Gas uptake and
chemical aging of semisolid organic aerosol particles. Proc. Natl. Acad.
Sci. U.S.A. 2011, 108, 11003—11008.

(5) Vaden, T. D.; Imre, D.; Beranek, J.; Shrivastava, M.; Zelenyuk, A.
Evaporation kinetics and phase of laboratory and ambient secondary
organic aerosol. Proc. Natl. Acad. Sci. US.A. 2011, 108, 2190—2195.

(6) Kuwata, M;; Martin, S. T. Phase of atmospheric secondary
organic material affects its reactivity. Proc. Natl. Acad. Sci. U.S.A. 2012,
109, 17354—17359.

(7) Perraud, V.; Bruns, E. A; Ezell, M. J.; Johnson, S. N;; Yu, Y,;
Alexander, M. L.; Zelenyuk, A.; Imre, D.; Chang, W. L.; Dabdub, D,;
Pankow, J. F; Finlayson-Pitts, B. J. Nonequilibrium atmospheric
secondary organic aerosol formation and growth. Proc. Natl. Acad. Sci.
US.A. 2012, 109, 2836—2841.

(8) Saukko, E,; Lambe, A. T.; Massoli, P.; Koop, T.; Wright, J. P.;
Croasdale, D. R.; Pedernera, D. A,; Onasch, T. B.; Laaksonen, A.;
Davidovits, P.; Worsnop, D. R; Virtanen, A. Humidity-dependent
phase state of SOA particles from biogenic and anthropogenic
precursors. Atmos. Chem. Phys. 2012, 12, 7517—7529.

(9) Abramson, E.; Imre, D.; Beranek, J.; Wilson, J.; Zelenyuk, A.
Experimental determination of chemical diffusion within secondary
organic aerosol particles. Phys. Chem. Chem. Phys. 2013, 15, 2983—
2991.

(10) Koop, T.; Bookhold, J.; Shiraiwa, M.; Péschl, U. Glass transition
and phase state of organic compounds: Dependency on molecular
properties and implications for secondary organic aerosols in the
atmosphere. Phys. Chem. Chem. Phys. 2011, 13, 19238—19255.

(11) Hildebrandt, L.; Henry, K. M.; Kroll, J. H; Worsnop, D. R;
Pandis, S. N.; Donahue, N. M. Evaluating the mixing of organic aerosol
components using high-resolution aerosol mass spectrometry. Environ.
Sci. Technol. 2011, 45, 6329—6335.

6179

(12) Odum, J. R;; Hoffmann, T.; Bowman, F.; Collins, D.; Flagan, R.
C.; Seinfeld, J. H. Gas/particle partitioning and secondary organic
aerosol yields. Environ. Sci. Technol. 1996, 30, 2580—2585.

(13) Bowman, F. M;; Odum, J. R; Seinfeld, J. H.; Pandis, S. N.
Mathematical model for gasparticle partitioning of secondary organic
aerosols. Atmos. Environ. 1997, 31, 3921—3931.

(14) Odum, J. R; Jungkamp, T. P. W,; Griffin, R. J.; Flagan, R. C,;
Seinfeld, J. H. The atmospheric aerosol-forming potential of whole
gasoline vapor. Science 1997, 276, 96—99.

(15) Strader, R; Lurmann, F.; Pandis, S. N. Evaluation of secondary
organic aerosol formation in winter. Atmos. Environ. 1999, 33, 4849—
4863.

(16) Shiraiwa, M.; Seinfeld, J. H. Equilibration timescale of
atmospheric secondary organic aerosol partitioning. Geophys. Res.
Lett. 2012, 39, L24801.

(17) An, W. J.; Pathak, R. K; Lee, B.-H.; Pandis, S. N. Aerosol
volatility measurement using an improved thermodenuder: Applica-
tion to secondary organic aerosol. J. Aerosol Sci. 2007, 38, 305—314.

(18) Tritscher, T.; Dommen, J.; DeCarlo, P. F.; Gysel, M.; Barmet, P.
B.; Praplan, A. P,; Weingartner, E; Prévét, A. S. H,; Riipinen, L;
Donahue, N. M,; Baltensperger, U. Volatility and hygroscopicity of
aging secondary organic aerosol in a smog chamber. Atmos. Chem.
Phys. 2011, 11, 11477—11496.

(19) Grieshop, A. P.; Donahue, N. M.; Robinson, A. L. Is the gas-
particle partitioning in alphapinene secondary organic aerosol
reversible? Geophys. Res. Lett. 2007, 34, L14810.

(20) Stanier, C. O.; Pathak, R. K; Pandis, S. N. Measurements of the
volatility of aerosols from a-piniene ozonolysis. Environ. Sci. Technol.
2007, 41, 2756—2763.

(21) Warren, B.; Austin, R. L; Cocker, D. R, III Temperature
dependence of secondary organic aerosol. Atmos. Environ. 2009, 43,
3548—355S.

(22) Qj, L.; Nakao, S.; Tang, P.; Cocker, D. R,, III Temperature effect
on physical and chemical properties of secondary organic aerosol from
m-xylene photooxidation. Atmos. Chem. Phys. 2010, 10, 3847—3854.

(23) Zhang, S. H.; Flagan, R. C. Resolution of the radial differential
mobility analyzer for ultrafine particles. J. Aerosol Sci. 1996, 27, 1179—
1200.

(24) Stolzenburg, M. R. An ultrafine aerosol size distribution
measuring system. Ph.D. Thesis, University of Minnesota, 1988.

(25) DeCarlo, P. F.; Kimmel, J. R; Trimborn, A.; Northway, M. J.;
Jayne, J. T,; Aiken, A. C; Gonin, M,; Fuhrer, K; Horvath, T,;
Docherty, K. S.; Worsnop, D. R;; Jimenez, J. L. Field deployable, high-
resolution, time-of-fight aerosol mass spectrometer. Anal. Chem. 2006,
78, 8281—8289.

(26) Canagaratna, M. R; et al. Chemical and microphysical
characterization of ambient aerosols with the aerodyne aerosol mass
spectrometer. Mass Spectrom. Rev. 2007, 26, 185—222.

(27) Allan, J. D.; Delia, A. E,; Coe, H.; Bower, K. N.; Alfarra, M. R;;
Jimenez, J. L.; Middlebrook, A. M.; Drewnick, F.; Onasch, T. B;
Canagaratna, M. R;; Jayne, J. T.; Worsnop, D. R. A generalised method
for the extraction of chemically resolved mass spectra from Aerodyne
aerosol mass spectrometer data. J. Aerosol Sci. 2004, 35, 909—922.

(28) Aiken, A. C; et al. O/C and OM/OC ratios of primary,
secondary, and ambient organic aerosols with high-resolution time-of-
fight aerosol mass spectrometry. Environ. Sci. Technol. 2008, 42, 4478—
448S.

(29) Hildebrandt, L.; Donahue, N. M.; Pandis, S. N. High formation
of secondary organic aerosol from the photo-oxidation of toluene.
Atmos. Chem. Phys. 2009, 9, 2973—2986.

(30) Loza, C. L.; Chhabra, P. S,; Yee, L. D.; Craven, J. S.; Flagan, R.
C.; Seinfeld, J. H. Chemical aging of m-xylene secondary organic
aerosol: Laboratory chamber study. Atmos. Chem. Phys. 2012, 12, 151—
167.

(31) Lambe, A. T.; Onasch, T. B.; Massoli, P.; Croasdale, D. R;;
Wright, J. P.; Ahern, A. T.; Williams, L. R.; Worsnop, D. R.; Brune, W.
H.; Davidovits, P. Laboratory studies of the chemical composition and
cloud condensation nuclei (CCN) activity of secondary organic

dx.doi.org/10.1021/es400979k | Environ. Sci. Technol. 2013, 47, 6173—-6180



Environmental Science & Technology

82

aerosol (SOA) and oxidized primary organic aerosol (OPOA). Atmos.
Chem. Phys. 2011, 11, 8913—8928.

(32) Emanuelsson, E. U.; Hallquist, M.; Kristensen, K.; Glasius, M.;
Bohn, B.; Fuchs, H; Kammer, B.; Kiendler-Scharr, A,; Nehr, S,;
Rubach, F.; Tillmann, R; Wahner, A,; Wu, H.-C.; Mentel, T. F.
Formation of anthropogenic secondary organic aerosol (SOA) and its
influence on biogenic SOA properties. Atmos. Chem. Phys. Discuss.
2012, 12, 20311—20350.

(33) Atkinson, R; Baulch, D. L; Cox, R. A; Crowley, J. N;
Hampson, R. F.; Hynes, R. G; Jenkin, M. E.; Rossi, M. J.; Troe, J.
IUPAC Subcommittee, Evaluated kinetic and photo-chemical data for
atmospheric chemistry: Volume II - gas phase reactions of organic
species. Atmos. Chem. Phys. 2006, 6, 3625—4055.

(34) Atkinson, R; Arey, J. Atmospheric degradation of volatile
organic compounds. Chem. Rev. 2003, 103, 4605—4638.

(35) Seinfeld, J. H.; Pandis, S. N. Atmospheric Chemistry and Physics,
2nd ed.; John Wiley and Sons, Inc.: Hoboken, NJ, 2006.

(36) Lambe, A. T.; Onasch, T. B.; Croasdale, D. R.; Wright, J. P.;
Martin, A. T.; Franklin, J. P.; Massoli, P.; Kroll, J. H.; Canagaratna, M.
R; Brune, W. H.; Worsnop, D. R;; Davidovits, P. Transitions from
functionalization to fragmentation reactions of laboratory secondary
organic aerosol (SOA) generated from the OH oxidation of alkane
precursors. Environ. Sci. Technol. 2012, 46, 5430—5437.

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

(38) Jimenez, J. L; et al. Evolution of organic aerosols in the
atmosphere. Science 2009, 326, 1525—1529.

(39) Ng, N. L; et al. Organic aerosol components observed in
Northern Hemispheric datasets from Aerosol Mass Spectrometry.
Atmos. Chem. Phys. 2010, 10, 4625—4641.

(40) Chhabra, P. S.; Ng, N. L,; Canagaratna, M. R; Corrigan, A. L.;
Russell, L. M.; Worsnop, D. R; Flagan, R. C,; Seinfeld, J. H. Elemental
composition and oxidation of chamber organic aerosol. Atmos. Chem.
IVW& 2011, 11, 8827—884S.

(41) Hawkins, J; Armstrong, G. Physical and thermodynamic
properties of terpenes. III. The vapor pressures of a-pinene and f
-pinene. J. Am. Chem. Soc. 1954, 76, 3756—3758.

(42) Pitzer, K. S.; Scott, D. W. The thermodynamics and molecular
structure of benzene and its methyl derivatives. J. Am. Chem. Soc. 1943,
65, 803—829.

(43) Huffman, J. A; Docherty, K. S,; Mohr, C.; Cubison, M. J;
Ulbrich, I. M.; Ziemann, P. J.; Onasch, T. B.; Jimenez, J. L. Chemically-
resolved volatility measurements of organic aerosol from different
sources. Environ. Sci. Technol. 2009, 43, 5351—5357.

(44) Docherty, K. S; Wu, W, Lim, Y. B; Ziemann, P. J.
Contributions of organic peroxides to secondary aerosol formed
from reactions of monoterpenes with O;. Environ. Sci. Technol. 2008,
39, 4049—4059.

(45) Kostenidou, E; Lee, B.-H.; Engelhart, G. J.; Pierce, J. R.; Pandis,
S. N. Mass spectra deconvolution of low, medium, and high volatility
biogenic secondary organic aerosol. Environ. Sci. Technol. 2009, 43,
4884—4889.

6180

dx.doi.org/10.1021/es400979k | Environ. Sci. Technol. 2013, 47, 6173—-6180



83

Chapter 6

Organic Aerosol Formation from
the Reactive Uptake of Isoprene

Epoxydiols (IEPOX) onto
Non-acidified Inorganic Seeds.

This chapter is reproduced with permission from ” Organic aerosol formation from the reactive uptake of isoprene
epoxydiols (IEPOX) onto non-acidified inorganic seeds.” by Tran B. Nguyen, Matthew M. Coggon, Kelvin H. Bates,
Xuan Zhang, Rebecca Schwantes, Katherine A. Schilling, Christine L. Loza, Richard C. Flagan, Paul O. Wennberg,
and John H. Seinfeld, Atmospheric Chemistry and Physics, 14, 3497-3510, do0i:10.5194/acp-14-3497-2014.. Copyright
2014 Authors. This work is licensed under a Creative Commons License.
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Abstract. The reactive partitioning afisandtrans g-IEPOX 1 Introduction

was investigated on hydrated inorganic seed particles, with-

out the addition of acids. No organic aerosol (OA) forma- A sjgnificant portion of the organic aerosol (OA) produc-
tion was observed on dry ammonium sulfate (AS); however.tion from isoprene, a non-methane hydrocarbon emitted to
prompt and efficient OA growth was observed fordigand  the atmosphere in vast amounts, is attributed to the heteroge-
trans B-IEPOX on AS seeds at liquid water contents of 40— ngqus chemistry of isoprene epoxydiols (IEPOX) (Froyd et
75% of the total particle mass. OA formation from IEPOX 5| 2010: Chan et al., 2010: McNeill et al., 2012: Surratt et
is a kinetically limited process, thus the OA growth contin- al., 2010; Hatch et al., 2011; Budisulistiorini et al., 2013; Pye
ues if there is a reservoir of gas-phase IEPOX. There apet g|., 2013). IEPOX, of which there are four isomeric forms
pears to be no differences, within error, in the OA growth or (Scheme 1), is a second-generation low nitric oxide (NO) iso-
composition attributable to thas/ transisomeric structures. prene photooxidation product formed from the OH-oxidation
Reactive uptake of IEPOX onto hydrated AS seeds Wwithof particular isomers of isoprene hydroxy hydroperoxides
added base (NaOH) also produced high OA loadings, sug¢paulot et al., 2009b). The mechanism for OA production
gesting the pH dependence for OA formation from IEPOX from |EPOX has been proposed as ring-opening of the epox-
is weak for AS particles. No OA formation, after particle jqe group, activated by proton transfer from a strong acid
dr_ying, was observed on seed particles_\{vhe_ré Was sub-  gych as sulfuric acid (480y), followed by nucleophilic
stituted for NH;. The Henry's Law partitioning of IEPOX  aqdition of available nucleophiles in the condensed phase,
was measured on NaCl particles (ionic strengtM) to ¢ 4. addition of water to produce tetrols, sulfate to produce
be 3x 10’ Matm™* (~50/+100 %). A small quantity of OA  grganosulfates, and so on (Minerath et al., 2008; Eddingsaas
was produced when Nfwas present in the particles, butthe et 1., 2010; Surratt et al., 2010). This proposed mechanism
chloride (CI") anion was substituted for sulfate ($Q, pos-  has been corroborated by chamber investigations of parti-
sibly suggesting differences in nucleophilic strength of thecle acidity effects on OA formation (Surratt et al., 2007; Lin
anions. Online time-of-flight aerosol mass spectrometry ancet al., 2012), wherein dry acidic seeds (MgS®,SQy, 1:
offline filter analysis provide evidence of oxygenated hydro- 1) prompted strong reactive uptake behavior from epoxides
carbons, organosulfates, and amines in the particle organigPaulot et al., 2009b), compared to negligible uptake for dry,
composition. The results are consistent with weak correlanon-acidified seeds.

tions between IEPOX-derived OA and particle acidity or lig-  Recent field data suggest that the story might be more
uid water observed in field studies, as the chemical systenzomplex than described above, as weak correlations between
is nucleophile-limited and not limited in water or catalyst particle acidity and the abundance of IEPOX particle-phase
activity. tracer products were observed in Southeastern USA sites

Published by Copernicus Publications on behalf of the European Geosciences Union.
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At dards and observed the dark OA growth onto non-acidified

i HOO /oM HO_O)L/_O“ )u/_o“ + OH | and hydrated inorganic seeds at several particle liquid water
i HO HO t,ansﬁ IEPOX concentrations. In the atmosphere, ammonium ionsj0NH
*  on are one of the most abundant components of aerosols and
H i“, _>._(_°“ _>Q\_ considerable IEPOX-derived OA are observed, even when
OOH i i -
HO OOH c;s[s EPOX : a dominant portion of the aerosols are charge-balanced,

SR oo S ‘ e.g., [NH]:1/2 x [SOF ] or [NH;]:[NO3] ~1 (Lin et al.,

o — MO\ _ —>[ Q 2013)._The agueous I\Q—may possibly act as catalyst for OA _
HO, _>_+/_ -IEPOX formgtlon, as has bgen showp for a number of atmospheri-
/ ~ HOO OH + OH cally important reactions (Noziere et al., 2009; Sareen et al.,
>_IS/0 _>=/_ %—( 2010; Ervens and Volkamer, 2010; Yu et al., 2011). We study
prene H 84-IEPOX

reaction with NI—I as a potential rate-limiting mechanism
Scheme TFormation of IEPOX isomers, from relevant isoprene 10" the IEPOX reaction. The role of cation and anion com-
hydroxy hydroperoxide precursors, in the low-NO photooxidation POSitions in the seed for OA formation is studied by using
of isoprene. The expected dominant pathway is shown inside the @mmonium sulfate, ammonium chloride, sodium sulfate, and
box. The naming convention is based on Paulot et al. (2009b).  sodium chloride seeds.

2 Materials and methods
(Lin et al., 2013; Budisulistiorini et al., 2013). It should be

noted that the indirect definition of “particle acidity,” which 2.1 Experimental procedures
relies on charge balance of cations and anions, have several
limitations and may not effectively represent the activity of This work utilized a newly constructed 28mREP Teflon en-
H* in the aqueous phase of particles in some cases (Grevironmental chamber specifically reserved for low-N&p-
goire, 2013). Nevertheless, from the field observations, Linplications. The walls have not been in contact with strong
and coworkers proposed that other factors may possibly modacids and the chamber was operated in batch mode. Experi-
ulate OA formation from IEPOX in conjunction with particle ments were performed at room temperature (23€24and
[HT]. One important distinction between previous chamberin the dark. Prior to the start of experiments, the chamber
investigations, which have all been conducted under dry conwas thoroughly flushed with dry, purified air until particle
ditions (relative humidity, RH <5 %), and the Southeasternconcentrations are <0.01ugt For humid experiments,
USA location is the prevalence of particle liquid water on the water vapor was injected until the desired relative humid-
ammonium sulfate seeds. Water is a ubiquitous and abundaiitly (RH) was achieved in the chamber by flowing dry puri-
component of the atmosphere, therefore the effect of liquidfied air over a Nafion membrane humidifier (FC200, Perma-
water on the uptake of OA precursors has important impli-pure LLC), which is kept moist by recirculating 2€ ultra-
cations for much of the globe. The crystalline ammonium purified (18 M2) water (Milli-Q, Millipore Corp). Temper-
sulfate seeds used in dry chamber experiments may not hawgure and RH were measured by a Vaisala HMM211 probe,
adequate liquid water for IEPOX to partition into the aqueouscalibrated with saturated salt solutions in the RH range of 11—
phase, nor sufficient H, NHj{, and SCﬁ‘ activities to pro- 95 %. For RH <11 %, the water vapor content was quantified
mote reactive uptake. Similarly, a particle with a large weight by chemical ionization mass spectrometry (Sect. 2.2.1).
percent of HSO, may have a sizeable liquid water compo-  Seed particles were injected by atomizing aqueous so-
nent, even at RH <5 %, due to the strong hygroscopicity oflutions (0.06 M) of ammonium sulfate (NjpSOQ4, AS),
H2SOy (Xiong et al., 1998), and the difference in reactive sodium chloride (NaCl), ammonium chloride (M%&), or
uptake of IEPOX may be due either to the differences in parsodium sulfate (Ng5Q,) at 2100 hPa of air into the cham-
ticle liquid water or the particle free acidity. In contrast, high ber through #1%0 neutralizer and water trap. All inorganic
concentrations of liquid water may cause dilution of aqueousseeds were injected through a 30 cm custom-built wet-wall
ions, i.e., changing the acidity or ionic strength, which hasdenuder kept at 90C, such that the seed particles enter the
been demonstrated to change the effective Henry’s Law parechamber hydrated. Liquid water is expected to evaporate
titioning coefficient of glyoxal (Kampf et al., 2013). Despite from the seed particles according to the salt’s efflorescence
these important interactions, the effect of liquid water on OA behavior (Lee and Hsu, 2000) at the RH of the chamber, e.g.,
formation from IEPOX has not been systematically exploredin a dry chamber it is expected that the hydrated particles
in the laboratory. will enter the chamber fully dried. Particles were allowed to
We report here the reactive uptake of two isomers ofequilibrate until their volume concentrations are stable prior
IEPOX, thecis andtrans g-IEPOX (Paulot et al., 2009b), to organic injections.
which together comprise more than 97 % of the isomer dis- Two isomers of isoprene epoxydiolsi§ and trans B-
tribution (Bates et al., 2014). We synthesized authentic stantEPOX) were synthesized via procedures adapted from

Atmos. Chem. Phys., 14, 349851Q 2014 www.atmos-chem-phys.net/14/3497/2014/
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Zhang et al. (2012) and purified with normal-phase columnhydroperoxide (ISOPOOH), which has been documented to
chromatography until the estimated purity based on nucleayield mainly m/z 63 and a negligible amount @f/z 183
magnetic resonance (NMR) of theés and trans 8-IEPOX upon CID (Paulot et al., 2009b). ISOPOOM Az 203 —
isomers are 99 % and > 92 %, respectively. Details of the syn /z 63), was not expected, nor observed, during IEPOX in-
thesis and NMR spectra are reported in Bates et al. (2014)ections.

Although the mole fractions of the impurities are low, their ~ CIMS calibrations ofcis and trans g-IEPOX were per-
high volatility may lead to an over-represented abundance irformed by separately atomizing dilute (1-3 mM) solutions of
the gas phase. For thas isomer, we detected experimen- each isomer with equimolar concentrations of hydroxyace-
tal interference from the volatile 1,4-dihydroxy-2-methyl-2- tone, used as an internal standard, into the chamber through
butene (a precursor used in the synthesis), comprisB@% a 15cm PFA Teflon transfer line for a few hours. During
of the vapor phase measured directly above a bulb of IEPOXsynthesis, NMR analysis showed that IEPOX was stable in
droplets by chemical ionization mass spectrometry (CIMS,water solution for many hours if no acid was present, so
Sect. 2.2). In order to further purify before experiments weredecay of IEPOX in the atomizer solution was not expected
conductedcis g-IEPOX droplets were purged with dryoN  over the course of the calibration experiment. Toluene was
and combined with 60C heating for > 8 h until the measured used as a tracer to obtain the exact volume of the Teflon
impurity fraction dropped below 2 % (Fig. S1 in the Supple- bag for each calibration experiment. A measured volume of
ment). After the additional purification, IEPOX was injected toluene (6 pL) was injected into a clean glass bulb with a
into the chamber by flowing a 5-8 L mih stream of dry pu-  microliter syringe (Hamilton) and quantitatively transferred
rified air past several droplets in a clean glass bulb heated tinto the chamber with a 5L mirt stream of dry purified
60°C for 2-4 h. The mixtures of IEPOX and seed aerosolsair. The gas-phase toluene was monitored by commercial
were allowed to equilibrate for >1h. Most of the experi- gas chromatograph with flame-ionization detector (GC-FID,
mental conditions were repeated and were found to be reproHewlett-Packard 6890N) using a calibrated HP-5 column
ducible within 15 %. We expect systematic error to dominate(15m, 0.53mm i.d.). The initial chamber temperature was

over the error of precision in this work. 35°C, and the temperature was ramped untiP@5%or until
no increase of IEPOX signal was observed in the CIMS. The
2.2 Analytical methods atomized solution was weighed before and after atomization.
Each sensitivity determination was repeated at least twice.
2.2.1 Chemical ionization mass spectrometry (CIMS) The sensitivities of the IEPOX isomers were calculated from

the ratio of the normalized ion counts (with respect to the
Gas-phase IEPOX was measured with negative-ion chemicakeagent ion signal) to the number of atomized moles. Small
ionization mass spectrometry (CIMS) using4CF as the  amounts of nucleated organic aerosols were observed in the
reagent ion, described in more detail previously (Crounsechamber from the atomization, as measured by a scanning
et al., 2006; Paulot et al., 2009a; St. Clair et al., 2010).mobility particle sizer (Sect. 2.2.3) and that volume concen-
The mass analyzer is a Varian triple-quadrupole spectrometdration was subtracted from the theoretical moles of IEPOX
with unit mass resolution. Air is brought from the chamber (corrections of <1 %). Based on their calculated dipole mo-
using a 3mm inner diameter perfluoroalkoxy (PFA) Teflon ments and average polarizability, ttisisomer was expected
line with flow rate of 2.5Lmirml. Of the total chamber to have a sensitivity of-1.6 times greater than thiensiso-
flow, a 145 mL mirr ! analyte flow was sampled orthogonally mer (Paulot et al., 2009b), and we found the sensitivity of the
through a glass critical orifice into the CIMS. The analyte cisisomer to be a factor of 1.8 greater than ttensisomer
flow was further diluted by a factor of 12 with dry;No in the MS mode. The difference between the two ratios is
minimize the interaction of water vapor from the chamber within the error of the sensitivity determination.
with the reagent ion in the ion-molecule flow region. The Additionally, several mixing ratios of water vapor were in-
subsequent data analysis corrects for the dilution factor. Théroduced into the CIMS ion-molecule region to measure the
operational pressure and temperature were kept at 35.5 hReater dependence of the IEPOX detection. Water vapor was
and 35°C, respectively. The CIMS operated in a scanning quantified by Fourier-transform infrared spectroscopy (FT-
MS mode (1 /z 50-250) and tandem MS mode (MSMS). In IR, Nicolet Magna-IR 560) with a 19 cm pathlength quartz
MSMS mode, collisionally induced dissociation (CID) with cell. Spectral fitting was performed using the HITRAN spec-
2.6 hPa of Nl fragments analyte ions into product ions in the tral database (Rothman et al., 2009) and the nonlinear fitting
second quadrupole, following the ejection of neutral speciessoftware NLM4 developed by Griffith (1996). In the low-
The MS cluster ion gH1003 - CRRO™ (m/z 203) of IEPOX RH range, outside the calibration limit of the membrane RH
was used for quantification, due to the higher signal-to-noiseprobe, the CIMS water ions 4@ - 13CF;0~ (m/z 104) and
(S/N) of this ion compared to MSMS ions. The MSMS prod- (H20), - CRO~ (m/z 121) were used to quantify water va-
uct ion GHgO3-CRO~ (m/z 203— m/z 183), found to  por concentration in the chamber after calibration of water
be unique to IEPOX in the isoprene OH-oxidation system,vapor with FT-IR. These ions provide excellent sensitivity to
was used to differentiate IEPOX from the isobaric isoprenewater and linearity in the 20-3500 ppm range in the CIMS

www.atmos-chem-phys.net/14/3497/2014/ Atmos. Chem. Phys., 14, 38540 2014
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ion molecule flow region (corresponding to 1-100 % RH in which is consistent with the collection efficiency of organic

the chamber at 24C, before CIMS dilution). No water de- aerosols measured previously (Docherty et al., 2013). Fur-

pendence in the detection of the IEPOX ions was observedher, it is expected that drying particles, relevant to the hy-

within the range of water vapor observed by CIMS. dration/evaporation cycles of aerosols in nature, may lead to
In order to quantify the gas-phase concentrations ofenhanced interactions between organic and inorganic com-

IEPOX, the CIMS signal was corrected to account for thepounds (De Haan et al., 2011; Nguyen et al., 2012), irre-

RH-dependent wall losses of IEPOX. The interactions ofversibly forming OA.

IEPOX with chamber walls have not been previously char-

acterized, although those of itg @nalog have been reported 2.2.3 Particle size and number concentration

(Loza et al., 2010). IEPOX wall loss experiments were con-

ducted at RH=3%, 46 %, and 69 %, as described in SectiorParticle size and number concentrations were measured with

2.1, continuously for 5-10 h. Figure S2 shows that the walla scanning mobility particle sizer (SMPS), comprised of a

losses of IEPOX on non-acidic walls were negligibly small custom-built differential mobility analyzer (DMA) coupled

(~0.4% 1 at RH 69 %), within the error of CIMS mea- to a commercial butanol-based condensation particle counter

surements. (CPC, TSI Inc.). The SMPS patrticle size measurement was
calibrated with polystyrene latex (PSL) spheres. The parti-
2.2.2 Aerosol mass spectrometry (AMS) cles entering the chamber have a static polydisperse distri-

bution, with peak dry particle diameter distributions in the

Online particle composition was measured with a high-range of 50-100 nm. The sample air flow was not dried in
resolution time-of-flight aerosol mass spectrometer (ToF-humid experiments. Particle mass concentrations were cor-
AMS, Aerodyne Research Inc.). The ToF-AMS was operatedrected for RH- and size-dependent wall losses. The mass con-
in V mode (R ~2000 atm/z 200) and W mode (R-3000—  centration of particles typically ranged from 65-90 ugim
4000 atm/z 200). Prior to experiments, the ToF-AMS ion- for all experiments, using a particle density of 1.2 gém
ization efficiency was calibrated using size-selected 350 nm For AS-based experiments, the particle liquid water con-
ammonium nitrate particles. The ToF-AMS monitored the tent was calculated based on the size-dependent hygroscop-
content of ammonium (Nﬁ), sulfate (S@’) and other non- icity of AS (Biskos et al., 2006; Hu et al., 2010). For each
refractory ions throughout the course of the experiment. Theparticle diameter bin measured by SMPS, a theoretical dry
ammonium to sulfate ratio did not change over the course ofliameter was calculated based on size-dependent literature
the experiment. Gas interferences and elemental ratios wergrowth factor data at the RH of the experiment. The differ-
calculated using the fragmentation tables developed by Al-ence in the wet (measured) and dry (calculated) integrated
lan et al. (2004) and Aiken et al. (2008). Data were analyzedarea of the mass distribution yielded the liquid water concen-
in IGOR Pro 6.31 (WaveMetrics, Inc.) using the SQUIR- tration in g nT3. Similarly, the percent of liquid water con-
REL v 1.51H and PIKA v 1.10H analysis toolkits. Total con- tentis calculated as % LWC = 100 %(V wet—Vdry)/Vwet, US-
centration of organics (ugm™) was calculated by summing ing the predicted wet and dry diameters.
the nitrate-equivalent masses of each high-resolution ion cor- Particle wall loss characterizations were performed for AS
related with the organic fraction from the V-mode data. seeds at RH=3%, 20 %, 50 %, and 80 % prior to the start of

Particles were sampled through a 130cm Nafion mem-the experimental series to correctly quantify the mass con-
brane diffusion drier (MD-110, Permapure LLC) to avoid centrations of particles as a function of time. It was assumed
flow obstructions from wet particles over time, at a flow rate that the loss rates of AS were representative for particles
of 0.084 L min 1. It is expected that drying the particles may of different composition. Seed aerosols were atomized into
introduce particle or organic line losses in the drier tube andthe dry or humid chambers in the dark, allowed to stabilize,
change the particle bounce characteristics on the AMS vaporand particle size and number concentrations were measured
izer plate. These perturbations may be corrected by applyfor >12h. The particle correction method that accounts for
ing a collection-efficiency (CE) factor. It was demonstrated wall loss has been discussed in detail previously (Loza et al.,
that organic aerosol particles with higher water content have2012).
very low bounce probability, which corresponds to a CE of
unity (Matthew et al., 2008; Docherty et al., 2013). Compar-2.2.4 Filter collection and analysis
atively, dry particles have much lower CEQ.25 for pure,
dry AS) due to the high bounce rate. The CE of IEPOX- Offine OA composition analysis was performed by ultra-
derived organic aerosol-coated particles was calculated byigh performance liquid chromatography time-of-flight elec-
measuring the mass concentrations of organics, sulfate, anospray ionization mass spectrometry (UPLC/ESI-ToFMS).
ammonium of the wet particles without a drier, wherein CE Aerosol samples were collected onto Teflon membrane fil-
was assumed to be unity and line losses assumed to be neters (Millipore, 1um pore), pulled at a 20 L mih flow
ligible, and comparing with measurements made through @hrough an activated charcoal denuder to remove the volatile
drier. We observe a CE of 0.75 for all conditions in this work, and semivolatile components. Each filter was extracted with
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88

T. Nguyen et al.: Organic aerosol formation from the reactive uptake of IEPOX 3501
methanol (Fisher, Optima grade,99.9 %) by ultrasonica- . e . . , ,
tion for 15min in a 20 mL scintillation vial. The filtered ex- & LWC ~ 0% [P 200 @
tracts were blown dry under a gentle stream of ultra-high- % 40 ,4-/ L 150 §
purity N2. The residue was reconstituted with 150 uL of % 100 &
50: 50 v/v acetonitrile (Fisher Optima grade 99.9 %) and g 2 i
water (Milli-Q). 2 S0 g
Extracts were analyzed by a Waters Xevo G2-S E 0l 2 2 o 3
UPLC/ESI-ToF-MS equipped with an Acquity CSHgXol- = e 1m0 ak0 280 a0
umn (1.7 um, 2.k 100mm). The solvents used for gradi- ¢ 100 - y ' - T : 200
ent elution were acetonitrile (Fisher Optima gragd€9.9 %) 2 80 LINC sothte ‘_ﬂ é’
and water with a 0.1 % formic acid spike (solvent “A’). The 3 | SR 190 s
flow rate was held at 0.5 mL mift. Accurate mass correc- 5 ' 100 ©
tion was completed by a lock spray of leucine enkephalin § §
(0.61 nguLt in 50: 50 v/v acetonitrile /water with 0.1% 2 60 X
formic acid). The ESI source was operated in negative mode, £ I [, )
where most analytes are ionized by deprotonation and mea 0 5 100 150 200 250 300 350
sured as [M-HY. lonic molecular formulas were determined Reaction time (min)

from accurate masses (mass resolution of 60 00£yat400)
using the elemental composition tool in Mass Lynx. Contro
filters (no particles) and laboratory controls (seeds only) wer
analyzed in the same manner.

IFig. 1. Typical uptake experiment results as a function of time,
shown fortransisomer, at dry (top) and humid (bottom) conditions
Svith the corresponding percent of liquid water content (LWC). The
solid black line indicates when IEPOX injection stopped and the
mixture was allowed to equilibrate. Doubjeaxes correspond to

. . traces of the same color.
3 Results and Discussion

3.1 Reactive uptake otisand trans g-IEPOX onto IEPOX—HT +Nu— ROP—H™, kny (R3)

ammonium sulfate seeds ROP— H* +A_i — ROP+ AH. Kneurra (R4)

3.1.1 Liquid water content of seeds For a solution with low AH and Nu activity, the equilibrium

accommodation of IEPOX into the aqueous phase, described
by the Henry’s Law coefficient of IEPOX (K), can be mea-

IEPOX onto ammonium sulfate (AS) seeds at two RH con-Sured. n isolation. Henry's Law_ may not be an appropriate
description of the IEPOX reactive uptake experiments per-

ditions, dry (LWC~0%) and RH 57 % (LWC~55 %). The Ay

- . formed on the liquid water of suspended aerosols, as the
traces shown in Fig. 1 are representative of uptake behav- . - ;
. . . - aerosol water layers represent highly non-ideal solutions and
ior for both isomers on the experimental timescale. For RH o T 2 .

. . the OA formation is kinetically limited. The OA formation
conditions above the ammonium sulfate (AS) efflorescence . . — -
. o . mechanism may include contributions from reactions other

point tested in this work (g4 ~35 %, (Biskos et al., 2006)), - ) o

- han Reactions (1-4). To a first-order approximation, total
prompt and efficient OA growth onto AS seeds was observe A mass formed from aas-phase reactive uptake of IEPOX
for both IEPOX isomers. No OA growth was observed when gas-p P

the AS seeds were dry, in good agreement with other reportgwll be a function of aqueous IEPOX concentration, nucle-

(Lin et al., 2012, Surratt et al., 2010) ophile activity, and catalyst activity.
The O.A grovx;th from IEPéX did .not halt after the end For the sake of comparison between experiments, it is use-

S . . . . ful to have a metric that includes the ratio of OA formed
of the gas-phase injection period (Fig. 1, solid black line), - o
- - : to gas-phase IEPOX injected and accounts for the variabil-
even after periods of >2h (Fig. S3, top panel). This behav-.~ ~ . L
S 2 .. ity in the size and number of injected seeds between ex-
ior is indicative of a non-equilibrium process, as the addition 7 . L
periments, which is reflected by the calculated aerosol wa-

of nucleophiles is not reversible after the rate-limiting step . ) . o
of IEPOX activation (Eddingsaas et al., 2010). The forma-ter a'_[ (_j|fferent RH. We define her(_e a reactive partlthnlng
coefficient @oanepox), calculated similarly to an effective

tion of low-volatility compounds should continue as long as . - . )
. . ; ; enry’s Law coefficient, and thus having the same units (Se-
a reservoir of gas-phase IEPOX is available. The series o : .
infeld and Pandis, 2006):

expected reactions leading to the formation of ring-opening
products (ROP) is shown below, illustrated using a generakpoa,epox = (Coa/ Ciepox) /1108 - R - T - Pwel, (1)

proton donor (AH) and nucleophile (Nu).

where Coa/Ciepox) is the mass concentration ratio of the
IEPOXg) = IEPOXag. KH (R1)  |EPOX-derived organic aerosol (dried), measured by ToF-
IEPOX@ag +AH = IEPOX— H™ +A_n.Kan (R2) AMS, and the gas-phase IEPOX, measured by negative-ion

Figure 1 shows the time profile for the organic aerosol (OA)
growth corresponding to reactive uptake of ttians -
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Table 1. Summary of results from representative reactive uptake experiments onto ammonium sulfate seeds. Mean results from Lin et
al. (2012) are shown for comparison.

Exp. index IEPOXisomer Seed composition RH (%) Particlé pHSeed (ugm3) Ppowc (@m3)  Coa/Ciepox PoA/IEPOX
(Matm™1)
1 cis (NH1)2SOs 3 - 70 <1x 1076 5.04x 1074 -
2 cis (NH1)2SOn 42 3.67 91 3.7410°° 0.102 1.15¢ 108
3 cis (NHy)2SO 50 3.74 92 47% 1075  0.118 1.01x 108
4 cis (NHy)2SOy 86 3.90 81 56&107°  0.179 4.00< 107
5 trans (NH)2SOy 2 - 65 <1x 1076 474x 1074 -
6 trans (NH)2S0y 39 3.65 82 3441075  0.090 1.06x 108
7 trans (NH)2S0y 57 3.77 89 4.64 107° 0.095 8.44x 107
8 trans (NH)2S04 81 3.88 88 6.14107°  0.115 7.66¢ 107
9 trans (NH)2S04 +NaOH, pH=7 70 ~55 84 533 107> 0.090 6.89 107
Lin et cis MgSQ + HySOy (1: 1) <5 ~-10 48 1.62 107°**  0.058 1.47% 108
al. (2012)

* Modeled pH using E-AIM and AIOMFAC models (the value from (Lin et al., 2012g|ality-based pH), see text (Sect. 3.1.2).
** Based on hygroscopicity of 80, at RH 5%, assumed growth factor 1.15, Xiong et al. (1998).

CIMS, Pwc is the liquid water content of the inorganic 5x10°
aerosols prior to IEPOX introduction (gTh), R is the ideal

gas constant (atm L mot K1), 7 is the temperature (K),

and 106 is a conversion factor (ftm=3). ®opiepox in-

cludes the contribution from Henry’s Law equilibrium parti-

tioning of IEPOX (Reaction R1), and thus is an upper limit 1x10°]
for the effective Henry’s Law constant.

We observe thatdoaiepox was not time-dependent
when both IEPOX and OA were increasing, as the ratio
Coa/ Ciepox stabilized when OA grew in response to gas-
phase IEPOX (Fig. S3) but increased after IEPOX injection trans B-IEPOX
stopped. The stabilized ratio is used Bpaiepox calcula- cis B-IEPOX
tions to compare between experimen®swc did not have 1x10
a significant time dependence due to a stable particle vol- 40 50 60 70 80
ume distribution before IEPOX gas-phase injections. The un- Particle Liquid Water (%)
certainties in the accuracy of thoaiepox and Ky mea-
surements were estimated to b&0 % and+100%, com-  Fig. 2. Reactive partitioning coefficientsboaepox) during the
pounded from the uncertainties in the calculated CIMS sengas-phase IEPOX injection phase for thensandcisisomers as a

sitivities, liquid water fraction, AMS organic mass determi- function of the particle liquid water concentration. Error bars indi-
nations. and other measurements. cate experimental uncertainty as described in the text.

OA/IEPOX

O]

A summary of®oa/epox and other values is given in Ta-
ble 1 for all AS-based uptake experiments. Figure 2 shows . . ) . )
®onierox, as a function of particle liquid water, for thus fect from increasing the pure l/va.te.r fraction at a fixed ion
andtrans f-IEPOX uptake onto hydrated AS. A trend of de- content (moles of Nij and S¢") is in contrast to a mod-
creasing®oaiepox With increasing LWC was reproducibly eled increase in OA mass in areas with high “anthropogenic

observed, despite the uncertainty range indlagyicpox de- water”, in other words, mixtures of water-soluble compounds
terminations. The suppression @oaepox as a function found in urban regions (Carlton and Turpin, 2013). In the at-

of added water is likely due to dilution. For example, high MoSPhere, the partitioning of anthropogenic gases likg NH
aerosol sulfate concentrations may cause a “salting-in” ef-2nd SQ will simultaneously impact aqueous acidity and in-
fect for IEPOX, or other water-soluble organic compounds ©r9&nic concentration and thus may lead to enhanced OA for-
(Kampf et al., 2013), which is inversely proportional to wa- Mation in areas with highefiwc.

ter content. Higher water may also reduce th&JHalthough
the dependence of the reaction on catalyst concentrations

not expected to be high. Additionally, high&rwc dilutes As the decrease aboanepox With increasing liquid water

the aqueous IEPOX and nucleophile concentrations in the -
o ) ._tontent may be due to more than one factor, an experiment
aerosol liquid water, which reduce the rate of the chemical

reaction as these species are direct reagents. The dilution efto carried out o isolate the effect of pH. In experiment 9
P 9 ' Table 1), the AS solution was neutralized with a strong base

%.1.2 Particle acidity
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(NaOH) until the atomizer solution reached pH =7. Solutions 2.8x10°

of AS without additives had pH5.5 before atomization be- ,

cause, although no strong acid was preserit,sexpected 24x10'1

to be present in small quantities based on the dissociation 2.0x10° -

equilibria of inorganics, such as the bisulfate/sulfate dissoci- %

ation, and dissolution of CAn enhancement in the acidity § 1.6x10°

of the particle may result from a smaller volume of water in g 1 210"

the particle and/or through loss of NHipon atomization. S
In the case of a fully hydrated AS particle, the pH in the 8.0x10"
particle is predicted to be pH4 using the E-AIM Model

(Clegg et al., 1998), and modeled pH values in the parti- 4.0x10’ 1

cle for all AS-based experiments are shown in Table 1. As . i . i
the pH values of the particles in this work are derived using 3.5 4.0 4.5 5.0 5.5
inorganic models, the values obtained may include any un- Estimated particle pH

certainties inherent in the models, including uncertainties in

the gas/particle partitioning of Ng hygroscopicity of salts, ~ Fig. 3. ®oa/epox for thetrans g-IEPOX isomer as a function of
and/or acid dissociation equilibria. When the RH is below thethe modeled particle pH.

deliguescence point of AS, the pH was estimated by calcu-

lating a concentration factor from thig\yc at the lower RH. . . .
Itis expected that atomization will also lead to slightly lower Ward IEPOX is expected to be important in nature, asjNH
pH for the base-neutralized atomizer solution, so the particld?@Sed seeds are abundant. _

may have pH < 7. However, adding NaOH above neutraliza- " comparison, the MgSQ H,SO, particles at RH <5 %
tion to counter this effect may induce side reactions such ad? the work of Lin et al. (2012) are strongly acidic. These
base-catalyzed epoxide opening and Okbcleophilic ad- particles are predicted to have a _n(_)n-negllglble amqunt of
dition (Solomons and Fryhle, 2004). NaOH is not explicitly Water dué to the large hygroscopicity 05804 — and in-
treated in the E-AIM and AIOMFAC (Zuend et al., 2008) in- _deed, acidity in particles is not a useful conf:ept if water
organic models, therefore, it was assumed that atomizatiof MOt Present. At RH=0-5%, pure;HO, particles have

of the AS-+ NaOH solution may lead to, at most, the same & 9rowth factor of 1.1-1.2 (Xiong et al., 1998). Assum-

enhancement factor that occurred for the pH of the pure AGNY @ growth factor of 1.15, and taking into consideration
solutions. the inorganic seed mass concentration, we calculBteg
Figure 3 shows thaboaiepox for the trans S-IEPOX + for the mean results in Lin et al. (2012), shown in Ta-
AS system decreases slightly as pH is increased, reaching/® 1- The AIOMFAC Model (Zuend et al., 2008; Zuend
a plateau above pH4. We note that any perceived change €t @l 2011) was used to estimate the pH based on the
is within the error of the measurement, however, it is clear™olal activity of H in the MgSQ:HSQOy (1:1) parti-
that the trend ofboaepox With pH is minor. These results  ¢/€- The calculated pH is- —10 an_dl the corresponding
differ from those of Eddingsaas et al. (2010), who observed'€an ®oanepox 1S ~1.5x 10°Matm* for cis p-IEPOX
a linear increase of epoxide reaction rate with Hctivity. (1€ fransisomer was not studied®oaiepox for the acidic
Eddingsaas et al. (2010) used$0s/Nap SOy solutions, and MgSOy seeds is slightly higher tha}n., .but within the error
thus the differences in observations may be entirely due to th&": the Poaiepox values for non-acidified AS seeds when
high NHJ activity in the AS particles employed in this work. & small amount of water is present (RH0 %). This com-
The data suggest that when{His small, NI—L{ may acti- parison is meant t(_) be qualitative and subject to uncertainty
vate reactions leading to OA formation, similarly to its cat- because the experiments were not performed under the same

- - : conditions. Nevertheless, the comparison shows that a solu-
alytic activity toward glyoxal (Noziere et al., 2009), methyl- . L ' . ; .
glyoxal (Sareen et al., 2010), and other carbonyls (Nguyentlon of high H* activity and a solution of high Nfﬂ activ-

et al., 2013, Bones et al., 2010). Interestingly, pH >4 is the|ty may both lead to a relatively similar reactive uptake co-

range where NE catalysis is most efficient. This is demon- e_fﬁc_;ent(i)As [NHy 1> [T(;+]|'n the partlclzre]s in this ;{Nork.‘f a
strated by a stable reactivity of the Ile:ataIyzed reaction simifar Goanepox Wou .a.lso suggest t. EHNHI .<< HY !

to generate brown carbon from limonene SOA at pH 4_glthe observed rate co_eff|C|ent for Reaction (2_) is defined as
but a sharp decline of reactivity below pH 4 (Nguyen et al., Kobs= kg\H J’f"i]l Eddingsaas et al. (2010) estimateg: ~
2012). As the H and NI—[{ ions are reactive toward organics 5x107°M 52 a['(lj Cicljle":'“p'ak etal. (2010) determined
in low-moderate and moderate-high pH ranges, respectivel)/fH+ =3.6x 107"M~" s~ for IEPOX.

the resulting pH dependence may appear to be weak in AS-

containing seeds. The dual reactivities of lind NH; to-
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3.2 Molecular picture of OA formation from IEPOX 0.10 -

3.2.1 Cation and anion substitutions
0.08 -

7]
0
To further investigate the role of I\LH in IEPOX ring- %
opening reactions at near-neutral conditions,j{Nwas re- 2
placed by a cation that cannot act as a proton donot {Na § 0.02
As isomer structure appears to be unimportant for uptake, W
only thetransisomer was used for this portion of the study. %
Further, many nucleophiles present in the atmosphere arecs
known to add to the protonated epoxide to give the beta-
hydroxy ring-opening product, for example>® (Solomons 000 | |
and Fryhle, 2004), S ions (Cavdar and Saracoglu, 2009), : T T T T
NH3 or amines (Claygdjen et al., 2001), and halide ions (Clay- NaCl NH,CI Na_z_so“ (NH,),SO,
den etal., 2001). Thus, $Owas substituted by Clto study Seed Composition

the anion (or nucleophile) effect.

Hydrated particles of AS ((NJ2SQy), sodium sulfate
(N&SQ4), ammonium chloride (NELCI), and sodium chlo-
ride (NaCl) were introduced into the chamber in separate ex-
periments, followed by the introduction tfans g-IEPOX. For the ammonium salts, Ny&| produced an order of
The mixtures were allowed to equilibrate for 3.5-6 h. The RH magnitude lower meafioa/ Ciepox ratio than (NH)>SOs,
range for these reactions is 60-85 %, chosen at a point welkfter an approximate 2h delay (Fig. S4). The modeled pH,
above their respective efflorescence RH (Martin, 2000), sausing E-AIM, for both ammonium salt systems is similar
that each seed would contain a considerable fraction of liquidpH ~4-4.5), and thus, the difference in reactivity may be
water. The particle size distributions for each seed type wereittributed to the nucleophilic activity of Clcompared to
polydisperse and unimodal, with hydrated mobility diame- SG~. Interestingly, Minerath et al. (2009) showed that acid-
ters in the range of 15-600 nm and with 60—120 nm peak di-cata|yzed ring-opening products of an epoxide with @lay
ameters. Itis expected that the hydrated particles were sphepe more efficient than sjp In that study, sulfuric acid was
ical. The size-dependent hygroscopicities of AS and NaCladded to the NaGk epoxide aqueous solution, which pro-
are well-studied, however, the calculations of liquid water vide sulfate and bisulfate ions to the solution. Therefore,
content for other seed types are subject to error based on th@e results may not be directly comparable to this work.
method we described due to limited literature data. There4f C|— can be a good nucleophile in aqueous solutions of
fore, we opt to present results based only ondbg/Ciepox ~ IEPOX when coupled with N§i catalysis, we may expect
for the comparison of inorganic seed compositions. to observe organochloride products. There was no evidence

OA formation after particle drying, as detected by ToF- of organochloride-derived accurate mass fragments in ToF-
AMS, is negligible for both sodium salts (NaCl and AMS data for the NHCI reactive uptake organics. Further,
NapSQy). The OA mass did not grow in response to the ad-gas-phase organochlorides were not observed by the CIMS.
dition of IEPOX for the Na -based particles (Fig. S4). Fig- It is possible that organochlorides are produced but are eas-
ure 4 shows the average stabilized ratios of OA formed withily hydrolyzed in the aerosol liquid water due to the rela-
respect tdrans 8-IEPOX injected for the four inorganic salts tively good leaving group ability of Cl, i.e., the hydrolysis
used in this work. The atomizer solution pH for N@ased  behavior of organochlorides is more similar to that of ter-
seeds was alse5.5, atypical pH for a water solution in equi- tiary organonitrates than that of organosulfates (Darer et al.,
librium with CO, (Reuss, 1977). The large difference in re- 2011). It is also possible that organochlorides are preferen-
activity of IEPOX on NaSOy vs. (NHs)2SO, seeds may be  tially evaporated in the diffusion drier because they might be
attributed primarily to NH activity, although there will be  more volatile than organosulfates or polyols. In both situa-
some differences in [H] for the Nl—q-based and Nerbased  tions, but more so the latter, the total organic mass from the
seeds due to the slight dissociation of }IH; NH3z. Addi- NH4Cl experiments would be underestimated by ToF-AMS.
tionally, in light of the weak pH dependence for AS solutions, Although we did not quantify tetrols and other polyols in
it appears likely that N activity is an important factor in  this work, it is expected that they are present in substantial
suppressing OA formation on B8O, seed patrticles. The re- quantities because they are the thermodynamically preferred
sults show that equilibrium partitioning of IEPOX, i.e., any products in the epoxide ring-opening reactions.
condensed-phase mass formed from unreacted IEPOX, onto
salty solutions is not competitive with reactive partitioning
for OA formation.

0.01 4

Fig. 4. Ratio of organic aerosol produced to gas-phtaeas -
IEPOX injected for seeds of various compositions (RH 60—-85 %).
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3.2.2 Henry’s Law constant 0.10 -

] trans p-IEPOX
Although ToF-AMS did not observe OA formation for ex- 0.06] .
periments using sodium salts (NaCl and;N@x) after par- 8 ' 1 R miz 82 C4,0°)
ticle drying, the wall-loss-corrected SMPS data (not dried) £ ' ;
showed a minor and stable change in particle volume upong %921 | ‘ |‘ ] ‘ i |

1 L (1M1 dl . f

D

injection of IEPOX into the chamber with hydrated NaCl or g;’g_
NapSO, seeds (Fig. S5a, shown for NaCl). It is likely that ' .
the dissolved but unreacted IEPOX was removed from the § %% ClEpArOR
condensed phase upon particle drying, which would lead to S 006
no observed OA mass in the ToF-AMS data throughout the ~ 0.044

! || |’

lize

duration of the experiment. The reversibility OA formation 0.02 |

on the hydrated seeds indicates equilibrium-partitioning of 444 m =| il |. I R B
IEPOX into the aerosol liquid water. The ratio of dissolved 20 40 60 80 100
OA to injected IEPOX (Fig. S5b) reached a steady-state miz (Da)

value at the end of the IEPOX injection period. BecausgNH ) ) -
is not present, and [H is not expected to be considerable in Fig. 5. ToF-AMS n'ormahzed dl'ff.erence' spectra .(c.omposmon at
the aqueous phase, Reactions (R2) and (R4) are unimportaﬁf“ak OA groyvth m|nus_c_omp05|t|0n during seed |nject|o_n), show-
for this system. Further, in experiments using NaCl seedsd the organic composition of the OA pr.Oduced by. reactive gptake
e - bf the trans and cis isomers. Select nominal mass ions previously
where the nUCIEOPh'“C't,y of the solut|o.n is weaker, we are suggested to be IEPOX-derived OA tracers are labeled.
able to neglect the contribution of Reaction (R3), thereby iso-
lating the equilibrium partitioning of IEPOX (Reaction R1).
We estimate the Henry's Law coefficient K for the
equilibrium partitioning of IEPOX into a briny liquid of the formation of oxygenated hydrocarbons, for example,
(NaCl ~9 M ionic strength) representative of atmospheric tetrols and alkenetriols and organosulfates in the aqueous re-
aerosol to be %107 (—50/4+100%)Matntl. The Ky action of IEPOX catalyzed by acidic sulfate (Eddingsaas et
in a solution of NaCl may be different than the value al., 2010, Surratt et al., 2010). Although strong acid is absent
in pure water, due to complex aqueous interactions ofinthe systems studied in this work, we observe many similar-
Cl~ and N& with water-soluble organics. As an ex- ities in the IEPOX-derived OA composition compared to the
ample, the Henry's Law constant for glyoxal was mea- existing chamber and field results. For example, organosul-
sured to be I =(4.1940.87)x 10°Matm™! in pure wa- fate products are abundant when hydrated AS seeds are used.
ter, 1.90x 10°Matm~! in a 0.05 M NaCl solution, and The dominant ion observed in negative ion mode UPLC/ESI-
8.50x 10°Matm in a 4.0 M NaCl solution at 298K (Ip  ToFMS for AS uptake was£H11SG; (Fig. S6), correspond-
et al., 2009). Ip et al. (2009) attributed the increase i K ing to the ring-opening trihydroxy organosulfate product of
for NaCl solutions at low ionic strengths (compared to wa- IEPOX. Derivatization was not performed in this work to de-
ter) to hydrogen bonding interactions of Chnd OH groups  tect tetrols. Organosulfate fragments were also observed in
and the decrease at high ionic strength to a “salting-out"ToF-AMS (CSO family of fragments, not shown).
effect. The Ky value for IEPOX has not been experimen-  IEPOX-derived OA formed under near-neutral conditions
tally determined in the past; however, the range @ffkas  in this work have ToF-AMS spectra similar to those of OA
been estimated using the HENRYWIN model (EPA, 2008) observed in the field. The suggested tracers for IEPOX-
by several studies. For example, Eddingsaas et al. (2010) eslerived organicss/z 53 (mostly QHg) andm/z 82 (mostly
timated Ky =2.7x 1P Matm1 using a bond contribution CsHegO™) (Lin et al., 2012, Robinson et al., 2011, Bud-
method, and K =2.9x 101 Matm~1 using a group contri- isulistiorini et al., 2013), were observed in uptake experi-
bution method in version 4.0 of the model. The empirical ments using both isomers. These mass fragments were pro-
Ky value reported here is within range of both estimationsposed to originate from the electron-impact (El) ionization
— closer to the bond contribution method estimate. These reef furan-derived molecules that were suggested to be formed
sults provide a critical constraint in the partitioning coeffi- from the acid-catalyzed rearrangement of IEPOX (Lin et
cient, significantly decreasing the error associated with usingal., 2013). Although mass fragments produced by ElI may
Ky in a quantitative manner (from 4 orders of magnitude to have multiple sources, in the pure system used in this study,

a factor of two). m/z 82 was found to be a good tracer for IEPOX-derived
OA. Figure 5 shows the difference between mass spectra
3.2.3 Organic composition at the end of the experiment and those at the time period

prior to organic injection, corresponding to the organic frac-
A full analysis of the OA composition is outside the scope of tion of the OA formed from the uptake of both isomers.
this work. The reader is referred elsewhere for a discussiorThe spectral ion distributions are very similar to each other
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Fig. 6. ToF-AMS difference spectra (open minus closed chopper) showing organic nitrogen (amine) fragments from the reactive uptake of
trans B-IEPOX onto AS vs. NaSOy seeds. Similar fragments were observedders-IEPOX using NI—K-based seeds and not observed in

Nat-based seeds.

andm/z 53 andm/z 82 constituted a substantial fraction CsHgO™ signal, an indication that amine formation may not
of the total ion intensity. The ion abundance of tracer frag-be negligible. The formation of organic nitrogen from the
ments increased in accordance with the growth of OA massEPOX + NHI reaction has important implications in the
(Fig. S7). Asm/z 53 (C4H§) is a reduced fragment, it is atmosphere as the ring-opening reaction of epoxides with
also linked to hydrocarbon-like organics in chamber studiesamines should be more efficient than with NEAzizi and
and may not be unique to IEPOX-derived QA/z 53 was  Saidi, 2005). Further investigations may provide more in-
observed in all experiments, including those that used-Na sight on the source of organic nitrogen from the atmospheric
based seeds. However,/z 82 is abundant only when I\[H reactions of epoxides.
based seeds were used, supporting the suggestion that it can
be formed though the El fragmentation of an IEPOX-derived
ring-opening product in TOF-AMS.

A unique aspect of the N;Hcatalyzed ring-opening reac-

Summary and atmospheric implications

. " . L . - Itwas demonstrated here that the conversion of IEPOX to or-
tion of IEPOX is the minor possibility of nucleophilic addi- ganic aerosol (OA) depends on the coupled relationship be-

tion by NHg, instead of reforming Nﬁ1 after neutralizing the tween the inorganic composition and liquid water content of

addition of another nucleophile. Figure 6 shows ion peaks forthe particle PLwc). The inorganic composition governs the

organic fragments containing C-N bonds observed in TOF'cataI st and nucleophile characteristics, d@g,c provides
AMS data from the uptake dfans g-IEPOX onto AS vs. Y b » 3ilte p

. a reaction medium for the partitioning of IEPOX and con-
NSOy seeds. The same C-N fragments were observed "Mrols the activities of all the aqueous components. The weak

cis B-IEPOX experiments using AS. These C-N fragments h leophil
were not initially present in the AS seeds, and grow "nearlydepe_ndence on pH a_nd_t e strong dependence on nucleophile
’ activity and particle liquid water suggest that the IEPOX re-

following the introduction of IEPOX. Individual C-N frag- . X : L
. . _ . actions in hydrated ammonium salts are nucleophile-limited,
ments correlate well (Fig. S8, linear 2 = 0.69—0.88) with -
rather than catalyst-limited.

_ i +
them/z 82 IEPOX-derived OA tracer fragment {850°), We showed that the equilibrium partitioning (Reaction

suggesting that the reaction of IEPOX is responsible for thel) and the rate-limiting step of IEPOX activation (Reac-

presence of the_se_ amines. Co_mpara_tlvely, C-N typt_a frag_tion 2) do not proceed in the absence of liquid water; how-
ments were negligible or non-existent in uptake experiments 4 .

n . s . : ever, increasing the pure water content does not necessar-
from Na”-based seeds. The identification of amines is tenta-” increase the reactive partitioning coefficient due to vari-
tive; however, to the best of our knowledge, this is the first y P 9

suggestion of amine formation from IEPOX. As organic ni- ous dilution effects. When the inorganic particle is hydrated,

the OA conversion is then determined by the catalyst and

trogen compounds also give rise to non-nitrogenous mas?'lucleophile activities. The rate of OA formation incorpo-

fragments_ln ToF-AMS, 't. IS nqt po§3|ble to estimate a MasS ates both Reactions (R2) and (R3), as illustrated by the
concentration for the amines in this work. However, the C-

N family of fraaments comprised anproximately 10 % of the cation and anion substitution case studies. In the hydrated
y 9 P pp y NapSOys experiment, there was high activity of a relatively
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good nucleophile, but a good catalyst was absent. Therefore,
the formation of OA, i.e., the ring-opening product, was not 0 —0OH +5; T .
observed because the equilibrium of Reaction (R2) favors _>Q/— OH :“; :
IEPO .Th IEPOX that partitioned f ¢ 0
Xag- The aqueous mass that partitioned from yo NH,* HO h\/: g
the gas phase () onto the hydrated Nia-based seeds was » H : 3 1
removed from the condensed phase following the evapora- o or H* +0 :‘. S0,2 :
tion of water. In the hydrated NA€I experiment, there was )ﬂ\_ )ﬂ\:_/ """"
high activity of a good catalyst but possibly a poorer nucle- HO OH HO OH @

ophile than sulfate ion. A smaller quantity of OA formed be- ,-==="====7rommmmmmsmssmssmssesesomssosmmnnnnnns oo, B
cause the rate of Reaction (R3) was slow, which was further :
supported by the observed 2 h delay in OA formation. Only _>L(_ _>L(_ _>L(_ :
when Powe, NHjlr activity, and scj— activity are all signifi- : HO OH HO ] NH, HO OSO:H
cant, as in the case of hydrated (WkSO; seeds, is the OA i Tetrol Amine  Organosulfate
formation efficient and prompt. The OA mass formed from
IEPOX uptake onto 1:1 MgS£H2SOy seeds (RH<5%)  Scheme 2Addition of weak nucleophiles in the aqueous }SIH
from previous studies may also be explained in terms of thes@and H"-catalyzed ring opening of IEPOX to form low-volatility
conditions, asPLwc (~30 %), catalyst (Ff) activity and nu-  organic compounds.
cleophile (S(ﬁ‘) activity were all sufficiently high in the par-
ticle.

In the atmosphere, relationships of water-soluble OA with

PLWCdrtnaly Se dtlfrerer:t ;nd Lnore difficult to |nter;)_;$:bcom- ammonium or acidity may be weak whenever water or cat-
pared o faboratory studies because an Increase Inwe alyst concentrations are not limited; thus, in regions with

of gtmo§pheric particles is often apcompgnied by. the CO'high AS loading and RH, there should be a higher corre-
partitioning of water-soluble organic and INOrganic com- .iion with sulfate. This result would suggest that the OA
pounds. The abundance of water-soluble organic compOUNGg, mation process from IEPOX is insensitive to changes in
in the Southeast USA has been observed to be proportional Qe degree of neutralization of the particles in many AS-
the liquid water contents of particles (Hennigan et al., 2008, ; : : .

) min reas, including th h A. Th -
2009, Carlton and Turpin, 2013). In contrast, a weak correlado inated areas, including the Southeast US e typi

- X . “cal [NHj{] is several orders of magnitude larger than™[H
tion of modeledhwe with the abundance of IEPOX-derived atmospheric particles, making it very likely to activate
OA tracers has also been observed, in the same geograpr}

fe IEPOX ring-openi tion. Current model id
cal region (Budisulistiorini et al., 2013). The results of this N fing-opening reaction. t.urrent models consider

K ¢ be directl ble 1o field ob i only HT and HSQ activity (McNeill et al., 2012, Pye et al.,
work may not be directly comparable 1o field observa IOns’2013), likely owing to the lack of experimental data describ-
however, they do not necessarily conflict. Particles may ex-

. . h ) X ing the Nl-[{-initiated reaction with IEPOX, for example, ki-
perience multiple hydratlon/eve}porat}on cycles n _the_ atrno'netic coefficients likeéy+. Future experimental and model-
sphere, and the majority of particles likely contain liquid wa- ) 4 O S
ter at some point during their long lifetimes. The OA pro- N9 studies should consider the Iﬁll-thctlwty of a particle, in
duced from IEPOX reactive uptake onto AS is irreversible addition to the H and HSQ activity, for a more-accurate
(not removed from particle drying in this work), and depend- representation of OA formation from IEPOX.
ing on whether it had been sampled in the atmosphere be- An updated reaction mechanism appears in Scheme 2,
fore or after an evaporation cycle, the apparent correlatiorin Which NH; and H" are shown to donate a proton to
of IEPOX-derived OA withP.wc would be different. Con-  the epoxide oxygen, followed by nucleophilic addition to
sequently, systematic studies in the laboratory are importanform oxygenated hydrocarbons, ammonia (or amines), and
for elucidating observations from the field. organosulfates. The ability of I\[Hto catalyze a nucleophilic

Our results offer an alternate explanation to the abundanceddition reaction is not unprecedented, as;Né&n proto-
of IEPOX-derived OA tracers when the free"Hacidity in nate aldehydes to facilitate nucleophilic addition (Noziere et
particles is modeled to be low (Lin et al., 2013). It has beenal., 2009), and the high ring strain of an epoxide should pro-
suggested that the reason for the weak correlation with acidvide an even greater thermodynamic motivation for the re-
ity is the reaction of an acidic seed particle with IEPOX to action. Indeed, due to the strain of epoxides, ring opening is
form organosulfates, which affects the particle acidity overchemically facile and may be promoted by a wide range of
time (Budisulistiorini et al., 2013). We show here that parti- aqueous chemical species and conditions common in atmo-
cle acidity does not appear to be important for the IEROX  spheric aerosols, in addition to'Hand NH{ . For example,
AS system if particle liquid water is present, in that highly Lewis acids such as iron (B&) (Iranpoor and Salehi, 1994)
acidic seeds and weakly acidic AS seeds both have high pcand copper (C#) (Muzart and Riahi, 1992) ions may be
tential to form OA from IEPOX reactive partitioning. The ap- even stronger catalysts. Furthermore, the reaction may pro-
parent correlation between OA mass from IEPOX apgd? ceed with no added catalyst, for example, in the presence
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of amines (Azizi and Saidi, 2005) or even hot water {6) Appearance of strong absorbers and fluorophores in limonene-
(Wang et al., 2008). The nucleophiles for these reactions may Oz secondary organic aerosol due to ]Slhhediated chemical

be water, amines or ammonia, thiols, sulfate ions, nitrate ion, aging over long time scales, J. Geophys. Res., 115, D05203,
halide ions, carboxylic acids, and alcohols (Iranpoor et al., 90i:10.01029/02009jd012862010.

1996, Jacobsen et al., 1997, Clayden et al., 2001). Becau%udlsullstlorlnl, S. H., Canagaratna, M. R., Croteau, P. L., _Ma_trth,
of the diversity in the composition of atmospheric aerosols - J-» Baumann, K., Edgerton, E. S., Shaw, S. L., Knipping,
and fog/cloud droplets (Graedel and Weschler, 1981), the dis- E. M., Worsnop, D. R., Jayne, J. T., Gold, A., and Surratt, J.

ibuti f IEPOX-derived d . b D.: Real-time continuous characterization of secondary organic
tribution o -derived products in nature may be more aerosol derived from isoprene epoxydiols in downtown Atlanta,

complex and varied than currently believed. Georgia, using the Aerodyne aerosol chemical speciation moni-
tor, Environ. Sci. Technol., 47, 5686-5694, 2013.
Carlton, A. G. and Turpin, B. J.: Particle partitioning potential of

Supplementary material related to this article is organic compounds is highest in the Eastern US and driven by
available online athttp://www.atmos-chem-phys.net/14/ anthropogenic water, Atmos. Chem. Phys., 13, 10203-10214,
3497/2014/acp-14-3497-2014-supplement.pdf doi:10.5194/acp-13-10203-2013013.
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Chapter 7

Reactive Uptake and Photo-Fenton
Oxidation of Glycolaldehyde in
Aerosol Liquid Water

This chapter is reproduced with permission from ” Reactive Uptake and Photo-Fenton Oxidation of Glycolaldehyde
in Aerosol Liquid Water” by Tran B. Nguyen, Matthew M. Coggon, Richard C. Flagan, and John H. Seinfeld, Envi-
ronmental Science and Technology, 47, 4307-4316, dii:10.1021/es400538j, 2013. Copyright 2013 American Chemical
Society.
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ABSTRACT: The reactive uptake and aqueous oxidation of

glycolaldehyde were examined in a photochemical flow reactor
using hydrated ammonium sulfate (AS) seed aerosols at RH =
80%. The glycolaldehyde that partitioned into the aerosol liquid
water was oxidized via two mechanisms that may produce aqueous
OH: hydrogen peroxide photolysis (H,O, + hv) and the photo-
Fenton reaction (Fe () + H,O, + hv). The uptake of 80 (+10)
ppb glycolaldehyde produced 2—4 wt % organic aerosol mass in

the dark (ky* = (2.09—4.17) X 10° M atm™"), and the presence of

an OH source increased the aqueous uptake by a factor of 4.
Although the uptake was similar in both OH-aging mechanisms,
photo-Fenton significantly increased the degree of oxidation (O/
C = 0.9) of the aerosols compared to H,0, photolysis (O/C =

030 F\/!_IY / =
025 T ou(‘)ou A. photo-
Fey Fenton
0.204
hv
H,0:
& 0154 AR 24
R " (‘) B. H202
0104 28 photolysis
0.05
o C. dark
0.00 -

0.05

0.10
femsor

0.15

0.5). Aerosol organics oxidized by photo-Fenton and H,0, photolysis resemble ambient “aged” and “fresh” OA, respectively,
after the equivalent of 2 h atmospheric aging. No uptake or changes in particle composition occurred on dry seed aerosol. This
work illustrates that photo-Fenton chemistry efficiently forms highly oxidized organic mass in aerosol liquid water, providing a
possible mechanism to bridge the gap between bulk-phase experiments and ambient particles.

Bl INTRODUCTION

Organic aerosols (OA) found in the atmosphere are often more
oxidized"” and contain higher organic mass** than those
generated in the laboratory. To account for the under-predicted
organic mass and oxidation state, aqueous-phase oxidation has
been suggested as an important mechanism contributin§ to OA
production and aging in the ambient environment.”™"' Most
laboratory investigations of aqueous-phase chemistry focus on
bulk phase oxidation or “cloud processing”, e.g, aging of model
water-soluble organic compounds (e.g, glyoxal, methylglyoxal,
pyruvic acid, etc.)'®'*™** or OA extracts** > in beaker-scale
experiments.

It has been suggested that the aqueous phase of particles
(aerosol liquid water) may be an even more efficient medium
for aqueous chemistry because the smaller volume of aerosol
water allows for greater concentrations of organic compounds,
oxidants, and inorganic ions as compared to clouds.'>"
Precursors of the OH radical in cloudwater, e.g, Fe ions
(Fenton reactions),”” >® hydrogen peroxide (H,0,),’**" and
nitrate ion,* are expected to occur in higher concentration in
aerosol water. In addition, there is evidence that aqueous
chemistry in aerosol water may be very different from that in
the bulk phase. For example, the mechanism of OH oxidation,
initiated by H,O, photolysis, in aqueous water/organic
mixtures changes with water content, which has implications
for concentrated vs dilute aqueous solution chemistry.”
Furthermore, the formation of organosulfates and oligomers
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may be more important in aerosol water compared to
clouds.'>** In this work, we investigate aqueous chemistry in
the liquid water of suspended aerosols, with particular focus on
hydrogen peroxide (H,0,) photolysis and Fenton and photo-
Fenton chemistry as oxidation mechanisms for particle-phase
organic matter. Fenton and photo-Fenton are redox reactions
of iron (Fe(n)/Fe(m)) with H,0,, producing aqueous OH and
other oxidizing agents in either the dark or photolytic
conditions, respectively. Fenton mechanisms are powerful in
the bulk cloudwater-phase application,*>™* and are often
utilized for wastewater treatment of organic pollutants;*"**
however, they have yet to be demonstrated as OH sources in
the liquid water of suspended aerosol.

This work also investigates the reactive uptake of a model
atmospheric organic compound, glycolaldehyde (C,H,0,),
onto the liquid water of inorganic seed aerosol. Reactive
uptake onto wet particles has been studied for a few
representative atmospheric organic compounds, resulting in
significant mass gain;43748 however, the heterogeneous
chemical behavior of glycolaldehyde has not yet been
investigated. Glycolaldehyde is an important atmospheric
compound, observed with mixing ratios up to 3 ppbv in a
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forested region,* that may efficiently partition into the aqueous
phase (ky in pure water = 414 X 10° M atm™!)3%%
Glycolaldehyde is formed in substantial yield from the gas-
phase OH oxidation of isoprene (yield = 25—42%),°>>* methyl
vinyl ketone (MVK, 40—42%),°* and 2-methyl-3-butenol
(MBO, 28-79%),°*™® and is also emitted from biomass
burning.*** The bulk aqueous oxidation of glycolaldehyde,
from H,O, photolysis, has also been recently reported to form
OA 2061

B EXPERIMENTAL SECTION

An abridged version of the experimental section is given here.
The full version can be found in the Supporting Information
(SI). Experiments were performed in a 16 L glass photo-
chemical tubular flow reactor at low Reynolds number flow (Re
< S) housed in a 0.6 m? enclosure at room temperature, under
dry (relative humidity, RH < 10%) and humid (RH ~ 80%)
conditions (Figure S1.) The residence times of the aerosols
vary from 30 to 60 min. Variable RH was achieved in the
reactor by mixing dry zero air with humid injection air (RH >
90%) past a water trap. Temperature and RH were measured
by a Vaisala HMM211 probe, calibrated prior to use in the RH
range of 11—95% with saturated salt solutions. Seed aerosols
were mixed with the air stream in a 200 cm® glass mixing tube
and pulled through the flow reactor at ~450 std. cm® per
minute (sccm).

Dilute aqueous ammonium sulfate (AS) solutions (Acros
—0.012 M) were atomized to produce seed aerosols, either
alone or with 200 uM H,0, (Aldrich) and ferrous sulfate
hexahydrate (Fe(SO,)-7H,O, Macron) added immediately
prior to atomization such that the initial [Fe(] = 5 wt % of
the inorganic mass.”**® Upon atomization at RH = 80%, the
contents of the atomizer solution are concentrated in the
aerosol by 2 orders of magnitude; however, the Fe mass ratio is
not expected to change. Gas-phase H,O, that may be produced
from atomization was not detected by chemical ionization mass
spectrometry (CIMS) during dry and humid atomization of AS
+ H,0, solutions (Figure S2). Especially under dry conditions,
H,0, may be lost to metal tubing or the Nafion membrane of
the drier prior to particles reaching the flow reactor. Therefore,
gas-phase OH formation was likely negligible during the course
of the experiments and results are attributed to aqueous-phase
oxidation. Four seed compositions were used for experiments:
AS, AS + H,0,, AS + Fe, and AS + Fe + H,0,. In the humid
experiments, the aerosols were atomized wet and enter the flow
reactor at RH ~ 80%, such that the aerosols retain significant
amounts of liquid water. In the dry experiments, the seed
aerosols were dried with a Nafion membrane diffusion drier
before entering the flow reactor set at RH < 10%.

Glycolaldehyde (23147—58—2, Fluka, >98% purity) was
injected with a $5 sccm stream of dry air at 76 °C. For uptake
experiments, particles reached a steady state before glyco-
laldehyde injection. The gas-phase concentration of glyco-
laldehyde was monitored by chemical ionization mass
spectrometry (CIMS) coupled to a Varian triple-quadrupole
spectrometer with unit mass resolution and 2—5 min time
resolution, using CF;0™ as the reagent ion.>"** The CIMS
signal for glycolaldehyde (m/z 145), which corresponded to a
steady-state mixing ratio of 80 (+10) ppb in experiments, was
calibrated in the operational RH range prior to measurements.

Photochemistry within the flow reactor is initiated by UV—B
broadband lamps (310 nm peak, Phillips, 40W T12-UVB). The
lamp photon flux spectrum (Figure S3) is compared with a
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modeled ground-level solar flux®® at solar zenith angle = 0°.
From calculated photolysis rates of H,O, (Jiz0, = 3.2 X 107°
s™' in the flow reactor and Jio, = 92 X 107 s7! in the
atmosphere), we estimate that 1 h photolytic aging in the flow
reactor equals up to 3.5 h under atmospheric clear sky tropical
noon conditions with 300 DU ozone column. Aging time scales
reported here have not been converted to atmospheric values.

Control experiments showed that temperature differences
(~5 °C) between dark and photolytic conditions did not
significantly affect the results (Figure S4 and associated
discussion). Aerosol composition data were corrected to the
ratio of aerosol liquid water content (Rjyc) at the operational
temperature (27—32 °C) in relation to the LWC at room
temperature, e.g., org wt% = (mass),/[(mass).owRiwc]- The
resulting values correspond to the wt% of organics in LWC of
deliquesced AS particles at RH 80% and T = 27 °C. LWC was
calculated based on hygroscopicity measurements of ultrafine
AS.% The flow reactor was thoroughly flushed between each
series of experiments. The exit flow was dried with a Nafion
diftusion drier before particle composition characterization.

Particle size and number concentrations were measured with
a custom-built column and radial mobility analyzer (CARMA)
coupled to a butanol condensation particle counter (CPC).
The CARMA-CPC was calibrated with polystyrene latex (PSL)
spheres. The particles entering the flow reactor were
polydisperse, with a peak diameter at D, ~ 40 nm (Figure
SS). The mass concentration of AS particles typically ranged
from S to 25 pg m™ for all experiments. All composition
measurements are normalized to the total particle mass.

Particle composition was measured with an aerosol mass
spectrometer using a high-resolution time-of-flight mass
analyzer (ToF-AMS, Aerodyne Research Inc.) in V mode
(resolution ~3000—4000 at m/z 200). Data were analyzed in
Igor Pro (WaveMetrics, Inc.) using the Squirrel v 1.51H and
Pika v 1.10H analysis toolkits. Gas interferences and elemental
ratios were calculated using the fra§mentation table developed
by Allan et al®” and Aiken et al.®® Prior to experiments, the
ToF-AMS ionization efficiency was calibrated using 350 nm
ammonium nitrate particles. CHO* (m/z 29) and CH,O* (m/z
32), two peaks with strong interferences from common air
species, were omitted in our analysis due to possible errors in
the fitting calculation (Figure S6 and associated discussion).
Consequently, the O/C ratios of organics may be biased low.
The elemental ratios reported in this work are used primarily as
a metric for comparison between different oxidation mecha-
nisms.

B RESULTS AND DISCUSSION

Composition Analysis. Difference mass spectra, where the
positive scale shows enhancement and the negative scale shows
depletion due to a chemical change, for the uptake and aqueous
oxidation experiments are shown in Figure 1. Aerosol-phase
glycolaldehyde (and its derivatives) from uptake onto AS
(Figure 1b) and AS + Fe (Figure le) seeds was confirmed by
the CH;0" mass fragment (CH;0%, m/z 31), the dominant
peak in the electron impact spectrum of glycolaldehyde (Figure
1a),” and the molecular ion (C,H,0,%, m/z 60). As
glycolaldehyde is the only source of carbon in the system, the
total organic concentration is expected to be due entirely to
glycolaldehyde and its aqueous-phase derivatives. CH;O" was
used as the primary tracer for glycolaldehyde because of its hi%h
signal-to-noise. The AMS tracer for amines/imines, CH,N", °
is enhanced in the particles from glycolaldehyde injection
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Figure 1. Electron impact mass spectra of (a) glycolaldehyde from the
NIST mass spectral database, and the AMS difference mass spectra
between (b) exp i and particle blank, (c) exp ii and exp i, (d) exp iii
and exp ii, (e) exp iv and particle blank, (f) exp v and exp iv, and (g)
exp vi and exp v, as listed in Table 1. “Org” = gas-phase injection of
glycolaldehyde. Note: the CHO* and CH,O" peaks were omitted in

this work due to strong air interferences (Figure S6).

(Figure 1b and e), indicating that the dark reaction of aqueous
NH," with aldehydes generates organic nitrogen (amines,
imines and N-heterocyclic compounds) in the hydrated
particles,”"”* especially if followed by evaporation.”>”> A
good correlation exists between CH,N* and CH,O" (Figure
S7), indicating that glycolaldehyde may be the dominant source
of the organic nitrogen in this system.

The introduction of H,O, to the AS seeds produced little
change in organic composition, e.g, no significant enhance-
ments or depletion (Figure 1c). However, when H,0, was
added to AS + Fe seeds (Figure 1f), the dark Fenton reaction
occurs to some degree, producing small traces of CO* and
CO,", which are indicative of oxidized organics. The irradiation
of the AS + Org + H,0, sample (Figure 1d) enhanced oxidized
organics (CO*/CO,") and decreased the concentrations of
glycolaldehyde (CH;0*) and amine/imine (CH,N*). Irradi-
ation of the AS + Fe + org + H,0, sample (Figure 1g), which
initiated the photo-Fenton reaction, led to the largest
enhancement in oxidized organics and highest loss of
glycolaldehyde and organic nitrogen.

Glycolaldehyde Reactive Uptake. Figure 2a shows that
particle-phase glycolaldehyde concentration in the hydrated
aerosols (fcuzos) grows in response to the injection of gas-
phase glycolaldehyde. This uptake behavior is nonexistent in
experiments with dry seed aerosol (dashed lines). Dark aqueous
reactions of glycolaldehyde that may produce OA after
evaporatlon include formatlon of the geminal diol (hydra-
tlon), hemiacetals,”® and amines/imines as discussed eatlier.
Figure 2b shows that the total aerosol organic mass mirrors the
behavior of fcp30,, and increases up to a maximum of 4 wt %.
In the dry experiment, the concentration of particle-phase
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Figure 2. Time profile of the uptake of glycolaldehyde onto dry and
hydrated seed particles, monitored by AMS (a) tracer mass fragment
CH;0" (m/z 31, not calibrated to wt %) and (b) total organic mass.

organics from injection of glycolaldehyde is either zero, within
error, or negative. We note that the error in organic mass in dry
experiments is higher because of the lower signal-to-noise in
detected peaks.

The degree of oxidation, C=C unsaturation, and organic
nitrogen content in organic particles are typically parametrized
by the oxygen-to-carbon (O/C), hydrogen to carbon (H/C),
and nitrogen-to-carbon ratios, respectively.®®’® Figure 3a shows
the time profiles of the elemental ratios (O/C, H/C, and N/C)
of aerosols in humid experiments. The experiment identi-
fication labels and ensemble-average organic mass values and
elemental ratios are reported in Table 1. The aerosol
composition is relatively insensitive to seed composition in
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Figure 3. N/C, H/C, and O/C ratios from experiments at (a) RH
80% and (b) RH < 10%. Experimental regimes shown correspond to
(i) AS + org; (i) AS + org + H,0,; (iii) AS + org + H,0, + hv; (iv)
AS + Fe(II) + org; (v) AS + Fe(Il) + org + H,O,; and (vi) AS +
Fe(Il) + org + H,0, + + hv, where “org” = gas-phase injection of
glycolaldehyde. Experimental data correspond to time scales greater
than 30 min.
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Table 1. Average Weight Percent and Elemental Ratios for Aerosol Organics, from the Uptake of 80 (+10) ppb Gas-Phase
Glycolaldehyde (“org”) onto 5—25 pg m™> of Hydrated Inorganic Seeds”

experiment
AS + H,0, + org
i AS + org
AS + H,0, + org + hv
AS + Fe(Il) + org
AS + Fe(I) + H,0, + org

vi AS + Fe(Il) + H,0, + org + hv

net org.

(wt %% (H/C) (0/C) (N/C)
24 (+0.5) 1.9 0.3 0.15
3.5 (x0.5) 2.0 0.3 0.16

12.6 (0.5) 1.6 0.5 0.11
2.9 (£0.5) 1.9 0.4 0.11
2.8 (+0.5) 1.9 04 0.11

12.2 (+0.5) 1.3 0.9 0.04

“Seed water contents for these experiments were 165—200% of the dry seed mass. The organic “background” of seed blanks, shown in Figure 3, has
been subtracted from organic weight percent. Dry (seed water <5%) results are shown in Table S1.

the dark experiments (exp i—ii and iv—v), but changes
significantly from the initiation of photochemistry (exp iii and
vi). In the absence of light, organic growth and composition are
similar, with or without the addition of H,0O, or Fe. Under dry
conditions, no changes are observable within error (Figure 3b),
indicating that oxidation reactions occur exclusively in the
aerosol liquid water. Compared to dark uptake, the presence of
an OH source increases the organic accommodation into the
aqueous phase by a factor of 4 (i.e,, ~3 wt % uptake in the dark
vs 12—13 wt % with light). The enhanced uptake is likely due
to the photoinduced reactions of glycolaldehyde, in addition to
aforementioned dark reactions. Both photochemical OH
sources produce similar amounts of aerosol organics despite
changes in the degree of oxidation. This may be due to the
simultaneous decrease in N/C and H/C ratios as O/C ratios
increase (Figure 3a), thus conserving the total organic mass
within the error of the measurements.

It is expected that the high ionic strength”” and organic—
inorganic interactions’® in hydrated AS aerosols may
significantly increase the Henry’s law constant of glycolalde-
hyde as compared to its value in pure water (ky = 4.14 X 10° M
atm™)*" Based on the mass fraction of glycolaldehyde for AS
particles (fy = Ca/ Cgas), the effective Henry’s law constant is
calculated as ky* = f,/[107°RTL], where f, is the fraction of
mass in the aqueous phase vs the gas phase, R is the ideal gas
constant, T is the temperature in K, L is the liquid water
content in g m™, and 107° is a unit conversion factor.”” We
estimate the effective Henry’s law constant for glycolaldehyde
uptake onto AS particles (either pure or doped with H,0, and
Fe) at RH 80% to be ki* = (2.09—4.17) X 10° M atm™" in the
dark. The ky* values for glycolaldehyde are high for a typical
atmospheric volatile compound,” but more than an order of
magnitude lower than that of glyoxal.*>®' However, given that
glycolaldehyde may be found at high mixing ratios relative to
glyoxal in a typical forested environment,*"***>*3 the aqueous
processing of these C, aldehydes may be similarly important.

Oxidation in Aerosol Liquid Water. Although the
glycolaldehyde uptake is similar for the photolytic periods
(exp iii and vi), the degree of oxidation of the aerosol organics
is highly dependent on the OH source. H,0, photolysis
increases the O/C by 0.2 and decreases the H/C by 0.3—-0.4
compared to dark uptake, an unequivocal indication of chemical
evolution of the OA mass. The changes in elemental ratio due
to photo-Fenton are more substantial, approximately a factor of
2 greater than H,O, photolysis (AO/C = 0.5 and —AH/C =
0.6). The O/C of organics aged by photo-Fenton chemistry
approach the O/C observed in ambient “aged” OA (O/C =
0.9—1.0), while in comparison, the O/C of organics aged by
H,0, photolysis most closely resembles “fresh” OA (O/C =

4310

0.5—0.6).°® We will discuss subsequently the chemistry
underlying this difference in oxidation state.

The increase in oxidation appears to be more abrupt for
photo-Fenton chemistry, as evidenced by a sharper change in
elemental ratios. As both particles and gas-phase organics
stabilize before lights are turned on, the photoinduced changes
in particle composition were witnessed with only a minor time
delay, ie, the few minutes it takes to reach aerosol
instrumentation. Therefore, the rate of increase in oxidation
state tracks the oxidant production rate. The observed changes
in O/C occur and stabilize on the order of S min in the photo-
Fenton oxidation. Even when corrected to atmospheric time
scales (~20 min), the mechanism can be considered fast
compared to a typical aerosol lifetime (hours to days).

The oxidative changes are conveniently viewed in either a
“triangle” diagram (Figure 4a) where the fraction of the ToF-
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Figure 4. High-resolution AMS (a) fcoy. VS fcamsos plot of particulate
organics from glycolaldehyde uptake and oxidation at RH = 80%,
superimposed on the ambient triangle space from Ng et al.” and (b)
Van Krevelen diagram with slopes corresponding to formation of
carboxylic acids and ketones/aldehydes. Photo-induced oxidation was
significantly enhanced in the presence of Fe(Il). No trends were
observed in dry experiments, shown in Figure S8.
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AMS mass fragment CO," (fco,,) is plotted against that of
C,H;0" (fcamsos), and in which the triangular region
designates the mass space that encompasses a majority of
ambient aerosol data” or a Van Krevelen (VK) diagram (Figure
4b), where the H/C is plotted against O/C. An advantage of
the triangle space is that the normalization vanishes (fcos,/
feanor = (Mcoa/M)/ (Mcazor/M), where M = [myoq-Ruwe])-
Furthermore, as the triangle diagram was developed specifically
to illustrate “aged” and “fresh” aerosols, it does not suffer from
AMS underestimation of O/C and overestimation of H/C.%*
Data from the dry experiments (Figure S8) show only scattered
points. Data points from dark uptake experiments onto
hydrated AS seeds cluster in the lower left region of the
diagram outside the triangle space, corresponding to semi-
volatile oxygenated organic aerosols (OOA), unlike those
found in the ambient environment. Organic mass aged by
aqueous H,0, photolysis moves vertically up the diagram, with
a distinctly higher average fco,, than unaged aerosols. Finally,
photo-Fenton oxidation dramatically enhances the average
fcoas of the organic aerosol, moving the data cluster toward the
apex of the triangle, where low-volatility OOA (LV-OOA) are
typically found in the atmosphere. The VK diagram shows that
the oxidation of organics advances the O/C ratio toward 1,
constrained by either the carboxylic acid or ketone/aldehyde
trajectories.*> The elemental ratios of the H,0,/hv-oxidized
organics lay between the carboxylic and ketone/aldehyde slope
in the VK space. The photo-Fenton-oxidized organics are more
oxidized at a given time and have a trajectory corresponding to
carboxylic acid formation, which typically describes the
trajectory of ambient aerosol aging.®* In short, both
representations show that photo-Fenton aging produces
organic aerosol more closely resembling ambient LV-OOA
than aqueous H,0, photolysis within the timescale of the
experiment.

Comparison of Aqueous Oxidation Mechanisms. The
mechanisms of H,0, photolysis (reactions 1-2), dark
Fenton,®® and photo-Fenton®” " reactions are discussed
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below. We note that the mechanism of photo-Fenton is highly
pH-dependent, and the identities of oxidants involved under
different conditions are still subject to debate.*” In the liquid
water of AS-seeded aerosols, iron forms an array of complexes
with sulfate, water, and organics with pH-dependent speci-
ation.”" We only consider complexes that contribute to Fenton
photochemistry. At lower pH (<3.5), OH appears to be the
predominant oxidant, as the introduction of OH scavengers
quenches the Fenton reaction; however at pH 6—8, OH
scavengers are found to be ineffective.”> A different oxidant is
likely formed at near-neutral pH, possibly an Fey) species.®>?
From pH 3.5 to 6, more than one oxidant may be active. The
dilute AS + Fe(y atomizer solutions used here are initially pH
~ 5.3 and acidify over time from reaction. In the absence of
consensus for the neutral pH mechanism, and the expectation
that acidity is more concentrated in the particles than in the
atomizer solution, we focus on the OH-dominated mechanisms
that control the early stages of oxidation:

H,0, + hv — 20H: (1)
H,0, + OH: — HO,- + H,0 )
Fe’* + H,0, » OH- + OH + Fe** 3)
Fe’* + H,0, » Fe’* + HO,- + H' e
Fe’* + H,0 — Fe(OH)*" + H ()
Fe(OH)*" + hv — OH- + Fe** (6)

In the initial step of Fenton chemistry, the addition of H,0,
to Fe** produces Fe** and OH (reaction 3). However, the
regeneration of Fe>* by H,0, in dark Fenton (reaction 4) is in
competition with the formation of iron hydroxide complexes,
e.g, Feqy = [Fe® + Fe(OH)** + Fe(OH),” + ..].”" In this
concentration regime and pH range, Fe(OH)2+ is expected to
be the species most responsible for oxidation photochemistry.”!
Upon addition of H,0,, the pH of the atomizer solution drops
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to 3.4 due to the hydrolysis of Fe** (e.g, reaction §). Also, a
soluble yellow—orange product is immediately observed that is
consistent with the absorption spectrum of Fe(OH)*",**
perhaps with some contribution from Fe(O,H)*.% After
~40 min in solution, the pH decreases further to pH 2.8 in
solution (lower in the aerosol water). These mechanisms may
be dominant until the production of organic acid ligands for
Fe(u).

Under our experimental conditions, dark Fenton chemistry
becomes ineffective within a relatively short time (a few
minutes) due to the irreversible loss of Fe**, consistent with
other accounts of low [Fe?*] in dark Fenton.”* However, in
photo-Fenton, Fe(OH)*" photodegrades to regenerate Fe’*
and another OH radical.”* Over time, the efficacy of the photo-
Fenton reaction diminishes (Figure 3a (exp vi)), as evident by
the slowly decreasing O/C ratio of the aerosol after
approximately 40 min. This is likely due to the aforementioned
differences in iron speciation with decreasing pH that may
produce fewer photochemically active species that can recycle
Fe" or through precipitation of insoluble iron oxides

Fe(ypy + H,0 — Fe(OH),, + 3H" )
This precipitation reaction is observed to form over the course
of hours in the atomizer solution and inhibits both dark and
photo-Fenton mechanisms at pH > 1.5.*

Figure S shows an abridged, but unifying, diagram of the
uptake and OH-initiated reactions discussed in this work, in
addition to Fe-mediated oxidation. Competition from direct
photolysis is estimated to be minor (SI section II).
Glycolaldehyde partitions into the aerosol liquid water and
undergoes dark reactions that increase the particle-phase
organic concentration to 2—4 wt % upon particle evaporation,
i.e,, hydration to the geminal diol (Figure S, bl), formation of
an imine (b2), and oligomerization via hemiacetal formation
(c). The equilibrium amount of unreacted glycolaldehyde is
able to repartition into the gas phase. The introduction of OH
sources in exp iii and vi provides photolytic loss processes for
glycolaldehyde, perturbing the dark uptake equilibrium and
resulting in higher aerosol mass accommodation and lower
revolatilization.

The glycolaldehyde OH-oxidation is believed to be initiated
mainly by abstraction of the aldehydic hydrogen.”® Addition of
oxygen generates an acylperoxy radical (RC(0)O,, d) that may
undergo a variety of reactions. Reaction with the hydroperoxy
radical (HO,) will likely result in the formation of a peracid (f).
RC(0)O, selfreactions may produce an diacyl peroxide
(RC(O)OO(O)CR), analogous to reactions of alkylperoxy
radicals.”””® Similar peroxides were found to be efficient OA
precursors in isoprene nitrate-initiated oxidation.”” The acyloxy
radical pathway (2RC(O)O, — 2RC(0)O + O,) is also
viable,”® and may be a large source of RC(O)O radicals (e) that
react with HO, to form organic acids like glycolic acid (h). The
product hydroxyacids may react with themselves or with an
alcohol group to form oligomer esters, which have been
demonstrated to increase the OA mass.”>****~'°" Because
many of the oxidation products of glycolaldehyde are lower-
volatility than the parent, it is possible that the removal of
glycolaldehyde is the most important step in increasing the OA
mass. The steps following glycolaldehyde loss will change the
OA composition but not necessarily the uptake, consistent with
our observation that the two OH sources studied yield the same
OA mass but very different OA compositions.
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The observed difference in degree of oxidation may be due to
the following reasons: (1) the production of Fe-org complexes
that are photoactive, (2) variation in HO, concentrations; and
(3) changes in the OH formation from the different oxidation
mechanisms. First, after production of organic acids from
reactions shown in Figure.5, Fe-organic complexes may be
present in solution. These Fe-organic complexes are photo-
chemically active both under our lamps and in sunlight. >* The
complexation of organic acid, like glycolic acid (h), conjugate
bases with an Fey; species will undergo a photoinduced 1-
electron transfer to Fe(y) to produce Fe(y;y bound to an anion
radical (Figure S, lower panel).””'%% In the presence of oxygen,
oxidation of the anion radical forms oxalate, superoxide, and
their conjugate acids (oxalic acid and HO,, respectively). This
mechanism may supplement the OH-initiated mechanisms to
enhance the oxidative power of photo-Fenton compared to
H,0, photolysis.

Second, the production of HO, from the H,0, + OH
reaction (R1b, kys = 1.8 X 1072 cm® molec™ s71)'* is likely
more prominent in the H,O, photolysis system. This OH +
H,O0, reaction is competitive with the OH-oxidation of organic
constituents. The modeled HO,/OH ratio for H,O, photolysis
ranges from 107 to 10°. Estimated values are not available for
photo-Fenton, although the ratio is expected to be significantly
lower because, in the presence of Fe(yy at ~8 times the molar
concentration of H,0O, in the atomizer solution, most of the
H,0, may have reacted with Fe(;y before atomized aerosols
reach the flow reactor. Although the C,-peracids formed from
the reaction of RC(O)O, with HO, have high O/C, thegf are
still volatile enough to partition into the gas phase.'™ In
contrast, the reaction of RC(O)O, with OH eventually
produces glycolic acid (h), glyoxylic acid (k), and oxalic acid
(0),2*'°% which may form low-volatility salts, 1% oligomers,17
and complexes with iron, so the highly oxidized compounds
remain in the aerosol phase upon evaporation.

Third, the OH production is enhanced in Fenton photo-
chemistry. We estimate the aqueous photolysis of H,O, in the
presence of 1 yg m™ of particle-phase glycolaldehyde (from
organic wt% under photolytic conditions) may produce an OH
steady-state concentration of approximately 8 X 107> M in the
aerosol liquid water, based on a simplified mechanism of
glycolaldehyde aqueous chemistry,”® the photon flux from the
flow reactor lamps (Figure S1), and the assumption that all
H,0, remains dissolved upon humid atomization. The
modeled organics include only glycolaldehyde in solution,
and not its oligomers, hydrates, or oxidation products;
therefore, calculated OH values are upper-limit estimations
only. This OH concentration is within the range modeled for
cloudwater (1073107 M)'”” but much greater than
concentrations measured in fog droplets (10716-10715 M).'*®
Typical OH concentrations in aerosol liquid water are
unknown. Higher [OH] is expected for photo-Fenton due to
the larger UV absorption cross section of Fe(OH)** (o = 3.03
x 10 718 cm? at 310 nm)*'* compared to H,0, (6 = 3.74 X
107! em? at 310 nm),'® despite the higher OH quantum yield
expected for the H,0, photolysis system, 3”8

Although the aqueous equilibria of the Fe and H,O, in this
work are complex, the results still represent a simple model
system, in that other metals, photosensitizers, and organic
ligands commonl?r found in clouds, fogs, and aerosol water are
not present.'®"""> We expect differences in the chemical
behavior of atmospheric aqueous solutions. For example, the
majority of soluble iron in natural waters may be bound to
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organic ligands.""® As discussed earlier, these Fe-organic
complexes promote both the photo-Fenton and dark Fenton
reactions compared to Fe(OH)?* because of a larger overlap of
their absorption cross sections with natural sunlight” and an
increased dark OH vyield from R2a, ''* respectively. Addition-
ally, photosensitizers like humic-like substances (HULIS) may
further enhance the efficiency of iron-mediated reactions in the
atmosphere.®® It is possible that the present work under-
predicts the oxidative power of Fenton chemistry in
atmospheric aerosols.

This work offers some important insights: (a) photo-Fenton
chemistry may occur in the liquid water of atmospheric
aerosols, and not just in the aqueous bulk, (b) photo-Fenton is
a more powerful oxidation mechanism for organic aerosols
compared to the photolysis of atmospherically relevant
concentrations of H,0, and (c) the reactive uptake of
glycolaldehyde onto hydrated AS seed aerosol is substantially
more efficient than predicted by its pure-water Henry’s law
constant. In atmospheric aerosol water, multiple OH sources
may be simultaneously responsible for aged OA, including OH
uptake from the gas phase, which may be the dominant source
of OH. These findings suggest that photo-Fenton may be
another important source of OH, and may help explain
previous discrepancies between aerosols studied in the
laboratory and those found in the atmosphere, as the OA
aged with photo-Fenton is very similar to ambient low-volatility
oxygenated organic aerosols (LV-OOA). Given the complexity
of atmospheric cloud, fog and aerosol water composition, more
research is needed to elucidate the role of metals, inorganic
ions, acidity, and anthropogenic compounds in the production
and aging of organic aerosols.
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Chapter 8

Conclusions and Future Work

This work is a synthesis of studies aimed at characterizing the formation and chemio-physical prop-
erties of organic aerosol. An overview of this work and its relationship to this theme is provided in
Chapter [I} therefore, I conclude with a discussion of unanswered questions and recommendations

for future work.

8.1 Field Studies

The E-PEACE and NiCE field campaigns were opportunities to study the impact of various sources
on marine aerosol properties. Chapters 2] and [3| discussed contributions from ship and continental
emissions, yet there remain questions about the role of other sources on the particle budget. A
major uncertainty is the modulation of aerosol properties due to biological activity. Mesocosm
experiments in wave channels have demonstrated that phytoplankton blooms strongly influence
aerosol properties; however, the amount of aerosol emitted is strongly dependent on the microbial
population growth dynamics (e.g., Wang et al. 2015). In the field, biological activity has been shown
to enhance primary organic aerosol as well as secondary components such as sulfate derived from
emissions of dimethyl sulfide (DMS, Sorooshian et al. 2009, Ovadnevaite et al. 2011); however, these
emissions vary greatly depending on environmental conditions like wind speed. Given the number
of factors that dictate bioaerosol strength, predicting its contribution to marine aerosol properties
is challenging.

In Chapter |3] we conclude that a large fraction of sulfate observed in the shipping lanes was
attributed to shipping activity. Much of the sulfate we observed was correlated with masses at
m/z 42 and 99 (linked to cloud-processed ship emissions); however, there were periods when sul-
fate loadings were high and contribution from these markers were low. These periods are either
indicative of a) ship emissions that have yet to be processed by clouds b) continental emissions or ¢)
methanesulfonic acid (MSA) resulting from the oxidation of DMS. The AMS employed during this

study lacked high mass-resolving power, and thus the unambiguous identification of sulfate source
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via mass spectral markers is difficult (e.g., identifying contributions of MSA based on its fragmen-
tation pattern with high fractions of m/z 79 [CH3SOF] or m/z 96 [CH3SO3HT]). Employing a
high-resolution AMS in conjunction with other composition instruments (e.g., particle into liquid
sampler, chemical ionization mass spectrometer) may provide a better constraint on the biological
contribution to background sulfate in the California coastal zone.

In addition to quantifying secondary sources, there is a need to understand primary bioaerosol.
Bioaerosol have been shown to efficiently act as CCN and ice nuclei (IN) due to their size and, in
some species, because of unique properties associated with membrane proteins (DeLeon-Rodriguez
et al. 2013, Despres et al. 2012). Few studies have investigated these particles in situ and very little
is known about how these particles behave in the California coastal zone. Using specialized particle
counters such as the Waveband Integrated Bioaerosol Sensor (WIBS) and bulk aerosol collection via
filter sampling, one could count and speciate the types of bioaerosol contributing to marine aerosol
(DeLeon-Rodriguez et al. 2013, Toprak and Schnaiter, 2013). Measurements of bioaerosol behind
the counter-flow virtual impactor (CVI) may help to quantify bioaerosol CCN properties. Such
measurements would provide a clearer picture of how, and to what extent, these particles impact

marine stratocumulus microphysics.

8.2 Iron Chemistry

In Chapter [7} we investigated the reactive uptake of glycolaldehdye onto ammonium sulfate seed
doped with iron and hydrogen peroxide. We found that iron enhanced the O/C of glycolaldehyde
SOA relative to particles only containing ammonium sulfate. These observations was attributed to

enhanced OH production associated with the Fenton and photo-Fenton reactions (Reactions -

8.3).

Fe?t 4+ HyOy — Fe3T + OH 4+ OH™ (8.1)
F3* + HyO & FeOH?T + HT (8.2)
FeOH?t + hv — Fe?T + OH (8.3)

While subsequent laboratory studies have confirmed the effectiveness of Fenton chemistry in
aqueous SOA production (e.g., Daumit et al. 2014), the significance of these reactions on OH
concentrations in real atmospheric systems remains debated. Fenton and photo-Fenton chemistry
is highly sensitive to a number of environmental factors. The photo-Fenton reaction (Reaction

is most favorable with high iron concentration, high actinic flux, pH values between 3 and 4, and
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low concentrations of complexing species (Deguillaume et al. 2005). Likewise, the Fenton reaction
(Reaction [8.1) is suggested to be a series of reactions involving intermediate species such as the

superoxide anion (Oy") and the HO;, radical (Deguillaume et al. 2005).

Fe’* + "OH — Fe3T + OH™ (8.4)
Fe?t 4+ Oy (+2H') — Fe3t + Hy04 (8.5)
Fe?t 4+ HO, (+HT) — Fe?T 4 Hy0q (8.6)

Hy02 + ‘OH — HO; + Hy0 (8.7)

Fe3t 4+ 057 — Fe?t + 0y (8.8)

Fet 4+ HO, — Fe?t + 0y + HY (8.9)

With excess Fe?T, the dominant pathway would be the formation of Fe3* and OH radicals (Re-
actions . With excess HaO2, hydrogen peroxide oxidation by OH increases reactive
species such as HO; (Reaction which may reduce Fe3t to Fe?t and form molecular oxygen
(Reactions . The latter Fenton pathway would reduce the efficacy of OH generation (Deguil-
laume et al. 2005). Consequently, further investigations are needed to determine the conditions for
which Fenton and photo-Fenton chemistry enhances particle-phase oxidation in real atmospheric
systems.

The role of iron in SOA chemistry is not limited to the Fenton reactions. Iron is known to complex
with organic species such as oxalic, pyruvic, glyoxylic, and succinc acid to form photochemically
active iron-carboxylate complexes (Zuo and Hoigne 1992, Faust and Zepp 1993, Sedlak and Hoigne
1993, Zuo and Deng 1997, Johnson and Meskhidze 2013, Weller et al. 2014). The most common
ligand, iron-oxalate, has been shown to degrade quickly in atmospheric waters after exposure to UV
radiation (Reaction Zuo and Hoigne 1992). A recent modeling study by Weller et al. (2014)
demonstrates that iron complexation is a major sink for carboxylic acids in typical atmospheric
waters. Upon implementation of measured photolysis rates for a suite of iron-carboxylate complexes
into the chemical aqueous-phase radical mechanism (CAPRAM 3.0, Herrmann et al. 2005), Weller
et al. (2014) estimate that of all the possible sinks of tartonate, pyruvate, and oxalate by typical
atmospheric oxidants (e.g., OH, NOs, SOy, Fe), 46, 40, and 99% of the degradation can be attributed
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to complex iron chemistry. Recent field measurements by Sorooshian et al. (2013) qualitatively
support these findings as the authors observed dramatic reduction in oxalate content in cloud water
samples containing iron.

The studies outlined above demonstrate that iron chemistry is a major sink of typical agSOA
products such as oxalate and pyruvate. This chemistry is also a means of producing reactive oxidants.
Zuo and Hoigne (1992) found that iron-oxalate chemistry generates reactive intermediate species that

ultimately lead to the formation of HyOz(Reactions - [8.15).

Fe(Cg04)5 4 hv — Fe?t + €03 + Co05° (8.10)
C20;" — COg + COy” (8.11)

C20; 4 09 — 2C04 4 O3 (8.12)

05 +H' < HO; (8.13)

HO;, + HOj — H0y (8.14)

Hy09 + hv — OH + OH (8.15)

In systems where carboxylic acids are formed at high yields, it is possible that this chemistry
would enhance the oxidation of bystander organic compounds due the production of reactive oxidants
such as O, and OH. For example, the aqueous oxidation of glycolaldehyde produces carboxylic acids
such as glycolic, glyoxylic, oxalic, succine, and malonic acid at agSOA yields upwards of 40% (Perri
et al. 2009). As these acids are produced, Reactions - might lead to the regeneration of
reactive oxidants that would sustain particle oxidation. A schematic outlining this potential cycling
is illustrated in Fig.

Ultimately, particle-phase iron may simultaneously act to enhance and consume SOA. Few lab-
oratory studies have explored iron’s impact on SOA yield, yet there is evidence that iron (and other
transition metals) has large effects. For example, Chu et al. (2012) observed upwards of 60% reduc-
tion in SOA yield from toluene and a-pinene oxidation when seed aerosol was composed of FeSQOy4.
While the iron concentrations employed by Chu et al. (2012) were substantially higher than that
found in ambient particles, iron’s catalytic properties may help to drive this chemistry at lower

concentrations. Future studies exploring SOA formation as a function of iron fraction within the



113

particle might help constrain its overall importance in SOA yield.

8.3 Flow Tube

In Chapter[7] we describe experiments conducted with the use of a photooxidation flow reactor. This
system was a prototype intended to serve as an alternative research platform to the environmental
chamber. Upon completion of this project, it was clear that a permanent flow tube reactor would
complement the research conducted in the teflon chamber. Currently, the new reactor has been
constructed and efforts have been made to characterize the flow and model the kinetics of simple
gas-phase reactions. A publication describing the design and characterizing the physical and chemical
behavior of the tube is forthcoming. Here, I focus on the types of projects that could be performed
using the Caltech Photooxidation Tube (CPOT).

A schematic of the new flow tube reactor is presented in Fig. The CPOT consists of two 1.22
m x 15 cm ID cylindrical quartz tubes flanged together with clamps and chemically resistant o-rings.
To maintain an even temperature profile and minimize convective mixing due to heating, the reactors
are fitted with quartz cooling jackets and a low-pressure chiller recirculates a 50/50 water/glycol
mixture. At the ends of the reactors are two Pyrex cones designed to smoothly transition between
the injection and sampling tubing. The entire system is housed within a box containing 16 UV
lamps.

The CPOT is well-suited to study gas and particle-phase chemistry and allows one to perform
kinetic studies under various environmental conditions. The tube may be operated at a range
of temperatures (10-35°C) and relative humidities (0-100%); thus, one could conceivably design
experiments to investigate particle-phase reactions as a function of aerosol phase. Lignell et al.
(2014) demonstrated that the photolysis rate constant of 2,4-dinitrophenol mixed in bulk secondary
organic material varied by 2 orders of magnitude when photolyzed at temperatures ranging between
300- 277 K. Similar behavior was observed in an identical experiment consisting of 2,4-dinitrophenol
and octanol, which is known to exhibit significant phase transitions in this temperature range. The
behavior suggests that phase (liquid, semi-solid, solid) can play a large role in dictating heterogeneous
photochemistry.

The aforementioned study was conducted in non-suspended organic material. In the CPOT,
atmospherically relevant studies with mixtures of gases and particles could be conducted to probe
the impact of organic phase on heterogeneous chemistry. Since aerosol phase is also a function of
liquid water content (e.g., Shiraiwa et al. 2013), experiments may be conducted at a range of relative
humidities to investigate the role of organic/aqueous mixtures on photochemical reactivity.

The CPOT is an ideal apparatus to target specific gas and particle-phase reactions since less

material is needed relative to that used in an environmental chamber study. One application may
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be to investigate the influence of autoxidation reactions on SOA composition. Crounse et al. (2013)
proposed that autoxidation plays an important role in atmospheric chemistry of low-NOy systems.
This intramolecular chemistry requires the formation of hydroperoxy radicals; thus, it is dependent
on the presence of Og2. One could perform experiments on model compounds (similar to 3-pentanone
studied by Crounse et al. 2013) under O and Na-rich environments to study the extent to which
autoxidation contributes to organic oxidation. Furthermore, one could tailor the levels of NOx to
determine the regimes at which NO reactions compete with autoxidation.

Another benefit to the CPOT over typical environmental chambers is its ease of maintenance.
Accordingly, one can study systems involving contaminating species (such as transition metals) that
would be difficult to clean from a large teflon chamber. As discussed in Section there is a
need to study transition metal impacts on aqueous-phase oxidation, yet most studies have been
conducted in bulk solutions. Experiments conducted with atmospherically-relevant, mixed-phase
systems would provide more representative conditions and likely improve understanding of how
these species influence VOC uptake and SOA formation.

Finally, the flow tube is well-suited to study advanced oxidation processes. Comparable reactors,
such as the Potential Aerosol Mass reactor (PAM) described by Lambe et al. (2011), generate OH
exposures on the order of 1010 - 1012 molec cm ™ s (equivalent to 0.2 - 14 days of atmospheric oxida-
tion), which is significantly higher than the OH exposures attainable by environmental chambers ( <
10 molec cm ™ s). While the current CPOT design enables OH exposures equivalent to that of an
environmental chamber, the system can be outfitted with lower wavelength lights to achieve higher

OH concentrations. Such modifications would allow for the study of week-long photooxidation.
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Figure 8.1: Scheme for the production of oxidation species from iron-carboxylate chemistry based
on literature review. The mechanism for glycolaldehyde oxidation by OH is described by Perri et

al. (2009); the mechanism for HoO9 production is described by Zuo and Hoigne (1992).
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A. System Overview
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Figure 8.2: Schematic of the Caltech Photooxidation Tube.
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