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Epigraph 
 

 

 

What the results of these investigations will be the future will tell; but whatever they may 
be, and to whatever this principle may lead, I shall be sufficiently recompensed if later it 
will be admitted that I have contributed a share, however small, to the advancement of 

science. 

Nikola Tesla 

 

 

The atmosphere has no walls. 

Kimberly Prather 

 

 

Whether the scientists like it or not, the mark of science is the determinate of the world to 
come and scientists therefore have a special responsibility for the political consequences 

of their work.  Whether the politicians like it or not, their decisions and actions will be far 
worse than futile if they do not take account of technological change, and this can only be 

done through understanding of the nature of scientific discovery and its applications. 
 

Roger Revelle 
 

 

There's a divinity that shapes our ends, 
Rough-hew them how we will. 

Hamlet, Act V, Scene II 
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Aerosols influence global climate directly by scattering and absorbing incoming 

solar radiation and indirectly by initiating cloud droplet and ice crystal formation; both 

particle size and chemical composition play a role in these impacts.  Particle size and 

composition constantly evolve due to atmospheric processing.  The physicochemical 

properties of marine aerosols, including sea spray and anthropogenic emissions, are of 

particular interest since oceans cover over 70% of the Earth’s surface.  This dissertation 

aims to probe the role of oceanic biological activity, anthropogenic emissions, and 

subsequent atmospheric processing on marine particle chemistry by measuring the size-

resolved chemistry of individual ambient marine aerosols and laboratory-generated 

particles using aerosol time-of-flight mass spectrometry (ATOFMS).   
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The impact of biological activity on the mixing-state of sea spray particles was 

examined by adding biologically-derived organic material and/or phytoplankton cells to 

seawater then generating particles through bubble bursting.  Unique particles 

characterized by organics, Mg2+ and/or Ca2+ were detected during these experiments as 

well as in the ambient atmosphere during periods of elevated biological activity.  

Additionally, elemental sulfur ions were also detected in ambient marine particles in 

regions of elevated biological activity at night.  These particles were successfully 

reproduced from bubble bursting experiments suggesting that these particles are directly 

ejected from the ocean. 

In addition to sea spray aerosol, the particle chemistry of marine aerosols from 

anthropogenic sources was also examined during shipboard measurements made during 

CalNex along the California coast.  Soot was dominant in Southern California while 

organics characterized the particle chemistry in the Sacramento area highlighting regional 

differences in anthropogenic emissions in California.  Further, measurements made at the 

Port of Los Angeles and those made on the Scripps Pier showed a decline in emissions 

from ships combusting residual fuel compared to earlier measurements; these results are 

in compliance with recent regulations requiring ships to combust low sulfur fuel when 

approaching the California coast.  Finally, during the Study of Organic Aerosols in 

Riverside, CA (SOAR), the dimethyl sulfide (DMS) oxidation product methanesulfonic 

acid (MSA) was detected in anthropogenic particle types, and was elevated in vanadium-

containing emissions characteristic of residual fuel combustion suggesting that 
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anthropogenic particles can enhance the atmospheric processing of marine biogenic 

emissions.   
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Chapter 1 

1. Introduction 

1.1 Importance of Atmospheric Aerosols 

Defined as a solid or liquid suspended in a gas, atmospheric aerosols contribute to 

air pollution, adverse effects on human health, and global climate change [Gauderman et 

al., 2000; Pope and Dockery, 2006; Poschl, 2005].  Particles also scatter and absorb solar 

and terrestrial radiation contributing to the aerosol direct effect [Forster et al., 2007; 

Poschl, 2005], and further serve as nuclei for the formation of cloud droplets and ice 

crystals constituting the aerosol indirect effect [Forster et al., 2007; Kohler, 1936; 

Lohmann and Feichter, 2005; Poschl, 2005].  In addition to microphysical effects, 

aerosols also play a role in altering the lifetime [Albrecht, 1989] and radiative properties 

of clouds [Twomey, 1977] in addition to altering precipitation frequency and intensity 

[Rosenfeld et al., 2008].  The radiative impact of aerosols on global climate is uncertain 

and represents the greatest challenge in our ability to accurately forecast future 

temperature rises due to climate change [Forster et al., 2007], highlighting the need for 

additional studies probing the physicochemical properties of aerosols and their impacts 

on human health and climate. 

Two key properties that shape the lifetime, as well as the health and climatic 

impacts, of aerosols are particle size and chemical composition.  Depending on these 

properties, aerosol lifetime in the atmosphere is anywhere from seconds to up to about a 

month [Raes et al., 2000].  Particles are emitted from natural sources (e.g. biogenic 

emissions and the ocean) and anthropogenic sources (e.g. emissions from cars and ships).  
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Particle size spans several orders of magnitude from several nanometers up to 10 µm 

[Poschl, 2005; Seinfeld and Pandis, 2006]; the size of aerosols depends on the particle 

formation mechanism, source, and interactions in the atmosphere.  Particles nucleated 

from the clustering of gas molecules are found in the smallest size range known as the 

nucleation mode (> 10 nm in size), particles emitted from anthropogenic sources are 

typically submicron (< 1 µm) encompassing the Aitken size mode (~10-100 nm) and part 

of the accumulation mode (~100 nm-2 µm) while particles originating from mechanical 

processes such as the ejection of sea salt from the ocean are typically supermicron (> 1 

µm) encompassing part of the accumulation mode and the coarse mode (~2 µm to several 

µm) [Noble and Prather, 1996; Poschl, 2005; Seinfeld and Pandis, 2006].  The chemical 

composition is also dependent on the source of the particles and is highly complex 

including inorganic components (e.g. ammonium, sulfate, nitrate, metals, minerals found 

in dust particles, and sea salts found in sea spray, etc.) and organic constituents (e.g. 

carboxylic acids, humic substances, aromatics, alkanes, alkenes, amines, polysaccharides, 

etc.) [Jacobson et al., 2000; Murphy et al., 2006; Noble and Prather, 1996; Russell et al., 

2011; Silva and Prather, 2000].  Despite insights from laboratory and ambient 

measurements and recent advances in measurement techniques, much remains unknown 

about the chemical composition of aerosols particularly regarding the composition of the 

organic component of aerosols and the chemical mixing-state of aerosols (e.g. whether 

chemical components are associated with a single particle, which is known as an internal 

mixture, or whether different components are found on different aerosol particles, which 

is known as an external mixture).  Knowledge of the chemical mixing-state is important 

because mixing-state affects the water uptake, heterogeneous reactivity, and cloud 
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nucleating properties of single aerosol particles [Poschl, 2005].  In addition to 

understanding the physicochemical properties of particles directly emitted from different 

sources, also known as primary aerosols, it is important to also note that particle size and 

composition evolve over time due to secondary processes, which are processes that occur 

in the atmosphere subsequent to emission; secondary processes include gas-particle 

partitioning, heterogeneous reactions, aqueous phase processing, etc. [Poschl, 2005].   

In terms of health impacts, smaller particles, particularly ultrafine particles (< 0.1 

µm), have more severe health effects due to their ability to penetrate deeper into the 

respiratory system [Bernstein et al., 2004; Gauderman et al., 2000; Pope and Dockery, 

2006].  Chemical composition further influences aerosol toxicity, for example, the 

presence of transition metals and polycyclic aromatic hydrocarbons (PAHs) in particles 

contributes greatly to their toxicity [Bernstein et al., 2004; Campen et al., 2001; Fang et 

al., 2008; Pinkerton et al., 2004; Pope and Dockery, 2006; Sunderman, 2001].   Particle 

size and chemical composition also influence both the aerosol direct and indirect effects.  

Particle size affects aerosol optical properties since light scattering efficiency is greatest 

for particle diameters of the same order of magnitude as solar and terrestrial radiation 

wavelengths [Poschl, 2005; Quinn et al., 2005]; further, smaller particles are also less 

efficient as cloud nuclei [Lohmann and Feichter, 2005; McFiggans et al., 2006; Poschl, 

2005; Quinn et al., 2008].  Aerosol mixing-state also impacts the aerosol direct effect, 

particularly for black carbon (soot) and other carbonaceous aerosol.  Models and 

measurements have shown that soot internally mixed with secondary species such as 

organic carbon, sulfate, and nitrate has a greater warming potential than freshly emitted 
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soot containing no secondary species [Jacobson, 2000; Moffet and Prather, 2009; 

Schnaiter et al., 2005].  In addition to soot, the role of organics in influencing the aerosol 

direct effect has recently become of great interest.  Higher mass concentrations of non-

refractory organic aerosol have been associated with less water uptake and reduced 

scattering of solar radiation [Massoli et al., 2009; Quinn et al., 2005]; however, the extent 

of this effect depends on whether the organic material is oxidized or more hydrocarbon-

like [Massoli et al., 2009; Saxena et al., 1995].  Particle chemistry also influences the 

cloud forming potential of aerosols.  For example, high mass fractions of hydrocarbon-

like organics, which are highly water insoluble, have been shown to decrease the ability 

of particles to act as nuclei for cloud droplets [Quinn et al., 2008]; however, the addition 

of small amounts of soluble material, such as sulfate, to particles that are water insoluble 

has been found to greatly increase the cloud forming potential of aerosols [Roberts et al., 

2002].  In sum, particle size and composition play crucial roles in determining their 

health impacts and in shaping aerosol-cloud interactions, which represents the greatest 

challenge in our ability to accurately forecast future temperature rises due to climate 

change [Forster et al., 2007].   

1.2 Measurement Techniques Used to Characterize Aerosols 
 

Aerosol particles span several orders of magnitude, are composed of complex 

mixtures containing ~102-1015 molecules per particle, and are constantly evolving in time 

due to atmospheric processing [Finlayson-Pitts and Pitts, 2000; Pratt and Prather, 

2011a].  As such, analyzing the physicochemical properties of atmospheric aerosols 

represents a significant challenge; several reviews have recently been published pointing 
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out these challenges while highlighting several techniques currently used to address these 

challenges [Hoffmann et al., 2011; McMurray, 2000; Pratt and Prather, 2011a; Pratt and 

Prather, 2011b; Sullivan and Prather, 2005].  The on-line technique that is the focus of 

the measurements included in this dissertation is the aerosol time-of-flight mass 

spectrometer (ATOFMS).    

1.2.1 Real-Time Measurements of Size-Resolved Composition 
 

The ATOFMS makes real-time measurements of the aerodynamic size and 

chemical composition of individual particles between 0.2-3 µm aerodynamic diameter 

[Gard et al., 1997; Prather et al., 1994].  A schematic of the ATOFMS is shown in 

Figure 1.1.  The ATOFMS operates by sampling particles at atmospheric pressure 

through a converging nozzle inlet where they enter a differentially pumped vacuum 

region; the pressure drop causes the particles to be accelerated to a size-dependent 

terminal velocity.  Each particle passes through two continuous wave lasers (532 nm) 

separated by a known distance producing scattered light signals, which are detected by 

two photomultiplier tube detectors.  The time required to traverse these two lasers is 

correlated to the terminal velocity of the particle; the velocity is converted to an 

aerodynamic diameter by calibrating with polystyrene latex spheres (PSLs) of a known 

size.  The transit time and light signals are also used to trigger a third pulsed laser 

passing through the ion source region of a time-of-flight mass spectrometer.  When each 

sized particle arrives in the ion source region, a pulsed UV laser fires to induce laser 

desorption/ionization, producing positive and negative ion mass spectra for each 

particle.  The resulting positive and negative ions are analyzed by a dual-polarity time-
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Figure 1.1:  Schematic of the nozzle inlet ATOFMS adapted from Gard et al., 1997. 
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of-flight mass spectrometer.  The mass spectra show the chemical associations within 

each particle and can be coupled with the size information to derive size-resolved 

composition distributions of particles.  Positive ion spectra provide insight into particle 

source (e.g. sea salt vs. ship emissions, etc) while negative ion particle age (e.g. reacted 

versus fresh sea salt) [Fergenson et al., 2001; Gard et al., 1998; Guazzotti et al., 2001; 

Song et al., 1999] including the acquisition of secondary species acquired during 

atmospheric processing, such as sulfates and nitrates.   

The single particle mass spectra generated by this technique are imported into 

Matlab using a software toolkit [Allen, 2002], and an adaptive neural network (ART-2a) 

is used to group particles based on the mass spectral peaks and intensities into distinct 

“clusters” indicative of particle sources and chemistry [Fergenson et al., 2001; Song et 

al., 1999].  Typically the top 50 clusters are representative of ~80-90% of the particle 

population.  Submicron (0.2-1.0 µm) and supermicron (1.0-3.0 µm) particles are typically 

analyzed separately because previous ATOFMS studies have demonstrated that the 

largest differences in chemical composition occur at 1 µm [Noble and Prather, 1996] and 

separate analysis allows more subtle distinctions to be observed.  In addition to 

characterizing particle types, the temporal and size profiles of individual chemical species 

can be probed by selecting a threshold value for a specific ion peak area for the chemical 

species selected.  This has been done to probe temporal trends and mixing-states of 

compounds such as oxalic acid [Sullivan and Prather, 2007].  For the work shown in this 

dissertation, ATOFMS measurements of marine aerosols from both laboratory 

experiments and ambient measurements are presented. 
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1.3 Marine Aerosols 
 

Marine aerosols are of great interest because oceans cover over 70% of the 

Earth’s surface, hence, understanding the physicochemical properties of marine aerosols 

and the transformations they undergo during secondary processing is essential for 

reducing the uncertainty regarding the impact of aerosols on climate [Forster et al., 2007; 

Raes et al., 2000].  The oceans are globally one of the largest sources of natural aerosols 

with estimates of sea salt mass fluxes on the order of ~1016 g/yr; however, the overall 

number flux is quite low  [O'Dowd and De Leeuw, 2007; Raes et al., 2000].  Clouds in 

marine environments have a tremendous global impact on climate, particularly in the 

subtropics, where the marine stratocumulus deck has been estimated to provide more 

radiative cooling than the radiative forcing associated with a double of CO2(g) [Stevens et 

al., 2003].  Another reason for the great interest in marine aerosols is that marine 

environments are characterized by low number concentrations of background particles, 

typically 300-600 particles/cm3 [Fitzgerald, 1991; O'Dowd and De Leeuw, 2007; 

O'Dowd et al., 1997], making them extremely sensitive to perturbations in aerosol 

number concentrations [Slingo, 1990].  Perturbations to background marine conditions 

typically lead to increases in aerosol number concentrations causing increases in cloud 

droplet number concentrations (CDNC), which altered the cloud microphysics of marine 

stratocumulus clouds resulting in increased cloud optical thickness, decreased cloud 

effective radius, increased cloud lifetime, and potentially suppress the formation of 

precipitation [Albrecht, 1989; Baker, 1997; Hobbs et al., 2000; Hudson et al., 2000; 

Russell et al., 1999; Twohy et al., 2005; Twomey, 1977].  Further, oceans represent a dark 
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surface with a low albedo, hence, even subtle changes in cloud microphysics over the 

oceans can have a large impact on the aerosol indirect effect [Baker, 1997; Slingo, 1990].  

The following sections will detail the physicochemical properties of marine aerosols, 

which are comprised of both natural sea spray aerosol, consisting of sea salt and 

biologically-produced organic material, in addition to anthropogenic emissions.   

1.4 Characteristics of Natural Sea Spray Aerosol 
 

1.4.1 Production Mechanism 
 

Sea spray particles are directly emitted to the atmosphere primarily from air 

bubbles formed by breaking waves [O'Dowd and De Leeuw, 2007].  Bursting bubbles 

form jet drops, which result from the breakup of the vertical jet of water that forms after 

the bubble cavity collapses, and the more numerous film drops, which result from the 

collapse of the thin film surrounding the bubble [Blanchard and Woodcock, 1957; 

Cipriano and Blanchard, 1981; Clarke et al., 2006].  Wind speed plays a key role in the 

production mechanism by enhancing jet drop formation for wind speeds > 5m/s [Leck et 

al., 2002].  Enhanced wind speeds also increase whitecap production [Monahan et al., 

1983] resulting in the increased production of sea spray aerosol.  The chemical 

composition of sea spray is proposed to depend on the distribution of jet and film drops; 

sea salt, primarily NaCl, is thought to result primarily from jet drops while film drops are 

thought to produce particles significantly enriched in organic material [Cipriano and 

Blanchard, 1981; Leck et al., 2002].  This is because the bubble surface is thought to act 

as a hydrophobic interface that scavenges surface active material including organic 
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matter and marine organisms causing them to adsorb to the bubble surface and become 

incorporated into sea spray aerosol upon the collapse of the bubble [Blanchard, 1964; 

Blanchard, 1989; Blanchard and Syzdek, 1970; Blanchard and Syzdek, 1972; Tseng et 

al., 1992].  The proposed differences in sea spray composition based on the formation of 

jet and film droplets highlights the need for laboratory studies to accurately reproduce the 

formation mechanism of sea spray in order for comparisons to ambient sea spray aerosol 

to be made.  Recent laboratory measurements have shown that bubble bursting and 

plunging jets are superior aerosol generation techniques for accurately reproducing the 

physicochemical properties of sea spray aerosol compared to atomization, which has been 

frequently used in previous experiments to generate sea spray aerosol.  These two 

techniques are more suitable for producing sea spray aerosol because these techniques 

scavenge organic material unlike the atomization technique [Fuentes et al., 2010a; Wise 

et al., 2009].  Further work is being done to develop and improve upon current sea spray 

aerosol generation techniques in order to accurately reproduce sea spray aerosols. 

1.4.2 Size Distributions of Sea Spray Aerosol 
 

Size distribution measurements of primary sea spray aerosol have recently been 

made during bubble bursting and plunging jet experiments.  Overall, these laboratory-

generated size distributions are dominated by a large mode in number concentration at 

~80-100 nm; some laboratory experiments have also shown other minor size modes 

including a small Aitken mode peaking at ~45 nm, which is thought to predominately 

contain organic material, and a mode at ~300 nm that is thought to result from wind shear 

at the air-sea interface, which forces rising bubbles to shatter at the interface [Fuentes et 
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al., 2010b; Martensson et al., 2003; O'Dowd and De Leeuw, 2007; Sellegri et al., 2006; 

Tyree et al., 2007].  Particle number size distributions also extend out to the coarse mode, 

where most of the sea salt mass resides.  In the ambient marine atmosphere, similar 

number size distributions are also observed; however, these distributions undergo a shift 

to a bimodal number size distribution with a distinct minimum, known as the Hoppel 

minimum, at ~100 nm due to the activation and subsequent cloud processing of particles 

at this particle size [Hoppel et al., 1990].  This is not observed in laboratory experiments, 

which probe the size distributions of freshly produced sea spray aerosol.  In addition to 

primary sea spray aerosol produced from bubble bursting, ambient studies have also 

detected nucleation mode particles that have coincided with elevated biological activity 

in the ocean, changes in season, changes in tidal flux, and the evaporation of fog [Leck 

and Bigg, 1999; Leck and Bigg, 2010; Meskhidze and Nenes, 2006; O'Dowd et al., 1998; 

Wiedensohler et al., 1996].  The proposed composition of these particles as well as the 

role of biological activity in determining sea spray aerosol composition is discussed 

below.  

1.4.3 Chemical Composition of Sea Spray Aerosol:  The Effect of Biological Activity 
 

Biological activity has been proposed to influence the chemical composition of 

sea spray aerosols through both primary and secondary emissions.  These emissions can 

lead to changes in the physicochemical properties and, more importantly, the number 

concentrations of marine aerosols, potentially altering the radiative properties of clouds in 

the marine environment.  However, linking changes in oceanic biological activity to 

changes in the atmosphere has been challenging, particularly for ambient measurements.  
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Probably the most common tracer of biological activity used is chlorophyll a, which is a 

proxy for phytoplankton biomass.  Several studies have noted trends between 

chlorophyll-a concentrations, cloud microphysics, and aerosol optical depth [Cropp et al., 

2005; Kruger and Grabl, 2011; Meskhidze and Nenes, 2006; Sorooshian et al., 2009]; 

however, many of these links have been difficult to make due to contributions from 

anthropogenic emissions.  Another challenge stems from attempts to compare chlorophyll 

a concentrations with dimethyl sulfide (DMS), a gas formed from the enzymatic cleavage 

of phytoplankton-derived dimethylsulfoniopropionate (DMSP) thought to play a key role 

in shaping the physicochemical properties of sea spray aerosol and, potentially, CDNC in 

the marine environment, as discussed below [Bates et al., 1992; Charlson et al., 1987].  

Difficulties with this comparison arise from the fact that the production of DMS is highly 

species specific [Keller et al., 1989], and DMS is subjected to complex biological and 

ecological processes [Bates et al., 1994; Leck et al., 1990]; as such, DMS can be poorly 

correlated with total phytoplankton biomass (e.g. chlorophyll a concentrations) [Bates et 

al., 1989; Bates et al., 1994; Leck et al., 1990].  Despite these challenges, several field 

and laboratory studies have provided compelling evidence that ocean biota directly and 

indirectly impact both the physicochemical properties of sea spray aerosols in addition to 

cloud formation and microphysics in the marine environment.   

 The first marine biogenic compound proposed to impact climate through the 

production of new particles is DMS [Bates et al., 1992; Charlson et al., 1987].  Once in 

the atmosphere, DMS is oxidized primarily via OH radicals to form sulfur-containing 

compounds (e.g. sulfuric acid, methanesulfonic acid, etc) [Andreae, 1990; Andreae and 
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Crutzen, 1997; Ayers and Gillett, 2000; Barnes et al., 2006; Bates et al., 1994; Bates et 

al., 1992; Charlson et al., 1987; Hopkins et al., 2008; Ooki et al., 2003].  Organosulfur 

compounds such as methanesulfonic acid (MSA) and sulfuric acid partition onto pre-

existing compounds [Barnes et al., 2006; Hopkins et al., 2008].  Sulfuric acid can also 

undergo homogeneous binary nucleation with water vapor to form new particles that 

could then grow to sizes large enough to act as CCN potentially providing a direct link 

between marine biological activity, the radiative properties of clouds, and climate 

[Andreae, 1990; Barnes et al., 2006; Bates et al., 1994; Charlson et al., 1987; Hopkins et 

al., 2008; Ooki et al., 2003].  Several observations of new particle formation from 

sulfuric acid derived from DMS have been made [Clarke et al., 1998; Ferek et al., 1995; 

Weber et al., 1995].  However, binary nucleation from DMS-derived sulfuric acid has 

only been found to occur during suitable conditions, such as when aerosol surface area is 

incredibly low to limit condensational losses of sulfuric acid to particles or during humid 

conditions found at evaporating cloud edges and is thus, highly improbable under most 

conditions [Clarke et al., 1999; Pirjola et al., 2000].  It has been recently proposed that 

instead of participating in new particle formation, DMS oxidation products influence 

clouds and climate in the marine environment by condensing onto primary sea spray 

aerosol and newly formed particles from other sources causing these particles to grow 

into sizes able to activate into cloud droplets [Leck and Bigg, 2005b; Leck and Bigg, 

2007; O'Dowd et al., 2004; Quinn and Bates, 2011].  Another recently proposed source 

for the nucleation of new particles is the oxidation of biogenically-produced iodine gas 

(I2(g)); however, this process has been found to be limited to coastal environments and 

cannot explain new particle formation in open ocean environments [O'Dowd et al., 1998; 
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O'Dowd and Hoffmann, 2005].  Recent evidence has suggested that newly formed 

particles associated with biological activity could result from an increased number flux of 

particles from a primary ocean source rather than from nucleation of new particles from 

gas-phase compounds.  

 Although prior observations of an organic contribution to sea spray aerosol have 

been made, the ambient observations of O’Dowd et al. [2004] were the first to suggest 

that biologically-derived organic material directly ejected from the ocean could be the 

key source of newly formed submicron sea spray aerosol responsible for linking oceanic 

biological activity to cloud formation and changes in cloud microphysics over the marine 

environment.  Since then, a number of publications have highlighted the influence of 

biological activity on the chemical composition of marine aerosols through the 

enrichment of organic material, particularly in the smallest particles [Bigg, 2007; Bigg 

and Leck, 2008; Cavalli et al., 2004; Facchini et al., 2008a; Hawkins and Russell, 2010b; 

Keene et al., 2007; Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck and Bigg, 2008; 

Ovadnevaite et al., 2011; Russell et al., 2010].  Marine organics are primarily water-

insoluble material, largely composed of polysaccharides with contributions from proteins 

and lipids [Ceburnis et al., 2008; Facchini et al., 2008b; Hawkins and Russell, 2010b; 

Kuznetsova et al., 2005; Rinaldi et al., 2010; Russell et al., 2010] derived from whole and 

fragmented cells, and exopolymeric secretions (EPS) or microgels.  EPS constitutes 

~10% of the dissolved organic material (DOM) pool (7 x 1016 gC) [Chin et al., 1998; 

Orellana et al., 2007; Orellana and Verdugo, 2003; Verdugo et al., 2008] that, unlike 

most DOM, is bioavailable making EPS one of the most significant contributors to the 
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global carbon cycle [Verdugo et al., 2008].  EPS or microgels are the result of gel 

assembly/dispersion equilibria from dissolved polymers, namely polysaccharides, 

proteins, and lipids [Chin et al., 1998; Verdugo et al., 2004; Wells, 1998].  The polymer 

network of these microgels has been shown to be stabilized through ionic bonding with 

divalent cations (Ca2+, Mg2+) [Chin et al., 1998; Verdugo et al., 2004; Wells, 1998].  

Hence, in addition to being a source of organic carbon, atmospheric enrichment of 

inorganic ions associated with EPS could also occur in the marine environment; however, 

in contrast to the observed enrichment of organic material, enrichment of inorganic ions 

in sea spray aerosol compared to bulk seawater has been difficult to discern particularly 

in ambient measurements.  The detection of EPS in the atmosphere has been highlighted 

in previous publications [Bigg and Leck, 2001; Leck and Bigg, 2005a; Leck and Bigg, 

2005b; Leck et al., 2002; Posfai et al., 2003].   Recent evidence has shown that EPS is 

subject to atmospheric processing, namely, a breakdown in the polymer network via UV-

photolysis [Orellana and Verdugo, 2003].  A recent study by Leck and Bigg [2010] has 

suggested that this breakdown results in the formation of particles ~40 nm and smaller in 

diameter that appear to be nucleation events, but are not.  In addition to primary 

emissions, organics associated with biological activity have been found to contribute to 

secondary organic marine aerosol in addition to potentially causing nucleation events in 

the remote marine atmosphere.  One example of the formation of secondary organic 

aerosol from marine biogenic emissions is the formation of oxalate in marine aerosols 

from the cloud processing of biogenically-produced glyoxal [Rinaldi et al., 2011].  

Additionally, biogenic amines have been shown to contribute to marine aerosol and, 

when co-emitted with MSA, have been suggested to lead to the nucleation of new 
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particles [Facchini et al., 2008a; Sorooshian et al., 2009].  The study by Meskhidze and 

Nenes [2006] hypothesized that emission of gaseous isoprene from marine phytoplankton 

led to nucleation events capable of altering the radiative impact of clouds over the 

Southern Ocean.   

1.5 Characteristics of Anthropogenic Contributions to Marine Aerosols 
 

1.5.1 Continental Outflow 
 

As mentioned previously, in addition to sea spray aerosol, anthropogenic 

emissions shape aerosol-cloud-climate interactions in the marine environment.  

Continental emissions are advected out over the ocean contributing to marine aerosol and 

impacting the aerosol direct and indirect effects over the ocean.  Although anthropogenic 

sources exert a stronger influence in coastal regions, anthropogenic particles, such as 

soot, have been detected even in remote marine regions [Posfai et al., 1999].  The 

physicochemical properties of continental outflow on the marine environment are very 

regional with contributions from biomass burning, fossil fuel combustion, agricultural 

emissions, etc.  An additional contribution to marine aerosol with a continental origin is 

mineral dust with strong contributions from Asia and Africa to the Pacific and Atlantic 

Oceans [Bates et al., 2004; Huebert et al., 2003].  These dust particles are thought to 

deposit key trace elements (e.g. Fe) to the ocean potentially stimulating the growth of 

marine phytoplankton [Jickells et al., 2005].  Anthropogenic sulfate, formed from the 

oxidation of SO2(g) mainly produced from fossil fuel, coal, and biofuel combustion, is a 

large contributor to marine aerosols found to significantly increase CDNC, altering the 
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radiative properties of clouds over the marine environment [Charlson et al., 1992; 

Hawkins et al., 2010; Leaitch et al., 1992; Novakov et al., 1994; Quinn and Bates, 2005].  

Contributions of sulfate from ships are discussed below. 

Biomass burning emissions have been found to contribute significantly to marine 

aerosols contributing both soot and organic carbon, namely alkanes and alcohols 

including the biomass burning tracer levoglucosan [Hawkins and Russell, 2010a; Hegg et 

al., 2010].  A study of these emissions along the California coast found that biomass 

burning aerosol contributed to the aerosol indirect effect and increased the cooling effect 

of marine stratocumulus near the coast while resulting in a decrease in cloud cover 

providing a warming effect further away from the coast [Brioude et al., 2009].  Soot from 

biomass burning was found to significantly contribute to marine aerosol along the 

African coast and Indian subcontinent contributing to an increase in radiative absorption 

by aerosols compared to background marine conditions in these regions [Guazzotti et al., 

2003; Quinn and Bates, 2005].  Soot from diesel truck and ship emissions from ports also 

contribute to marine aerosol [Ault et al., 2010].  Particulate organic matter from 

continental outflow has also been found to be a significant contributor to marine aerosol, 

particularly off the NE United States coast [Quinn and Bates, 2005].  Alkanes and 

carboxylic acids emitted during combustion have been found to contribute to marine 

regions [Hawkins et al., 2010; Russell et al., 2011; Russell et al., 2009].  Particulate 

organics emitted from anthropogenic sources have been shown to alter the light scattering 

properties of marine aerosols and their ability to nucleate cloud droplets, particularly 
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when this organic material is hydrocarbon-like (i.e. alkanes) [Kaku et al., 2006; Massoli 

et al., 2009; Quinn et al., 2005; Quinn et al., 2008].   

1.5.2 Ship Emissions 
 

The most ubiquitous anthropogenic contribution to marine aerosols is ships 

emissions.  Ship emissions represent the highest source of pollution per ton of fuel 

consumed [Corbett and Fischbeck, 1997; Eyring et al., 2010] producing ~1.2-1.6 Tg 

particulate matter/yr [Corbett and Koehler, 2003; Eyring et al., 2010], with most of these 

emissions occurring within 400 km of coastal regions [Corbett and Fischbeck, 1997; 

Corbett et al., 1999].  The physicochemical properties of particles emitted from ships are 

dependent on whether ships are combusting high sulfur residual oil or cleaner distillate 

fuels; due to the low cost, ~70-80% of commercial ships combust high sulfur residual 

fuel oil [Corbett and Fischbeck, 1997].  Particles from ships contain pollutants such as 

black carbon (soot), organics, sulfate, and transition metals, particularly Fe, V, and Ni 

[Agrawal et al., 2008; Ault et al., 2010; Ault et al., 2009; Healy et al., 2009; Murphy et 

al., 2009], with residual fuel combustion producing higher concentrations of these 

pollutants [Lack et al., 2011; Lack et al., 2009].  Marine vessels burning residual fuel oil 

tend to produce more particles capable of forming cloud droplets due to increased 

number and mass concentrations of sulfate and organic aerosols [Hudson et al., 2000; 

Lack et al., 2011; Lack et al., 2009; Langley et al., 2010; Russell et al., 2000].  In fact, up 

to 17-39% of the anthropogenic indirect effect is thought to be due to the effect of ship 

emissions, primarily from the combustion of residual fuel oil, on clouds over the ocean 

[Eyring et al., 2010; Hudson et al., 2000].  Combustion of marine distillate fuel tends to 
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produce fewer particles, and due to the lack of sulfate associated with these particles, 

emissions from ships combusting marine distillate fuel are less likely to activate into 

cloud droplets; however, these emissions have been found to exert a larger influence on 

the aerosol direct effect [Lack et al., 2011; Lack et al., 2009]. 

1.6 Secondary Processing and Aging of Marine Aerosols  
 

Secondary processing of marine aerosols through the oxidation of organics, 

heterogeneous uptake of reactive gases onto particles, and aqueous phase processing, 

particularly in cloud droplets, with biogenic (e.g. isoprene, DMS oxidation products, etc.) 

and anthropogenic gases (NOx(g), SO2(g), etc.) leads to the addition of particulate organic 

material, sulfate, methanesulfonate, and nitrate to marine aerosols.  The addition of these 

secondary species, particularly sulfate and nitrate, can add soluble material that alter the 

cloud activation properties of marine aerosols, especially those emitted from 

anthropogenic sources such as soot [Furutani et al., 2008].  This section will point out 

examples of some of the most important and prevalent aging processes pertaining to 

marine aerosols and is by no means exhaustive.  As mentioned in section 1.4.3, organic 

compounds emitted in the gas phase from biogenic and anthropogenic sources can 

contribute secondary particulate matter to marine aerosols.  One example, already 

mentioned, is the formation of biogenic oxalate in marine aerosols from the aqueous 

phase processing of glyoxal in cloud droplets [Rinaldi et al., 2011].  In addition to the 

contribution of secondary organic material, another process relevant for the marine 

atmosphere is the proposed oxidation of primary organic matter ejected from the ocean to 

form oxygenated organic aerosol that is more likely to take up water and participate in 
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cloud droplet formation [Ceburnis et al., 2008; Ellison et al., 1999].  In addition to 

organic material, secondary processing also contributes heavily to the formation of 

particulate sulfate in marine aerosols.  DMS oxidation chemistry was mentioned in 

section 1.4.3 as a means of contributing particulate sulfate; however, anthropogenic 

emissions of SO2(g) from continental and ship emissions can also lead to the formation of 

sulfate in marine aerosols [Capaldo et al., 1999].  Although this process can occur via 

heterogeneous uptake onto particles, the dominant formation mechanism of sulfate is 

aqueous processing generally occurring in cloud droplets [Lelieveld and Heintzenberg, 

1992]; this process is thought to be the main mechanism leading to the formation of a 

bimodal size distribution and the Hoppel minimum [Hoppel et al., 1990].  Transition 

metals, such as Fe, have been found to catalyze the formation of sulfate during aqueous 

processing; metals that are most efficient at this process are emitted from combustion 

sources, including ship emissions in the marine environment, rather than mineral dust 

particles [Alexander et al., 2009; Ault et al., 2010; Deguillaume et al., 2005].  The 

catalysis of sulfur oxidation by transition metals has also been suggested to occur for 

DMS oxidation products suggesting that anthropogenic emissions may play a role in the 

atmospheric processing of marine biogenic emissions [Key et al., 2008]; this is a largely 

unexplored topic that will be addressed, in part, in this dissertation.  Perhaps the most 

prevalent reaction observed in the ambient marine atmosphere is the heterogeneous 

displacement of chloride on sea spray particles by reactive gases, namely nitrogen oxides 

such as HNO3(g) and N2O5(g) [Chang et al., 2011; Gard et al., 1998; Quinn and Bates, 

2005].  The reaction results in the formation of HCl(g), ClNO2(g), and particulate nitrate in 

sea spray particles [Behnke et al., 1997; Finlayson-Pitts et al., 1989]; HCl(g) has been 
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shown to react with alkaline particles such as mineral dust [Sullivan et al., 2007] while 

ClNO2(g) is photolyzed during the day producing the reactive Cl radical, which can alter 

ozone production [Keene et al., 1990].  The heterogeneous uptake of N2O5(g) has 

generated considerable interest recently for several reasons, mainly that the reaction leads 

to the formation of particulate nitrate, which is poorly accounted for in current global 

climate models that factor in aerosol composition [Forster et al., 2007].  The reaction is 

thought to decrease global NOx concentrations by ~50% annually [Dentener and Crutzen, 

1993], which influences the production of tropospheric ozone and the lifetime of 

methane, two key greenhouse gases [Forster et al., 2007; Shindell et al., 2009].   

1.7 Key Remaining Questions 

  
Despite recent advances in our understanding of marine aerosols made by both 

ambient and laboratory measurements, many questions remain regarding the role of 

biological activity, anthropogenic emissions, and atmospheric processing in shaping 

aerosol-cloud-climate interactions in the marine environment.  Some of these questions 

are presented below: 

1. Can real-time measurements between oceanic proxies for biological activity and changes in 

sea spray chemistry be established? 

2. In addition to DMS oxidation products, does biological activity contribute any 

other sulfur-containing particle types and/or compounds to sea spray aerosol? 

3. How does biological activity alter the mixing-state of individual sea spray 

particles? 
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4. How do continental outflow and ship emissions influence the single-particle 

chemistry of marine aerosols? 

5. How does the single-particle mixing-state of shipping emissions differ for ships 

combusting marine residual fuel and ships combusting high sulfur residual fuel oil?  

6. How do marine biogenic emissions interact with anthropogenic emissions?  Can 

anthropogenic emissions alter the atmospheric processing of marine biogenic 

emissions? 

1.8 Synopsis of the Dissertation 
 

 The remaining chapters of this dissertation attempt to address these questions 

through real-time measurements of size-resolved particle mixing-state made for both 

ambient and laboratory-generated marine aerosols.  Chapter 2 of this dissertation shows 

the presence of unique ocean-derived particles that track chlorophyll a and atmospheric 

DMS concentrations in real-time.   These unique particles contain internal mixtures of 

Mg2+ and/or Ca2+, K+, and organic carbon that are externally mixed from sea salt 

particles.  Chapter 3 discusses the nighttime detection of particulate, elemental sulfur in 

regions of elevated biological activity.  These particles were found to be directly ejected 

from the ocean and are not formed from DMS oxidation products.  Chapter 4 shows how 

the single-particle mixing-state of particles generated from bubble bursting experiments 

changes as biologically-derived organic matter and/or phytoplankton cells are added to 

artificial seawater solutions; these results were compared to particles generated by 

bubbling natural seawater solutions.  Particle types produced by these experiments were 
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found to match ambient particles detected during coastal and shipboard studies.  Chapter 

5 highlights differences in the single-particle mixing-state of anthropogenic emissions 

observed along the California coast during the CalNex field campaign.  Soot internally 

mixed with organics was the dominate particle type in Southern California while organics 

dominated the particle chemistry in the Sacramento area, particularly after new particle 

formation events.  Further, most carbonaceous particle types were internally mixed with 

sulfate in Southern California, particularly when emissions came from the Ports of Los 

Angeles and Long Beach.  As discussed in Chapter 6 of this dissertation, measurements 

during CalNex and those made on the Scripps Pier showed a decline in the number 

concentrations of vanadium-containing particles characteristic of emissions from ships 

combusting residual fuel compared to earlier measurements.  Ship emissions from the 

Port of Los Angeles and the Scripps Pier in 2009 were also associated with less sulfate 

and sulfuric acid compared to earlier measurements.  These results are in compliance 

with recent regulations requiring ships to combust low sulfur fuel when approaching the 

California coast.  These results highlight regional and temporal differences in 

anthropogenic aerosols along the California coast.  Finally, Chapter 7 probes interactions 

between marine biogenic and anthropogenic emissions during the Study of Organic 

Aerosols in Riverside, CA (SOAR) campaign.  During a red tide bloom off the coast of 

Southern California, the DMS oxidation product methanesulfonic acid (MSA) was found 

to be internally mixed with anthropogenic particles including ship emissions and biomass 

burning particles.  Particles that were internally mixed with vanadium contained elevated 

levels of MSA suggesting that anthropogenic, metal-containing particles can catalyze the 

atmospheric processing of marine biogenic emissions.  Overall, the contents of this 
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dissertation provide insights into the role of biological activity, anthropogenic emissions, 

and subsequent atmospheric processing on the size-resolved mixing-state of marine 

aerosols.   
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Chapter 2 

 

2. Unique Ocean-Derived Particles Serve as a Proxy for Changes in 
Ocean Chemistry 

 

2.1 Synopsis 
 

Oceans represent a significant natural source of gases and particles to the 

atmosphere.  Relative to gas phase compounds, less is known regarding the influence of 

changes in biological activity in the ocean on the chemistry of sea spray aerosols 

produced in marine environments.  To gain insight into the influence of ocean biology 

and chemistry on atmospheric aerosol chemistry, simultaneous real-time measurements 

were made of atmospheric aerosol size and chemical mixing-state, gas phase dimethyl 

sulfide (DMS), as well as seawater DMS and chlorophyll a. In three different marine 

environments with elevated chlorophyll a and DMS, unique Mg particles were detected 

containing Mg2+, Ca2+, K+, and organic carbon.  These particles were segregated from sea 

salt particles highlighting that two subpopulations within the sea spray were being ejected 

from the ocean. Strong temporal correlations were observed between these unique ocean-

derived particles and freshly emitted sea salt particles (R2 = 0.86), particularly as wind 

speed increased to at least 10 m/s, and atmospheric DMS (R2 = 0.76).  Time series 

correlations between ocean measurements and atmospheric aerosol chemistry suggest 

that chlorophyll a and DMS serve as indicators of changes in the chemistry of the ocean, 

most likely an increase in organic material, which is directly reflected in the single 

particle mixing-state.  This is the first time such real-time correlations are shown between 
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ocean chemistry and atmospheric aerosol mixing-state.  The reasons behind these 

observed changes in aerosol chemistry are critical for understanding the heterogeneous 

reactivity, water uptake, and cloud forming potential of sea spray aerosols. 

 2.2 Introduction 
 

Aerosols influence global climate directly by scattering and absorbing incoming 

solar radiation and indirectly by acting as cloud condensation nuclei (CCN)  [Lohmann 

and Feichter, 2005; Poschl, 2005].  The size and chemical composition of aerosols 

influence whether particles can act as CCN and participate in cloud droplet formation 

[McFiggans et al., 2006; Quinn et al., 2008].  In the marine environment, biological 

activity has been proposed to change the chemical composition of marine aerosols 

through secondary oxidation reactions involving the gaseous compound dimethyl sulfide 

(DMS) formed from the enzymatic cleavage of phytoplankton-derived 

dimethylsulfoniopropionate (DMSP) [Andreae and Crutzen, 1997; Bates et al., 1992] 

and, more recently, by changing the chemical composition of primary sea spray aerosol 

[O'Dowd et al., 2004].  Sea spray particles are directly emitted to the atmosphere 

primarily from air bubbles formed by breaking waves [O'Dowd and De Leeuw, 2007].  

Bursting bubbles result in the formation of jet drops, which result from the breakup of the 

vertical jet of water that forms after the bubble cavity collapses, and the more numerous 

film drops, which result from the collapse of the thin film surrounding the bubble 

[Blanchard and Woodcock, 1957].  Bubble bursting can be enhanced by high wind 

velocities that increase whitecap production [Monahan et al., 1983] and by the impact of 

raindrops on the ocean surface [Marks, 1990].  In addition to sea salt, organic material 



43 
 

 

produced by marine biota can be ejected to the atmosphere from the bubble bursting 

mechanism.  As bubbles rise in the water column, they can scavenge surface active 

material including organic matter and marine organisms, which become enriched in 

ejected sea spray particles compared to bulk seawater [Aller et al., 2005; Blanchard, 

1964; Blanchard and Syzdek, 1970; Cloke et al., 1991; Duce and Hoffman, 1976; Zhou et 

al., 1998].  Oceanic biological activity provides a source of both organisms as well as 

organic material to the ocean [Aluwihare and Repeta, 1999; Passow, 2002; Zhou et al., 

1998], and thus can directly impact the chemical composition of sea spray particles.  A 

number of publications highlight the influence of biological activity on the chemical 

composition of marine aerosols through the enrichment of organic material, particularly 

in submicron particles [Bigg, 2007; Bigg and Leck, 2001; Bigg and Leck, 2008; 

Blanchard, 1964; Cavalli et al., 2004; Duce and Hoffman, 1976; Facchini et al., 2008; 

Keene et al., 2007; Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck and Bigg, 2008; 

Leck et al., 2002; Mayol-Bracero et al., 2001; Middlebrook et al., 1998; Novakov et al., 

1997; O'Dowd et al., 2004; Oppo et al., 1999; Russell et al., 2010; Yoon et al., 2007].  

Primary organic material resulting from bubble bursting is water insoluble in nature 

[Ceburnis et al., 2008; Leck and Bigg, 2005a; Facchini et al., 2008].  These primary 

organic particles are proposed to grow large enough to act as CCN through the 

condensation of DMS oxidation products potentially linking marine biota, sea spray 

aerosol, clouds, and climate [Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck and 

Bigg, 2007].   
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Exopolymeric secretions (EPS) represent one large source of organic material in 

the ocean.  EPS constitutes ~10% of the dissolved organic material (DOM) pool (7 x 1016 

gC) [Chin et al., 1998; Orellana et al., 2007; Orellana and Verdugo, 2003; Verdugo et 

al., 2008] that, unlike most DOM, is bioavailable making EPS one of the most significant 

contributors to the global carbon cycle [Verdugo et al., 2008].  EPS or microgels are the 

result of gel assembly/dispersion equilibria from dissolved polymers (namely 

polysaccharides, proteins, and lipids) [Chin et al., 1998; Verdugo et al., 2004; Wells, 

1998].  The polymer network of these microgels has been shown to be stabilized through 

ionic bonding with the use of divalent cations (Ca2+, Mg2+) [Chin et al., 1998; Verdugo et 

al., 2004; Wells, 1998]; the detection of EPS in the atmosphere has been highlighted in 

previous publications [Bigg and Leck, 2001; Bigg and Leck, 2008; Leck and Bigg, 2005a; 

Leck and Bigg, 2005b; Leck and Bigg, 2008; Leck et al., 2002].  Hence, in addition to 

being a source of organic carbon, atmospheric enrichment of inorganic ions associated 

with EPS could also occur in the marine environment.  However, in contrast to the 

observed enrichment of organic material, enrichment of inorganic ions in sea spray 

aerosol compared to bulk seawater has been difficult to discern particularly in ambient 

measurements.  The lack of conclusive evidence stems primarily from the inability of 

measurement methods to distinguish between inorganic ions directly ejected in marine 

particles versus input into the ocean from inorganic ions in atmospheric aerosols such as 

dust [Duce and Hoffman, 1976; Hoffman et al., 1980].  Hence, without being able to 

directly determine the origin of the particles (i.e. ocean vs. atmosphere), it is impossible 

to positively correlate changes in inorganic constituents in atmospheric aerosols with 

changes in ocean chemistry induced by biological activity.   
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Understanding how ocean-derived organic compounds and inorganic ions are 

distributed within individual sea spray particles (i.e. whether they are internally or 

externally mixed with other chemical compounds) is a requirement for properly assessing 

the heterogeneous reactivity, water uptake, and cloud nucleating abilities of marine-

derived particles.  Bulk, filter-based techniques collect chemical information over a 

relatively broad size range and provide an average picture of the ambient aerosol that 

may not be representative of any individual particles within the aerosol population.  

O’Dowd et al. [2004] hypothesized that the manner in which submicron organic material 

was mixed with sea spray aerosol would greatly impact the cloud droplet number 

concentration that could potentially be formed over the ocean during periods of high 

biological activity.  Single-particle techniques elucidate the chemical mixing-state of 

individual particles.  However, these measurements have been extremely scarce in marine 

environments.  Electron microscopy has been used in marine environments to detect both 

single particles composed of organic material and bacteria in the absence of sea salt as 

well as sea salt particles associated with surface active EPS [Bigg and Leck, 2001; Bigg 

and Leck, 2008; Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck and Bigg, 2008; Leck 

et al., 2002; Posfai et al., 2003]; real-time single particle mass spectrometry observed the 

presence of organic material internally mixed with sea salt particles [Middlebrook et al., 

1998].  No previous studies have simultaneously probed real-time changes in single 

particle chemistry and changes in ocean chemistry with high time resolution.   

Aerosol time-of-flight mass spectrometry (ATOFMS) measurements of marine 

aerosols were conducted during three field campaigns in the eastern Pacific Ocean, 
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Indian Ocean, and the western Pacific Ocean.  ATOFMS can be used to differentiate 

between particle sources (e.g. marine versus continental) and particle age (reacted versus 

fresh sea salt) [Guazzotti et al., 2001] as well as determine the chemical mixing-state (e.g. 

organics internally or externally mixed with sea salt) of individual particles in real-time 

[Noble and Prather, 1996].  Observations of marine aerosols in all of these campaigns 

reveal unique chemical fingerprints of ocean-derived particles during time periods 

influenced by increased levels of phytoplankton biomass (chlorophyll a) and/or DMS 

concentrations.  The ocean-derived individual particles described herein are characterized 

by an enrichment of Mg2+ and/or Ca2+, and organic carbon with K+.  We hypothesize that 

the detection of these particles in the marine atmosphere serves as a proxy for changes in 

ocean chemistry.  The atmospheric implications of these findings are discussed.   

2.3 Experimental 

2.3.1 Single-Particle Measurements Using Aerosol Time-of-Flight Mass 

Spectrometry 

ATOFMS measurements were made aboard the NOAA RV Ronald H. Brown 

during the Indian Ocean Experiment (INDOEX) in March 1999 [Lelieveld et al., 2001] 

and the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) from 

March-April 2001 [Huebert et al., 2003].  Ground-based measurements were made 

during the Cloud Indirect Effects Experiment (CIFEX) at the coastal site Trinidad Head, 

CA in April 2004.  The sampling inlet for all three studies was heated to control relative 

humidity (RH) at 55% [Bates et al., 2004].  The details of each of these campaigns can be 

found in Table 2.1 and the cruise tracks of ACE-Asia and INDOEX can be found in 
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Figure 2.1.  ATOFMS makes real-time measurements of the aerodynamic size and 

chemical composition of individual particles between 0.2-3 um diameter.  A full 

description of the instrument has been given previously [Gard et al., 1997; Prather et al., 

1994].  Briefly, aerosols are continuously pulled by vacuum into the instrument through a 

nozzle inlet and interface region, which collimates the particles into a narrow beam.  

Each particle passes through two continuous wave lasers (532 nm) separated by a known 

distance, producing scattered light signals, which are detected by two photomultiplier 

tube detectors.  The time taken for each particle to traverse between the laser beams 

provides a measure of the aerodynamic diameter of each particle.  The transit time and 

light signals are also used to trigger a third pulsed laser passing through the ion source 

region of a time-of-flight mass spectrometer.  When each sized particle arrives in the ion 

source region, a pulsed UV laser fires to induce laser desorption/ionization, producing 

positive and negative ion mass spectra for each particle.  The mass spectra show the 

chemical associations within each particle and can be coupled with the size information 

to derive size-resolved composition distributions of particles.  Size-resolved chemical 

composition was monitored continuously and subsequently averaged into 1-hour time 

bins; data is presented in this paper as day of year (DOY). 

The single particle mass spectra generated by this technique were imported into 

Matlab (The MathWorks, Inc.) using a software toolkit, YAADA [Allen, 2002].  An 

adaptive neural network (ART-2a), was used to classify particles based on the mass 

spectral peaks and intensities into distinct “clusters” indicative of particle sources and 

chemistry [Noble and Prather, 1996; Song et al., 1999].  Each ion peak assignment 
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Table 2.1:  Details of the INDOEX, ACE-Asia, and CIFEX field campaigns. 
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Figure 2.1:  Cruise tracks for INDOEX and ACE-Asia. 
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presented in this paper corresponds to the most likely ion produced at a given mass-to-

charge (m/z) (see Table 2.2).  Particle types described in this paper are defined by 

characteristic ion peaks and/or possible sources and do not reflect all of the compounds 

present within a particular particle class.   

2.3.2 Laboratory Bubble Bursting Experiments 

Natural seawater was collected on June 15, 2005 at the Scripps Institution of 

Oceanography pier and immediately used to generate sea spray aerosol particles in the 

laboratory.  The collected seawater sample was divided into two aliquots and particle 

generation was performed either by atomizing or bubbling the seawater solution.  The 

details of the apparatus used to generate sea spray aerosol through bubble bursting can be 

found in Moore et al. [2011].  Briefly, the apparatus consisted of a glass jar (ID ~ 70 mm, 

height~120 mm), L-shaped glass tube with a fritted glass head (size of frit: ID = 5 mm, L 

= 10 mm, maximum pore size = 25-50 um), and gas dispersion tube for particle carrier 

flow.  Approximately 150 mL of seawater was added to the glass jar and the fritted glass 

bubbler head was placed approximately 15 mm below the surface of the seawater.  A tube 

used to disperse the carrier gas was placed about 25 mm above the surface of the 

seawater sample.  Flow to the fritted glass bubbler head and carrier gas dispersion tube 

was regulated by mass flow controllers at 0.04 lpm and 1.0 lpm, respectively.  For the 

atomizing generation method, ~150 mL of seawater was used; the tip of the atomizer 

spraying head, where sample seawater was aspirated, was placed about 10-15 mm below 

the surface of the seawater.  To maintain the aspiration of seawater and subsequent 

atomizing, a flow rate of 1.1 lpm was used in this experiment.  The particle concentration 
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Table 2.2:  Assignments of ion peaks for a given mass-to-charge. 
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was reduced by subtracting 1.08 lpm of the atomizer output flow leaving only 0.02 lpm 

of the sample gas stream to reach the flow tube for further drying.  This modification also 

produced a particle concentration similar to that generated by bubbling and was done to 

avoid coincidence errors in the ATOFMS where one particle causes the first light 

scattering signal and a different, faster particle, causes the second light scattering signal.   

The generated sea spray droplets were then introduced to a glass flow tube (ID = 

48 mm, L=1500 mm) where RH was kept low (RH ~1-3% for atomizing and ~13-15% 

for bubbling) by the co-infusion of dry nitrogen gas (RH ~0%, 10 lpm for atomizing and 

5 lpm for bubbling).  The residence time of the gas stream in the flow tube was about 20-

30 seconds, which was long enough to dry the liquid sea spray droplets.  About 1 lpm of 

the airflow from the output of the flow tube was introduced to the ATOFMS.  The excess 

sample flow was monitored by a RH/temperature sensor (HMP-237, Vaisala, Helsinki, 

Finland).  Nitrogen gas was provided by a liquid nitrogen tank throughout the experiment 

and was filtered through a HEPA filter (HEPA capsule, Pall, NY, USA) to remove any 

particles.  The temperature of the nitrogen gas was kept constant (25°C) by passing the 

gas through a temperature-regulated water bath.  All experiments were conducted at room 

temperature.   

2.3.3 Chlorophyll a and DMS Measurements 

Measurements of DMS (seawater and atmospheric) were made during the ACE-

Asia and INDOEX field campaigns; chlorophyll a was only measured during INDOEX.  

Chlorophyll a is a proxy for phytoplankton biomass.  As stated earlier, DMS is produced 

from the enzymatic cleavage of DMSP.  It should be noted that the production of DMS is 
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highly species specific [Keller et al., 1989] and, as such, DMS concentrations are 

correlated with biological activity over large regional scales; however, DMS is typically 

poorly correlated with total phytoplankton biomass on smaller regional scales [Bates et 

al., 1994; Leck et al., 1990].  DMS concentrations also depend on complex biological and 

ecological processes [Bates et al., 1994; Leck et al., 1990] causing DMS to be a non-

conservative tracer of biological activity.   

Ambient air and seawater were analyzed for DMS concentrations using an 

automated collection/purge and trap system [Bates et al., 2000; Cooper and Saltzman, 

1993].  Air samples were pulled through a Teflon filter and tubing to the analytical 

system where 0.1 lpm of the 4 lpm flow were pulled through a KI solution in the 

analytical system to eliminate oxidant interferences. The air sample volume ranged from 

0.5 to 1.5 L depending on the DMS concentration.  Seawater samples were collected 

from the ship's seawater pumping system, which had an inlet located near the ship’s bow 

at a depth of approximately 4 m.  The samples were purged with hydrogen at 0.08 lpm 

for 5 min.  Water vapor in either the air or purged seawater sample stream was removed 

by passing the flow through a -25°C Teflon tube filled with silanized glass wool.  DMS 

was then trapped in a -25°C Teflon tube filled with Tenax.  At the end of the 

sampling/purge period, the coolant was pushed away from the trap and the trap was 

electrically heated allowing DMS to desorb onto a DB-1 mega-bore fused silica column 

where the sulfur compounds were separated isothermally at 50°C and quantified with a 

sulfur chemiluminesence detector.  System blanks were below detection limit.  Water 

samples are reported in units of nanomoles/liter (nM).  Air samples are reported in units 
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of parts-per-trillion by volume (ppt).  The mixing ratios were calculated at standard 

temperature (25°C) and pressure (1013 mbar) such that 1 nanomole/m3 equals 24.5 ppt.  

Continuous chlorophyll a measurements were made using a Turner 10-AU-005 

fluorometer with a flow-cell.  The distilled water blank (generally 4 mV) was subtracted 

from the remaining data (millivolt readings from 4 to 3000).  The detection limit 

(instrument resolution above zero) was 0.02 ug/L.   

2.4 Results and Discussion 

2.4.1 Chemical Composition of Particles in a Marine Environment 

   ATOFMS can be used to distinguish between the relative proportions of fresh and 

reacted sea salt particles in marine environments based on their characteristic mass 

spectra [Gard et al., 1998].  Representative mass spectra of reacted and fresh sea salt 

particles taken from the CIFEX field campaign are shown in Figure 2.2.  In addition to an 

intense sodium peak (23Na+), fresh, unreacted sea salt particle spectra contain intense 

chloride ions (81, 83Na2Cl+, 35, 37Cl-, 93, 95, 97NaCl2
-, etc.) in addition to smaller ion peaks 

from minor constituents such as 24Mg+, 39K+, 40Ca+, etc.  Reacted sea salt contains 

secondary components including nitrate (108Na2NO3
+, 46NO2

-, 62NO3
-) and sulfate 

(165Na3SO4
+, 97HSO4

-) formed by reactions of sea salt with acidic gases such as HNO3(g) 

and H2SO4(g), which heterogeneously displace chloride [Gard et al., 1998].  As such, 

distinctions between fresh and reacted particle types described herein are defined based 

on the relative intensities of chloride and nitrate peaks with fresh sea salt having more 

intense chloride peaks and reacted sea salt having more intense nitrate ion peaks.   
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Figure 2.2:  Mass spectra of individual particles representative of (a) reacted and (b) fresh 
sea salt. 
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Reacted sea salt occurs in marine regions with low wind speed as a background marine 

particle type and is typically not temporally correlated with freshly emitted sea salt 

particles.   

2.4.2 Chemical Composition of Particles in Regions with Elevated DMS and/or 

Chlorophyll a 

In addition to the fresh and reacted sea salt particles described above, particles 

measured in marine environments with elevated DMS and/or chlorophyll a revealed a 

unique and ubiquitous mass spectral signature containing Mg2+, Ca2+, K+, and organic 

carbon [Coffee, 2002].  It is important to note that these particles have not been detected 

in non-marine environments.  Their mass spectra contain intense peaks due to 24Mg+ 

and/or 40Ca+ as well as 39K+ and less intense organic ions (e.g. 27C2H3
+, 29C2H5

+, 41C3H5
+, 

43C2H3O+, 50C4H2
+) (see Figure 2.3a and 2.3b for example mass spectra from INDOEX).  

Many of these particles lacked negative ion spectra even when a heated inlet was used to 

control RH at 55% [Bates et al., 2004] during all three field campaigns.  Using laser 

desorption/ionization as the ionization technique, a lack of negative ion spectra indicates 

the presence of particle-phase water [Neubauer et al., 1997; Neubauer et al., 1998].  In 

contrast, sea salt particles typically produced both positive and negative ion spectra at the 

same RH, indicating that these unique particles have hygroscopic properties that differ 

from pure sea salt.  Since Mg was often observed as the most intense ion in these ocean-

derived particles, we refer to these particles herein as Mg-type particles.  The mass 

spectral characteristics used to define the Mg-type particles (e.g. intense ion signal from 
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Figure 2.3:  Top (a) and bottom (b) panel show mass spectra of individual representative 
Mg-type particles containing 24Mg+, 39K+, 40Ca+, and organic carbon. 



58 
 

 

24Mg+ and/or 40Ca+ as well as 39K+, lower intensity ion signals from organic carbon 

peaks, and a lack of negative ion spectra) were common across all three field campaigns.   

The Mg-type particles observed in marine environments are chemically distinct 

from sea salt and continental sources such as dust.  In sea salt particles, the dominant 

peak is typically 23Na+ rather than 24Mg+ (see Figure 2.2b) [Gross et al., 2000; Guazzotti 

et al., 2001] due to the higher concentration of Na+ in seawater and also due to the lower 

ionization potential of Na versus Mg (5.14 eV versus 7.65 eV) [Lide, 2009] [Gross et al., 

2000].  However, the ratio of 23Na+ to 24Mg+ present in the Mg-type particles is reversed 

indicating that these particles represent a distinct aerosol population.  Most Mg-

containing dust particles also produce 27Al+ and 56Fe+ along with silicate peaks in the 

negative ion spectra [Silva et al., 2000] (see Figure 2.4 for comparison). These peaks are 

absent from these marine Mg-type particles.   

Further evidence that Mg-type and sea salt particles represent distinct sea spray 

aerosol populations is shown during CIFEX where Mg-type particles were enhanced in 

smaller particle sizes compared to sea salt particles.  ATOFMS has known transmission 

biases based on the inlet design that affect the raw number size distribution obtained with 

the instrument [Allen et al., 2000; Dall'Osto et al., 2006]; however, number 

concentrations obtained from ATOFMS can be corrected using a scaling factor derived 

from a sizing instrument such as an aerodynamic particle sizer (APS) to obtain accurate 

particle counts for discrete size bins [Qin et al., 2006].  Since the lower limit of the APS 

is 0.5 um, ATOFMS counts are only scaled down to this size even though the nozzle inlet 

ATOFMS can analyze particles down to 0.2 um.  Figure 2.5 shows scaled particle 
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Figure 2.4:  Positive ion mass spectra of representative (a) sea salt and (b) dust particles. 
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Figure 2.5:  Number size distributions for Mg-type (green line) and sea salt (blue line) 
particles sampled at 55% RH during CIFEX.  Particle counts have been scaled using an 
aerodynamic particle sizer (APS) to account for transmission biases in the ATOFMS.  
Particle counts have been normalized to total counts per size bin to show the relative 
fractions of scaled counts per size.   
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number counts normalized to the total particle counts per size range taken over several 

days during CIFEX for the two different particle types.  As shown, sea salt particles peak 

in the supermicron size mode while Mg-type particles peak in the submicron size mode.  

We note that the observation of the Mg-type particles in smaller sizes compared to sea 

salt was observed for CIFEX; however, some variability in this result is expected for 

other studies.  The enhancement in Mg-type particles in smaller sizes depends on 

conditions that affect the formation of this particle type such as wind speed; further 

research will be done to verify these results for differing oceanic and meteorological 

conditions.   

The  particle types described in this paper contain intense inorganic peaks (e.g. 

Mg2+, Ca2+, K+); however, in the ATOFMS, the presence of inorganic ions in low relative 

abundance (< 1-2%) along with water can suppress ion signal intensities particularly for 

some organic compounds, making the particles appear mostly inorganic [Gross et al., 

2000].  Thus, it is likely that the overall increase in absolute Mg2+ mass from these 

particles is quite small and the particles contain a significant amount of organic material.  

Further support for this is given during the North Atlantic Marine Boundary Layer 

Experiment (NAMBLEX) [Heard et al., 2006] when Mg-type particles detected using 

ATOFMS and high organic mass concentrations detected by aerosol mass spectrometry 

(AMS) were observed simultaneously in a pristine marine region at Mace Head 

[Dall'Osto et al., 2005].  In these same marine regions where Mg-type particles are 

present, the number of total submicron particles that scatter light but are not chemically 

analyzed by ATOFMS increases.  At this juncture, we can only hypothesize that these 
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particles are composed of long chain hydrophobic organic species that do not absorb the 

266 nm radiation.  Overall, these observations suggest that the Mg-type particles detected 

online by the ATOFMS could serve as a proxy for an increase in carbonaceous material 

in the ocean in the dissolved and particulate phase, that are transferred to the atmosphere 

through bubble bursting.   

2.4.3 Evidence of an Oceanic Source for Mg-type Particles 

If the Mg-type particles represent fresh, oceanic emissions rather than continental 

emissions, they should be temporally correlated with fresh sea salt particles. 

Measurements carried out during the CIFEX field campaign in Trinidad Head on the 

northern California coast exhibited relatively clean marine background sampling 

conditions over several days allowing for direct comparison between fresh sea salt and 

Mg-type particles.  Before the campaign began, a rain event occurred on DOY 90 causing 

the percentage of reacted sea salt (indicated by the presence of nitrate ions) to decrease 

from 70-90% of the sea salt particles to 20%, whereas fresh sea salt increased to ~60% 

and a subsequent increase in the percentage of Mg-type particles also occurred.  The 

increase in Mg and fresh sea salt particles mostly likely occurred because of an 

enhancement in the bubble bursting mechanism induced by high winds (reaching up to 

~20 m/s) [Monahan et al., 1983] and raindrops impacting the ocean surface [Marks, 

1990].  To further probe whether a primary, oceanic source was responsible for the 

detection of Mg-type particles, the time series of Mg-type particles, fresh sea salt, reacted 

sea salt, and wind speed was compared for DOY 104-114 (Figure 2.6a).  As shown in 

Figure 2.6, the time-series of the Mg-type particles were strongly correlated (R2 = 0.86) 



63 
 

 

 

Figure 2.6:  (a) Hourly time series of ATOFMS measurements showing the evolution of 
fresh, unreacted sea salt particles (blue line), Mg-type particles (green line), reacted sea 
salt particles (red line), and wind speed (black dotted line) during CIFEX.   Scatter p lots 
of particle counts show correlations between (b) Mg-type and freshly ejected sea salt 
particles and (c) Mg-type and reacted (background) sea salt particles. 
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with that of freshly ejected sea salt particles (Figure 2.6b) particularly as the wind speed 

increased to at least 10 m/s; conversely, Mg-type particles were not correlated with 

reacted sea salt particles (R2 = 0.05) (Figure 2.6c) or with dust particles (R2 = 0.04) 

suggesting that Mg-type particles represent freshly emitted particles from the ocean via 

bubble bursting.   

2.4.4 Temporal Correlations of Mg-type Particles with DMS and Chlorophyll a 

   During the INDOEX field campaign, measurements of atmospheric and seawater 

DMS and chlorophyll a concentrations were made concurrently with ATOFMS 

measurements.  Figure 2.7 shows a time-series of changes in Mg-type particles, dust 

particles, atmospheric DMS, and chlorophyll a as a function of cruise track during 

INDOEX.  As the ship passed through the Intertropical Convergence Zone (ITCZ) and 

moved into the southern Indian Ocean, higher levels of chlorophyll a were observed in 

addition to high concentrations of DMS, both atmospheric and oceanic (see Figure 2.7) 

[Kumar et al., 2002; Shenoy et al., 2002].  Continental particle types were not transported 

across the ITCZ [Norman et al., 2003], as shown in Figure 2.7, where the percentage of 

dust particles reached zero at the southern-most point of the cruise.  Overall, these 

observations suggest that particles encountered in the southern Indian Ocean were 

exclusively of marine origin.  During the beginning of the cruise on DOY 74-76, fresh 

sea salt constituted up to ~60% of the particles; however, Mg-type particles were 

typically < 1% of the detected particles highlighting the observation that Mg-type 

particles are not always present in marine environments.  Mg-type particles increased 

from 0% of the particles north of the ITCZ up to 14% of the particles south of the ITCZ 
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Figure 2.7:  Percentages of Mg-type particles (upper left panel), chlorophyll a 
concentrations (upper right panel), dust particles (lower left panel), and atmospheric 
DMS concentrations (lower right panel) as a function of cruise position during INDOEX. 
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during periods when wind speeds increased up to 12 m/s (see Figure 2.8) and as 

atmospheric DMS and chlorophyll a concentrations rose.  Interestingly, unique S-ions 

were also detected in the southern Indian Ocean during periods of elevated Mg-type 

particles.  This unique particle type will be the subject of a future publication by our 

group (C.J. Gaston et al., manuscript in preparation, 2011a).  Figure 2.9 shows the 

correlations between Mg-type particles and dust observed by ATOFMS, atmospheric 

DMS, and chlorophyll a.  Mg-type particles were found to be anti-correlated with dust 

particles supporting their marine rather than continental origin.  Mg-type particles were 

found to have a strong, positive correlation with atmospheric DMS (R2 = 0.76), a positive 

correlation with seawater DMS (R2 = 0.48), and a weak positive correlation with 

chlorophyll a (R2 = 0.25).  Similar correlations between atmospheric DMS and Mg-type 

particles (R2 = 0.54) were also observed during ACE-Asia in 2001 on DOY 82-84 when 

clean marine conditions were encountered, as indicated by air mass back-trajectories and 

low radon concentrations [Bates et al., 2004].  Chlorophyll a was not measured during 

ACE-Asia.  Overall, these correlations between Mg-type particles, atmospheric DMS, 

and chlorophyll a concentrations suggest that the Mg-type particles are detected due to 

changes in ocean chemistry associated with biological activity.   

2.4.5 Laboratory Investigations of Ocean-Derived Particles via Bubble Bursting 

In order to better understand the differences in marine particle signatures 

observed in the ambient measurements, laboratory investigations were performed.  Figure 

2.10 shows the percentages of the different particle types formed by bubbling and 

atomization generation methods, using the same seawater sample collected at the Scripps 
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Figure 2.8:  Left panel shows one hour resolution time series of Mg-type particles 
(green), dust particles (brown line), wind speed (grey line), atmospheric DMS 
concentrations (black asterisks), seawater DMS concentrations (purple crosses), 
chlorophyll (blue line), and latitude (dotted orange line) observed during the INDOEX 
cruise aboard the RV Ronald Brown.   Right panel shows a representative 48-hour 
HYSPLIT back trajectory during the INDOEX cruise taken at 2500 m (green line), 1000 
m (blue line), and 500 m (red line). 
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Figure 2.9:  Correlation plots between Mg-type particles and chlorophyll a concentrations 
(upper left panel), Mg-type particles and dust particles (upper right panel), Mg-type 
particles and seawater DMS concentrations (lower left panel), and Mg-type particles and 
atmospheric DMS concentrations (lower right panel) measured during INDOEX. 
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Institution of Oceanography pier.  While sea salt is formed using both methods, the main 

difference is the enhancement in the percentage of Mg-type particles (light and dark 

green traces) when the seawater was bubbled (Figure 2.10a) rather than atomized (Figure 

2.10b).  This agrees with previous findings that the physicochemical properties of sea 

spray aerosol depend on the aerosol generation technique [Fuentes et al., 2010a].  The 

likely explanation for the increase in Mg-type particles when seawater is bubbled rather 

than atomized is that bubbles scavenge organic material along with any associated 

inorganic ions causing these compounds to be enriched in individual particles produced 

when the bubbles burst.  Additional laboratory studies have been conducted to further 

characterize the single particle composition of sea spray aerosol using ATOFMS and are 

the focus of a future publication by our group (C.J. Gaston et al., manuscript in 

preparation, 2011b).  While these laboratory studies demonstrate that Mg-type particles 

can be produced by bubble bursting using this particular set-up, this laboratory set-up 

may not be representative of the full complexity of sea spray aerosol generation under 

ambient oceanic conditions.  Current efforts are underway in our group to test how 

different sea spray generation methods affect the chemistry of wave and bubble generated 

sea spray aerosols. 

2.4.6 Impact of Chemical Segregation on Single-Particle Mixing-State 

The term chemical fractionation in marine aerosols typically describes the 

situation where certain chemical compounds exhibit higher concentrations relative to Na 

within atmospheric aerosols compared to the same ratio of ions in bulk ocean water 

[Duce and Hoffman, 1976; Hoffman and Duce, 1972].  While the transfer and enrichment 
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Figure 2.10:  Differences in particle chemistry of (a) bubbled and (b) atomized natural 
seawater collected from the surface of the ocean at the Scripps Institution of 
Oceanography pier. 
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of organic material is well documented [Blanchard, 1964; Duce and Hoffman, 1976], 

uncertainty remains regarding the enrichment of inorganic ions (i.e. Mg2+, Ca2+) owing to 

the difficulty in distinguishing between marine, continental, and anthropogenic sources 

(e.g. Mg associated with organics and biological material vs. Mg in soil dust vs. Mg in 

sea salt) [Duce and Hoffman, 1976; Hoffman and Duce, 1977; Hoffman et al., 1980].  

One of the primary goals of this study is to use a single particle technique to probe 

whether chemical segregation of organic and inorganic ions occurs during the bubble 

bursting process.   

One question that arises is whether the unique Mg signature could be due to 

chemical fractionation occurring in the instrument.  Fractional recrystallization has been 

postulated to occur when sea spray particles are dried out causing compounds with 

different solubilities to recrystallize and shatter creating particles with inorganic 

concentrations that differ from bulk seawater [Mouri et al., 1997; Mouri and Okada, 

1993].  While composition dependent chemical fractionation within the instrument is 

possible, it is highly unlikely due to the following reasons.  First, the sampling mast for 

these studies was conditioned to 55% RH and in the standard ATOFMS nozzle inlet used 

for these studies, the particles undergo minimal evaporation as they are only under 

vacuum for < 1 ms before they are analyzed; hence, chemical fractionation due to 

efflorescence within the instrument is an unlikely explanation for the presence of these 

particle types.  Second, if segregation were occurring for sea salt particles in the single 

particle mass spectrometer, then Mg-type particles should be present during all time 

periods in marine environments when sea salt particles are detected; as discussed, this is 
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not the case particularly during INDOEX when Mg-type particles increased only as 

chlorophyll a and DMS concentrations increased. This observation is consistent with 

other studies.  Finally, laboratory investigations show that Mg-type particles were 

significantly enhanced when seawater was bubbled rather than atomized.  If chemical 

fractionation were occurring within the instrument, then similar percentages of Mg-type 

particles should have been detected regardless of the aerosol generation technique used.    

Instead, we hypothesize that distinct sea spray particle populations at the single 

particle level form, as ocean-derived Mg-type and fresh sea salt in different particle 

populations, when changes in ocean chemistry occur.  Single particle analysis provides 

direct insight into the presence of these individual populations, information that is not 

apparent from techniques that average the composition of sea spray particles into a single 

average chemical composition (see Figure 2.11).  Different sea spray aerosol populations 

have been shown by electron microscopy where organic-rich particles lacking sea salt 

were detected [Bigg and Leck, 2001; Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck 

and Bigg, 2008; Leck et al., 2002].  However, this study is the first to show real-time 

temporal correlations between changes in ocean chemistry (i.e. DMS and chlorophyll a) 

with changes in the mixing-state of sea spray aerosols.  It is important to understand the 

factors leading to these chemical differences as they will impact the heterogeneous 

reactivity, water uptake, and cloud forming abilities of sea spray aerosols.   

2.4.7 Potential Sources of Mg-type Particles 

   The Mg-type particles could result from EPS, cell debris or fragments, viruses, 

bacteria, or organics released by lysed cells.  As stated previously, divalent cations such 
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Figure 2.11:  Traditional filter (bulk) analysis shows the same seawater and air 
concentrations of Mg2+, Ca2+, and K+ by assuming all particles have the exact same 
composition (left). Single particle analysis can reveal distinctions in sea spray aerosol 
populations (right).   
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as Mg2+ and Ca2+ have been shown to facilitate the formation of microgels [Chin et al., 

1998; Verdugo et al., 2004; Wells, 1998] and, thus, could be responsible for the detection 

of Mg-type particles by ATOFMS.  If the origin of the Mg-type particles is due to the 

association of Mg2+ with organic material, then periods with enhanced organic material in 

the ocean, such as when ocean biota is present, could enhance the detection of this 

particle type.  The bubble bursting process is known to lyse cells [Cherry and Hulle, 

1995] potentially releasing organics and/or chlorophyll a into the water column that could 

be the source of enhanced organic material and Mg2+ in the particle phase.  Furthermore, 

Mg2+ has been shown to deprotonate and associate with the polar head groups of surface 

active fatty acids creating a particle interface rich in Mg2+ and organics [Casillas-Ituarte 

et al., 2010].  The Mg-type particles detected by ATOFMS could, thus, primarily reflect 

an organic-rich particle coating when water insoluble organic material is present in sea 

spray aerosols.  While the exact mechanism and source of the Mg-type particles are 

unknown, it is clear that chemical segregation appears to be occurring during the bubble 

bursting process in areas with increased organic material. 

2.5 Conclusions 

Unique ocean-derived particle types enriched in organic carbon and Mg2+ and/or 

Ca2+ were detected by ATOFMS in marine environments.  These particles were observed 

to increase during periods of elevated DMS and/or phytoplankton biomass, as measured 

by chlorophyll a concentrations, suggesting that the observation of these particles 

accompanies changes in ocean chemistry due to biological activity providing an 

unambiguous link between changes in ocean chemistry and sea spray aerosol chemistry.  
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The Mg-type particles were externally mixed from sea salt particles providing evidence 

of chemical segregation occurring at the single-particle level, which is in agreement with 

other off-line electron microscopy single sea spray particle measurements including those 

of Bigg and Leck [2008].  The characteristic spectra of these particle types can be 

reproduced experimentally by bubbling seawater solutions.  The bubbling mechanism is 

known to scavenge organic material and microorganisms from the water column resulting 

in enriched levels of organic material in sea spray aerosol relative to bulk seawater.  It is 

likely that the Mg-type particles are associated with the scavenged organic material 

and/or microorganisms.  Potential sources for these particles include microgels stabilized 

by divalent cations (e.g. Ca2+ and Mg2+), structural changes in sea spray aerosol due to 

the presence of surface active fatty acids bound to Mg2+, cell debris or fragments, viruses, 

bacteria, or organics released by lysed cells.  Future research will be conducted to directly 

link these Mg-type particles to particular organic compounds including EPS, primary 

production, and particular phytoplankton species.  Measurements of marine aerosols have 

demonstrated a peak in number concentration at sizes of ~0.1 um and below  [Fuentes et 

al., 2010a; Fuentes et al., 2010b; Martensson et al., 2003; Sellegri et al., 2006; Tyree et 

al., 2007].  Particle measurements presented in this paper have a lower limit of 0.2 um; 

however, the Mg-type particles described herein most likely extend to smaller sizes.  We 

also hypothesize that the Mg-type particles described herein serve as a proxy for the 

production of particulate organic carbon in single particles associated with biological 

activity, which has also been shown to contribute to particles < 0.2 um [Bigg and Leck, 

2001; Bigg and Leck, 2008; Leck and Bigg, 2005a; Leck and Bigg, 2005b; Leck and Bigg, 

2008; Leck et al., 2002].  Current efforts are underway in our group to determine the 
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lower size limit of this unique particle type.  If the enhanced Mg in these particles is due 

to organic and Mg2+ enrichment particle interface, this has implications for reactivity, 

hygroscopicity, optical properties, and ice and cloud nucleating abilities, which will be 

quite different from traditional sea salt particles.  These findings provide further support 

for how changes in ocean chemistry induced by biological processes can impact particle 

chemistry and, possibly, cloud formation. 
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Chapter 3 

 

3. Direct Ejection of Particle Phase Sulfur Species from the Ocean to 
the Atmosphere 

 

 3.1 Synopsis 

The influence of biological activity in the ocean on the chemical composition of 

sea spray, clouds, and climate remains poorly understood.  The production and transfer of 

gas phase dimethyl sulfide (DMS) from the ocean to the atmosphere represents a well-

documented biogenic process that influences both particle chemistry and number 

concentrations, as well as cloud formation processes in marine environments.  However, 

the direct transfer of biogenic sulfur in the particle phase from the ocean to the 

atmosphere represents an area that remains largely unexplored.  Here we show evidence 

for the direct ejection of oceanic particles containing elemental sulfur ions (32S+, 64S2
+) 

into the marine atmosphere in seven different marine environments, as documented with 

on-line single particle mass spectrometry measurements.  In studies with coupled ocean-

atmosphere measurements, seawater chlorophyll concentrations were elevated in the 

same locations, suggesting a link between these S-rich particles and biological activity.  

Interestingly, these particles only appeared at night and comprised up to ~67% of the 

detected aerosol number fraction, primarily in the supermicron size range.  These S-rich 

particles were detected along the California coast, across the northern and southern 

Pacific Oceans, and in the southern Indian Ocean, highlighting their global significance.  

Generation of primary sea spray from seawater obtained off the coast of southern 
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California confirm that these sulfur-containing particles are indeed being directly ejected 

from the ocean, adding a new and potentially important pathway for global sulfur cycling 

induced by marine biota.    

3.2 Introduction 

Aerosols influence global climate directly by scattering and absorbing incoming 

solar radiation and indirectly by acting as cloud condensation and ice nuclei; both particle 

size and composition play key roles that shape the radiative properties of aerosols 

[Lohmann and Feichter, 2005; Poschl, 2005].  In the marine environment, sulfur-

containing compounds, namely sulfate, are key components of sea spray aerosols 

influencing both the aerosol direct and indirect effects [Fitzgerald, 1991].  Understanding 

the production of sulfur-containing compounds via the marine sulfur cycle is, therefore, 

important for understanding the radiative properties of sea spray aerosols [O'Dowd et al., 

1997].  Primary sea spray aerosol, consisting of both sea salt and biologically-produced 

organic material, is emitted from the ocean to the atmosphere via bursting bubbles 

generated from breaking waves [O'Dowd and De Leeuw, 2007].  Primary emissions 

contribute sea salt sulfate to sea spray aerosol; however, most sulfur-containing 

compounds found in sea spray aerosol derive from secondary sources, generated from 

gas-to-particle processes.  In the marine atmosphere, most of the secondary sulfur-

containing compounds are formed from biogenic gases such as dimethyl sulfide (DMS) 

produced by the enzymatic cleavage of the phytoplankton-excreted product 

dimethylsulfoniopropionate (DMSP).  Once in the atmosphere, DMS is oxidized to form 

sulfur-containing compounds (e.g. sulfuric acid, methanesulfonic acid, etc), which can 
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either condense onto pre-existing particles or nucleate new particles potentially impacting 

both particle chemistry and number concentrations in the marine environment [Barnes et 

al., 2006; Charlson et al., 1987; O'Dowd and De Leeuw, 2007; O'Dowd et al., 1997].  In 

addition to DMS, the biogenic marine sulfur cycle contributes additional reduced gas-

phase species to the atmosphere such as methanethiol (CH3SH), carbon disulfide (CS2), 

carbonyl sulfide (OCS), and hydrogen sulfide (H2S) that can potentially contribute 

secondary sulfur-containing compounds to sea spray [Andreae, 1990; Kettle et al., 2001]. 

Marine biogenic sulfur has, thus, been found to contribute secondary sulfur-containing 

compounds to marine aerosols; however, it is unknown whether biogenic sulfur species 

can be directly emitted on primary marine particles.   

Herein, we present real-time, single-particle measurements during seven field 

campaigns conducted in different marine environments; these measurements revealed the 

presence of unique sulfur species in the particle phase that were not formed by standard 

DMS oxidation chemical pathways. Shipboard measurements were conducted during the 

Indian Ocean Experiment (INDOEX) from January-March 1999 [Lelieveld et al., 2001], 

the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) from 

March-April 2001 [Huebert et al., 2003], the California Cooperative Oceanic Fisheries 

Investigation (CalCOFI) in November 2004 [Furutani et al., 2008], the South Pacific 

Ocean Research Activity (SORA) field campaign from January-March 2009 

(http://www.jamstec.go.jp/j/jamstec_news/sora2009/index.html), and the CalNex field 

campaign from May-June 2010 (http://www.esrl.noaa.gov/csd/calnex/).  Ground-based 

measurements were conducted during the Cloud Indirect Effects Experiments (CIFEX) at 

http://www.jamstec.go.jp/j/jamstec_news/sora2009/index.html�
http://www.esrl.noaa.gov/csd/calnex/�
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a coastal site in Trinidad Head, CA in April 2004 and on the Scripps Institution of 

Oceanography (SIO) pier from August-October 2009.  Table 3.1 provides experimental 

details for all seven field campaigns including the start and stop dates, the latitudinal and 

longitudinal ranges, the relative humidity (RH) of the sampled aerosol, the ocean basin 

the study took place in, and the research platform the measurements were performed on.  

Figure 3.1 shows the locations where these unique sulfur species were detected in 

addition to the percentage detected during the shipboard studies as a function of cruise 

track; S-type particles were found to represent between ~5-67% of detected particles, by 

number, highlighting the importance and high abundance of these unique particles in 

marine environments.   

3.3 Methods 

Measurements were conducted using ATOFMS during seven different field 

campaigns in marine environments.  The relative humidity (RH) of the sampled aerosol 

during four of the studies (INDOEX, ACE-Asia, CIFEX, and CalNex) was controlled to 

55% using a heated inlet [Bates et al., 2004]; during the SIO Pier 2009 and SORA 

campaigns, the RH was maintained at 15-30% using one silica gel drier.  The RH of the 

sampled aerosol was not conditioned during the CalCOFI field campaign.  The standard 

nozzle inlet ATOFMS [Gard et al., 1997], which sizes and chemically analyzes particles 

in the 0.2-3 µm size range, was used for all field campaigns except for SORA, where an 

ATOFMS using an aerodynamic lens inlet was operated in the 0.1-2.0 µm size range [Su 

et al., 2004].  The operating principles of the ATOFMS have been previously described 

[Gard et al., 1997; Su et al., 2004].  Briefly, atmospheric particles are pulled into a 
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Table 3.1:  Experimental conditions during the seven field campaigns used to 
characterize the S-type particles described in the manuscript. 
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Figure 3.1:  Percentages of S-type particles (colored dots) are shown as a function of 
cruise track (grey dots) for the INDOEX, ACE-Asia, CalCOFI, SORA, and CalNex field 
campaigns.  The locations of the ground-based CIFEX and SIO Pier campaigns are also 
shown (bottom, right panel). 
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vacuum chamber though the sampling inlet.  Particles enter the light scattering region 

consisting of two continuous wave (532 nm) scattering lasers where the time taken to 

traverse the laser beams is recorded giving the terminal velocity of the particle, which is 

used to calculate the aerodynamic diameter of the particle.  The transit time is also used 

to fire a Q-switched Nd:YAG laser that desorbs and ionizes the particles simultaneously 

creating positive and negative ions, which are analyzed in a dual-polarity time-of-flight 

mass spectrometer.  Mass spectra are imported into Matlab (The MathWorks, Inc.) using 

a software toolkit, YAADA [Allen, 2002], and clustered together based on similarities in 

ion peaks and ion intensity using an adaptive-resonance neural network (ART-2a) [Song 

et al., 1999].  Each ion peak assignment presented in this paper corresponds to the most 

likely ion produced at a given mass-to-charge (m/z).  Size resolved chemical 

composition was monitored continuously and subsequently averaged in 1-hour time bins 

for the data presented in this paper. 

3.4 Results and Discussion 

3.4.1 Characteristics of Sulfur-Containing Particles 

Real-time, single-particle measurements using an aerosol time-of-flight mass 

spectrometer (ATOFMS) [Gard et al., 1997] measured sulfur ions (m/z 32S+ and 64S2
+) 

[Coffee, 2002] in particles unique to marine environments.  As shown in Figure 3.2a, the 

sulfur-rich particles (S-type particles) are characterized by a 64S2
+ peak that is more 

intense than the 32S+ peak; additional peaks shown in Figure 3.2a include 30NO+, which 

could be due to the presence of marine nitrogen species, and less intense peaks from 

inorganic ions (23Na+, 24Mg+, 39K+, 40Ca+) and organic ions (12C+, 27C2H3
+, 43C2H3O+) 
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Figure 3.2:  Representative average mass spectra of (a) S-type particles containing 
intense elemental sulfur ions (32S+, 64S2

+), (b) a Mg-type particle internally mixed with 
elemental sulfur ions, (c) a sea salt particle internally mixed with elemental sulfur ions, 
and (d) an S-type particle observed during a nighttime bubble bursting experiment 
conducted during CalNex onboard the R/V Atlantis. 
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typical of marine-derived particles measured by ATOFMS [Gaston et al., 2011].  It is 

also possible that the ion peak at m/z +64 could be due to SO2
+, however, this can be 

ruled out by examining the relative isotopic abundance pattern for the ion peaks m/z +64, 

+65, +66, and +68, which matches S2
+

 but not SO2
+.  Another unique feature of these 

particles is the lack of negative ion spectra on the majority of S-type particles indicating 

the presence of tightly bound particle phase water, which suppresses negative ions 

produced by laser desorption/ionization [Neubauer et al., 1997; Neubauer et al., 1998]. 

Common sulfur-containing compounds do not account for the observed elemental 

sulfur ions. While ATOFMS studies frequently detect sulfur-containing species in the 

marine environment including sulfate, sulfite, hydroxymethanesulfonate, and 

methanesulfonate, these species are detected as negative ions at 97HSO4
-, 80SO3

-, 

111CH3SO4
- and 95CH3SO3

-, respectively [Gaston et al., 2010; Silva and Prather, 2000; 

Whiteaker and Prather, 2003], and do not produce positive sulfur ions (see Figure 3.3).  

Figure 3.3 shows a comparison of spectra containing sulfate and MSA while the bottom 

panel shows a mass spectrum of the S-type particles described in this manuscript.  The 

appearance of elemental sulfur ions (32S+, 64S2
+) cannot be explained by the fragmentation 

of other S-containing species commonly found in sea spray aerosols such as 

methanesulfonate (MSA) (95CH3SO3
-) or sulfate (97HSO4

-) [Gaston et al., 2010].  It is 

thus likely these sulfur ions arise from a reduced form of sulfur.  To test this hypothesis, 

sulfur-containing standards commonly found in the ocean including the amino acids 

cysteine and methionine, glutathione (oxidized and reduced), dimethyl sulfide (DMS), 

dimethylsulfoniopropionate (DMSP), which is the precursor for DMS, elemental sulfur, 
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Figure 3.3:  Comparison of representative mass spectra of particles containing 
methanesulfonate (MSA) and sulfate (top panel) and the S-type particles described in the 
manuscript (bottom panel). 

 



97 
 

 

and a saturated hydrogen sulfide solution were chemically analyzed.  Cysteine, 

methionine, glutathione (oxidized and reduced), and DMS were obtained from Sigma 

Aldrich and were at least 97% pure.  DMSP was obtained from Research Plus, Inc.  

Elemental sulfur (99.5% purity) was obtained from Acros Organic.  A saturated solution 

of hydrogen sulfide containing 0.4 g hydrogen sulfide (99.5% purity) in 100mL water 

was obtained from Ricca Chemical Company.  Solutions of ~25mg of each compound in 

~150mL of milli-Q water (> 18.2 MΩ) were prepared.  The point of these standards was 

to obtain qualitative information regarding the elemental sulfur ions detected by 

ATOFMS.  The solutions were then atomized using a custom-made set-up and the 

generated particles were dried to a relative humidity of < 10% using two diffusion silica 

gel driers.  The dried particles were then chemically analyzed using ATOFMS; at least 

100 particles were analyzed for each compound.  Figure 3.4 shows representative spectra 

of each of the standard compounds used.  Only the elemental sulfur standard and the 

hydrogen sulfide solution, which precipitates elemental sulfur due to the reaction of 

H2S(g) with dissolved oxygen in water, reproduced the elemental sulfur ion peaks (32S+ 

and 64S2
+) found in ambient spectra.  This provides strong evidence that the S-type 

particles arise from compounds containing a reduced form of sulfur, including organic 

sulfur-containing compounds, rather than oxidized sulfur compounds.  In contrast to 

ambient S-particles, the spectra produced by both standards also produced sulfur peaks in 

the negative ion spectra (see Figure 3.4).  One possible explanation is that ambient S-type 

particles are associated with other species (e.g. Mg2+)/particle types that retain water 

more than the particles generated from standards in the lab; however, further studies are 

required to confirm this hypothesis.   
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Figure 3.4:  Representative mass spectra of (a) cysteine, (b) methionine, glutathione (c) 
oxidized and (d) reduced, (e) DMS, (f) DMSP, (g) elemental sulfur, and (h) hydrogen 
sulfide.  Spectra only showing positive ions produced no negative ion spectra.   
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3.4.2 Evidence for the Primary Formation of S-type Particles 

 In addition to their associations with S-type particles, sulfur ions were also found 

internally mixed on other particle types (Figures 3.2b-c). Low intensity sulfur peaks were 

frequently internally mixed with Mg-type particles containing intense 24Mg+ and/or 40Ca+ 

(Figure 3.2b), which have also been shown to be produced in marine regions with 

elevated chlorophyll a [Gaston et al., 2011].  Mg-type particles were found to be strongly 

bound to particulate water and, as such typically lack negative negative ion spectra at 

55% RH [Gaston et al., 2011]; thus, association of sulfur ions with this particle type 

could explain the lack of negative ion spectra observed for S-type particles.  Sulfur ions 

were also occasionally found on sea salt particles (23Na+) (Figure 3.2c).  To probe 

whether these S ions were enriched on the particle surface or not, the ratio of 24Mg+/32S+, 

24Mg+/64S2
+, 23Na+/32S+ and 23Na+/64S2

+ were compared for different total ion intensities 

(“low”, “medium”, and “high”).  Using laser desorption/ionization, ion peaks that are 

more intense at lower total ion intensities and lower laser fluencies have been shown to 

be concentrated on the particle surface [Zelenyuk et al., 2008].  As shown in Figure 3.5, 

the ratios of 23Na+ and 24Mg+ to 32S+ and 64S2
+ were lower at lower total ion intensities 

suggesting that 32S+ and 64S2
+ are found on the surface of the particles.  The fact that 

sulfur ions were found exclusively on primary, ocean-derived particle types (e.g. sea salt, 

Mg-type particles), even though particle types from other sources (e.g. soot, organic 

carbon, etc.) were present in the same air masses, supports the hypothesis that sulfur was 

directly ejected from the ocean in the particulate phase as opposed to forming in the 

atmosphere and partitioning to the particles from the gas phase.  This was confirmed by 
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Figure 3.5:  Ratios of 24Mg+/32S+, 24Mg+/64S2
+, 23Na+/32S+ and 23Na+/64S2

+ for individual 
particles observed during INDOEX. 
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bubble bursting experiments conducted during the CalNex cruise.  A large-scale bubbler 

was deployed in the ocean during various points of the cruise including during the day 

and night to generate primary sea spray particles [Keene et al., 2007], which were 

sampled directly by the instrumentation onboard the ship including the ATOFMS.  Figure 

3.2d shows a representative spectrum of an S-type particle, which contains similar peaks 

to ambient S-type particles (Figure 3.2a) such as 24Mg+ and 43C2H3O+.  These S-type 

particles were only produced during nighttime bubbling experiments, consistent with the 

ambient observations as discussed below.  These experiments support the assignment of 

this particle type as being produced from a primary rather than secondary oceanic source.  

Further evidence for a primary oceanic source is given by the fact that during all of the 

studies investigated, S-type particles were typically observed as wind speeds reached, on 

average, at least 5-10 m/s.  In fact, S-type particles, representing ~12% of the detected 

particles by number, peaked during CIFEX when a storm occurred, resulting in strong 

winds (up to 20 m/s) and rain (see Figure 3.6), both of which increase the production of 

primary sea spray aerosol [Gaston et al., 2011; Marks, 1990; Monahan et al., 1983]. 

3.4.3 Linking Marine Biological Activity and the Detection of S-type Particles 

The production of S-type particles illustrates another previously unreported 

example of the impact of marine biological activity on the composition of sea spray 

aerosol.  As shown in Figure 3.1 and Table 3.1, S-type particles have primarily been 

observed during studies in the California Current, which is a highly productive upwelling 

environment.  In fact, during CalNex, a red tide bloom of L. polyedrum, an organism 

found to contribute marine biogenic sulfur to the particle phase [Gaston et al., 2010], was 
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Figure 3.6:  Temporal profile of S-type particles (red line), solar insolation (solid yellow), 
wind speed (dashed black line), and rain (blue lines) during CIFEX.   
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observed suggesting a link between enhanced levels of DMS producers and the observed 

S-type particles.  Additional evidence for this link was also observed in the Indian Ocean 

during INDOEX where S-type particles were observed at the southern-most point of the 

cruise (see Figures 3.1 and 3.7a), below the Intertropical Convergence Zone (ITCZ).  

Continental particle types were not transported across the ITCZ, and thus did not occur 

during the period with elevated S-type particles, supporting the hypothesis that the S 

particles were ocean-derived [Gaston et al., 2011].  It should be noted that in addition to 

S-type particles, biogenic Mg-type particles, including Mg-type particles internally mixed 

with elemental S ions, were also elevated in the southern Indian Ocean [Gaston et al., 

2011], supporting a biological source of these S-containing particles.  As shown in Figure 

3.8a, chlorophyll a levels, a proxy for phytoplankton biomass and DMS were also 

elevated in these same southern waters [Gaston et al., 2011; Kumar et al., 2002].  

Furthermore, DMS and DMSP were also found in the particle phase during INDOEX 

highlighting the direct export of biogenic marine sulfur during this campaign [Kumar et 

al., 2002].   Lastly, evidence for the link between biological activity and S-type particles 

was also observed on a much larger regional scale across the northern and southern 

Pacific Ocean during the SORA campaign.  Figure 3.8b shows S-type particles detected 

during SORA as a function of the cruise track and chlorophyll a concentrations as 

measured by the MODIS satellite.  S-type particles were primarily detected in regions of 

elevated chlorophyll a concentrations such as eastern boundary currents where upwelling 

occurs (e.g. eastern tropical Pacific), again highlighting the link between this unique 

particle type and biological activity. 
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Figure 3.7:  Hourly time series of ATOFMS measurements of S-type particles (red line) 
and solar insolation (solid yellow) during (a) INDOEX, (b) ACE-Asia, (c) CalCOFI 
2004, (d) CIFEX, (e) SORA 2009, (f) Pier 2009, and (g) CalNex.  Solar insolation data 
for DOY 242-243 during the Pier 2009 (f) field campaign is missing.   
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Figure 3.8:  (a) Measurements of S-type particles (solid red), Mg-type particles (green 
line), wind speed (solid grey), chlorophyll (dotted blue line), and atmospheric DMS 
(black asterisks) during the INDOEX campaign.  (b) Measurements of S-type particles 
(colored dots) and chlorophyll concentrations (colored gradient over the oceans) during 
the 99 day SORA 2009 cruise from Japan to South America.  S-type particles are shown 
for data averaged over 4 hours. 
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3.4.4 Diurnal Profiles of S-type Particles 

The observed diurnal behavior of this particle type, shown in Figure 3.7, provides 

additional constraints on the sources and formation mechanisms of S-type particles.  The 

percentage of detected S-type particles typically exhibits a nocturnal maximum that 

decreases either before sunrise or ~1-2 hours after solar insolation rises (Figure 3.7).  Due 

to the rapid loss of this particle type with the increase of solar radiation, the diurnal 

profile of S-type particles is most likely due to photolytic destruction; this destruction 

mechanism is also supported by the fact that the S ions appear to be enriched at the 

particle surface where photolysis is most likely to occur.  Another potential explanation 

for the diurnal profile of this particle type could be diel changes, which occur in many 

biological processes. For example, light sensitive zooplankton are known to vertically 

migrate toward the surface ocean at night resulting in increased predation of species such 

as marine bacteria at night [Dacey and Wakeham, 1986] resulting in the release of 

intracellular biogenic sulfur to the water column at night.  Further studies are being 

conducted to address the nighttime production mechanism leading to these unique S-

containing particles. 

3.4.5 Possible Sources of S-type Particles 

S-type particles could result from elemental sulfur produced by marine bacteria, 

proteins and peptides containing disulfide bridges produced by marine bacteria and 

viruses, and sulfur-containing compounds resulting from reactions involving H2S 

dissolved in seawater.  Once formed in the surface ocean, H2S(aq) dissociates to form HS-

(aq) and S2-
(aq), the sum of all three species are herein referred to as total dissolved sulfides 
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(TDS) [Cutter et al., 1999].  In addition to being produced from the hydrolysis of 

carbonyl sulfide, TDS is also commonly produced in the surface ocean by marine algae 

[Cutter et al., 1999; Walsh et al., 1994].  As such, TDS is derived from marine biological 

activity and is observed to track chlorophyll a concentrations [Cutter and Krahforst, 

1988; Radford-Knoery and Cutter, 1994] providing further evidence that S-type particles, 

which also tracked proxies for marine biological activity, could derive from TDS.  The 

diurnal profile of S-type particles provides additional evidence that the production of this 

particle type could be from TDS, which also exhibit a maximum at night and a minimum 

during the daytime due to photodecomposition leading to the rapid oxidation and loss of 

TDS in the surface ocean [Andreae, 1990; Cutter and Krahforst, 1988; Pos et al., 1997; 

Radford-Knoery and Cutter, 1994].  TDS is subjected to sulfur oxidation by marine 

bacteria leading to the formation of particulate elemental sulfur globules [Brune, 1989; 

Steudel, 1996], which are in the 1-3 µm size range.  These globules are polysulfides 

composed of long chain S molecules ending in carbon-containing moieties (R-Sn-R) 

[Brune, 1989; Prange et al., 1999; Steudel, 1996].  The size distribution of the S-type 

particles detected by the ATOFMS peaked at ~1.5 µm in Figure 3.9, which shows scaled 

aerodynamic particle size distributions.  ATOFMS has known transmission biases based 

on the inlet design that affect the raw size distribution obtained with the instrument [Allen 

et al., 2000; Dall'Osto et al., 2006]; however, number concentrations obtained from 

ATOFMS can be corrected using a scaling factor derived from a sizing instrument such 

as an aerodynamic particle sizer (APS) to obtain accurate particle counts for discrete size 

bins [Qin et al., 2006].  This was done to obtain the size distributions shown in Figure 

3.9.  For comparison, the scaled size profile of sea salt, not internally mixed with S ions 
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Figure 3.9:  Size distributions for S-type (red line) and fresh sea salt (blue line) particles.  
Particle counts have been scaled using an aerodynamic particle sizer (APS) to account for 
transmission biases in the ATOFMS.  Particle counts have been normalized to total 
counts per size bin to show the relative fractions of scaled counts per size.  Fresh sea salt 
particles are not internally mixed with S ions in this case. 

 



109 
 

 

is shown in Figure 3.9.  The S-type particles are clearly enhanced in the coarse mode and 

are found in larger particle sizes than sea salt particles.  The size range of the S-particles 

is consistent with previous measurements of elemental sulfur globules produced by sulfur 

oxidizing bacteria.  This size range is also consistent with S-containing compounds 

associated with whole marine bacteria themselves, which are typically ~0.3-1.0 µm in 

diameter [Azam and Hodson, 1977].  Notably, Mouri et al. [1995] also detected giant 

sulfur particles (1-1.5 µm radii) during a cruise in the equatorial Pacific; however, since 

these particles were detected off-line and the speciation of the sulfur detected was not 

obtained, the source and composition of these particles remain unknown [Mouri et al., 

1995].  Other possible sources include biogenic compounds containing disulfide bonds 

formed between cysteine molecules, proteins, and/or organic sulfur compounds found 

in/or surrounding marine microorganisms.   

3.6 Conclusions 

The importance of sulfur cycling in the marine atmosphere has been shown to 

occur mainly through the contribution of secondary sulfate and methanesulfonate to sea 

spray aerosols [Barnes et al., 2006; Charlson et al., 1987; O'Dowd et al., 1997]; 

however, the results presented herein reveal a new nighttime ejection process for sulfur in 

the particulate form from the ocean to the marine atmosphere.  As highlighted in Figures 

3.1 and 3.7, S-type particles have been observed off the California coast (CalCOFI, 

CIFEX, SIO Pier, and CalNex), across the northern Pacific Ocean (ACE-Asia, SORA), in 

the southern Pacific Ocean (SORA), and in the southern Indian Ocean (INDOEX).  

Particles containing molecules with reduced forms of sulfur were detected by ATOFMS 
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resulting from primary oceanic emissions to the atmosphere, and showing a strong 

diurnal cycle with concentrations peaking at night likely due to photolytic destruction of 

this particle type during the day.  The detection of these particles was linked with 

elevated indicators of biological activity including Mg-type particles and chlorophyll a 

concentrations.  These observations provide evidence for the formation of S-type 

particles from biologically-derived compounds including surface ocean TDS, sulfur-

containing proteins and peptides, etc.  The sulfur particles described herein could 

influence not only marine aerosol chemistry, but also gas-phase chemistry in the marine 

atmosphere.  Depending on the chemical form, this reduced sulfur could oxidize to form 

SO2(g) [Hills et al., 1987], an important precursor of particulate sulfate and sulfuric acid, 

which can lead to new particle formation under certain conditions [Clarke et al., 1998; 

Clarke et al., 1999].  The detection of particulate compounds containing reduced sulfur in 

regions of elevated chlorophyll a concentrations highlights that S-type particles described 

herein result from biological activity in the ocean providing evidence for a new route for 

emission of sulfur to the atmosphere.   
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Chapter 4 

 

4. The Effect of Biological Activity on the Single-Particle Chemistry of 
Sea Spray Aerosols Generated by Bubble Bursting Natural and 
Artificial Seawater Solutions 

 

4.1 Synopsis 

Sea spray, consisting of sea salt and biologically-produced organic material, is a 

globally significant contributor to atmospheric particulate matter.  The role of biological 

activity in shaping sea spray aerosol mixing-state remains largely unexplored despite the 

fact that mixing-state plays a crucial role in affecting the reactivity and water uptake 

properties of particles.  Here we present measurements of the size-resolved chemistry of 

individual sea spray particles generated by bubbling artificial seawater (ASW) then 

adding phytoplankton-derived dissolved organic material (DOM) or intact phytoplankton 

cells to elucidate the impact of biological material on aerosol mixing-state.  Salts 

dominated the chemistry of ASW; however, when DOM was added, significant increases 

in organic material enriched in Mg2+, Ca2+, and/or K+ were observed while internally 

mixed potassium and phosphate representative of bioaerosols were observed when intact 

phytoplankton cells were added to ASW.  Similar particle types were observed when 

natural seawater (NSW) was bubbled and have been observed in ambient measurements 

of sea spray particles highlighting the atmospheric significance of our findings.  These 

results demonstrate the ability of biological activity to alter the single-particle chemistry 
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of sea spray particles, which has implications for the cloud nucleating properties of sea 

spray particles produced in biologically active waters. 

4.2 Introduction 

Aerosols influence global climate directly by scattering and absorbing incoming 

solar radiation and indirectly by initiating cloud droplet and ice crystal formation 

[Kohler, 1936; Poschl, 2005]; both particle size and chemical composition play a role in 

these impacts [Quinn et al., 2008; Swietlicki et al., 2008].  Since oceans cover over 70% 

of the Earth’s surface, understanding the physicochemical properties of sea spray aerosols 

is essential for reducing the uncertainty regarding the impact of aerosols on climate 

[IPCC, 2007].  Sea spray aerosol is generated by bursting bubbles produced from 

breaking waves [Woodcock et al., 1953]; the resulting aerosol mass is dominated by sea 

salts, primarily NaCl, similar in composition to that of bulk seawater [Fitzgerald, 1991]. 

In additional to sea salt, recent evidence has shown that in biologically-active waters, 

organic material is significantly enriched in sea spray aerosols, predominantly in the 

submicron size mode (< 1 µm) [Meskhidze and Nenes, 2006; O'Dowd et al., 2004; 

Rinaldi et al., 2010].  Marine organics are primarily water-insoluble material, largely 

composed of polysaccharides with contributions from proteins and lipids[Facchini et al., 

2008; Kuznetsova et al., 2005; Rinaldi et al., 2010; Russell et al., 2010] derived from 

whole and fragmented cells, and exopolymeric secretions (EPS) or microgels [Leck and 

Bigg, 2005], which form from the spontaneous assembly of DOM [Chin et al., 1998].   

While these recent findings have shed light on how biological activity shapes the 

chemical composition of sea spray particles primarily from a bulk perspective, the 
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influence of biological activity on the distribution of inorganic and organic components 

across individual sea spray particles remains unknown.  Understanding the complexity of 

sea spray aerosol mixing-state is crucial because chemical distinctions at the single-

particle level affect the heterogeneous reactivity, cloud forming potential, and 

hygroscopicity of sea spray aerosol generated in biologically active waters.  Electron 

microscopy studies have shown that a significant fraction of the organic material is 

assembled into microgels that are externally mixed from sea salts [Bigg and Leck, 2008; 

Hawkins and Russell, 2010; Leck and Bigg, 2005; Leck and Bigg, 2008].   Further, a 

recent study has shown that in addition to organic enrichment, inorganic ions, namely 

Mg2+, associated with organic material are enriched in individual sea spray particles that 

are externally mixed from sea salt when biological activity is elevated [Gaston et al., 

2011].   However, single-particle studies of sea spray aerosols have also shown that most 

sea salt particles are internally mixed with organic material rather than externally mixed 

[Middlebrook et al., 1998].  These contrasting results highlight the need for laboratory 

studies to discern how biological activity and differences in biological conditions (e.g. 

differences in phytoplankton species, differences in the amount of DOM, etc.) shape the 

mixing-state of organic and inorganic material in sea spray aerosol.  This paper aims to 

characterize primary sea spray aerosol generated during controlled bubble bursting 

experiments using single-particle mass spectrometry to elucidate how inorganic and 

organic material was distributed among individual particles.  The implications of these 

findings are discussed. 
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4.3 Methods 

4.3.1 Aerosol Generation 

Sea spray aerosol was generated using two different bubblers.  Bubbler 1 and 

associated experimental conditions have been described previously [Moore et al., 2011]; 

briefly, Bubbler 1 consists of an L-shaped, sintered glass bubbler with a grade C (25-50 

µm) porosity frit submerged 2 cm in a ~200 mL seawater solution.  A stainless steel tube 

sits 1 cm above the surface of the solution and is used to provide 1 lpm of sheath flow of 

dry nitrogen.  Bubbler 2 consists of a circular (25 mm diameter) sintered glass bubbler 

with a grade A (145-174 µm) porosity frit that is located 11.92 cm below the seawater 

solution (see Figure 4.1 for a schematic of the experimental set up using Bubbler 2).  The 

bubbler is placed in a glass bottle that allows for the containment of 500 mL of seawater.  

The bubble path length in this system is 11.92 cm, which may affect the amount of 

organic material observed from Bubbler 1 vs. Bubbler 2 since bubble rise distance is 

thought to play a role in the amount of organic material that gets scavenged by a rising 

bubble [Duce and Hoffman, 1976; Keene et al., 2007].   However, Bubbler 1, which has a 

shorter bubble rise distance, has still been shown to concentrate organic material on 

particles compared to other aerosol generation techniques such as atomization [Gaston et 

al., 2011; Moore et al., 2011] and, thus, the results of these experiments can provide 

insight into the particle types observed from bubbling seawater solutions.  To further 

probe the differences between the two bubblers, the sizes of bubbles generated from each 

bubbler were determined by image capture.  As seen in Figure 4.2, the size distributions 

of bubbles generated by both bubblers were similar at ~1-4 mm in diameter.  Conditions 

for experiments conducted with ASW and natural seawater (NSW) solutions are shown in 
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Figure 4.1:  Schematic of the experimental set-up used to generate sea spray aerosol via 
bubble bursting. 
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Figure 4.2:  Image capture of bubbles generated from the two different bubblers used in 
this manuscript.  Scales on the left side of the images are in centimeters.  The top panel 
(a) shows bubbles generated from Bubbler 1 while the bottom panel (b) shows bubbles 
generated from Bubbler 2. 
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Table 4.1:  Experimental conditions and particle detection efficiencies for experiments 
using artificial seawater and phytoplankton cultures.  “Sub” denotes submicron particles 
while “super” denotes supermicron particles. 



124 
 

 

Table 4.2:  Experimental conditions and particle detection efficiencies for experiments 
using natural seawater collected from the Scripps Pier. “Sub” denotes submicron particles 
while “super” denotes supermicron particles. 
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in Tables 4.1 and 4.2 including which bubbler was used.  Also shown in these tables are 

how many particles were “hit” (optically detected/sized and subsequently chemically 

analyzed by the 266 nm YAG laser) and how many were “detected” (all particles that are 

optically detected by the scattering lasers including those that are not chemical analyzed 

by the 266 nm laser).  While the different pore size and path-length used for the two 

bubbling set-ups may still result in differences in the percentages of particle types 

observed in this manuscript, our approach was to compare bubbling experiments using 

the same conditions.  Bubbler 1 was initially used; however, Bubbler 2 was used 

primarily for later experiments since Bubbler 2 is composed of all glass components and 

can therefore be completely cleaned and combusted.  Several studies are currently 

underway utilizing both wave tank and bubbling experiments to further probe the 

influence of the method of generating sea spray aerosols on the physicochemical 

properties of sea spray aerosol.  Prior to all experiments, the bubbling glassware was 

rinsed with DI water, milli-q water (18.2 MΩ), methanol, acetone, and a final rinse of 

milli-q water.  The glassware was then wrapped in tin foil and combusted at 450°C for 4 

hours in a combustion oven similar to the protocol of Moore et al. [2011].  

The experimental set-up and images of bubbles produced from Bubblers 1 and 2 

are shown in Figures 4.1 and 4.2, respectively.  A dry air flow is passed through a HEPA 

filter and split between the bubbler (0.5 lpm) and a dilution line (1.5-3.5 lpm depending 

on the instrumentation used) using a valve and mass flow controller between each line to 

control the flows.  Most experiments were conducted using nitrogen to generate aerosol 

except for bubbling experiments conducted at the Scripps Institution of Oceanography 
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(SIO) pier where filtered air was used instead.  The generated aerosol then passes through 

two diffusion silica gel driers prior to detection.   

4.3.2 Seawater Samples and Phytoplankton Cultures 

Natural seawater (NSW) samples were collected in June and September, 2009 

from the end of the SIO Pier (32.87° N, 117.25° W).  In order to interpret the resulting 

particle composition from bubbling NSW solutions, several control experiments were 

conducted using artificial seawater (ASW), which was designed to mimic the inorganic 

composition of seawater (e.g. 0.48 mol Na+/kg, 0.0102 mol K+/kg, 0.0546 mol Mg2+/kg, 

0.0105 mol Ca2+/kg, 0.559 mol Cl-/kg, 0.0288 mol SO4
2-/kg, etc.) [Sander et al., 2003].  

Fresh ASW solutions were made before each experiment and three aliquots of each ASW 

solution were used to perform bubbling experiments using three different case studies:  

(1) ASW only; (2) ASW spiked with dissolved organic material (DOM), which was 

produced by passing a phytoplankton culture through a 0.2 µm Millipore filter to remove 

cellular material; (3) ASW spiked with intact marine organisms.  Phytoplankton used in 

these experiments included diatoms (Chaetoceros), cyanobacteria (Synechococcus), 

coccolithophores (E. huxleyi), and Trichodesmium (Tricho); both the Chaetoceros and 

Synechococcus cultures were spiked with ~10 mM RbCl prior to bubbling intact cells, 

which is similar to the concentration of K+ in seawater [Sander et al., 2003].  Rb+ can 

exchange with K+ in cells [Epstein et al., 1963; Pyo et al., 2010]; the detection of Rb+ ion 

peaks (85,87Rb+) in ASW solutions with phytoplankton cells was used to probe particle 

types associated with cell fragments and whole cells.  These three case studies were used 

to differentiate the impact of DOM and whole cells on sea spray aerosol chemistry.  The 
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different phytoplankton cultures used in these experiments are by no means exhaustive 

and only provide a first look at the role of phytoplankton diversity on sea spray aerosol 

chemistry.  Future work will aim to expand the diversity of organisms used for sea spray 

generation experiments.   

4.3.3 Aerosol Characterization 

The size-resolved, single-particle mixing-state of generated aerosol in the 0.2-3 

µm size range was characterized using aerosol time-of-flight mass spectrometry 

(ATOFMS), which has been previously described in detail [Gard et al., 1997].  Briefly, 

particles enter through a converging nozzle inlet into a differentially pumped vacuum 

chamber causing the particles to be accelerated to their size-dependent terminal velocity.  

The particles then enter the sizing region of the instrument consisting of two continuous 

wave 532 nm lasers located at a fixed distance apart.  The time required for each particle 

to traverse each beam is a function of the particle’s terminal velocity and can be 

converted to aerodynamic diameter by calibration with polystyrene latex spheres of 

known sizes.  Next, particles are simultaneously desorbed and ionized by a pulsed 266 

nm Nd:YAG laser operating at ~1.0-1.2 mJ laser power creating both positive and 

negative ions, which are then analyzed in the dual polarity time-of-flight mass 

spectrometer.  Mass spectra were imported into Matlab (The MathWorks, Inc.) using the 

YAADA software toolkit [Allen, 2002] and either clustered together based on similarities 

in ion peaks and ion intensity using an adaptive-resonance neural network (ART-2a) 

[Song et al., 1999] or classified by hand if < 100 particles were analyzed. Mass spectral 

peak assignments refer to the most probable ion peak at a particular mass-to-charge (m/z).  



128 
 

 

Submicron (0.2-1.0 µm) and supermicron (1.0-3.0 µm) particles were analyzed 

separately; particle classifications are based on the most prevalent mass spectral peaks 

and do not reflect all species present in the particle.   

4.4 Results and Discussion 

4.4.1 Observed Particle Types 

Figure 4.3 shows representative mass spectra of the different particle types 

observed during bubbling experiments (both natural and artificial).  Shown in Figure 4.3a 

is a representative spectrum of sea salt particles, which contain intense sodium and 

chloride peaks  (23Na+, 35,37Cl-, 81,83Na2Cl+, 58NaCl-, 93,95,97NaCl2
-) as well as less intense 

magnesium (24Mg+), potassium (39K+), and calcium (40Ca+) peaks [Gard et al., 1998; 

Gaston et al., 2011; Guazzotti et al., 2001].  In addition to sea salt, other inorganic types 

detected include other salts, such as KCl which are characterized by intense potassium, 

sodium, iron (56Fe+) and chloride peaks (see Figure 4.3b) in contrast to sea salt particles; 

these particles could represent a sea salt artifact.  MgCl particles are characterized by 

intense Mg and chloride peaks (Figure 4.3c); these particles were separated from other 

salts due to the association of Mg-enriched spectra with biological activity as discussed 

below [Gaston et al., 2011].  Trace metals are characterized by an intense 56Fe+ peak with 

less intense peaks due to 39K+ as well as 23Na+; most trace metal particles lacked negative 

ion spectra; however, some contained phosphate and organic nitrogen (Figure 4.3d).  Iron 

microcolloids have previously been detected in seawater and could account for detection 

of trace metals [Wells and Goldberg, 1992]; however, as discussed below, trace metals 

could also represent an artifact from ASW solutions.   
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Figure 4.3:  Representative mass spectra of particle types defined as (a) sea salt, (b) other 
salts, (c) MgCl, (d) trace metals, (e) Mg-rich, (f) sea salt-OC, (g) organics, and (h) K-
phosphate.  Each spectrum is divided into negative (left) and positive (right) ion peaks. 
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In addition to “purely” inorganic particle types, intense inorganic ion peaks were 

also observed internally mixed with organic carbon (OC); these particle types include 

Mg-rich (Mg/Ca/K/OC), K-rich (K/Ca/Mg/OC), and Ca-rich (Ca/Mg/OC) particles.  Mg-

rich particles were classified as Mg-type particles in a previous ambient study and are 

characterized by intense 24Mg+, 40Ca+ and 39K+ ion peaks with 24Mg+ being the most 

intense in addition to less intense organic ions (e.g. 27C2H3
+, 29C2H5

+, 41C3H5
+, 43C2H3O+, 

45CH2O+, 50C4H2
+) (Figure 4.3e).[Gaston et al., 2011]  It should be noted that in the 

ATOFMS, the presence of inorganic ions in low relative abundance (< 1-2%) along with 

water can suppress ion signal intensities particularly for some organic compounds, 

making the particles appear mostly inorganic [Gaston et al., 2011; Gross et al., 2000], 

thus, it is entirely possible that these particle types are primarily organic.  K-rich and Ca-

rich particles have similar particle signatures to Mg-rich particles; however, 39K+ and 

40Ca+, respectively, were the most intense ion rather than 24Mg+.  Although the Mg-rich, 

K-rich, and Ca-rich particle types have similar characteristics, it should be noted that 

unlike Mg-rich particles which have been observed in the marine atmosphere during 

multiple field campaigns, Ca-rich particles were primarily observed during the Indian 

Ocean Experiment [Gaston et al., 2011]; thus, these types were separated to elucidate if 

organics and/or whole cells from different phytoplankton might influence the detection of 

Mg-rich vs. Ca-rich vs. K-rich particle types.  Mg- and Ca-rich particles typically lack 

negative ion spectra indicating the presence of appreciable particulate water [Gaston et 

al., 2011; Neubauer et al., 1997; Neubauer et al., 1998].  However, on average ~23%, 

~61%, and ~7% of Mg-rich, K-rich, and Ca-rich particles, respectively, produced 

negative ions, including organic nitrogen peaks (26CN-, 42CNO-), which is most likely due 
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to the presence of amide bonds [Silva and Prather, 2000] that have been shown to 

contribute to primary marine aerosol [Hawkins and Russell, 2010; Kuznetsova et al., 

2005], in addition to chloride including MgCl clusters (129, 131, 133MgCl3
-) and lower 

intensity phosphate (79PO3
-) and organic peaks 59CH3COO- and 71C3H3OO- that are most 

likely due to polysaccharides, which have been found to be abundant in sea spray aerosol 

and marine microgels [Aluwihare and Repeta, 1999; Chin et al., 1998; Russell et al., 

2010].   

Additionally, sea salt was also observed internally mixed with OC (Sea salt-OC) 

and characterized by the same ion peaks as sea salt particles; however, most of the sea 

salt-OC particles also lacked negative ion spectra indicating that organic material could 

alter the water uptake and retention properties of sea salt particles as noted in previous 

studies [Wise et al., 2009; Zelenyuk et al., 2007] (see Figure 4.3f).  Sea salt-OC particles 

that did produce negative ion spectra contained phosphate and organic nitrogen in 

addition to chloride.  Organics were also observed externally mixed from inorganic 

constituents.  Organics contained intense organic carbon peaks and amines 

(86(C2H5)2NCH2
+) [Angelino et al., 2001] (Figure 4.3g).  Amines have been shown to 

contribute significantly to secondary marine aerosol [Facchini et al., 2008a]; however, 

the results of this work highlight that amines can contribute to primary marine aerosol.  

Of note, many of the organic particles as well as other particle types (sea salt-OC, Mg-

rich, Ca-rich, K-rich) also contained a peak at m/z +91, which can be attributed to either 

amines (91(CH3)2NHNO2
+) [Angelino et al., 2001] or aromatic/humic species (91C7H7

+) 

[Holecek et al., 2007; Silva and Prather, 2000].  Either peak assignment is plausible since 
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in addition to amines, both humic and aromatic compounds, phenols in particular, have 

been associated with marine aerosols [Bahadur et al., 2010; Facchini et al., 2008a; 

Hawkins and Russell, 2010; Kuznetsova et al., 2005; Russell et al., 2011].  Finally, K-

phosphate particles characterized by an intense 39K+ as well as 23Na+ and organic carbon 

peaks in addition to intense phosphate peaks and less intense organic nitrogen and 

chloride peaks were also detected (see Figure 4.3h); these particles are thought to 

represent biological aerosols [Holecek et al., 2007].    

4.4.2 Artificial Seawater Experiments 

The size-resolved composition of particles generated with ASW-only (first 

column), ASW and DOM (second column), and ASW and intact phytoplankton cells (last 

column) are shown in Figure 4.4; rows in Figure 4.4 show how the addition of DOM and 

intact cells from a specific phytoplankton species to aliquots of the ASW solution 

impacts the observed particle types.  Different size ranges are shown in Figure 4.4 since 

some of the size bins only contained a few chemically detected particles, particularly in 

the smaller size ranges.  Bins with less than 10 particles were excluded.  Table 4.1 of the 

Supporting Information provides details regarding the conditions and particle detection 

efficiencies for each experiment.  These experiments should be regarded as a first look 

into the role of DOM and phytoplankton diversity on sea spray aerosol chemistry as 

additional experiments using different phytoplankton cultures and different aerosol 

generation techniques should also be probed. 
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Figure 4.4:  Fraction of major particle types observed from bubbling artificial seawater 
solutions (ASW) alone (first column), ASW containing organic material from filtered 
cells (DOM, second column), and ASW containing phytoplankton cells (third column).  
Particle types are plotted as a function of size in 0.1 µm size bins.   
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4.4.2.1 Case 1:  ASW 

As shown in the first column of Figure 4.4, bubbling ASW by itself produced 

mainly inorganic particle types with sea salt representing up to ~55% of the detected 

particles.  In addition to sea salt, other inorganic types detected include other salts, 

representing up to ~44% of the detected particles by number while MgCl represented up 

to ~8% of the detected particles, and trace metals represented up to ~44% of the detected 

particles.  It is very important to point out that a lot of these inorganic types contained 

inorganic contaminates, namely trace metals, and organic contamination, namely organic 

nitrogen.  Further, organic particle types, namely sea salt-OC, were also observed, 

particularly in the submicron size fraction.  As shown in the first column of Figure 4.4, 

differences in the percentage of the main particle types were observed for each of the 

different experiments likely because a new ASW solution was made before each 

experiment.  The presence of particle types other than sea salt and the presence of peaks 

organic nitrogen and trace metals is likely due to the presence of trace contaminants 

found in artificial seawater solutions, which can be susceptible to organic (Rachel Chang 

and Jonathan Abbatt, personal communication) and trace metal contamination [Bigg and 

Leck, 2008].  The percentage of sea salt particles produced from ASW is probably 

underestimated by the ATOFMS since the absorption cross section for NaCl is quite low 

at 266 nm [Dall'Osto et al., 2006] and, therefore, particles containing contaminants 

would be preferentially ionized and chemically analyzed.  These observations highlight 

the caveats associated with using artificial seawater solutions due to the prevalence of 

both organic and inorganic contaminants.  Since particles were generated via bubble 

bursting in these experiments, organic contaminants would be preferentially concentrated 
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in particles generated from ASW simply due to the generation method; other generation 

methods such as plunging jets should also be explored when producing particles from 

ASW.  It is also important to point out the low percentage of detected submicron particles 

that are chemically analyzed by the ATOFMS for these experiments (~0.2-8.6%), which 

could also contribute to the higher percentage of organic containing particles detected in 

submicron particles generated with ASW (Table 4.1).  As mentioned above, the missing 

particle type in this case is most likely sodium chloride, sea salt particles.  Although 

different percentages of each particle type were observed for each ASW solution, the 

main point is that particles generated from just ASW serve as a baseline for comparing 

how particle chemistry change as filtered cells and intact cells are added to ASW 

solutions (as shown in each row in Figure 4.4). 

4.4.2.2 Case 2:  Effect of Adding DOM to ASW 

As shown in the middle column of Figure 4.4, the addition of filtered cells (DOM) 

to ASW primarily resulted in an increase in organic particle types internally mixed with 

inorganic constituents.  As shown in Figure 4.4, the addition of DOM to ASW primarily 

resulted in an increase in the percentage of sea salt-OC, Mg-, K-, and Ca-rich particles 

and organics detected.  The increase in Mg-, K-, and Ca-rich particle types after the 

addition of DOM could be due to the fact that Mg2+ and Ca2+ facilitate microgel 

formation from DOM through ionic bonding [Chin et al., 1998]. Additionally, cations 

such as Mg2+ have been shown to associate with the polar head groups of deprotonated 

surface active fatty acids creating a particle interface rich in Mg2+ and organics [Casillas-

Ituarte et al., 2010]; thus these particle types could primarily reflect an organic-rich 
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particle surface coating around sea spray aerosols.  In addition to DOM, the filtered cells 

could also contain cellular fragments, microcolloids, and viruses, which could also affect 

the particle chemistry and account for the detection of Mg-, K-, and Ca-rich particle types 

[Wells and Goldberg, 1991; Wells and Goldberg, 1992].  Additional experiments are 

currently being conducted to confirm this hypothesis.  As shown in Figure 4.4, sea salt-

OC particles were primarily found in the submicron size mode while Mg-, K-, and Ca-

rich particles were detected in both submicron and supermicron size modes.  Further, 

differences in single-particle chemistry were observed when DOM from different 

phytoplankton was added to ASW possibly due to differences in the amount and type of 

organics excreted; however, it should be noted that the addition of DOM to ASW was not 

investigated for Trichodesmium cultures since limited amounts of Trichodesmium were 

available.  Submicron particles generated by DOM from Chaetoceros were dominated by 

sea salt-OC, Mg-rich, and Ca-rich particles, which represented ~28%, ~27% and ~15%, 

respectively of the submicron particles; additional particle types observed in the 

supermicron size range included sea salt and MgCl particles.  The highest percentage of 

Mg-rich particles (~53%) were generated using DOM from Synechococcus while the 

highest percentage of K-rich particles was detected in both the submicron and 

supermicron size range, representing ~35% of the detected particles, when sea spray 

aerosol was generated using DOM from E. huxleyi.  The addition of DOM from E. 

huxleyi produced higher percentages of “pure” organics (~13%).  Surprisingly, “purely” 

organic particle types were concentrated in supermicron rather than submicron sizes even 

though sea salt-OC, Mg-, K-, and Ca-rich particles were found in submicron sizes; the 

most likely explanation is that these particle types represent distinct aerosol populations 
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and that the organics present in sea salt-OC vs. Mg-, K-, and Ca-rich particles vs. “pure” 

organic particle types are, thus, likely different in composition.    

4.4.2.3 Case 3:  Effect of Adding Cells to ASW 

The addition of phytoplankton cells to ASW had a similar result to adding DOM; 

however, additional particle types, notably K-phosphate particles, were also observed.  

The addition of Trichodesmium cells to ASW resulted in higher percentages of Mg-rich 

particles (~31% of detected particles) in addition to higher percentages of MgCl particles 

(~35% of detected particles) compared to ASW.  Although MgCl is inorganic, it is 

possible that the increase in this particle type was due to the influence of biological 

activity, which has been shown to produce Mg-enriched spectra [Gaston et al., 2011].  

The addition of intact Chaetoceros and E. huxleyi namely resulted in an increase in both 

Mg-rich and K-rich particles, while Ca-rich particles were predominately associated with 

the addition of Chaetoceros.  It is important to note that the number of particles that are 

scattered by not chemically detected by the ATOFMS increases, namely in the submicron 

size range, particularly when cells are added to ASW.  The most likely explanation for 

this missing particle type are hydrocarbon-like organics, which absorb poorly at 266 nm 

radiation; further experiments are needed to prove this hypothesis.  This is in agreement 

with ambient measurements of Mg-rich particles, which were detected concurrently with 

a missing submicron particle type thought to be hydrocarbon-like biogenically-produced 

organic material [Gaston et al., 2011].  Further, as shown in Figure 4.4, elevated number 

concentrations of K-phosphate particles were observed when intact Synechococcus was 

added to ASW.  K-phosphate particles only represented up to ~3% of particles generated 
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with DOM and ASW; however, this particle type represented ~60% of the detected 

supermicron particles when Synechococcus cells were added.  This particle type has been 

previously attributed to cellular material in studies of rainwater samples and has been 

detected in single-particle studies aimed at characterizing bioaerosols [Holecek et al., 

2007].  Synechococcus cells are < 2 µm in diameter, which is within the detectable size 

range of the ATOFMS, unlike the other phytoplankton used for these experiments, which 

are on the order of several microns, suggesting that K-phosphate particles represent 

whole, intact Synechococcus cells.   

As mentioned above, Chaetoceros and Synechococcus cultures were spiked with 

RbCl before they were used for experiments; Rb+ can be exchanged for K+ in the cell 

causing Rb+ to be a unique tracer for cells and their fragments [Epstein et al., 1963; Pyo 

et al., 2010] (Figure 4.5 shows a representative mass spectrum of a particle internally 

mixed with Rb).  Figure 4.6 shows the percentage of particle types internally mixed with 

(hatched colors) and without Rb+ (solid colors) generated from bubbling ASW and intact 

cells.  As shown in Figure 4.6, ~90% of detected K-phosphate particles, ~98% of 

detected Ca-rich particles, and ~52% of Mg-rich particles generated from bubbling ASW 

with Chaetoceros were internally mixed with Rb+.  Additionally, all detected Mg-rich 

particles, ~70% of K-rich particles, and ~27% of detected K-phosphate generated from 

bubbling ASW with Synechococcus were internally mixed with Rb+.  Further, the fact 

that no aerosols containing Rb ion peaks (85,87Rb+) were generated from solutions with 

ASW and DOM from Synechococcus and only ~4% of particles from ASW and DOM 

from Chaetoceros contained Rb, while ~39% and ~54% of particles generated from ASW 
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Figure 4.5:  Representative mass spectrum of K-phosphate particles internally mixed with 
Rb+ ion peaks. 
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Figure 4.6:  Pie charts of particle types generated from ASW and intact Chaetoceros (top 
panel) and Synechococcus (bottom panel).  Particle types internally mixed with Rb+ are 
hatched. 
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and intact Synechococcus and Chaetoceros cells, respectively, were internally mixed with 

Rb+ suggests that Rb+ was successfully taken up by the cells and that Rb+ contamination 

from the culture solution was not observed.  These results provide evidence that K-

phosphate particles represent bioaerosols and also suggest that Mg-rich, K-rich, and Ca-

rich particles are associated with cellular fragments and/or whole cells.  The detection of 

Mg-rich, K-rich, and Ca-rich particles when DOM was added and when cells spiked with 

Rb+ were added suggests that these particle types could represent organic coatings around 

sea salts and cells and/or cellular fragments.   

In sum, the addition of filtered or intact cells to ASW resulted in a significant shift 

in particle chemistry from inorganic salt particle types and trace metals to particles 

characterized by organics internally mixed with inorganic ions (e.g. Mg-, K-, and Ca-rich 

particles) and sea salt internally mixed with OC.  A missing particle type believed to be 

hydrocarbon-like organics that absorb poorly at 266 nm radiation is also prevalent 

particularly when cells are added to ASW solutions.  In addition, K-phosphate particles 

representative of bioaerosols were detected when Synechococcus cells were added to 

ASW.  These results also highlight the difficulties associated with generating sea spray 

aerosol from ASW solutions, namely due to the presence of contaminants.  These results 

highlight the influence of biological activity on single-particle chemistry and can be used 

to probe differences in sea spray particles generated from natural seawater solutions. 
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4.4.3 Chemical Characteristics of Sea Spray Particles Generated from Natural 

Seawater  

Bubbled NSW collected from the ocean surface off the SIO pier produced diverse 

sea spray particles that varied between the two collection months.  NSW was collected 

twice on June 10 and on September 7, September 14, and September 21; no significant 

differences in the percentage of detected particle types were observed between the two 

experiments from NSW collected in June and between the three experiments from 

seawater collected in September, thus, the two June experiments and the three September 

experiments were combined for simplicity.  Submicron and supermicron sea spray 

particles generated from NSW collected in June were dominated by sea salt (~56% and 

~60%, respectively) as shown in the top panel of Figure 4.7.  Additionally, MgCl 

represented ~18% of submicron and ~16% of supermicron particles while Mg-rich 

particles represented ~18% of submicron and ~8% of supermicron particles.  K-rich 

particles constituted ~4% of submicron and ~9% of supermicron particles, while low 

percentages of organics, K-phosphate, and sea salt-OC particles were observed.  In 

contrast, sea salt only constituted ~32% of submicron and ~23% of supermicron sea 

spray particles generated from NSW collected in September as shown in the bottom panel 

of Figure 4.7.  Also shown in Figure 4.7, elevated percentages of sea salt-OC (~13% of 

submicron and ~18% of supermicron detected particles) and K-rich particles (~13% of 

submicron and ~6% of supermicron particles) were detected in September, while Ca-rich 

particles and trace metals were also detected in September but not in the June samples.  

The most notable difference between sea spray generated in June and September is the 

higher percentage of Mg-rich particles observed when particles were generated from 
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Figure 4.7:  Fraction of major particle types observed from bubbling natural seawater 
(NSW) in June (top panel) and September (bottom panel) 2009.  Particle types are plotted 
as a function of size in 0.1 µm size bins. 
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seawater collected in September:  ~34% of submicron and ~38% of supermicron particles 

in contrast to ~18% of submicron and ~8% of supermicron particles detected in June, 

while the percentage of MgCl particles decreased to ~1% of the detected particles in 

September.  Additionally, lower percentages of “pure” organics were observed in 

September (~0.3% particles in contrast to ~3% in June) suggesting that Mg2+ was 

associated with increased amounts of organic material in September than in June.  Also 

of note, Table 4.2 shows that overall low percentages of submicron particles were 

chemically analyzed, and that this percentage decreased from ~5% in June to ~2% in 

September possibly due to the enhanced presence of submicron organics that do not 

interact well with 266 nm light.  

The contrasting particle types observed in June and September could be due to 

differences in the amount of biological activity; however, similar chlorophyll a 

concentrations (~1 µg/L), which is a proxy for phytoplankton biomass, were observed at 

3 m depth off the SIO Pier when the samples were taken in both June and September 

(http://www.sccoos.org/) suggesting that similar levels of biological activity were 

observed between the two months.  The biological conditions (e.g. differences in 

phytoplankton species present, differences in the amount and/or composition of DOM 

present) rather than the overall amount of biological activity may have differed.  Further, 

as shown in Table 4.2, the number of scattered particles that were not chemically detected 

was elevated in the September seawater samples, possibly due to the presence of elevated 

concentrations of organic material.  Differences in biological conditions were observed 

between June and September with increased relative concentrations of zooplankton, 
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Table 4.3:  Experimental conditions and particle detection efficiencies for experiments 
using natural seawater collected from the Scripps Pier. “Sub” denotes submicron particles 
while “super” denotes supermicron particles. 
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dinoflagellates, and detritus observed in September in contrast to increased 

concentrations of diatoms observed in June (http://www.sccoos.org/).  Grazing of 

phytoplankton by zooplankton has been shown to increase the release of DOM to the 

surface ocean [Lampert, 1978], which, in addition to the increased amounts of detritus, 

could possibly explain the differences in sea spray aerosol chemistry produced from 

NSW collected in September and June.  Further, previous work has shown that the type 

not the amount of DOM excreted from different organisms had a larger effect on the total 

flux as well as in the physicochemical properties of generated sea spray aerosol [Fuentes 

et al., 2010; Fuentes et al., 2011] suggesting an additional possibility that the 

observations in this study could be due to differences in the amount and/or composition 

of DOM in the surface ocean associated with differences in phytoplankton composition 

between the two months.   

Overall, all of the particle types produced from bubbling NSW solutions were 

reproduced when ASW solutions were bubbled with DOM and phytoplankton cells with 

the exception of the other salts particle type, suggesting that this particle type is likely an 

artifact from using an ASW solution.  The controlled experiments using ASW and 

phytoplankton cultures also provided insight into the differences observed from bubbling 

NSW solutions during two different months, possibly due to differences in biological 

conditions and ocean chemistry.  These results highlight two main points:  (1) the 

addition of DOM and intact cells result in significant shifts in the observed single-particle 

mixing-state compared to ASW and (2) the resulting single-particle mass spectral 
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fingerprints from the ASW experiments can be used to differentiate sea spray particles 

generated from NSW during different biological conditions.   

4.4.4 Atmospheric Implications 

While the bubbling experiments performed may not reflect the full complexity of 

sea spray aerosol generation under ambient conditions, several of the particle types 

detected by ATOFMS have been observed in the atmosphere during multiple field 

campaigns as well as in rainwater samples [Gaston et al., 2011; Hawkins and Russell, 

2010; Holecek et al., 2007; Middlebrook et al., 1998; Russell et al., 2010] highlighting 

the atmospheric relevance of these findings.  The majority of the organic material 

detected by ATOFMS was internally mixed with Mg2+, Ca2+, and K+ possibly due to the 

association of these cations with microgels.  These trace ions in seawater have been 

shown to have water uptake and retention properties that differ from NaCl [Cziczo et al., 

1997; Kelly and Wexler, 2006; Xiao et al., 2008] suggesting that the Mg-, K-, and Ca-rich 

particle types might have different hygroscopic properties from sea salt.  Further 

evidence for this is shown by fact that most Mg-, K-, and Ca-rich particles lack negative 

ion spectra suggesting that more particulate water is associated with these types than with 

sea salt particles.  Since these particle types are most likely associated with high amounts 

of organic material and possibly organic coatings, these findings are in agreement with 

previous studies, which have shown evidence for the production of hygroscopic organics 

from bubbling experiments [Keene et al., 2007].  Marine organic material has also been 

shown to influence cloud droplet formation and sub-saturated water uptake [Fuentes et 

al., 2011; Moore et al., 2008].  Finally, internal mixtures of potassium with phosphate 
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and organic nitrogen were found to represent whole and/or fragments of marine 

bioaerosols, which have been shown to act as natural ice nuclei [Knopf et al., 2011] 

further illustrating the climatic relevance of these findings.  Our results provide a first 

look into how oceanic biological activity influences the single-particle chemistry of sea 

spray aerosols.  Further experiments are necessary to determine the source and 

composition of missing particle types that increase as cellular material is added to 

seawater solutions.  These initial experiments demonstrate the need for additional studies 

to probe the role of different phytoplankton cultures and aerosol generation methods in 

order to link changes in sea spray aerosol chemistry due to biological activity to changes 

in particle hygroscopicity, heterogeneous reactivity, and cloud nucleating properties in 

order to understand the role sea spray aerosols play on climate.    
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Chapter 5 

 

5. The Impact of Shipping, Agricultural, and Urban Emissions on the 
Single Particle Chemistry Observed Aboard the R/V Atlantis during 
CalNex 

 

 5.1 Synopsis 

The CalNex field campaign was undertaken, in part, to obtain a better 

understanding of the regional impacts of different pollution sources in California. As part 

of this study, real-time shipboard measurements were made of the size-resolved single-

particle mixing-state of sub- and super-micron particles along the California coast.  Major 

differences were noted between Southern and Northern California; in Southern 

California, the particles were dominated by soot (up to ~89% by number), whereas 

organic carbon (OC) particles comprised the largest fraction of submicron number 

concentrations in the Sacramento area (up to ~67% by number).  The mixing-state of 

these carbonaceous particle types varied during the cruise with sulfate being more 

prevalent on soot particles in Southern California due to the influence of shipping and 

port emissions, while contributions of secondary organic aerosol, including amines, and 

nitrate were more prevalent in Northern California and during time periods impacted by 

agricultural emissions (e.g. from the inland Riverside and Central Valley regions).  These 

regional differences and changes in the mixing-state of carbonaceous particles have 

implications for particle heterogeneous reactivity, water uptake, and cloud nucleating 
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abilities, which should be taken into account when determining how to regulate 

particulate sources in California. 

5.2 Introduction 

Atmospheric aerosols contribute to air pollution, adverse effects on human health, 

and global climate change [Poschl, 2005].  In terms of health effects, particulate air 

pollution has been linked to cardiopulmonary disease [Pope and Dockery, 2006] and 

decreased lung function in children [Gauderman et al., 2000].  Particles scatter and 

absorb solar and terrestrial radiation contributing to the aerosol direct effect [IPCC, 2007; 

Poschl, 2005] and also serve as nuclei for the formation of cloud droplets and ice crystals 

constituting the aerosol indirect effect [IPCC, 2007; Lohmann and Feichter, 2005; 

Poschl, 2005].  Aerosol particles also play a role in altering the lifetime [Albrecht, 1989] 

and radiative properties of clouds [Twomey, 1977], in addition to altering precipitation 

frequency and intensity [Rosenfeld et al., 2008].  Despite these impacts, uncertainties 

remain regarding the role of aerosols on climate change and global radiative forcing 

[IPCC, 2007].  Policymakers have introduced numerous strategies to mitigate the impacts 

of particulate matter; however, a greater understanding is needed in order to properly 

regulate sources.  The aim of the CalNex field campaign is to elucidate the link between 

aerosols, air pollution, and climate in order to guide policies regarding emission 

regulations in California.   

To achieve this, it is essential to better understand the role of particle size and 

composition in shaping the health and climatic impacts of aerosols.  Smaller particles 

have greater adverse health effects due to their ability to penetrate deeper into the 
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respiratory system while particle composition influences aerosol toxicity (e.g. through the 

contribution of metals and polycyclic aromatic hydrocarbons (PAHs))  [Bernstein et al., 

2004; Fang et al., 2008; Gauderman et al., 2000; Pinkerton et al., 2004; Pope and 

Dockery, 2006; Poschl, 2005; Sunderman, 2001].  Particle size and chemical composition 

also influence both the aerosol direct and indirect effects. Particle size affects aerosol 

optical properties since light scattering efficiency is greatest for particle diameters of the 

same order of magnitude as solar and terrestrial radiation wavelengths [Poschl, 2005; 

Quinn et al., 2005]; additionally, smaller particles are also less efficient as cloud nuclei 

[Lohmann and Feichter, 2005; McFiggans et al., 2006; Poschl, 2005; Quinn et al., 2008].  

The mixing state of aerosol particles with secondary species also impacts the aerosol 

direct effect, particularly for black carbon (soot) [Jacobson, 2000; Moffet and Prather, 

2009; Schnaiter et al., 2005].  Particle chemistry also influences the cloud forming 

potential of aerosols, for example, high mass fractions of water insoluble material (e.g. 

hydrophobic organics) have been shown to decrease the ability of particles to act as 

nuclei for cloud droplets [McFiggans et al., 2006; Quinn et al., 2008].  In addition to 

understanding the physicochemical properties of freshly emitted particles from different 

sources, it is important to also note that particle size and composition evolve over time 

due to atmospheric processing (e.g. gas-particle partitioning, heterogeneous reactions, 

etc.) thereby altering the health and climatic impacts of particles [Poschl, 2005].  It is, 

thus, important to measure the physicochemical properties of both freshly emitted 

particles as well as particles that have been processed in the atmosphere to distinguish 

how sources as well as aging processes influence particle chemistry and size.   
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California is impacted by diverse particle sources including ships, vehicle 

exhaust, oil refineries, animal husbandry emissions, etc.  The Ports of Los Angeles (LA) 

and Long Beach (LB) are the busiest container ports in the United States, contributing 

high levels of ship and port emissions (e.g. diesel truck emissions, oil refinery emissions) 

to Southern California.  Locations in inland Southern California (e.g. Riverside) and the 

Sacramento and San Joaquin Valley areas in Northern California are impacted by dairy 

farm and agricultural emissions also leading to high mass concentrations of particulate 

matter that is namely secondary in nature [Chen et al., 2007; Chow et al., 2006a; 

Docherty et al., 2008; Grover et al., 2008; Hughes et al., 2000; Hughes et al., 2002; 

Magliano et al., 1999; Pastor et al., 2003; Qin et al., 2012; Sorooshian et al., 2008].  

Assessing how these regional differences in particle sources in California impact the 

physicochemical properties of aerosols is a key step in fulfilling the goals of the CalNex 

field campaign. 

Herein we present real-time measurements of single-particle composition and size 

using aerosol time-of-flight mass spectrometry (ATOFMS) during the CalNex campaign 

aboard the R/V Atlantis sampling platform.  Single-particle mass spectrometry is well-

suited for providing the high temporal resolution and mass spectral fingerprints necessary 

for distinguishing diverse particle sources as well as assessing the impact of atmospheric 

processing on particle size and chemistry [Pratt and Prather, 2011; Sullivan and Prather, 

2005]. Atmospheric measurements were made off the California coast, targeting specific 

sources, including the Ports of LA and LB, continental outflow from Santa Monica, and 

emissions from Northern California including the inland, Sacramento area.  This paper 
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describes the significant differences observed in single particle mixing-state and sources 

between these different regions.  The implications of these findings are discussed.  

5.3 Methods 

Ambient aerosol measurements were made onboard the R/V Atlantis from May 

14-June 8, 2010 as part of the CalNex 2010 field campaign 

(http://www.esrl.noaa.gov/csd/calnex/).  The ship traveled from San Diego up to 

Sacramento, then back to the Port of San Francisco where the study ended; the cruise 

track is shown in Figure 5.1.  The air in the sampling manifold was conditioned to 55 ± 

5% relative humidity (RH) using a heated inlet [Bates et al., 2004].  Meteorological and 

gas phase constituents were measured by the Pacific Marine Environmental Laboratory 

(PMEL) onboard the ship. 

5.3.1 Aerosol Measurements:  ATOFMS 

The size-resolved chemical composition of individual aerosol particles from 0.2-

3.0 µm aerodynamic diameter was measured in real-time using an aerosol time-of-flight 

mass spectrometer (ATOFMS).  The operating principles of the ATOFMS have been 

described previously [Gard et al., 1997; Prather et al., 1994].  Briefly, particles are 

sampled through a converging nozzle inlet into a differentially pumped vacuum chamber 

causing particles to be accelerated to a size-dependent terminal velocity.  Particles next 

enter the sizing region of the instrument consisting of two continuous wave (532 nm) 

lasers separated by a fixed distance.  The time taken to traverse the laser beams is 

recorded giving the terminal velocity of the particle, which is used to calculate the 

aerodynamic diameter of the particle.  The calculated particle velocity is also used to time 

http://www.esrl.noaa.gov/csd/calnex/�
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Figure 5.1:  The cruise track for CalNex (blue line) is shown along the California coast.  
The Port of Los Angeles (grey triangle), the Santa Monica area (grey dot), Riverside 
(grey square) and the Sacramento area (grey diamond) are shown along with the start and 
end points of the cruise. 
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the firing of a Q-switched Nd:YAG laser operating at ~1.2 mJ laser power that 

simultaneously desorbs and ionizes compounds from individual particles creating 

positive and negative ions, which are analyzed in a dual polarity time-of-flight mass 

spectrometer.  Dual-polarity spectra provide complementary information regarding the 

source (e.g. ships vs. sea salt) and age of the particle (e.g. fresh vs. reacted sea salt) 

[Guazzotti et al., 2001; Noble and Prather, 1996].   

The YAADA software toolkit was used to import ion peak lists into MATLAB v 

6.5.1 (The MathWorks, Inc.) for processing of ATOFMS data  [Allen, 2002].  The 

individual particle mass spectra were then analyzed using a clustering algorithm (ART-

2a), which groups particles together based on mass spectral similarities [Song et al., 

1999].  Data were averaged into 1-hour time bins and separated into submicron (0.2-1.0 

µm) and supermicron (1.0-3.0 µm) particles. Ship exhaust from the R/V Atlantis was 

filtered out by eliminating time periods when the sampling mast was pointed toward the 

exhaust stack at the rear of the ship.   Data are presented in coordinated universal time 

(UTC) as day of year (DOY). Each ion peak assignment presented in this paper 

corresponds to the most likely ion produced at a given mass-to-charge (m/z).  Particle 

types described herein are defined by characteristic ion peaks and/or possible sources and 

do not reflect all of the species present within a particular particle class.   

5.4 Results 

Temporal trends of single-particle measurements were analyzed to discern 

differences in particle chemistry between sources in Southern and Northern California.  

The temporal variability of the top sub- and supermicron particle types detected by 
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ATOFMS as well as the latitudinal position of the ship are shown in Figure 5.2.  Several 

trends in single-particle mixing-state were identified based on differences in particle 

source, meteorological conditions, and aging processes.  To illustrate this, six distinct 

time periods are identified by colored boxes in Figure 5.2; the time periods are defined as 

Riverside Transport (Period 1, boxed in red), Stagnant/Ports Transport (Period 2, boxed 

in black), Marine/Coastal Transport (Period 3, boxed in cyan), Ports of Los 

Angeles/Long Beach (LA/LB) (Period 4, boxed in green), Central Valley Transport 

(Period 5, boxed in orange), and Sacramento (Period 6, boxed in purple).  The following 

sections provide a detailed comparison and discussion of the gas phase and 

meteorological conditions present, prevalent particle types and sources, the mixing state 

of carbonaceous particles, and the secondary particulate species present during each time 

period. 

5.4.1 Characteristics of Each Period 

During Periods 1-3, measurements were concentrated around Southern California 

and Santa Monica, in particular, while measurements during Period 4 were concentrated 

in the Ports of LA and LB and surrounding shipping lanes.   During Period 5, 

measurements extended further north to the Santa Barbara region; Period 6 was 

completely in Northern California when the ship remained in the Deep Water 

Channel/Sacramento region for 3 days.  Table 5.1 shows the corresponding dates and 

meteorological and gas phase measurements for each time period, while Figure 5.3 shows 

the 48-hour air mass back trajectories [Draxler and Rolph, 2011] for each time period to 

highlight differences in transport conditions.  Periods 1, 5, and 6 had agricultural 
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Figure 5.2:  Hourly temporal profile of single-particle mixing state observed by 
ATOFMS as a function of day of year (DOY) and latitude (white line).  The top and 
bottom panels show the single-particle chemistry for submicron particles (0.2-1.0 µm) 
and supermicron particles (1.0-3.0 µm), respectively.  Colored boxes highlight 6 different 
periods when differences in particle composition were observed due to different 
meteorological conditions, gas phase concentrations, and aging processes. 
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Table 5.1:  Average meteorological conditions (wind speed, wind direction), average gas-
phase concentrations (radon, CO, NOx, ozone, SO2), latitudinal and longitudinal range, 
and DOY for measurements made during each of the 6 different time periods highlighted. 
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Figure 5.3:  48-hour HYSPLIT air mass back-trajectories at 500 m (red lines) shown 
during the cruise (grey dotted line) corresponding to (a) Period 1: Riverside Transport 
boxed in red, (b) Period 2:  Stagnant/Ports Transport boxed in black, (c) Period 3:  
Marine/Coastal Transport boxed in cyan, (d) Period 4:  Port of Los Angeles boxed in 
green, (e) Period 5:  Central Valley Transport boxed in orange, and (f) Period 6:  
Sacramento boxed in purple.  Red dots on the HYSPLIT trajectories denote 12 hour 
increments.  The Port of Los Angeles (grey triangle), the Santa Monica area (grey dot), 
Riverside (grey square) and the Sacramento area (grey diamond) are also shown. 
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influence from Riverside or the Central Valley region, while Periods 2 and 4 were 

heavily influenced by emissions from the Ports of LA/LB, and Period 3 was influenced 

by oceanic emissions and serves as a background period. 

5.4.1.1 Period 1:  Riverside Transport 

During Period 1, sampled air masses were transported from the inland, Riverside 

region before traversing the port and Santa Monica region (see Figure 5.3a); thus, Period 

1 is characterized by influences from both port as well as agricultural emissions.  

Particulate matter in Riverside typically shows heavy signs of aging, characterized by 

high concentrations of secondary species such as nitrate, amines, ammonium, and 

secondary organics [Hughes et al., 2000; Hughes et al., 2002; Liu et al., 2000; Pastor et 

al., 2003; Pratt et al., 2009; Pratt and Prather, 2009; Qin et al., 2012].  Radon 

concentrations were high averaging ~2551 mBq/m3, and the highest average O3(g) 

concentrations (~47 ppbv) were observed, confirming the heavily aged, continentally 

influenced air masses sampled during this period.  Further, low temperatures averaging 

~13.2°C and high RH averaging ~88.5% were observed suggesting that aqueous phase 

processing was dominant during this period. 

5.4.1.2 Period 2:  Stagnant/Ports Transport 

Sampled air masses stagnated around the coast, port, and Santa Monica regions 

during Period 2 highlighting that local port emissions (e.g. emissions from vehicles, 

ships, etc.) were dominant.  Both O3(g) and radon concentrations (~38.9 ppbv and ~906 

mBq/m3 on average, respectively) were lower during Period 2 than Period 1 suggesting 

that aerosols underwent less chemical aging than particles observed during Period 1.  
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Again, high RH (~90.8% on average) and low temperatures (~13.1°C on average) were 

observed suggesting that most aerosols underwent aqueous processing and exhibited 

favorable conditions for the condensation of semi-volatile compounds. 

5.4.1.3 Period 3:  Marine/Coastal Transport 

During Period 3, most air masses followed a coastal/oceanic trajectory along the 

California coast.  Wind speeds reached ~14.5 m/s, which enhances the production of 

fresh sea spray particles, comprised of both fresh sea salt and biogenically-derived 

organics, from bursting bubbles generated by breaking waves [Blanchard and Woodcock, 

1957; Monahan et al., 1983; O'Dowd and De Leeuw, 2007].  Thus, Period 3 is 

characterized by ocean-derived aerosol; however, this period is not representative of 

clean marine conditions based on the high radon concentrations (~1548 mBq/m3 on 

average) and high particle number counts (~6347 cm-3 on average) [Fitzgerald, 1991; 

Hawkins et al., 2010; O'Dowd and De Leeuw, 2007; Twohy et al., 2005]. 

5.4.1.4 Period 4:  Ports of LA/LB Transport 

Period 4 was characterized by high SO2(g) and NOx(g) concentrations (~3.4 ppbv 

and ~18ppbv, respectively, on average) and low wind speeds (~2.4 m/s on average) and 

radon concentrations (~736 mBq/m3 on average).  Local port and shipping emissions 

dominated the particle chemistry during this period with little influence from other 

continental/transported sources.   



   169 
 

 

5.4.1.5 Period 5:  Central Valley Transport 

Figure 5.3e shows air masses traveling across the Central Valley during Period 5.  

The highest Radon concentrations were measured during this time period averaging 

~3183 mBq/m3 and high average O3(g) concentrations (~43 ppbv) were also observed.  

Similar to Riverside, the Central Valley aerosol is characterized by high concentrations of 

secondary species, namely secondary organic aerosol and ammonium nitrate due to 

contributions from dairy farms and other agricultural emissions [Chen et al., 2007; Chow 

et al., 2006a; Chow et al., 2006b]; hence, particulate matter observed during Period 5 is 

expected to be highly aged, similar to Period 1.  However, higher temperature (~15.2°C 

on average) and lower RH conditions (~83% on average) were observed during Period 5 

leading to less aqueous phase processing than was observed during Period 1. 

5.4.1.6 Period 6:  Sacramento 

During Period 6, air masses were of oceanic origin, traveling over the San 

Francisco Bay area prior to arriving in the Sacramento region, which is within the Central 

Valley.  Due to these unique meteorological conditions, local sources of pollution from 

the Central Valley were likely diluted when sampling in the Sacramento region took 

place.  Diurnal temperature and RH profiles were observed ranging from ~16-30°C and 

~24-93%, respectively; as such, diurnal profiles in particle chemistry were observed with 

aqueous phase processing occurring at night while secondary processing due to 

photochemistry occurred during the day.  The lowest O3(g), NOx(g), and lowest CO(g) were 

observed along with high radon concentrations (~1564 mBq/m3 on average) suggesting 
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that fewer anthropogenic emissions were detected compared to the previous periods in 

Southern California.   

5.4.2 Observed Particle Types 

5.4.2.1 Submicron Particle Chemistry 

Particle composition was found to vary by latitude, as shown in Figure 5.2, and 

also Figure 5.4, which shows the size-resolved chemistry of particles detected during 

each period.  Increased number fractions of soot particles (up to ~89% of submicron 

particles by number) were observed in Southern California, particularly during Periods 1, 

2, and 4 when port and urban (e.g. vehicles) emissions were dominant.  In addition to 

soot, particles from residual fuel combustion (e.g. emissions from ships and oil refineries) 

were also observed namely when port and shipping emissions influenced particle 

chemistry during Periods 2 and 4.  This residual fuel combustion particle type represented 

at most ~25% of submicron particles and is characterized by ion peaks associated with 

transition metals found in residual fuel oil, notably vanadium (51V+, 67VO+), nickel 

(58,60Ni+), and iron (54,56Fe+), in addition to sulfate (97HSO4
-) and, to a lesser extent, nitrate 

(46NO2
-, 62NO3

-) (Figure 5.5a) [Agrawal et al., 2008; Ault et al., 2010; Ault et al., 2009; 

Corbett and Fischbeck, 1997; Healy et al., 2009; Murphy et al., 2009].  During Period 4, 

additional industrial particle types were observed at the Ports of LA and LB, including 

metals concentrated in the submicron size mode, which most likely represent emissions 

from incineration [Moffet et al., 2008a] and are the subject of a future paper (P. Weiss-

Penzias et al., manuscript in preparation, 2012).  Additionally, organic carbon (OC) 

represented a much higher fraction of the detected submicron particles during Period 4 
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Figure 5.4:  Fraction of particle types as a function of size observed during the 6 different 
time periods.  Submicron particles (0.2-1.0 µm) are plotted in 0.05 µm bins while 
supermicron particles (1.0-3.0 µm) are plotted in 0.1 µm bins. 
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Figure 5.5:  Representative mass spectra of (a) Residual Fuel Combustion from ships, (b) 
Biomass Burning, (c) Biological/Spores, (d) Soot/OC (No Negatives), (e) Soot/OC 
(Sulfate), (f) Soot/OC (Nitrate), (g) Soot/OC (Neg OC), (h) OC (No Negatives), (i) OC 
(Sulfate), (j) OC (Nitrate) particles are shown.  For mass spectra containing both positive 
and negative ions, dashed lines separate negative ions (left side) and positive ions (right 
side).  
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(~12% of the total submicron particles detected on average) than the previous periods 

likely due to elevated vehicular and shipping emissions, which have been shown to 

contribute high mass concentrations of organic carbon to the aerosol burden [Lack et al., 

2009; Murphy et al., 2009; Russell et al., 2000; Sodeman et al., 2005].   

In contrast, soot and particles from residual fuel combustion made negligible 

contributions to the observed particle chemistry in Southern California during Marine and 

Central Valley Transport periods (Periods 3 and 5) and in the Sacramento region (Period 

6).   During Marine Transport conditions (Period 3), submicron particle chemistry was 

dominated by sea salt particles (up to ~57%) likely due to the production of fresh sea 

spray aerosol induced by high wind speeds.  As shown in Figures 5.2 and 5.4, particles 

from biomass burning were elevated in the submicron mode, particularly during Periods 

5 and 6, representing up to ~42% of submicron particles.  Biomass burning particles are 

characterized by an intense potassium peak (39K+) in addition to carbonaceous peaks 

(both elemental and organic), organic nitrogen peaks (26CN-, 42CNO-), ion peaks 

associated with potassium salts (113K2Cl+, 213K3SO4
+, etc.), and secondary species such as 

sulfate and/or nitrate (Figure 5.5b) [Pratt et al., 2010; Qin and Prather, 2006; Silva et al., 

1999].  Elevated biomass burning emissions detected during Periods 5 and 6 are likely 

emitted from crop burning, which has been found to contribute significantly to the 

Central Valley aerosol [Chen et al., 2007; Chow et al., 2006a; Hays et al., 2005].   

The key difference in particle chemistry observed in Northern California during 

Period 6 was the high percentage of submicron organic carbon (OC) particles detected, 

constituting up to ~67% of submicron particles by number; the high percentage of 
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organics was observed due to new particle formation (NPF) events.  While the lower size 

limit of the nozzle-inlet ATOFMS (~0.2 µm) cannot be used to probe the chemistry of 

newly formed particles, ATOFMS measurements can provide insight into the 

composition of these particles as they grow to sizes detectable by the instrument 

[Creamean et al., 2011].  Figure 5.6 shows particle number concentration as a function of 

diameter measured by a differential mobility particle sizer (DMPS). Several distinct 

events are highlighted in black boxes when high number concentrations of small particles 

(~0.02 µm) were observed followed by rapid growth to ~0.08-0.1 µm, which is indicative 

of NPF events [Creamean et al., 2011; Hegg and Baker, 2009; Kulmala, 2003].  As 

shown in Figure 5.6, the percentage of submicron OC particles was clearly elevated as 

newly formed particles grew suggesting that organic species contribute to this growth in 

agreement with previous studies [Creamean et al., 2011; Kulmala, 2003; Smith et al., 

2008; Zhang et al., 2004].  The formation of new particles occurred under conditions of 

low RH and intense solar radiation; however, growth of these particles occurred as RH 

increased with many of the detected OC particles lacking negative ion spectra (~74% on 

average) indicating that an appreciable amount of particulate water was associated with 

these particles [Neubauer et al., 1997; Neubauer et al., 1998].   

5.4.2.1 Supermicron Particle Chemistry 

Aged sea salt dominated the supermicron particle chemistry during most periods 

representing up to ~72% of supermicron particles, as shown in Figures 5.2 and 5.4.  Aged 

sea salt particles have undergone heterogeneous reactions with gas phase nitrogen oxides 

(e.g. N2O5(g), HNO3(g)), resulting in the displacement of chloride by particulate nitrate
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Figure 5.6:  Size distributions of particle number concentrations as a function of size and 
DOY are shown on a log scale.  The percentage of submicron OC particles (black line) is 
shown as a function of DOY.  Time periods when new particle formation events were 
observed are shown in black boxes. 



   176 
 

 

[Behnke et al., 1991; Chang et al., 2011; Vogt et al., 1996].  During the Marine Transport 

period (Period 3), however, fresh sea salt and marine biogenic particle types dominated 

the supermicron particle chemistry representing ~33% and ~26% of supermicron 

particles on average, respectively.  Marine biogenic particle types include Mg-type 

[Gaston et al., 2011] and S-type particles (C.J. Gaston et al., manuscript in preparation, 

2012), which represent primary, ocean-derived particle types associated with marine 

biological activity.  The combined high wind speeds in addition to the presence of a 

strong red tide bloom leading to elevated biological activity along the Southern California 

coast (www.sccoos.org) explains the dominance of fresh sea salts and marine biogenic 

emissions during Period 3.   

Marine particle types were negligible in the inland, Sacramento region during 

Period 6.  Instead, dust particles were found to represent ~39% of supermicron particles 

on average, and biological particles were also found to represent up to ~64% of 

supermicron particles as shown in Figures 5.2 and 5.4f.  Most of these biological particles 

were determined to be spores containing high concentrations of dipicolinic acid, a 

compound that is easily detected using laser/desorption ionization at 266 nm and serves 

as an ideal matrix for the detection of amino acids, which typically have low absorption 

cross sections at 266 nm [Silva and Prather, 2000; Srivastava et al., 2005].  Consistent 

with previous measurements of spores using laser/desorption ionization at 266 nm, spores 

detected during CalNex contained 39K+, 59(CH3)3N+, 74(CH3)4N+, m/z +86 due to either 

(C2H5)2NCH2
+ or the amino acids [leucine-HCO2] and [isoleucine–HCO2], m/z +104, 

which is yet to be identified, phosphate (63PO2
-, 79PO3

-), organic nitrogen (26CN-, 42CNO-

http://www.sccoos.org/�
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), and m/z -123, which is most likely due to dipicolinic acid-HCO2 [Srivastava et al., 

2005] (see Figure 5.5c for representative mass spectrum).  Spores have rarely been 

detected by ATOFMS in ambient environments and represent a very unique particle type 

most likely detected due to agricultural emissions from the Sacramento area.   

5.4.3 Variations in the Mixing-State of Carbonaceous Particle Types 

5.4.3.1 Soot Particle Mixing-State 

In addition to probing overall trends in particle chemistry, observed differences in 

the mixing-state of soot-dominated particles as a function of time and latitude were also 

investigated as shown in Figure 5.7a.  Soot particles are characterized by intense 

elemental carbon ion peaks (12C+, 36C3
+, 48C4

+,…Cn
+). Notably, most of the soot particles 

were typically mixed with low intensity organic peaks (27C2H3
+, 43C2H3O+, etc.), herein 

referred to as soot/OC particles [Spencer and Prather, 2006].  The mixing-state of 

soot/OC particles was found to vary based on the influence of port and/or agricultural 

emissions.  Overall, the majority of soot/OC particles (~62% of soot particles on average) 

lacked negative ion spectra (see Figures 5.5d and 5.7a), with sizes peaking in number at 

~0.5-0.6 µm and extending up into the supermicron size range (Figure 5.4).  The lack of 

negative ion spectra and larger sizes suggests that these particles contained appreciable 

particulate water even at 55% RH and most likely had undergone cloud or fog processing 

[Moffet et al., 2008b; Neubauer et al., 1997; Neubauer et al., 1998].   

The most striking trend shown in Figure 5.7a is the high percentage of soot/OC 

(sulfate) particles detected in Southern California (representing up to ~60% of detected 

submicron soot particles for time periods 1-4) that decreased significantly as the ship 
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Figure 5.7:  Hourly temporal trends in carbonaceous mixing-state.  The top panel (a) 
shows hourly temporal trends for different soot particle types:  Soot (black), Soot/OC (No 
Negatives) (grey), Soot/OC (Sulfate) (green), Soot/OC (Nitrate) (pink), and Soot/OC 
(Neg OC) (blue) as a function of latitude (white line).  The bottom panel (b) shows 
hourly temporal trends for different organic particle types:  OC (No Negatives) (grey), 
OC (Sulfate) (green), and OC (Nitrate) (pink) as a function of latitude (black line).  The 6 
different time periods are boxed. 
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moved north along the California coast.  Soot/OC (sulfate) particles are characterized by 

intense sulfate peaks (80SO3
-, 97HSO4

-) (see Figure 5.5e) and are typically considered to 

represent relatively fresh combustion emissions [Moffet and Prather, 2009].  However, 

during CalNex, soot/OC (sulfate) particles were typically found to peak at larger sizes 

than expected, ~0.55 µm on average, indicating that this particle type likely underwent 

aqueous phase processing as well.  The highest percentage of soot/OC (sulfate) particles 

were observed during Periods 2-4 likely due to the prevalence of shipping and diesel 

truck emissions at the ports, which contain high levels of SO2(g) [Agrawal et al., 2008; 

Ault et al., 2010; Corbett and Fischbeck, 1997; Corbett and Koehler, 2003], and aqueous 

phase processing of soot particles leading to the formation of high amounts of particulate 

sulfate.  Another potential source of elevated sulfate on soot particles, particularly during 

Marine Transport conditions (Period 3), is the presence of red tide blooms of L. 

polyedrum, a marine organism that has been shown to contribute biogenic sulfate to 

aerosols [Gaston et al., 2010], in Southern Californian waters during CalNex 

(www.sccoos.org).   

In addition to influence from port emissions, agricultural emissions were also 

found to impact soot mixing-state during Periods 1, 5, and 6.  During periods of 

agricultural influence, soot/OC (nitrate) particles were also observed; these particles had 

similar positive ion markers to the soot/OC (sulfate) particles, but contain intense nitrate 

peaks (46NO2
-, 62NO3

-) rather than sulfate (see Figure 5.5f).   These particles are 

considered highly aged [Moffet and Prather, 2009] as confirmed by the fact that this 

particle type peaked at ~0.75 µm during the campaign and was found to extend into the 

http://www.sccoos.org/�
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supermicron size mode (Figure 5.4); this particle type represented up to ~33% of soot 

particles.     

In addition to soot/OC (nitrate) particles, unique soot/OC particles containing 

sulfate and intense ions at m/z -43, -57, and -71 (see Figure 5.5g) were detected during a 

period of agricultural influence (Central Valley Transport conditions) and have never 

been detected before by ATOFMS.  Since organic peaks in soot/OC particles typically 

appear as positive ions, this particle type has been labeled Soot/OC (Neg OC).  At this 

juncture, we speculate that this particle type represents a soot particle core heavily coated 

with secondary organic aerosol (SOA).  Evidence for this speculation comes from the fact 

that this particle type peaks at a small size (~0.35 µm), as shown in Figure 5.4e, which 

could be due to the collapse of the soot particle core that can occur in the presence of 

heavy organic coatings [Spencer and Prather, 2006].  The unique organic markers likely 

correspond to 43CH3CO-, 57C2O2H-, and 71C3H3O2
- [McLafferty and Turecek, 1993; Silva 

et al., 1999; Silva and Prather, 2000] possibly due to contributions from levoglucason 

and/or methylglyoxal (m/z -71), glyoxal (m/z -57), and acetaldehyde (m/z -43) [Silva et 

al., 1999; Silva and Prather, 2000]; however, additional field and laboratory 

measurements are required to confirm the identification of these ion peaks.   

5.4.3.2 The Mixing-State of Organics 

In addition to the mixing state of soot-containing particles, the mixing-state of OC 

particles was also investigated by examining their trends.  These particles are 

distinguished from the soot/OC types described above in that these particles are not 

characterized by intense elemental carbon peaks characteristic of soot particles.  Three 
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types of OC particles were identified during CalNex: OC (no negatives), OC (sulfate), 

and OC (nitrate).  Temporal trends of the OC particle types are shown in Figure 5.7b.  

Most OC particles were found to lack negative ion spectra (~68% on average) (see Figure 

5.5h) and peaked in the 0.5-0.6 µm size range, as shown in Figure 5.4, suggesting that 

these particles had undergone aqueous phase processing similar to soot particles.  

However, during Marine and Central Valley Transport conditions (Periods 3 and 5), OC 

particles containing intense sulfate peaks (see Figure 5.5i) were more common, 

representing ~58% of organic particles, likely due to photo-chemically produced sulfate.  

In addition to sulfate, OC particles with intense nitrate peaks (see Figure 5.5j) were also 

observed during Periods 3 and 5, representing ~15% of organic particles on average.  Of 

note, OC (nitrate) particles peaked at a small particle size (~0.35 µm) and were found to 

peak at night rather than during the day; this is unexpected if OC (nitrate) particles are 

formed due to the condensation of photochemically-produced nitrate.  Instead, these 

observations suggest possible contributions of organonitrates formed from reactions with 

nitrate radical at night [Ng et al., 2008]. 

In addition to the OC types described above, OC particles detected during CalNex 

also frequently contained aromatic peaks (51C4H3
+, 63C5H3

+, 77C6H5
+, etc) [Silva and 

Prather, 2000], which have been associated with vehicle exhaust [Shields et al., 2007; 

Sodeman et al., 2005; Spencer et al., 2006; Toner et al., 2008] and humic substances 

formed from biomass burning [Holecek et al., 2007; Mayol-Bracero et al., 2002; Qin and 

Prather, 2006].  Further, OC particles also contained ion peaks indicative of amines (e.g. 

59(CH3)3N+, 86(C2H5)2NCH2
+, 101(C2H5)3N+, 118(C2H5)3NOH+, etc.), which are semi-
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volatile species that can partition onto pre-existing particles [Angelino et al., 2001; Pratt 

et al., 2009; Schade and Crutzen, 1995], and oxygenated organic markers (e.g. 43C2H3O+) 

that indicate the presence of SOA [Qin et al., 2012] (see Figure 5.5h).  Ternary plots were 

used to examine the prevalence of these compounds on OC particles to further elucidate 

the mixing-state and sources of OC particles using the ion peaks 59(CH3)3N+, 43C2H3O+, 

and 77C6H5
+ as markers for amines, SOA/oxygenated organics, and aromatics, 

respectively (see Figure 5.8).   

Amines were found to dominate the OC mixing-state during the first two periods 

with up to ~65% of OC particles containing amine markers, as shown in Figure 5.8.  

Dairy farm emissions from the Chino area in Southern California, in addition to favorable 

meteorological conditions (e.g. low temperatures and high RH), explain the dominance of 

amines during these two time periods [Hughes et al., 2002; Pastor et al., 2003; Pratt et 

al., 2009; Qin et al., 2012; Schade and Crutzen, 1995; Sorooshian et al., 2008].   Further, 

up ~18% of organic carbon particles contained amines at the Ports of LA/LB during 

Period 4 even though inland transport conditions were not encountered suggesting that 

ports could contribute an industrial source of amines.   

Interestingly, amines were not dominant during Central Valley Transport 

conditions (Period 5), as would be expected.  Instead, oxygenated organics were 

dominant (see Figure 5.8e) likely due to contributions of photochemical-produced SOA.  

The high ozone concentrations measured during Period 5 supports the assignment of 

organics during Period 5 as being from secondary rather than primary sources [Na et al., 

2004; Qin et al., 2012].  Oxygenated organics were also dominant during Marine 
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Figure 5.8:  Ternary plots for individual OC particles observed for the 6 different time 
periods.  The top corner of the ternary plots corresponds to OC particles containing only 
an oxygenated organic peak (43C2H3O+), the left bottom corner denotes OC particles 
containing only the amine peak  (59(CH3)3N+), and the right bottom corner corresponds to 
OC particles containing only an aromatic peak (77C6H5

+). 
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Transport conditions (Period 3), likely due to secondary contributions.  However, another 

possibility for the detection of oxygenated organics during Period 3 is the presence of 

organics from marine biogenic sources, such as lipopolysaccharides, that contribute 

organics with a higher oxygen content than organics from anthropogenic sources 

[Facchini et al., 2008; Ovadnevaite et al., 2011; Russell et al., 2011; Russell et al., 2010].     

Aromatics were more prevalent during periods 4 and 6 than any other periods.  

The increased frequency of aromatics in the Ports of LA and LB is likely due to increased 

emissions from diesel combustion by trucks [Kasper et al., 2007; Maricq, 2007; Shields 

et al., 2007; Spencer et al., 2006] in addition to emissions from ships, which also 

contribute aromatics and high mass concentrations of organic aerosol [Kasper et al., 

2007; Lack et al., 2009; Murphy et al., 2009; Russell et al., 2009].  Oxygenated organics 

and amines in Sacramento are likely from agricultural emissions [Chow et al., 2006b; 

Sorooshian et al., 2008] while the observed aromatics are likely humic substances 

derived from biomass burning [Holecek et al., 2007; Mayol-Bracero et al., 2002]. 

5.4.4 Contributions of Secondary Species 

In addition to probing the secondary mixing-state of carbonaceous particle types, 

the prevalence of the secondary species ammonium, nitrate, and sulfate was examined for 

all particle types.  Figure 5.9 shows a temporal of the average absolute peak area of 

sulfate (97HSO4
-), ammonium (18NH4

+), and nitrate (46NO2
-, 62NO3

-, 30NO+/CH3NH+) for 

submicron and supermicron particles as a function of latitude.  The absolute peak area for 

a particular m/z can be related to the relative amount of the corresponding chemical 

species present on the particles [Bhave et al., 2002; Gross et al., 2000].  For submicron 
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Figure 5.9:  Hourly-averaged absolute ion peak areas for nitrate (red, pink, and grey 
lines), sulfate (green line), and ammonium (purple line) as a function of DOY and 
latitude (black line).  The top panel shows ion peak areas for submicron particles while 
the bottom panel shows ion peak areas for supermicron particles. 
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particles, sulfate peak area was larger than nitrate until the ship began to head north, 

between periods 4 and 5.  In Northern California, nitrate peak area, namely 46NO2
-, was 

more intense than sulfate on submicron particles.  The elevated submicron sulfate during 

Periods 1-4 was mainly internally mixed with soot/OC particles and is most likely due to 

elevated SO2(g) emissions from the Ports of LA and LB.  Most submicron nitrate observed 

during Periods 5 and 6 was associated with submicron biomass burning, sea salt, and dust 

particles, which can acquire nitrate through heterogeneous reactions with nitric acid 

(HNO3(g)) [Krueger et al., 2003; Shi et al., 2008; Sullivan et al., 2007].  Ammonium was 

typically correlated with sulfate on submicron particles due to the condensation of 

ammonium sulfate and/or the titration of sulfate by ammonium.   

In contrast, nitrate peaks were more intense than sulfate for supermicron particles 

due to contributions of dust and sea salt particles that had been heterogeneously reacted.  

Ammonium was typically associated with reacted dust particles due to the titration of 

heterogeneously acquired nitrate and sulfate on these particles [Sullivan et al., 2007].  

Interestingly, supermicron ammonium and the nitrate marker 30NO+/CH3NH+ were found 

to be correlated namely during periods influenced by agricultural emissions from the 

Riverside and Central Valley regions.  The correlation between ammonium and m/z +30, 

in particular, for supermicron particles is most likely due to the condensation of 

ammonium nitrate [Hughes et al., 2002; Liu et al., 2000; Qin et al., 2012], which has 

been found to be a dominate contributor to the Riverside and Central Valley aerosol due 

to high concentrations of gas phase precursors from dairy farms [Appel et al., 1978; Chen 

et al., 2007; Chow et al., 2006a; Hughes et al., 2002; Magliano et al., 1999; Pratt and 
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Prather, 2009; Qin et al., 2012].  Further, the observed lower temperature and high RH 

observed during Periods 1 and 2 and at night during Period 6 also favor partitioning of 

ammonium nitrate to the particle phase during these time periods [Appel et al., 1978; 

Stelson and Seinfeld, 1982].   

5.5 Conclusions and Implications for California 

The observed differences in mixing state observed along the Southern California 

coast and in Northern California during different transport conditions have significant 

implications for differences in regional air pollution as well as regional differences in 

aerosol climate forcing.  Particle mixing-state was found to vary based on the influence 

of port, agricultural, and background emissions from the ocean.  Soot particles were the 

most prevalent submicron particle type in Southern California;  the mixing-state of soot 

particles detected in Southern California were impacted by shipping and vehicles 

emissions from the Ports of LA and LB, which contributed sulfate to soot particles.  In 

Northern California and during periods influenced by agricultural emissions, nitrate and 

unique organic compounds contributed to the mixing-state of soot particles.  The 

observed differences in soot mixing-state could significantly impact the absorbing and 

cloud nucleating properties of soot particles, particularly as soot particles are aged and 

accumulate soluble material or are oxidized to water soluble material [Decesari et al., 

2002; Jacobson, 2000; Lammel and Novakov, 1995; Moffet and Prather, 2009; Schnaiter 

et al., 2005].  

In contrast, organic carbon was the dominant submicron particle type in Northern 

California, due to NPF events.  The mixing-state of organics was also found to vary 
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during different transport and meteorological conditions.  Oxygenated organic 

compounds were frequently associated with particles during marine and Central Valley 

transport conditions, likely due contributions from SOA and, possibly, marine biogenics.  

Aromatics were found to contribute to organics due to distillate and gasoline combustion 

when port and vehicular emissions were dominant and in Sacramento likely due to 

contributions from biomass burning.  In addition to exhibiting strong absorbing properties 

for UV wavelengths [Hoffer et al., 2006; Sun et al., 2007], aromatics also contribute to 

adverse health effects highlighting their atmospheric significance [Bernstein et al., 2004].  

Amines were also frequently observed when air masses were transported from Riverside 

likely due to the impact of dairy farm emissions and favorable meteorological conditions.  

The presence of amines is significant as they have been shown to contribute to aerosol 

hygroscopicity and cloud droplet formation, particularly through the formation of 

aminium salts [Sorooshian et al., 2008].  Overall, we found that chemical properties of 

aerosol particles differ widely across California based on particle source and transport 

conditions.  The observed differences in the particle types, soot and OC mixing-state, and 

aging processes due to differences in meteorological conditions will most likely result in 

regional differences in the health, optical, and cloud nucleating properties for the aerosol 

populations observed across California.  This should be taken into account when 

determining which emissions sources to regulate in order to mitigate the adverse effects 

of aerosols on both human health and climate change.   
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Chapter 6 

 

6. Changes in the Single-Particle Composition of Ship Emissions in 
California:  Impact of Stricter Regulations on Shipping Emissions 
 

6.1 Synopsis 

 In California, ship emissions constitute a major source of particulate matter near 

the Ports of Los Angeles (LA) and Long Beach (LB), the busiest container ports in the 

USA.  Ships typically combust high sulfur residual oil (RO) producing high 

concentrations of particulate sulfate and metals including vanadium, which impact human 

health and climate.  To mitigate these effects, regulations were adopted in 2009 requiring 

ships to switch from RO to low sulfur marine distillate oil (MDO) or marine gas oil 

(MGO) within 24 miles of the California coast.  To evaluate the efficacy of these new 

regulations, aerosol measurements made before and after the enactment of the regulations 

were compared, both at the source (Ports of LA and LB) and at a receptor site.  These 

measurements revealed that the number of vanadium-containing particles emitted from 

ships has decreased by up to ~61% while the relative amount of submicron sulfate from 

ship emissions was found to decrease by a factor of ~2.5 resulting in a decline in the 

fraction of particles that can activate as cloud droplets.  Decreases in the mass 

concentrations of particulate sulfate and vanadium at both the Ports of LA and LB and at 

the receptor site in San Diego corroborate the decline observed by the single-particle 

measurements.  As shipping is expected to increase in the future, the observed changes in 
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the single-particle chemistry and mass concentrations of both sulfate and transition 

metals associated with ship emissions should be taken into account for future regulations.    

6.2 Introduction 

Atmospheric aerosols contribute to global climate change through direct 

interactions with solar and terrestrial radiation as well as indirect interactions by 

facilitating the formation of cloud droplets and ice crystals; additionally, aerosols 

contribute to air pollution and adverse effects on human health [Poschl, 2005].  

Emissions from ocean-faring ships represent a large source of particulate matter (PM) to 

the atmosphere, producing ~1.2-1.6 Tg PM/yr [Corbett and Koehler, 2003; Eyring et al., 

2010], with most of these emissions occurring within 400 km of coastal regions [Corbett 

and Fischbeck, 1997; Corbett et al., 1999].  Ship emissions significantly impact global 

climate directly through the production of pollutants such as black carbon (soot), ozone, 

and CO2(g), making ship emissions the highest source of pollution per ton of fuel 

consumed [Corbett and Fischbeck, 1997; Eyring et al., 2010].  Additionally, ship 

emissions contribute indirectly to climate change by increasing cloud droplet number 

concentrations (CDNC) namely by producing ~5.5 Tg S/yr of SO2(g), which is converted 

to particulate sulfate and contributes significantly to cloud droplet formation [Eyring et 

al., 2010; Hobbs et al., 2000; Hudson et al., 2000].  Many climatic effects are dependent 

on whether ships are combusting high sulfur residual oil (RO), which emits higher mass 

concentrations of particulate sulfate [Hudson et al., 2000], or lower sulfur fuels such as 

marine distillate oil (MDO) or marine gas oil (MGO); due to the low cost, an estimated 

70-80% of commercial ships combust RO [Corbett and Fischbeck, 1997].  Additional 
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CDNC from ship emissions influence the cloud microphysics of marine stratocumulus 

clouds resulting in increased cloud optical thickness, decreased cloud effective radius, 

increased cloud lifetime, and potentially leading to suppressed drizzle formation 

[Albrecht, 1989; Hudson et al., 2000; Radke et al., 1989; Russell et al., 1999; Twomey, 

1977].  Because oceans represent a dark surface with a low albedo and marine 

environments are characterized by low background particle concentrations, marine 

environments are extremely sensitive to aerosol perturbations of cloud properties from 

ship emissions; in fact, ~17-39% of the anthropogenic indirect effect has been attributed 

to the effect of ship emissions on clouds over the ocean [Eyring et al., 2010; Slingo, 

1990].   

In addition to their impact on global climate, ship emissions have adverse impacts 

on human health.  Particle number concentrations from ship emissions typically peak in 

the ultrafine size mode (< 0.1 µm) [Murphy et al., 2009], which tends to have greater 

negative health effects due to the ability of smaller particles to penetrate deeper into the 

respiratory system [Bernstein et al., 2004; Gauderman et al., 2000; Pope and Dockery, 

2006].  In addition to size, particle mixing-state determines the impacts of aerosols on 

human health.  Ship PM contains black carbon, sulfate, organics, and transition metals, 

particularly Fe, V, and Ni with RO containing higher mass concentrations of these 

components [Agrawal et al., 2008; Ault et al., 2010; Ault et al., 2009; Healy et al., 2009; 

Murphy et al., 2009]; V and Ni have been shown to have a synergistic, negative impact 

on the heart and lungs [Campen et al., 2001; Dye et al., 1999] while Fe and soot have 

synergistic, adverse impacts on lung function and growth [Pinkerton et al., 2004].  
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Overall, the physicochemical properties of ship emissions are thought to contribute to 

~60,000 premature deaths annually, particularly near major ports [Corbett et al., 2007].   

In California, ship emissions are of particular concern due to the presence of 

several ports including the Ports of Los Angeles (LA) and Long Beach (LB), which, 

combined, make up the busiest container port in the United States [Authorities, 2006].  In 

light of recent literature highlighting the deleterious effects of emissions from RO 

combustion, new regulations were adopted in 2009 requiring ships to combust low sulfur 

marine fuel instead of RO as they come within 24 nautical miles of the California coast 

[CARB, 2009].  A recent study by Lack et al. [2011] found that as ships switched from 

RO to MDO or MGO, mass concentrations of particulate non-refractory organics and 

sulfate decreased as did the percentage of particles able to form cloud droplets.  In 

addition, understanding how the mixing-state of PM from ship emissions has changed is 

crucial because the mixing-state influences the heterogeneous reactivity, cloud forming 

potential, and hygroscopicity of individual particles [Poschl, 2005].  The goal of this 

paper is to examine how recent changes in California regulations regarding ship 

emissions have impacted both mass concentrations and the single-particle chemistry of 

particles both freshly emitted from ships as well as ship emissions that have been 

subsequently processed in the atmosphere during transport to a receptor site by 

examining four studies spanning from 2006-2011.  The implications of these findings are 

discussed. 
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6.3 Methods 

6.3.1 Ambient Measurements 

Ambient measurements of freshly emitted ship plumes were made at the Southern 

California Marine Institute (SCMI) located on Terminal Island at the Ports of LA and LB 

from November 16-26, 2007 as part of the Los Angeles Basin Mobile Lab Study-part II 

[Ault et al., 2010] and again from May 10-16, 2011; measurements made in 2007 are 

herein referred to as SCMI 2007 and those made in 2011 are referred to as SCMI 2011.  

Ambient measurements were also made in 2006 from August 17-October 3 and in 2009 

from August 9-October 2 at the end of the Scripps Institution of Oceanography (SIO) pier 

in La Jolla, California, which is ~300 m from shore and ~8 m above the Pacific Ocean.  

More details on the 2006 campaign can be found in Ault et al. [2009].  Measurements 

from the SIO Pier study in 2006 and the SCMI study in 2007 were made prior to the 

passage of the new regulations requiring ships to burn MDO or MGO within 24 miles of 

the California coast, while measurements made at the SIO Pier in 2009 and at SCMI in 

2011 were made after the passage of the new regulations. 

6.3.2 Cloud Condensation Nuclei Data 

Number counts of particles that can act as cloud condensation nuclei (NCCN) were 

measured on the SIO Pier in 2006 using a prototype continuous-flow streamwise thermal-

gradient cloud condensation nuclei counter (CCNc) [Roberts and Nenes, 2005] held at a 

supersaturation of ~0.4%.  The supersaturation of the CCNc is a function of the column 

temperature gradient (dT), which was calibrated using (NH4)2SO4 (Aldrich, 99.999%).  

Total particle concentrations (NCN) were measured using a scanning mobility particle 
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sizer (SMPS, TSI, model 3081 differential mobility analyzer and TSI, model 3010 

condensation particle counter) with a time resolution of 5 minutes, which were 

subsequently compared to CCN counts providing a measure of the fraction of total 

particles that could nucleate particles at the given supersaturation (fCCN0.4%): 

                                                                                                             (1) 

CCN measurements were also made on the SIO Pier in 2009 using a commercial CCNc 

(Droplet Measurement Technologies), which scans through supersaturations from 0.1-

1.0%.  For the purpose of this paper, only measurements of NCCN made at 0.4% 

supersaturation are compared.  An SMPS was also used in 2009, and total particle 

concentration measurements were made using a condensation particle counter (CPC) 

(TSI, model 3010) in 2009.  Activation diameters (Dact) were subsequently determined 

from fCCN and size distributions obtained from the SMPS [Furutani et al., 2008].  

6.3.3 Particulate Mass Concentration Data 

Particulate mass concentrations for particles with aerodynamic diameters of ≤ 2.5 

µm (PM2.5), and mass concentrations of individual chemical species on particles in the 

same size range are measured continuously throughout California as part of the 

Environmental Protection Agency (EPA) Interagency Monitoring of PROtected Visual 

Environments (IMPROVE) [Malm et al., 2004] and CARB Air Quality (AQ) monitoring 

networks.  Mass concentrations of sulfate and vanadium are of particular interest for this 

analysis.  PM2.5 and particulate sulfate and vanadium concentrations were available every 

3-6 days.  During SCMI 2007 and SCMI 2011, PM2.5 data was collected in Los Angeles 

on Terminal Island within the Ports of LA and LB while mass concentrations of sulfate 
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and vanadium were obtained from a site in downtown LA ~37.6 km from SCMI.  During 

the Pier 2006 and 2009 campaigns, mass concentrations were obtained from a site in El 

Cajon ~30.6 km from the SIO Pier. 

6.3.4 Aerosol time-of-flight Mass Spectrometry 

The size-resolved chemical composition of individual aerosols was measured in 

real-time using an aerosol time-of-flight mass spectrometer (ATOFMS) [Gard et al., 

1997; Prather et al., 1994; Su et al., 2004].  Two different instruments were used during 

these studies.  The ultrafine (UF)-ATOFMS detects particles from 100-1000 nm 

aerodynamic diameter (Da) and was used during SCMI 2007 and SCMI 2011.  The 

converging nozzle inlet ATOFMS, which detects aerosol particles in the size range of 

0.2-3.0 µm Da, was used to make measurements on the end of the SIO pier in 2006 and 

2009.  The operating principles of the ATOFMS have been described previously [Gard et 

al., 1997].  Briefly, particles are sampled at atmospheric pressure through the sampling 

inlet (e.g. converging nozzle or aerodynamic lens inlet) into a differentially pumped 

vacuum chamber causing particles to be accelerated to a size-dependent terminal 

velocity, which is measured in the sizing region of the instrument consisting of two 

continuous wave lasers (532 nm) separated at a fixed distance.  The time taken to traverse 

the laser beams is recorded and is converted to Da using calibrations from polystyrene 

latex spheres of known sizes.  The particle velocity is also used to time the firing of a Q-

switched Nd:YAG laser that simultaneously desorbs and ionizes compounds from 

individual particles creating positive and negative ions, which are analyzed in a dual 

polarity time-of-flight mass spectrometer.  Dual-polarity spectra provide complementary 
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information regarding the source (e.g. ships vs. sea salt) and age of the particle (e.g. fresh 

vs. reacted sea salt) [Guazzotti et al., 2001; Noble and Prather, 1996].  Ambient particles 

were dried with a silica gel diffusion drier for both sets of measurements at the SIO pier 

to decrease the particulate water content, which suppresses the intensity and frequency of 

negative ion spectra [Neubauer et al., 1997; Neubauer et al., 1998].   

6.3.5 Data Analysis 

The YAADA software toolkit was used to import ion peak lists into MATLAB 

(The MathWorks, Inc.) for processing of ATOFMS data [Allen, 2002].  An adaptive 

neural network (ART-2a), was used to cluster together particles with similar mass 

spectral peaks and intensities [Fergenson et al., 2001; Gard et al., 1998; Guazzotti et al., 

2001; Song et al., 1999].  Data were averaged into 1-hour time bins for measurements 

made during the pier studies, which were long-term field studies (e.g. lasting ~ 3 months 

each), while 10-min time bins were used for SCMI 2007 and SCMI 2011, which were 

short-term field studies (e.g. lasting ~6-10 days each).  Each ion peak assignment 

presented in this paper corresponds to the most likely ion produced at a given mass-to-

charge (m/z).  Particle types described in this paper are defined by characteristic ion 

peaks and/or possible sources and do not reflect all of the compounds present within a 

particular particle class.      

6.4 Results and Discussion 

6.4.1 Single-Particle Measurements of Ship Plumes 

This section aims to show a decline in particles produced by ships combusting 

high sulfur RO at the Ports of LA and LB by comparing measurements during SCMI 
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2007 before the regulations were enacted and during SCMI 2011 after the regulations 

were enacted.  Particles emitted by ships combusting high sulfur RO are primarily 

classified as organic carbon (OC)-V type particles by ATOFMS and are characterized by 

vanadium ion markers (51V+, 67VO+), iron (56Fe+), and nickel (58,60Ni+).  Additionally, 

these particles may contain elemental carbon (EC) peaks (12C1, 24C2
+, 36C3

+…Cn
+), lower 

intensity OC peaks (27C2H3
+, 37C3H+, etc.), and sulfate and sulfuric acid peaks (80SO3

-, 

97HSO4
-, 195H2SO4HSO4

-) (see Figure 6.1) [Ault et al., 2010; Ault et al., 2009].  This 

particle type is typically concentrated in the smallest submicron size bins detected by the 

instrument; aging of these particles causes them to grow by acquisition of particulate 

water and nitrate [Ault et al., 2010; Ault et al., 2009].   

A comparison of the size distribution and number fraction of V-containing 

particles for individual ship plumes measured during SCMI 2007 and SCMI 2011 is 

shown in Figure 6.2.  The identification of ship plume emissions was made using 

concurrent measurements of particle number concentrations and gas phase measurements 

of SO2(g) as mentioned in Ault et al. [2010].  Ship plumes were characterized by the 

dramatic increase in particle number concentrations and SO2(g) lasting ~10-40 minutes.  

These observations are consistent with previous measurements of ship emissions [Ault et 

al., 2010; Corbett and Fischbeck, 1997; Corbett and Koehler, 2003].  For SCMI 2007, 

two different ship plumes are compared, one in which a container vessel was burning RO 

and the other from a vessel burning MDO or MGO [Ault et al., 2010].  The plume 

identified during SCMI 2011 was from a ship burning MDO or MGO.  Higher overall 

number fractions of OC-V particles were emitted by the ship combusting high sulfur RO 
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Figure 6.1:  Representative mass spectrum of the OC-V-sulfate particle type characteristic 
of shipping combusting high sulfur residual fuel.  Reproduced with permission from Ault 
et al., 2010. Copyright 2010 American Chemical Society. 
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Figure 6.2:  Observed number fractions of V-containing particles emitted from a ship 
combusting low sulfur MDO or MGO emitted during SCMI 2007 (orange), a ship 
combusting high sulfur RO emitted during SCMI 2007 (yellow), and from a ship plume 
observed during SCMI 2011 (purple).   Particle types are plotted as a function of size in 
50 nm size bins.   

 



   212 
 

 

during SCMI 2007 with OC-V particles representing ~72% of the observed particles 

within the 200-250 nm size bin.  In contrast, emissions from both the distillate fuel plume 

during SCMI 2007 and from the plume observed during SCMI 2011 contained lower 

number fractions of OC-V particles (~7% for the distillate fuel plume during SCMI 2007 

and ~20% for the plume observed during SCMI 2011) that extended out to larger sizes 

peaking above ~300 nm.  OC-V particles observed in distillate fuel plumes during SCMI 

2007 were determined to represent a background particle type with contributions from oil 

refineries [Singh et al., 2002] and chemically aged ship emissions [Ault et al., 2010]; the 

chemically aged/background nature of this particle type explains the fact that these 

particles extend out to larger sizes [Ault et al., 2010].  Although the number fraction of 

OC-V particles was higher during SCMI 2011 than in the distillate fuel plume observed 

during SCMI 2007, it is likely that most of the OC-V particles observed during SCMI 

2011 also represent a background particle type rather than a freshly emitted particle type.      

Changes in the single-particle mixing-state of individual ship plumes between the 

two years were also examined in further detail in Figure 6.3, which shows a subtraction 

plot of mass spectra derived from particles measured in a RO burning ship plume during 

SCMI 2007 (top) and a marine distillate burning plume from SCMI 2011 (bottom).   The 

peak area of a particular m/z can be related to the relative amount of a specific chemical 

species on each particle type [Bhave et al., 2002; Gross et al., 2000] meaning that 

differences in the ion peaks shown in Figure 6.3 represent changes in the chemistry of 

particles between the two campaigns.  Particles detected in ship plumes during SCMI 

2007 contained larger ion peak areas of vanadium, elemental carbon, organic carbon, 
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Figure 6.3:  Subtraction plot of mass spectra produced by particles observed in ship 
plumes during SCMI 2007 (top) and SCMI 2011 (bottom).   
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sulfate, and sulfuric acid peaks (177HSO4SO3
-, 195H2SO4HSO4

-).  Increased vanadium, 

sulfate, and sulfuric acid peaks during SCMI 2007 are likely due to the higher heavy 

metal and sulfur content of the RO fuel combusted; additionally, organic carbon detected 

during SCMI 2007 is likely due to the presence of lubricating oil and asphaltenes in high 

sulfur RO [2010; Corbett and Fischbeck, 1997; Kasper et al., 2007; Murphy et al., 2009].  

The higher sulfuric acid content of the particles could also be due to the increased 

presence of vanadium in the particles, which has been suggested to catalyze the formation 

of sulfuric acid from SO2(g) [Ault et al., 2010].  Overall, the heavy metal, organic carbon, 

and sulfate content of aerosols in fresh ship plumes observed at the Port of LA have 

declined due to changes in regulations requiring ships to combust lower sulfur MDO or 

MGO as they approach the California coast. 

6.4.2 Overall Decline in Emissions from High Sulfur RO Combustion Observed at 

the Port of LA 

In addition to probing differences in the particle chemistry of individual ship 

plumes, differences in the overall number fraction of V-containing particles were also 

observed between SCMI 2007 and SCMI 2011.  Figure 6.4a uses box and whisker plots 

to show the percentage of all particles from SCMI 2007 and SCMI 2011 that were 

identified as V-containing; box top and bottom represent the 75th and 25th percentiles, 

respectively, and the whiskers represent the 90th and 10th percentiles.  The percentages of 

V-containing particles in the 10th percentiles were considerably lower during SCMI 2011 

than SCMI 2007 (~0.6% vs. 4%, respectively) while the 90th percentiles also peaked at a 

lower percentage for SCMI 2011 than SCMI 2007 (~9% vs. ~13%, respectively).  The 
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Figure 6.4:  (a) Box and whisker plots depicting the percentage of V-containing particles 
observed during SCMI 2007 and SCMI 2011.  The top and bottom of the box represent 
the 25th and 75th percentiles, respectively, while the middle band represents the median of 
the percentage of V-containing particles.  The bottom and top whiskers represent the 10th 
and 90th percentiles, respectively. (b) Average annual mass concentration data of PM2.5 
sulfate (top panel), vanadium (middle panel), and total mass concentrations (bottom 
panel) collected in 2006-2011 during the SCMI 2007 and SCMI 2011 campaigns are 
shown while standard deviations are shown as error bars. 
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median percentage of V-containing particles was lower in 2011 compared to 2007, ~4.3% 

vs. 7.3%, representing an overall decrease in V-containing particles of ~41% between the 

two years.   Despite the presence of other sources of V-containing particles (e.g. oil 

refineries), new regulations on ship fuel appear to have led to a decrease in the V-

containing particle type due to changes in the particle composition of ship emissions.   

Mass concentration data collected from monitoring sites in the LA region provide 

further support for the observed single-particle measurements showing a decline in 

particle types associated with high sulfur RO combustion.  Figure 6.4b shows annual 

average mass concentrations of vanadium and sulfate on PM2.5 obtained from a 

monitoring site in Downtown LA in addition to total PM2.5 mass concentrations obtained 

from a site located at the Port of LA.  Average vanadium mass concentrations were found 

to decrease from ~6.2 ng/m3 in 2007 to ~0.9 ng/m3 in 2011 representing an overall 

decline in vanadium mass concentrations of ~86%, while average sulfate mass 

concentrations were found to decrease from ~3.2 µg/m3 in 2007 to ~1.1 µg/m3 in 2011 

representing an overall decline in sulfate mass concentrations of ~66%.  These results 

agree with the single-particle results showing an overall decline in V-containing particles 

observed between these two studies and the decline in sulfate observed on particles from 

ship plumes.  It should be noted, however, that mass concentration data was only 

available through May, 2011 and, thus, additional mass concentration results from 2011 

are needed to make a more comprehensive comparison between the two years.  Total 

PM2.5 mass concentrations also decreased from ~12.4 µg/m3 on average in 2007 to ~6.6 

µg/m3 in 2011 representing an overall decrease of ~47% between the two years.  
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Although the observed decreases in mass concentrations could be due to differences in 

meteorological conditions and the number of ships encountered during both years, the 

previous two sections of this manuscript have provided compelling evidence for a sharp 

decline in vanadium, sulfate, and overall PM mass, from both a single-particle and a bulk 

perspective, in the Ports of LA and LB associated with the enactment of regulations on 

shipping emissions in California.  However, in order to probe the full efficacy of these 

regulations, changes in particle chemistry must also be shown at receptor sites that are 

frequented by emissions transported from the Ports of LA and LB.  The following 

sections present evidence for a decline in particles associated with high sulfur RO 

combustion at a receptor site in San Diego as a consequence of recent regulations on ship 

emissions; the long-term and climatic implications of these findings are also probed. 

6.4.3 Inter-Annual Comparison of Changes in the Single-Particle Chemistry and 

Particulate Mass Concentrations of Transported Port Emissions at a Receptor 

Site 

Ship emissions transported from the Ports of LA and LB were measured at a 

receptor site (SIO Pier, La Jolla, CA) from August-October, 2006, and from August-

October 2009; the first of these studies being conducted before regulations were enacted, 

and the second after regulations were enacted.  The SIO Pier site is frequently impacted 

by emissions from the Ports of LA and LB, which occurred during ~32% of the time 

during the campaign in 2006 [Ault et al., 2009] and ~47% of the time during the 

campaign in 2009, providing an opportunity to compare the physicochemical properties 

of transported emissions both before and after the new regulations were enacted.   During 
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both Pier studies, 3 main air mass transport conditions were observed: transport from the 

Ports of LA and LB, transport from the ocean (oceanic), and inland transport 

(continental).  An example of each of these transport conditions were selected for both 

years and the size-resolved chemistry of particles detected during each of these 3 time 

periods is shown in Figure 6.5.   The end goal was to make inter-annual comparisons of 

particle chemistry during periods when ship emissions were transported from the Ports of 

LA and LB with periods when oceanic and continental emissions were sampled.  Table 

6.1 shows the times representative of each transport condition during both years.  

Characteristic 48-hour air mass back-trajectories observed during each of the three 

transport conditions for both years are shown in Figure 6.6 using the HYSPLIT model 

[Draxler and Rolph, 2011].  Air masses originating from the ports are shown in the first 

column with trajectories traversing the ports located at ~33.79°N and 118.26°W.  Air 

masses characterized as oceanic had not touched the continent in over 48 hours, while 

those characterized as continental originated from the inland, desert region of California 

and/or had undergone long-range transport across the continent.  Continental air masses 

were typically associated with high wind speeds resulting in less time for atmospheric 

processing to occur before the air masses were sampled.  In 2006, transport events 

contained more V-containing particles compared to non-transport events [Ault et al., 

2009] but not in 2009.  Up to ~18% of the detected particles in the smallest size bins 

were classified as V-containing during Port conditions in 2006.  In contrast, the fraction 

of V-containing particles was low (~3-5% of the total particles detected per size bin) for 

both years during oceanic and continental transport conditions and in 2009 when 

emissions were transported from the Ports of LA and LB.  Additionally, a higher number 
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Figure 6.5:  Fraction of submicron particle types observed during different transport 
conditions:  transport from the Ports of LA and LB (left column), oceanic (middle 
column), and continental (right column) measured on the SIO Pier in 2006 (top row) and 
2009 (bottom row).  Particle types are plotted as a function of size in 0.1 µm size bins. 
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Table 6.1:  Time periods of Port of Los Angeles, oceanic, and continental transport 
conditions examined for 2006 and 2009. 
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Figure 6.6:  48-hour air mass back-trajectories representative of transport from the Ports 
of LA and LB (left column), oceanic transport (middle column), and continental transport 
(right column) from the SIO Pier in 2009 (top row) and 2006 (bottom row).   
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fraction of fresh soot and soot/OC (sulfate/nitrate) particles were observed in 2009 when 

emissions were transported from the port consistent with previous observations of soot 

rather than OC-V-sulfate particles from the combustion of MDO or MGO [Ault et al., 

2010; Shields et al., 2007; Spencer et al., 2006].  This suggests that V-containing 

particles observed in 2009 were likely background types emitted from ships out in the 

open ocean (e.g. beyond the 24 nautical mile limit imposed by the new regulations) with 

few contributions of this particle type from the Ports of LA and LB.   

Finally, differences in emissions observed during all port transport times were 

also probed.  Figure 6.7a shows box and whisker plots of the percentage of V-containing 

particles observed during all transport events on the SIO Pier in 2006 and 2009 (see 

Figure 6.8 for box and whisker plots of V-containing particles during each individual 

transport event).  The percentages of V-containing particles showed a much narrower 

distribution in 2009 with the 90th percentiles peaking at a lower percentage for emissions 

transported from the Ports of LA and LB in 2009 than 2006 (~6% vs. ~12.4%, 

respectively).  The median percentage of V-containing particles during transport events 

was lower in 2009 compared to 2006, ~2% vs. ~5.3% representing an overall decrease in 

V-containing particles of ~61% between the two years.  In addition to a decline in V-

containing particles, sulfate ion peak areas were on average a factor ~2.5 lower on all 

submicron particles in 2009 than 2006 during transport conditions.   

Mass concentration data from a site near the SIO Pier confirms the decrease in 

both vanadium and sulfate, which were found to decrease by ~67% and ~29%, 

respectively, in 2009 compared to 2006 (see Figure 6.7b).  Additionally, atmospheric 
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Figure 6.7:  (a) Box and whisker plots depicting the percentage of V-containing particles 
observed during measurements made on the SIO Pier in 2006 and 2009 during all events 
when emissions were transported from the Ports of LA and LB.  The top and bottom of 
the box represent the 25th and 75th percentiles, respectively, while the middle band 
represents the median of the percentage of V-containing particles.  The bottom and top 
whiskers represent the 10th and 90th percentiles, respectively.  (b) Average annual mass 
concentration data of PM2.5 sulfate (top panel) and vanadium (bottom panel) collected in 
2006-2010 during the Pier 2006 and Pier 2009 campaigns are presented while standard 
deviations are shown as error bars. 
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Figure 6.8:  Box and whisker plots depicting the percentage of V-containing particles 
observed during measurements made on the SIO Pier in 2006 and 2009 individual events 
when emissions were transported from the Ports of LA and LB.  The top and bottom of 
the box represent the 25th and 75th percentiles, respectively, while the band near the 
middle represents the 50th percentile of the percentage of V-containing particles.  The 
bottom and top whiskers represent the 10th and 90th percentiles, respectively. 
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processing (e.g. cloud processing) likely contributed additional particulate sulfate to the 

sampled aerosol at the pier possibly underestimating the decline in sulfate between the 

two years due to changes in shipping emissions; this is supported by the fact that the RH 

was elevated during both campaigns (average RH was 86% in 2006 and 79% in 2009).    

However, the results suggest that despite the fact that emissions from the Ports of LA and 

LB were transported more frequently to the SIO Pier in 2009 than 2006, fewer emissions 

produced from RO combustion were observed in 2009 due to changes in shipping 

emissions along the California coast.   

6.4.4 Inter-Annual Comparison of fCCN during Transport Events  

Measurements of CCN concentrations made at the Pier in 2006 and 2009 were 

compared to further probe the implications of the observed changes in the chemistry of 

transported ship emissions.  fCCN and Dact were compared when emissions were 

transported from the Ports of LA and LB for both 2006 and 2009.  Transported particles 

had slightly higher fCCN values in 2006 than in 2009 by ~ 15% (median values of 0.63 ± 

0.13 in 2006 and 0.53 ± 0.18 in 2009) and lower Dact values (83.4 ± 9.1 nm in 2006 and 

89.2 ± 8.0 nm in 2009 on average) than 2009 by ~ 9%.  It should be noted that previous 

measurements of ship emissions have shown much lower fCCN values of ~0.1-0.12 

[Hobbs et al., 2000; Hudson et al., 2000] because the measurements presented here are 

for particles that have been transported and subsequently aged and/or cloud processed 

while previous measurements were for fresh ship emissions.  We note that these 

differences in the fCCN and Dact are small and within error of each other most likely due 

to aging and/or cloud processing during transport that contributes soluble material to 
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transported port emissions making differences in fCCN and Dact smaller than predicted.  

Despite these small differences, the fCCN and Dact  values reported herein are still 

noteworthy as they represent, to the best of our knowledge, the first reported changes of 

the cloud nucleating properties of ship emissions transported to a receptor cite due to the 

recent fuel regulations.  The most likely explanation for these differences is the decline in 

particulate sulfate, in agreement with recent measurements, which measured a decline in 

both non-refractory particulate sulfate and fCCN as ships switched to low sulfur MDO or 

MGO while approaching the California coast [Lack et al., 2011; Lack et al., 2009].   

6.4.5 Atmospheric Implications 

Since the passage of the new regulations in 2009, the measured particle chemistry 

of fresh ship plumes, fresh port emissions, and transported port emissions showed that V-

containing particles and particulate mass concentrations of vanadium have decreased.  In 

addition, particulate sulfate has decreased resulting in lower values of fCCN at a receptor 

site.  Recent measurements have highlighted changes in bulk particle composition and 

fCCN in ship plumes upon switching to low sulfur MDO or MGO close to the California 

coast [Lack et al., 2011]; however, the results presented herein are the first to show the 

long-term impact of recent regulations on shipping emissions in California and the impact 

of these regulations on the single-particle chemistry at a receptor site.  The observed 

decline in the vanadium and sulfate content of ship emissions are expected to mitigate 

some of the health and climatic impacts that ship emissions have in California; these 

improvements should be monitored on a long-term basis through epidemiological and air 
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quality studies that can serve as a case study for other regions contemplating regulations 

on shipping emissions in coastal waters.    
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Chapter 7 

 

7. Real-Time Detection and Mixing State of Methanesulfonate in Single 
Particles at an Inland Urban Location during a Phytoplankton 
Bloom 
 

 7.1 Synopsis 

Dimethyl sulfide (DMS), produced by oceanic phytoplankton, is oxidized to form 

methanesulfonic acid (MSA) and sulfate, which influence particle chemistry and 

hygroscopicity.  Unlike sulfate, MSA has no known anthropogenic sources making it a 

useful tracer for ocean-derived biogenic sulfur.  Despite numerous observations of MSA, 

predominately in marine environments, the production pathways of MSA have remained 

elusive highlighting the need for additional measurements, particularly at inland 

locations.  During the Study of Organic Aerosols in Riverside, CA from July-August 

2005 (SOAR-1), MSA was detected in submicron and supermicron particles using real-

time, single-particle mass spectrometry.  MSA was detected due to blooms of DMS-

producing organisms along the California coast.  The detection of MSA depended on 

both the origin of the sampled air mass as well as the concentration of oceanic 

chlorophyll present.  MSA was mainly mixed with coastally emitted particle types 

implying that partitioning of MSA occurred before transport to Riverside.  Importantly, 

particles containing vanadium had elevated levels of MSA compared to particles not 

containing vanadium, suggesting a possible catalytic role of vanadium in MSA 

formation.  This study demonstrates how anthropogenic, metal-containing aerosols can 
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enhance the atmospheric processing of biogenic emissions, which need to be considered 

when modeling coastal as well as urban locations.   

7.2 Introduction 

Aerosols contribute significantly to climate change by directly scattering and 

absorbing incoming solar radiation and acting as cloud condensation nuclei (CCN) 

[Poschl, 2005].  Sulfate is an aerosol species of particular climatic importance from a 

scattering perspective in addition to enhancing the cloud forming potential of aerosols 

[Kiehl and Briegleb, 1993].  In Riverside, CA, sulfate comprises up to 13-20% of the 

mass of particles ranging in size from 0.1-2.5 µm [Singh et al., 2002].  Sulfate derives 

from sulfur dioxide (SO2) oxidation forming sulfuric acid (H2SO4), which condenses onto 

particles; sources of sulfate include both anthropogenic [Barnes et al., 2006] and biogenic 

sources with the most important biogenic sulfate source being the oxidation of dimethyl 

sulfide (DMS) [Bates et al., 1992].  DMS is produced from the enzymatic cleavage of 

dimethylsulphoniopropionate (DMSP), a compound produced by oceanic phytoplankton 

[Bates et al., 1992; Charlson et al., 1987].  A simplified reaction scheme of DMS 

oxidation adopted from Hopkins et al. (2008) and von Glasow and Crutzen (2004) is 

shown below [Hopkins et al., 2008; von Glasow and Crutzen, 2004].   
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Sulfate formation from DMS primarily derives from the OH-abstraction path 

[Barnes et al., 2006; Hopkins et al., 2008] leading to sulfate formation on pre-existing 

particles or the homogeneous nucleation of particles, which act as a new source of CCN 

potentially increasing cloud droplet number [Hopkins et al., 2008; Kreidenweis and 

Seinfeld, 1988].  Organosulfur compounds such as dimethyl sulfoxide (DMSO), 

methanesulfinic acid (MSIA), and methanesulfonic acid (MSA), as well as other 

products, are also produced from DMS oxidation via the OH-addition pathway.  DMSO 

primarily condenses onto pre-existing particles and droplets where oxidation to form the 

intermediate MSIA and the more stable product, MSA, takes place; aqueous phase 

processing enhances the kinetics of these oxidation processes [Bardouki et al., 2002; 

Barnes et al., 2006; Hopkins et al., 2008].  MSA can also be oxidized in the condensed 

phase leading to the formation of additional sulfate; however, this is slower and less 

efficient than the abstraction pathway [Bardouki et al., 2002; Barnes et al., 2006].  Since 

condensation and aqueous phase processing is favored over nucleation, organosulfur 

compounds are not known to act as a new source of CCN [Barnes et al., 2006; Hopkins et 

al., 2008; Kreidenweis and Seinfeld, 1988].  Because of the opposing influence that 
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different sulfur compounds can have on cloud droplet number, it is important to 

distinguish between these species to understand their formation and evolution in 

atmospheric aerosols.   

Previous measurements of DMS oxidation products, primarily sulfate and MSA, 

typically used off-line bulk analysis techniques.  These measurements revealed that 

particle mass concentrations of both sulfate and MSA peak during the summer, and the 

ratio of the two species depend on factors such as temperature, presence of clouds, 

presence of NOx, and contribution of anthropogenic sulfate [Ganor et al., 2000; Hopkins 

et al., 2008; Kouvarakis and Mihalopoulos, 2002; Watts et al., 1990].  Because sulfate 

has anthropogenic and biogenic sources, MSA is also measured alone as an indicator of 

biogenic sulfur.  Using on-line instrumentation, Phinney et al. (2006) and Zorn et al. 

(2008) quantified MSA at sea using an aerosol mass spectrometer (AMS) showing 

diurnal trends in particulate MSA concentrations and correlations with oceanic biological 

activity demonstrating the importance of real-time measurements [Phinney et al., 2006; 

Zorn et al., 2008].  Single particle observations of the mixing state of MSA-containing 

particles have primarily shown MSA to be in the form of sodium and ammonium salts 

[Hopkins et al., 2008; Kolaitis et al., 1989].  While each of these studies has contributed 

significantly to our understanding of the conditions when MSA formation occurs, the 

impacts of intense oceanic blooms on MSA and sulfate concentrations at inland locations 

remains unexplored.  A number of important questions exist with regards to MSA in 

inland urban locations:  (i) how much of a contribution does biogenic sulfur make to 

urban aerosols during periods of high biological oceanic activity?, (ii) what degree of 
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interaction occurs between ocean-derived biogenic emissions and anthropogenic 

aerosols?, and (iii) how is MSA distributed within individual particles?  The goal of this 

paper is to shed further light on these questions by performing real-time, single-particle 

measurements of MSA-containing aerosols at an inland, urban environment.   

During the summer of 2005 as part of the Study of Organic Aerosols in Riverside, 

CA (SOAR-1), real-time mass spectrometry measurements detected individual ambient 

aerosols with MSA.  Furthermore, co-located AMS measurements corroborated the 

presence of organosulfur species (MSA) during SOAR-1 [Huffman et al., 2009].  The 

summer Riverside aerosol showed the largest impacts from the ocean when daily 

westerly winds transported coastal emissions across the Los Angeles (LA) Basin to 

Riverside [Qin et al., 2009].  In the summer of 2005, intense blooms of L. polyedrum 

prevailed off the coast of southern California [Mayali et al., 2008].  Because 

dinoflagellate species of phytoplankton such as L. polyedrum are known to produce high 

concentrations of DMSP and DMSO [Hatton and Wilson, 2007], SOAR-1 was influenced 

by anomalously high concentrations of ocean-derived biogenic sulfur.  Single-particle, 

size-resolved chemistry and diurnal trends of MSA are used herein to elucidate the 

influence of elevated ocean-derived biological activity on aerosol chemistry at an inland 

urban location. 

7.3 Methods 

During SOAR-1, ambient measurements were made on the University of 

California, Riverside campus, approximately 60 miles inland from the Pacific Ocean 

from July 30-August 15, 2005 (http://cires.colorado.edu/jimenez-
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group/Field/Riverside05/).  Meteorological parameters including wind direction, wind 

speed, and relative humidity (RH) were measured at the site.  Chlorophyll data, which 

serves as a proxy for oceanic biological activity, was obtained from the Southern 

California Coastal Ocean Observing System (SCCOOS) (www.sccoos.org) from the 

Newport Beach station at approximately 33.6ºN, 117.9°W.  Data was also obtained from 

the Scripps Institution of Oceanography (SIO) Pier at 32.87ºN, 117.3°W to supplement 

data from the Newport Beach station by illustrating the high levels of biological activity 

off the California coast from a historical perspective since this station has measured 

chlorophyll for roughly 20 years.  Data from the Newport Beach station is used for direct 

comparison of chlorophyll concentrations with the detection of MSA based on the air 

mass back trajectories, which indicate that the air masses travelled closer to this station 

than the SIO Pier station before reaching Riverside, thus providing a more accurate proxy 

of biological activity.  Surface chlorophyll concentrations were measured twice a week at 

the SIO Pier, and concentrations at ~3 m depth were measured every 4 minutes using 

automated sensors at both the SIO Pier and the Newport Beach station.  All data are 

presented in Pacific Standard Time (PST), one hour behind local time.   

The size-resolved chemical composition of individual aerosols was obtained in 

real-time using an aerosol time-of-flight mass spectrometer (ATOFMS) with a size range 

of 0.2-3.0 µm.  The ATOFMS has been described in detail elsewhere [Gard et al., 1997].  

Briefly, particles are sampled through a converging nozzle where they enter a 

differentially pumped vacuum region causing the particles to be accelerated to their 

terminal velocity.  The particles next enter a light scattering region consisting of two 
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continuous-wave lasers (532 nm) located at a fixed distance from one another.  The time 

required to traverse these two lasers is correlated to the terminal velocity of the particle; 

the velocity is converted to an aerodynamic diameter by calibrating with polystyrene 

latex spheres of a known size.  A 266 nm Nd:YAG laser desorbs and ionizes species from 

individual particles producing both positive and negative ions that are analyzed in a dual-

polarity time-of-flight mass spectrometer.   

A software toolkit, YAADA, was used to import ion peak lists into MATLAB 

(The MathWorks) allowing for the analysis of ATOFMS data [Allen, 2002].  Searches for 

MSA-containing particles, characterized by an intense peak at m/z -95 (CH3SO3
-) 

[Neubauer et al., 1996; Silva and Prather, 2000], were performed by selecting a peak 

area of 300 or above for m/z -95.  Fresh sea salt particles produce NaCl2
- cluster ions at 

m/z -93, -95, and -97 [Guazzotti et al., 2001], which could interfere with the assignment 

of m/z -95 to MSA.  However, almost all of the detected sea salt particles (>99%) were 

aged as indicated by the strong presence of nitrate and sulfate that heterogeneously 

displaced chloride [Gard et al., 1998] allowing for the unambiguous assignment of m/z -

95 to MSA.  The measured particle mass spectra were then analyzed using a clustering 

algorithm (ART-2a), which groups particles together based on mass spectral similarities 

[Song et al., 1999].  ART-2a was run separately for submicron (0.2-1.0 µm) and 

supermicron (1.0-3.0 µm) particles.  Using ART-2a with a vigilance factor of 0.8, over 

90% of MSA-containing particles and over 80% of non-MSA-containing particles were 

classified into 50 distinct clusters, providing a representative view of the aerosol 

composition during the study.  Naming schemes for the particle types presented in this 
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paper are based on previous work [Pastor et al., 2003; Pratt and Prather, 2009; Qin et 

al., 2009].  Peak identifications within this paper correspond to the most probable ions for 

a given m/z ratio.  The particle types observed were aged organic carbon (Aged OC), 

aged sea salt, amines, Ca-containing, dust, elemental carbon (EC), elemental carbon 

mixed with organic carbon (ECOC), ECOC and EC mixed with inorganic species 

(Inorganic ECOC and Inorganic EC, respectively), biomass burning (K-combustion), 

NH4-containing, vanadium from combustion sources (OC-V-sulfate), and polycyclic 

aromatic hydrocarbons (PAH). 

7.4 Results and Discussion 

7.4.1 Temporal Trends of MSA-containing Particles and Biological Activity 

ATOFMS measurements during SOAR-1 indicate that up to ~67% of the 

submicron (0.2-1.0 μm) and up to ~33% of supermicron (1.0-3.0 μm) particles by number 

contained MSA.  The average negative ion mass spectrum for a representative MSA-

containing particle type, shown in Figure 7.1, clearly shows a distinct ion marker at m/z -

95 indicative of MSA.  In Figure 7.2a, the fractions of all submicron and supermicron 

particles containing MSA and chlorophyll concentrations taken from the Newport Beach 

station at 3 m depth from July 30-August 15, 2005 are shown.  The inset in Figure 7.2a 

shows 48-hour HYSPLIT air mass back-trajectories [Draxler and Rolph, 2003] 

representative of those occurring over the duration of the study in addition to the 

locations of the two automated stations collecting chlorophyll data.  A comparison of the 

data collected at the two automated stations can be found in Figure 7.3.  The chlorophyll 
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Figure 7.1:  Average positive and negative ion mass spectra for the OC-V-sulfate particle 
type containing MSA (m/z -95) during SOAR-1. 
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a)

b)

 

Figure 7.2:  (a) Time series showing the fraction of MSA-containing submicron (red line) 
and supermicron (blue line) particles during SOAR-1 and chlorophyll concentrations 
(green line) taken from the Newport Beach station (33.6ºN, 117.9°W) at 3 m depth.  Gaps 
in chlorophyll data occur from August 2-4.  Inset shows typical HYSPLIT 48 hour back-
trajectories for air masses arriving to the sampling site during different time periods in 
addition to the locations of the automated chlorophyll stations.  Each trajectory is taken at 
500 m altitude, and each point on the trajectory corresponds to a 12-hour increment.  (b) 
Time series showing the corresponding wind speed (black line) and direction (pink line).  
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Figure 7.3:  Chlorophyll data at 3 m depth from the Newport Beach (33.6ºN, 117.9°W) 
and SIO Pier (32.87ºN, 117.3°W) automated stations.  Inset is chlorophyll data measured 
at the surface of the SIO Pier. 
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concentrations taken at 3 m depth for both stations are comparable showing similarities in 

diurnal trends and similar magnitudes of chlorophyll concentrations.  Inset in this figure 

is the surface chlorophyll data taken at the SIO Pier.  The chlorophyll measurements 

show elevated concentrations and a diurnal pattern consistent with the presence of a 

phytoplankton bloom.  Although the SIO Pier station has two depths of chlorophyll data 

and a longer continuous data set, the data from the Newport Beach station was primarily 

used in this paper due to the fact that the air masses travelled closer to this station than 

the SIO Pier station before reaching the sampling site as seen in Figure 7.2.  Chlorophyll 

data from the SIO Pier station provided a historical context to base our assertion that high 

levels of biological oceanic activity occurred during SOAR-1. Three main air mass 

trajectory patterns were observed with transport times estimated from HYSPLIT ranging 

from ~8 hours to longer than a day [Draxler and Rolph, 2003; Qin et al., 2009]:  (i) 

“Coastal” occurred between July 30-August 9 and resumed August 12-15 with sampled 

air masses originating from the Pacific Ocean northwest of LA traversing near the 

Newport Beach station before arriving to Riverside, (ii) “Open Ocean” occurred August 

9-10 and originated further from the coast toward the open ocean, and (iii) 

“Inland/Stagnant” occurred August 10-12 with limited oceanic transport resulting in an 

observed decrease in the fraction of MSA-containing particles on August 10 as shown in 

Figure 7.2a.  Additionally, Figure 7.2b shows the corresponding wind speed and direction 

during this time period.  Comparison of the time series in Figure 7.2a and 7.2b shows a 

strong diurnal trend with fractions of MSA-containing particles increasing ~6-8 hours 

following the onset of westerly winds and increased wind speed  during coastal transport 

conditions, as verified by HYSPLIT air mass back trajectories (e.g. 7/30-8/9 as shown in 
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Figure 7.2a).  Day-to-day variations can be explained, in part, by changes in 

meteorological conditions.   

In addition to meteorology, oceanic biological activity also influenced the 

observed fractions of MSA-containing particles.  On August 12, the air masses follow the 

“Coastal” trajectories; however, in contrast to July 30-August 9, the fractions of MSA 

remained low (Figure 7.2a).  This is attributed to an observed decrease in oceanic 

chlorophyll concentrations to ≤5 µg/L (Figure 7.2a), which followed the end of the major 

phytoplankton bloom on August 11 [Mayali et al., 2008].  Prior to this, diurnal spikes in 

both the fraction of MSA-containing particles and chlorophyll concentrations were 

observed with daily chlorophyll concentrations typically reaching up to ~25-30 µg/L.  

Similar spikes in chlorophyll were observed from the same depth at the SIO Pier in La 

Jolla, CA.  At the same time, surface chlorophyll concentrations measured twice per 

week at the SIO Pier reached as high as ~200 µg/L.  Analysis of 18 years of surface 

chlorophyll measured at the SIO Pier yields an average of 2.5 µg/L with a maximum of 

218.95 µg/L [Kim et al., 2009] indicating that anomalously high levels of biological 

activity were occurring off the coast of California during SOAR-1 resulting in the 

detection of large number fractions of MSA-containing particles, as shown herein.  

Furthermore, we speculate that some of the MSA detected in Riverside could oxidize 

completely impacting sulfate levels at locations further inland; however, no 

measurements were made at these locations.  The contribution of biogenic sulfur during 

summer has been established for several coastal locations [Ganor et al., 2000; 

Kouvarakis and Mihalopoulos, 2002; Watts et al., 1990]; however, these are the first real-
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time, single-particle measurements of MSA at an inland location during a period of 

intense biological activity establishing how oceanic biological activity could impact both 

MSA and, potentially, sulfate levels at an inland urban location in California under the 

proper meteorological conditions.  This is significant due to the interest in sorting out the 

major sources of sulfate in California and determining the relative proportions from 

anthropogenic sources (i.e. ships, heavy duty diesel vehicles) versus biogenic sources (i.e. 

oceanic biological activity). 

7.4.2 Temporal Trends of MSA-containing Particles and Biological Activity 

Riverside is impacted by local sources including vehicle exhaust and nearby 

Chino dairy farms, which contribute to ammonium, nitrate, carbonaceous, and amine 

concentrations, in addition to transported particle types from the LA coast, which provide 

a source of ocean-derived aerosol species and additional sources of combustion aerosols 

[Hughes et al., 2000; Pastor et al., 2003; Pratt and Prather, 2009].  To gain further 

insight into the sources and processes contributing to the presence of MSA, we examined 

the mixing state of MSA-containing particles.  The size-resolved, single-particle mixing 

state of MSA-containing particles is illustrated in Figure 7.4 for submicron and 

supermicron particles.  While Figure 7.4 classifies MSA-containing particles into general 

particle types based on the most prevalent ion peaks, it is important to note that ~76% 

and ~45% of MSA-containing submicron particles, by number, were internally mixed 

with ammonium and sodium, respectively, and ~83% and ~71% of MSA-containing 

supermicron particles, by number, were internally mixed with ammonium and sodium, 

respectively.  The prevalence of these two species with MSA is expected based on 
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Figure 7.4:  MSA-containing particle types plotted as a function of size.  Submicron (0.2-
1.0 μm) particles are plotted in 0.05 μm bins while supermicron (1.0-3.0 μm) particles are 
plotted in 0.1 μm bins. 
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previous measurements of the mixing state of MSA-containing particles [Hopkins et al., 

2008; Kolaitis et al., 1989].  Additionally, ~87% of MSA-containing submicron and 

~82% of MSA-containing supermicron particles contained sulfate (m/z -97 (HSO4
-)), 

which is expected since DMS and, to a lesser extent, MSA oxidation also produces 

sulfate [Bardouki et al., 2002; Barnes et al., 2006].  In sum, ~25% of all submicron and 

~22% of all supermicron particles, by number, contained sulfate.  However, since 

ATOFMS measurements cannot distinguish biogenic and anthropogenic sulfate 

contributions to m/z -97, the relative contribution of biogenic sulfate cannot be inferred 

herein.  MSA was mixed primarily with transported and aged particle types, and a higher 

percentage of submicron particles contained MSA (up to 67%) in comparison to the 

supermicron particles (up to 33%) as shown in Figure 7.5 likely due to the enhanced 

particle surface area in this size range.  MSA and its organosulfur precursors are 

condensable species that contribute to particle growth rather than nucleation [Barnes et 

al., 2006; Kreidenweis and Seinfeld, 1988].  MSA has typically been measured as sodium 

or ammonium salts associated with smaller aerosol particles (diameter > 2 µm) [Kolaitis 

et al., 1989].  Because the measurements shown in this manuscript have shown a wide 

variation in the mixing-state of particles containing MSA, the size distribution of MSA-

containing particles was examined and compared to the size distribution of the total hit 

particles during SOAR-1 (Figure 7.5).  The particle detection efficiency of the ATOFMS 

depends on particle size.  This is namely due to the transmission efficiency of the nozzle 

inlet, which creates a sharp peak at 1.7 µm [Allen et al., 2000; Qin et al., 2006].   

Ambient number concentrations of aerosols; however, display an opposing trend with 

higher number concentrations at smaller particle sizes [Seinfeld and Pandis, 2006].   
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Figure 7.5:  Size distributions of all hit particles (black line) during SOAR-1 and only 
MSA-containing particles (blue line). 
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These two opposing factors result in a bimodal size distribution as seen in Figure 7.5, 

which is a representative size distribution of hit particles obtained from the ATOFMS.  

Comparison of the size distribution of the total hit particles and the size distribution of 

MSA-containing particles shows a relative enrichment of MSA on submicron particles.   

   Comparison of MSA-containing particles with all observed particle types for 

SOAR-1 revealed that some particle types contained little to no MSA while large 

fractions of other particle types contained MSA.  No MSA was detected on submicron 

dust, and only ~3% of the total observed supermicron dust contained MSA, which is 

expected since dust is locally produced unlike MSA [Hughes et al., 2000].  Interestingly, 

only small fractions of the measured carbonaceous particle types (e.g. Aged OC, EC, and 

ECOC) were found to contain MSA.  It is possible that the accumulation of secondary 

species particularly OC, which was the most commonly observed carbonaceous particle 

type, on pre-existing particles during transport from the LA coast to Riverside could 

potentially mask the detection of MSA [Hughes et al., 2000; Pratt and Prather, 2009].  

Certain particle types, however, were found to be enriched in MSA:  approximately 37% 

and ~20% of the total observed OC-V-sulfate submicron and supermicron particles, 

respectively, and ~33% of aged sea salt submicron particles contained MSA.  The OC-V-

sulfate particle type is associated with residual fuel combustion primarily from ships 

[Ault et al., 2009a; Ault et al., 2009b; Isakson et al., 2001].  OC-V-sulfate particles and 

aged sea salt are both coastally emitted along with DMS, which suggests that DMS 

oxidation products primarily partitioned onto coastal particle types that then underwent 
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aging as they were transported inland.  Therefore, MSA is a useful marker for segregating 

transported versus locally generated particles.   

7.4.3 Correlation of MSA with Other Species 

During SOAR-1, MSA-containing particles were typically associated with fog 

processing markers (see Figure 7.1) at m/z -81 (HSO3
-) and -111 (HOCH2SO3

-), which 

are the ion markers for the organosulfur compound hydroxymethanesulfonate (HMS) 

[Neubauer et al., 1996; Qin and Prather, 2006; Whiteaker and Prather, 2003].  Figure 

7.6 illustrates the temporal trends observed for submicron MSA, V, sulfate, and HMS-

containing particles and RH.  The correlation between V and MSA-containing particles 

(R2 = 0.57) can be attributed to the fact that they were both coastally emitted as well as 

the potential catalytic role of vanadium in enhancing MSA on particles described in the 

next section.  Submicron particles containing MSA and sulfate were also correlated (R2 = 

0.68) potentially implying a common source for both species.  The correlation between 

MSA and HMS was very strong (R2 = 0.84), which suggests the important role of 

aqueous phase chemistry in MSA formation [Bardouki et al., 2002] as well as the 

hygroscopic nature of MSA [Barnes et al., 2006].  Previous studies have shown HMS 

tracking RH during stagnant fog events [Whiteaker and Prather, 2003]; however, HMS 

was not correlated with RH during this study suggesting that the formation of HMS was 

not due to local increases in RH.  HMS was instead correlated with MSA suggesting that 

MSA-containing particles had undergone aqueous phase processing either coastally or 

during transport to Riverside.   
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Figure 7.6:  Temporal profile of ATOFMS counts of submicron MSA- (red line), HMS- 
(green line), sulfate- (black line) and V- (brown line) containing particles.  Relative 
humidity (RH) is also shown (dashed blue line). 
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7.4.4 Role of Vandium in MSA Formation  

Vanadium is one of the most common metals observed in Riverside, particularly 

during coastal transport conditions [Pratt and Prather, 2009; Singh et al., 2002].  

Vanadium is used to catalyze the oxidation of sulfur species such as S(IV) [Dunn et al., 

1999] and DMS [Sahle-Demessie and Devulapelli, 2008] under industrial conditions.  To 

better understand the observed correlation between vanadium and MSA-containing 

particles described above, the relationship between MSA and vanadium was further 

investigated.  MSA-containing particles were grouped by particle type and subdivided 

into particles with and without V by segregating particles containing m/z +51 (V+) and 

+67 (VO+).  ATOFMS utilizes laser desorption/ionization corresponding to an energy 

input of 4.7eV/photon (at 266nm) [Lide, 2009] producing ~9.4eV for a two photon 

ionization.  This energy input makes this technique very sensitive to trace metals since 

the ionization potential of metals is low [Carson et al., 1995; Gross et al., 2000; Lide, 

2009].  Because of this sensitivity, a true distinction between particles mixed with V and 

those without V can be made.   Figure 7.7 shows representative spectra from one 

particular particle type (aged sea salt) mixed with vanadium (Figure 7.7a) and without 

vanadium (Figure 7.7b).  The amount of MSA on each particle type containing V and 

those not containing V was compared by averaging ion peak areas.  The peak area of a 

particular m/z can be related to the relative amount of a specific chemical species on each 

particle type [Bhave et al., 2002; Gross et al., 2000]; Figure 7.8 shows a comparison for 

the major particle types detected during the study.  During the laser desorption/ionization 

process, variations in ion intensity can occur depending on the chemical matrix of the 



   255 
 

 

 

Figure 7.7:  Representative average aged sea salt positive and negative ion mass spectra                  
of    particles (a) mixed with and (b) without V. 
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Figure 7.8:  Average peak area of MSA (m/z -95) for MSA-containing submicron particle 
types mixed with V (light blue triangles) and submicron particles containing no V 
(orange triangles) are shown in the top panel.  The average peak area of MSA on 
supermicron particles containing V (dark blue diamonds) and containing no V (red 
diamonds) are shown in the bottom panel.  The vertical bars correspond to 95% 
confidence intervals associated with the peak areas. 



   257 
 

 

particle [Bhave et al., 2002].  It is important to note that the particles shown in Figure 7.8 

have been separated into different matrices, based on general particle type, and the MSA 

ion intensities are only compared for the same chemical matrix.  Furthermore, vanadium 

represents a small mass fraction of the total particle mass [Ault et al., 2009b] so its 

presence or absence has a negligible effect on the overall chemical matrix.  As shown in 

Figure 7.8, the peak area of MSA found on particles types that contained vanadium was, 

in general, ~3 times larger when compared to similar matrix particles not containing 

vanadium adding strong support that vanadium is acting as a catalyst for the formation of 

MSA.  Another factor that must be considered is that the increased amount of MSA on 

particles internally mixed with vanadium could be solely due to the fact that both species 

were emitted along the coast leading to increased time for MSA formation to occur on 

these particles during transport to Riverside.  However, if this were the case, then it 

would be expected that other coastally emitted particle types such as aged sea salt would 

also have higher amounts of MSA present regardless of whether it was internally mixed 

with vanadium or not.  As shown in Figure 7.8, only the particles types, including aged 

sea salt, internally mixed with vanadium had higher amounts of MSA.  This shows that 

transport time is not the only factor leading to enriched MSA in particles.  Residual fuel 

also contains high levels of iron [2005], which is known to catalyze sulfur oxidation in 

the aqueous phase [Alexander et al., 2009].  Because the ionization potential for 

vanadium is much lower (6.75 eV for V vs. 7.90 eV for Fe) [Lide, 2009] and hence the 

ATOFMS sensitivity for vanadium is higher than for iron, the possibility that iron is 

actually present and playing a role in catalyzing MSA formation rather than vanadium 

cannot be ruled out.  However, these results show that different particle types emitted by 
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specific anthropogenic sources, in this case residual fuel burning from ships, enhance 

MSA and, potentially, sulfate production in atmospheric particles.    

7.4.5 Atmospheric Implications 

These measurements reveal how high biological oceanic activity can impact 

aerosol chemistry in an inland, urban environment.  Periods when high levels of oceanic 

biological activity were observed correlated with high levels of MSA at an inland 

location, particularly on particles containing vanadium.  Past measurements have 

primarily examined the influence of MSA on aerosols in clean marine environments.  Our 

measurements, however, show that MSA can also condense onto anthropogenic particle 

types as well as sea salt.  Future studies at multiple sampling locations spaced along a 

trajectory from the LA coast to inland locations should be conducted to further 

investigate how the mixing-state of MSA-containing particles evolves in urban locations.  

Previous ATOFMS studies have demonstrated the evolution of particle mixing-state 

within the LA Basin; however, time periods influenced by high levels of oceanic 

biological activity were not investigated [Hughes et al., 2000]. 

This study shows how anthropogenic aerosols can influence the atmospheric 

processing of biogenically emitted sulfur species.  Enhanced production of MSA has 

been observed for reactions between MSIA(aq) and Fe(III) [Key et al., 2008]; however, 

little is known about the ability of anthropogenic emissions to influence the processing of 

ambient biogenic sulfur emissions.  This study demonstrates the catalytic abilities of 

vanadium to enhance MSA formation; vanadium has also been shown to enhance the 

conversion of anthropogenically produced SO2 to sulfate in a recent single-particle study 
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[Ault et al., 2009a].  Typically, biogenic and anthropogenic sources are considered 

separately when describing aerosol and air pollution chemistry; however, this study 

highlights the importance of including anthropogenic aerosols from sources such as ships 

when estimating the production of MSA and sulfate in coastal and urban environments.  

Finally, both MSA and sulfate strongly influence particle hygroscopicity meaning that the 

enhanced production of either of these species by anthropogenic particle types could have 

significant implications for cloud droplet formation in both marine and inland 

environments. 
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Chapter 8 

8. Conclusions and Future Directions 
 

8.1 Synopsis 

This dissertation presents insights into the single-particle mixing-state of marine 

aerosols from both natural (e.g. sea spray) and anthropogenic (e.g. ships) sources from 

measurements made during several shipboard campaigns including the Indian Ocean 

Experiment (INDOEX) and CalNex, coastal ground-based measurements including those 

made at the Scripps Pier, and from laboratory experiments.  Section 8.2 provides a brief 

summary and discussion of these results while Section 8.3 discusses several on-going 

projects and future directions that can be taken from the work presented in this 

dissertation. 

8.2 Conclusions 

 Aerosols influence global climate directly by scattering and absorbing incoming 

solar radiation and indirectly by initiating cloud droplet and ice crystal formation [Forster 

et al., 2007; Poschl, 2005]; the radiative impact of aerosols on global climate is uncertain 

and represents the greatest challenge in our ability to accurately forecast future 

temperature rises due to climate change [Forster et al., 2007].  Particle size and 

composition play crucial roles in shaping aerosol-cloud interactions, which pose the 

greatest amount of uncertainty in terms of global radiative forcing [Forster et al., 2007].  

The physicochemical properties of marine aerosols, including sea spray and 

anthropogenic emissions, are of particular interest since oceans cover over 70% of the 
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Earth’s surface. Further, marine stratocumulus clouds contribute greatly to global 

radiative cooling with some estimates showing that this cooling can exceed the warming 

produced by a doubling of CO2(g) [Slingo, 1990; Stevens et al., 2003].  Measuring and 

discerning differences in both particle size and composition attributed to changes in 

oceanic biological activity, emissions from anthropogenic sources, and rapid changes due 

to atmospheric processing such as heterogeneous reactions is challenging yet necessary to 

unravel complex aerosol-cloud-climate interactions.  The results presented herein in this 

dissertation utilize aerosol time-of-flight mass spectrometry (ATOFMS) to make real-

time measurements of the size-resolved composition of individual marine particles in 

order to address this challenge.   

 As discussed in Chapter 1.4.3, recent publications have highlighted the 

enrichment of biogenically-derived organic material in marine aerosol compared to bulk 

seawater [Blanchard, 1964; Duce and Hoffman, 1976].  However, one question that has 

remained relatively unexplored is how much of this organic material is externally or 

internally mixed from sea salt.   O’Dowd et al. [2004] hypothesized that the manner in 

which submicron organic material is mixed with sea spray aerosol will greatly impact the 

cloud droplet number concentration that can potentially be formed over the ocean during 

periods of high biological activity.  Chapter 2 of this dissertation shows evidence for 

ocean-derived particles that are externally mixed from sea salt particles and have strong 

real-time correlations with proxies for biological activity, particularly atmospheric 

dimethyl sulfide (DMS).  To the best of our knowledge, this is the first time such real-

time correlations between ambient sea spray particles and proxies for oceanic biological 
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activity have been reported.  These unique particles were found to contain internal 

mixtures of Mg2+ and/or Ca2+, K+, and organic carbon, and are referred to in this work as 

Mg-type particles; the detection of these particles provide the first evidence that inorganic 

ions are also enriched in sea spray at the single-particle level during periods of elevated 

biological activity.  Although these particles were found to be characterized by inorganic 

ion peaks (e.g. 24Mg+), it is likely that these particles contain a significant amount of 

organic material and provide evidence for an externally mixed population of organic-

enriched sea spray aerosols produced from biogenic organic material.  Further evidence 

for this stems from the fact that these Mg-type particles were found to be enriched in 

smaller sizes compared to sea salt particles much like marine organics, which have also 

been found to be enriched in the smallest size modes [Facchini et al., 2008; O'Dowd et 

al., 2004; Oppo et al., 1999].  Since these Mg-type particles represent an externally 

mixed aerosol population, these particles could possibly add to particle concentrations 

potentially increasing cloud droplet number concentrations (CDNC), which would impact 

cloud formation and microphysics in the marine environment. 

 In addition to biogenically-derived organic material, biological activity has been 

proposed to change the chemical composition of marine aerosols through secondary 

oxidation involving the gaseous compound DMS [Barnes et al., 2006; Bates et al., 1992; 

Charlson et al., 1987]; yet, much remains unknown regarding the marine sulfur cycle, 

and how it affects the physicochemical properties of sea spray aerosol.  As noted in 

Chapter 3, novel sulfur ions (32S+, 64S2
+, etc.) were detected in sea spray particles in 

regions of elevated biological activity only at night.  These ions were not associated with 
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DMS oxidation products such as MSA (95CH3SO3
-) and sulfates (64SO2

-, 81HSO3
-, 

97HSO4
-) or other sulfur oxides such as hydroxymethanesulfonate (111CH3SO4

-), which 

form negative ion spectra [Gaston et al., 2010; Silva and Prather, 2000], suggesting that 

these ions are formed from a novel production pathway involving the marine sulfur cycle.  

Further, these sulfur ions were found both as external mixtures and as internal mixtures 

with sea spray particles (e.g. sea salt and Mg-type particles); bubbling experiments 

successfully reproduced these spectra suggesting that these ions are associated with 

particles that are directly ejected from the ocean and not with secondary formation 

processes.  Comparison with sulfur-containing standards showed that these ions are most 

likely produced from elemental sulfur.  Certain marine bacteria oxidize sulfide and 

thiosulfate to sulfate forming elemental sulfur globules as an intermediate [Brune, 1989; 

Prange et al., 1999].  These globules are in the 1-3 µm size range, which is similar to the 

size range of particles containing elemental sulfur ions described in Chapter 3 of this 

dissertation; hence, these globules are the most likely source of the particulate, elemental 

sulfur detected by ATOFMS.  Although unusually large sulfur-containing particles have 

been detected in the marine environment before [Mouri et al., 1995],  the composition of 

these particles was assumed to be sulfate derived from DMS oxidation; hence, the results 

presented in Chapter 3 represent the first time that particulate, elemental sulfur from a 

marine biogenic source has been detected in the marine environment.  Further, these 

results are the first to suggest that particulate, biogenic sulfur can be contributed from 

primary rather than secondary sources.  Since gaseous elemental sulfur has been detected 

in trace quantities in the marine environment [Atlas, 1991], the results shown in Chapter 

3 suggest that once ejected in the atmosphere, these novel sulfur particles could possibly 
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contribute elemental sulfur to the gas phase wherein this sulfur would be oxidized to 

ultimately form sulfate, possibly contributing new particles to the marine environment 

capable of nucleating cloud droplets. 

 Chapters 2 and 3 have primarily focused on results from ambient measurements 

from shipboard and coastal studies of sea spray aerosols.  However, additional laboratory 

experiments are necessary to thoroughly investigate differences in the single-particle 

chemistry of marine aerosols due to changes in biological activity.  Chapter 4 of this 

dissertation shows results from laboratory studies characterizing sea spray aerosol 

generated from bubble bursting.  These experiments monitored changes in the size-

resolved composition of sea spray generated from artificial seawater as biogenically-

derived organics, produced from filtered phytoplankton cells, as well as whole 

phytoplankton cells themselves were added to the solutions.  The resulting composition 

shifted from a dominantly inorganic composition, namely salts, to high number 

concentrations of organic material internally mixed with inorganic ions (e.g. Mg2+, Ca2+, 

K+) in addition to the detection of sea salt internally mixed with organic carbon as 

dissolved organic material (DOM) was added to the artificial seawater solutions.  These 

results confirm the hypothesis in Chapter 2 that Mg-type particles represent marine 

organic material that is associated with trace, inorganic ions; these associations are in 

agreement with current theories regarding the formation of marine microgels from the 

bridging of acidic polymers with divalent cations [Chin et al., 1998; Orellana et al., 

2007; Verdugo et al., 2004; Verdugo et al., 2008].  Specific organic compounds 

associated with sea spray particles generated from bubbling artificial seawater and DOM 
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included alkanes (27C2H3
+, 29C2H5

+, 41C3H5
+, etc.), oxygenated organics (43C2H3O+, 

45CH2O+, etc.), organic peaks that are most likely due to polysaccharides (59CH3COO- 

and 71C3H3OO-) [Silva et al., 1999], amines (86(C2H5)2NCH2
+), organic nitrogen (26CN-, 

42CNO-), and humic substances (91C7H7
+) [Angelino et al., 2001; Silva and Prather, 

2000].  The addition of phytoplankton cells produced similar particle types to those 

produced from adding DOM to artificial seawater; however, the addition of 

Synechococcus produced K-phosphate particles that were concentrated in the 

supermicron size mode.  Further, these particles were found to take up Rb+, which can 

displace intracellular K+, suggesting that K-phosphate represents intact bioaerosols 

[Epstein et al., 1963; Pyo et al., 2010].  Particles generated from the addition of organic 

material and phytoplankton cells to artificial seawater were comparable to those 

generated by bubbling natural seawater and to particles observed in ambient 

measurements from previous studies.  These experiments serve as a basis for assigning a 

marine, biogenic source to ambient particles that are measured in the marine 

environment.  Further, the diversity in single-particle mixing-state shown in Chapter 4 

has atmospheric implications for the role of oceanic biological activity in shaping 

aerosol-cloud-climate interactions since differences in composition at the single-particle 

level influence heterogeneous reactions, water uptake, and the ability to nucleate the 

formation of cloud droplets and ice crystals. 

 In addition to natural sources, anthropogenic emissions also contribute to the 

marine environment.  Differences in anthropogenic contributions to the marine 

environment along the California coast were probed during shipboard measurements 
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made as part of the CalNex field campaign that started in San Diego traversing up the 

coast to Sacramento then ending at the Port of San Francisco; several point sources of 

emissions were targeted, namely the Ports of Los Angeles and Long Beach, ocean-going 

ships, continental outflow from Santa Monica, and agricultural emissions from 

Sacramento.  As shown in Chapter 5, latitudinal gradients in particle mixing-state were 

observed with soot particles dominating the submicron particle chemistry in Southern 

California while particulate organics prevailed in the Sacramento region, particularly 

after the occurrence of new particle formation events.  Most soot particles were internally 

mixed with organic carbon with a high fraction of these particles lacking negative ion 

spectra, indicating the presence of particulate water [Moffet et al., 2008b; Neubauer et al., 

1997; Neubauer et al., 1998].  Latitudinal gradients in the mixing-state of carbonaceous 

particle types were also observed with a high fraction of soot particles containing sulfate 

in Southern California particularly when air masses were transported from coastal regions 

most likely due to high emissions of SO2(g) from the port regions and from ships.  During 

periods of inland transport from Riverside, CA, soot particles were internally mixed with 

nitrate while high number concentrations of amines were observed; however, during 

periods of transport from the Central Valley, soot particles containing unique organic 

peaks were observed that have never been detected before, in addition to organic carbon 

internally mixed with nitrate.  Organics were observed in Sacramento after nucleation 

events suggesting that these organics contribute to particle growth following new particle 

formation events.  Overall, these results highlight differences in single-particle mixing-

state attributed to differences in the source as well as the secondary processing of 

anthropogenic emissions, which impact the optical and cloud nucleating properties of 
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anthropogenic emissions contributing to the California coast.  The latitudinal differences 

in soot mixing-state is particularly important since these differences have been shown to 

strongly impact the warming potential of soot particles [Jacobson, 2000; Moffet and 

Prather, 2009]. 

 In addition to emissions from continental outflow, ship emissions in California 

were also investigated.  Ships produce the largest amount of pollutants per ton of fuel 

combusted; the climatic and human health impacts from these pollutants is highly 

dependent on the type of fuel that is combusted [Corbett and Fischbeck, 1997; Eyring et 

al., 2010].  Ships typically combust high sulfur residual fuel producing high number and 

mass concentrations of toxic heavy metals (e.g. V, Ni), organics, and sulfate [Agrawal et 

al., 2008; Ault et al., 2010; Lack et al., 2009].  Further, ship emissions impact the 

microphysical and radiative impacts of clouds in the marine environment [Eyring et al., 

2010; Hobbs et al., 2000; Hudson et al., 2000; Russell et al., 2000; Russell et al., 1999].  

In an effort to curb high sulfate and high metal-containing emissions resulting from 

combusting high sulfur residual fuel oil, regulations were passed in 2009 requiring ships 

to switch from high sulfur residual fuel to low sulfur marine distillate fuel within 24 

miles of approaching the California coast [CARB, 2009].  To assess the impact of these 

regulations on the single-particle mixing-state of ship emissions, Chapter 6 explored 

ATOFMS measurements of ship emissions at the source and after transport prior to and 

after the regulations were enacted by using results from measurements made at the 

Scripps Pier in 2006 and 2009, measurements during CalNex, and ground-based 

measurements at the Ports of Los Angeles and Long Beach in 2007.  Vanadium-
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containing particles, characteristic of emissions from residual fuel combustion [Ault et 

al., 2010; Ault et al., 2009], were found to decrease while increased number 

concentrations of soot particles were observed in freshly emitted ship emissions as a 

result of the new regulations.  The mixing-state of vanadium-containing particles was 

probed; both sulfate and organics were found to decrease after the new regulations were 

passed, which is in agreement with recent measurements by Lack et al. [2011] who 

observed a decrease in both components when marine distillate fuel was combusted.  The 

decrease in organic carbon associated with ship emissions could be due to decreased 

amounts of lubricating oil needed to combust marine distillate fuel and/or the decreased 

amounts of asphaltenes, which are high mass, low volatility organic compounds, 

associated with marine distillate fuel.  As a result of the decreased amount of sulfate and 

increased soot particles, the propensity for ship emissions to nucleate cloud droplets were 

found to decrease after the new regulations were passed suggesting that one climatic 

effect of the new regulations will be a decreased impact of ship emissions on the radiative 

properties of clouds.  Since shipping emissions are expected to rapidly increase over the 

next 50 years, particularly in the Arctic Ocean as sea ice continues to melt in this region 

[Eyring et al., 2005], the observed changes in particle mixing-state as a result of the 

recent regulations in California should be taken into account when determining future 

regulations both in California as well as in other areas of the world where ship emissions 

contribute heavily to the aerosol burden.     

Chapters 2-6 have probed the impact of biological activity and anthropogenic 

emissions and secondary processing on the single-particle mixing-state of marine 
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aerosols separately; however, it is likely that anthropogenic and marine biogenic 

emissions can influence the atmospheric processing of each other in important, yet poorly 

understood ways.  In order to address this issue, results shown in Chapter 7 probe the 

ability of anthropogenic emissions to alter the processing of marine biogenic emissions 

from DMS oxidation products.  During the Study of Organic Aerosols in Riverside, CA 

(SOAR), local and transported anthropogenic emissions were detected in Riverside, CA, 

which is an inland, polluted region of California.  During the study, oceanic biological 

activity was highly elevated due to a red tide bloom of L. polyedrum, a dinoflagellate 

known to produce high quantities of DMS [Hatton and Wilson, 2007], prevailed along 

the California coast.  As a result, internal mixtures of anthropogenic particle types, such 

as amines, ship emissions, biomass burning, etc., and the DMS oxidation product 

methanesulfonic acid (MSA) were detected on individual particles for the first time.  The 

detection of MSA was found to track both meteorological conditions as well as 

chlorophyll a concentrations.  Further, MSA was found to track the chemical marker for 

fog processing, hydroxymethanesulfonate (HMS, 111CH3SO4
-) [Qin and Prather, 2006; 

Whiteaker and Prather, 2003], confirming the role of aqueous phase chemistry in the 

formation of MSA [Bardouki et al., 2002].  Most notably, particles internally mixed with 

vanadium, typically observed in particles from residual fuel combustion, were found to 

have elevated levels of MSA, even in aged sea salt particles.  These results suggest that 

vanadium could be catalyzing the oxidation of biogenic sulfur resulting in elevated levels 

of MSA formation.  Transition metals have been found to catalyze sulfur oxidation 

during aqueous phase processing in cloud droplets [Alexander et al., 2009; Deguillaume 

et al., 2005]; however, this is the first ambient evidence suggesting that anthropogenic, 
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metal-containing particles can affect the secondary processing of marine biogenic 

emissions. 

8.3 Current Work and Future directions 

The work presented in this dissertation has resulted in several on-going projects as 

well as well as inspired several spin-off projects that will build upon the results shown in 

this work.  Several examples of on-going current work and future projects are discussed 

below. 

During CalNex, several periods were encountered where ATOFMS measurements 

detected freshly emitted sea spray particles concurrently with gas phase measurements of 

anthropogenic, reactive gases.  The combination of these two observations led to unique 

observations of heterogeneous reactions on sea spray particles in the polluted, marine 

environment.  The reactive gas N2O5(g) was measured by Steve Brown and Nick Wagner 

using Cavity Ring-Down Spectroscopy (CaRDS) [Brown et al., 2002].  N2O5(g) is a 

nighttime NOx-reservoir species that reacts heterogeneously leading to the formation of 

particulate nitrate [Vogt and Finlayson-Pitts, 1994].  The reaction has garnered 

significant attention as the reactive uptake of N2O5(g) is thought to decrease global NOx 

concentrations by ~50% annually [Dentener and Crutzen, 1993], which influences the 

production of tropospheric ozone and the lifetime of methane, two key greenhouse gases 

[Forster et al., 2007; Shindell et al., 2009].  When the reaction occurs in the presence of 

chlorine-containing particles, ClNO2(g) is formed, which is photolyzed during the day to 

produce Cl radicals that can alter the production of tropospheric ozone [Finlayson-Pitts et 

al., 1989; Folkers et al., 2003; Keene et al., 1990; Vogt et al., 1996].  The most notable 
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reaction known to produce ClNO2(g) is that between N2O5(g) and sea salt, where NaCl is 

fresh, unreacted sea salt and NaNO3 is reacted sea salt: 

N2O5(g)            N2O5(aq)               (1) 

NaCl(aq) + N2O5(aq)          NaNO3(aq) +  ClNO2(aq)                       (2)     

ClNO2(aq)            ClNO2(g)               (3) 

     

Measurements of ClNO2(g) were performed during CalNex by Joel Thornton and Theran 

Riedel using chemical ionization mass spectrometry [Kercher et al., 2009]; both ClNO2(g) 

and N2O5(g) were used for comparison to single-particle measurements of sea spray 

aerosol.  It should be noted that heterogeneous reactions with both nitric acid (HNO3(g)) 

and N2O5(g) lead to the formation of particulate nitrate.  Nitric acid can react with 

particles during any time of the day; however, reaction with N2O5(g) can only occur at 

night.  Further, only the heterogeneous reaction of N2O5(g) results in the formation of 

ClNO2(g); therefore, comparisons between particulate nitrate and ClNO2(g) can be used to 

assess the heterogeneous reactions uptake of N2O5(g) that leads to the formation of nitrate 

on ambient particles.     

The particle age of sea spray (e.g. sea salt, Mg-type marine biogenic [Gaston et 

al., 2011]) was probed using ATOFMS by determining temporal changes in the ion peak 

intensities of nitrate, nitrite, and chloride.  Figure 8.1 shows representative mass spectra 

of freshly emitted and reacted sea salt and Mg-type particles.  Fresh and reacted particles 

are differentiated by the accumulation of nitrite (46NO2
-) and nitrate (62NO3

-) ion peaks 
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Figure 8.1:  Representative mass spectra of (a) fresh sea salt, (b) reacted sea salt, (c) Mg-
type, and (d) reacted Mg-type particles.  Dashed lines in the spectra are used to delineate 
positive and negative ion peaks. 
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and, particularly in the case of sea salt, the loss of chloride (35,37Cl-) [Gard et al., 1998; 

Gaston et al., 2011; Guazzotti et al., 2001].  As shown in Figure 8.1, freshly emitted Mg-

type particles typically lack negative ion spectra therefore the observed loss of particulate 

chloride was not as pronounced as it was for sea salt particles. Measurements of gas-

phase compounds and particulate ion peak areas from ATOFMS measurements were all 

analyzed at 1-min time resolution and are presented in Greenwich Mean Time (GMT), 

which is 7 hours ahead of local time (PDT).  Measurements from May 21-31, 2010 were 

probed since these days contained the highest number concentrations of sea spray 

particles and because these days did not include measurements from the inland, 

Sacramento region.  Figure 8.2 shows the temporal trends observed between gas-phase 

N2O5(g) and ClNO2(g), and the ion peak area of nitrite and nitrate on sea salt particles for 

May 21-31, 2010.  In general, the formation of particulate nitrite and nitrate tracks 

N2O5(g) and the formation of ClNO2(g), although a few spikes in particulate nitrite and 

nitrate are observed during the daytime when N2O5(g) and ClNO2(g) are photolyzed; these 

daytime peaks in nitrate and nitrite are most likely due to heterogeneous reactions with 

HNO3(g) instead of N2O5(g).   

Many of the time periods examined were impacted by rapid shifts in air masses 

namely due to the ship moving in and out of polluted marine environments leading to 

abrupt changes in the chloride and nitrate content of sea spray particles due to changes in 

transport conditions rather than due to chemical processing of marine aerosols.  May 24 

was found to best represent the chemical processing of sea spray aerosol with minimal 
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Figure 8.2:  1-minute temporal trends of particulate nitrite (pink line), particulate nitrate 
(red line), ClNO2(g) (green dots), and N2O5(g) (shaded grey lines). 
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Figure 8.3:  1-minute temporal trends of particulate nitrite (pink line), particulate nitrate 
(red line), ClNO2(g) (green dots), and N2O5(g) (shaded grey lines) for May 24, 2010. 
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interference from changes in air masses.  Figure 8.3 shows increases in particulate nitrite 

and nitrate on sea spray particles concurrent with the production of ClNO2(g).  Strong 

correlations between particulate nitrite or nitrate and the production of ClNO2(g) are 

shown in Figure 8.4 for both sea salt and Mg-type particles providing evidence that the 

reactive uptake of N2O5(g) is occurring on both particle types leading to the accumulation 

of particulate nitrate.  As noted in Figure 8.4, a strong size dependence was not observed 

for the reaction under these particular conditions.  It should be noted that on May 24, 

particle surface area was dominated by supermicron rather than submicron particles, 

which could explain the lack of a size dependence.  Figure 8.5 shows the ratio of chloride 

to nitrate for sea salt particles as a function of the production of ClNO2(g).  The strong 

correlation confirms the heterogeneous displacement of chloride and subsequent 

formation of particulate nitrate and ClNO2(g) as the uptake of N2O5(g) proceeds. 

The presented results are promising for using real-time, single-particle 

measurements of aerosol mixing-state and on-line gas-phase measurements to understand 

heterogeneous reactions in the ambient atmosphere.  Current parameterizations of this 

reaction in the marine environment in chemical transport models typically focus on NaCl 

particles while ignoring the effect of trace salts and marine biogenic particles [Chang et 

al., 2011; Evans and Jacob, 2005]; the work shown suggests that these particle types 

need to be included in these models in order to adequately  parameterize this reaction.  

Additional work is currently underway to understand how particulate nitrite and nitrate 

peak areas evolve as the reaction progresses.  Also, additional particle types are being 

probed to determine the propensity for N2O5(g) uptake to occur on other particle types 
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Figure 8.4:  Correlations between particulate nitrite and ClNO2(g) (top panel) and 
particulate nitrate and ClNO2(g) (bottom panel) for sea salt (left panel) and Mg-type (right 
panel) particles for May 24, 2010. 
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Figure 8.5:  Correlation plot of the normalized ratio of nitrate:chloride on sea salt 
particles and ClNO2(g) for May 24, 2010. 
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such as dust, biomass burning, etc.  Preliminary results from dust particles show a lack of 

reactive uptake of N2O5(g), which could be due to the presence of nitrate that has 

accumulated on dust prior to reaction with N2O5(g) that is suppressing the reaction 

[Mentel et al., 1999; Wahner et al., 1998].  This analysis will be added to the manuscript, 

which is currently in preparation, prior to submission to an appropriate journal, most 

likely Journal of Geophysical Research.   

Other work that I have completed that is not shown in this dissertation includes 

laboratory measurements of the size-resolved composition of dust particles and the 

resulting cloud nucleating potential of these particles.  These measurements 

complimented ambient aircraft measurements made during the Ice in Clouds Experiment-

Layers (ICE-L) by Dr. Kerri Pratt.  The results of one of these measurements were 

published in a manuscript detailing the detection of playa salts in orographic wave clouds 

[Pratt et al., 2010].  Also not included in this dissertation is work I did in collaboration 

with Brian Palenik and an undergraduate student, Rudy Urbano.  We collaborated to 

sample and characterize bioaerosols detected in the atmosphere at the end of the SIO 

Pier.  Bioaerosols were characterized through molecular techniques to assess both the 

viability of the bioaerosols found as well as to determine the contributions of different 

bacteria and fungi.  This work resulted in a first author publication for Rudy [Urbano et 

al., 2011].   

Continuation of laboratory investigations of sea spray aerosols is also underway.  

An NSF-sponsored Center for Aerosol Impacts on Climate and the Environment 

(CAICE) has been established and is currently focused on understanding changes in sea 
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spray aerosol chemistry associated with changes in biological activity, heterogeneous 

reactions, etc.  One of the main goals is to incorporate multiple, complimentary 

measurements of sea spray aerosols, including electron microscopy, in order to fully 

understand the impact of each of these variables on the mixing-state.  I have assisted in 

some of these studies by providing ambient data representative of background marine 

conditions for comparison to laboratory measurements.   Since my postdoctoral position 

with Prof. Joel Thornton will involve examining heterogeneous reactions of N2O5(g), I 

hope that my involvement with this center will continue beyond my graduate studies. 

Additional collaborations are also underway for data collected during the CalNex 

field campaign.  Abrupt increases in particulate mercury observed during CalNex by 

Prof. Peter Weiss at UC Santa Cruz were found to coincide with ATOFMS measurements 

of incineration particles [Moffet et al., 2008a].  The results of these measurements are the 

focus of a future manuscript in preparation.  I am also collaborating with Prof. Chris 

Cappa at UC Davis to understand the role of soot mixing-state on aerosol optical 

properties observed during CalNex.  The results of this collaboration are currently in a 

manuscript that is in preparation and will be submitted to Science.  I am also involved 

with collaborations on several other data sets including measurements that Andy Ault and 

myself made in Riverside, CA as part of the Los Angeles Basin Mobile Study (LABMS) 

during the summer of 2007.  Jessie Creamean from the Prather group has incorporated 

these measurements into a manuscript that will be submitted to Atmospheric 

Environment.  I also participated in measurements of biomass burning aerosol during the 

2007 San Diego wildfires.  Melanie Zauscher currently has a manuscript in preparation 
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highlighting the effect of atmospheric processing on changes in the single-particle 

mixing-state of biomass burning aerosol that will be submitted to either Atmospheric 

Environment or Environmental Science and Technology. 

To conclude, the results presented in this dissertation have provided significant 

insight regarding the role of oceanic biological activity, anthropogenic emissions, and 

subsequent atmospheric processing on marine particle chemistry.  These results can be 

expanded upon by coupling these changes in the physicochemical properties of marine 

aerosols with changes in aerosol optical properties and the propensity of these particles to 

form cloud droplets.  Further insight into how biogenically-derived marine organics can 

impact the heterogeneous reactivity of sea spray particles should be investigated using 

controlled laboratory experiments such as those currently underway by members of 

CAICE.  These results will no doubt expand our understanding of both air-sea 

interactions as well as how anthropogenic emissions can influence the processing of 

marine-derived particles.   
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