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We cannot solve our problems
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Atmospheric aerosol particles are a major component of the troposphere and affect
regional and global atmospheric chemistry and climate. The size and chemistry of these
particles influences the warm and cold cloud nucleation ability and optical properties of the
aerosol particles. This dissertation investigates the atmospheric chemistry of aerosol particles
and their role in warm cloud nucleation through a combination of laboratory experiments and
field measurements. The effect of organics on the cloud condensation nuclei (CCN) activity of
sea spray aerosols is described in Chapter 2. Sea spray aerosol produced by bubbling
solutions composed of simplistic mixtures of NaCl and oleic acid or SDS had a significant
effect on CCN activity, even in very small amounts; while artificial seawater solutions
containing microorganisms, the common cyanobacteria (Synechococcus) and DMS-producing
green algae (Ostreococcus), produced particles containing ~34 times more carbon than the
particles produced from pure ASW, with no significant change observed in the overall CCN
activity. During the fall of 2007 and 2008, over 300,000 acres burned in San Diego County
wildfires. The resulting particle chemistry and estimated hygroscopicity during these wildfire
events are explored in Chapter 3. The contribution of wildfire emissions were much larger and
played a more significant role in affecting cloud condensation nuclei and total particle

concentrations in 2007 than in 2008. The overall particle hygroscopicity during the biomass
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burning dominated periods was very similar; however in 2008, the particle hygroscopicity was
dominated by local sources rather than biomass burning, due to the much smaller particle size
mode. Owens Lake is one of the largest sources of PM,s in the Western Hemisphere,
producing highly soluble dust plumes, and therefore there is great potential for those particles
to impact cloud formation and possibly precipitation in the region. Chapter 4 explores particle
chemistry and estimated hygroscopicity at Owens Lake. No significant change in particle
hygroscopicity or CCN activity occurred concurrently with the change in mixing of particle
classes during two different dust events at Owens Lake; indicating that the large dust particles
were most likely completely CCN active and the smaller particles are likely dictating the
hygroscopicity, as most of the dust particles are large enough and would activate to become
CCN regardless of their hygroscopicity. The Cloud Indirect Forcing Experiment (CIFEX) took
place to study the influence of aerosols on cloud properties at Trinidad Head, a coastal site in
northern California representing clean marine air with periodic long-range transport. Chapters
5 & 6 explore particle chemistry, mixing state, optical properties and estimated hygroscopicity
during CIFEX. Our measurements demonstrate how changes in hygroscopicity and optical
properties evolve over time in the atmosphere as a function of particle chemistry and the
mixing state of the aerosol. Two distinct oxalate events with enrichment of oxalate on

different particle types and sizes suggest two separate sources of oxalate.

XXV



Chapter 1

Introduction

1.1 Atmospheric aerosol particles

Atmospheric aerosol are solid or liquid particles suspended in a gas and typically
ranges in diameter from ~0.002 to ~10 um [Finlayson-Pitts and Pitts, 2000; Hinds, 1999;
Seinfeld and Pandis, 1998]. Aerosol particles can be directly emitted into the atmosphere
(primary), such as dust, sea-salt, pollen, or formed in the atmosphere by chemical reactions
(secondary), such as combustion by-products [Finlayson-Pitts and Pitts, 2000; Seinfeld and
Pandis, 1998]. Concentrations of aerosol particles in the atmosphere range from 10? to 10°
cm™ or higher, depending on the location [Curry and Webster, 1999; Hinds, 1999]. The
concentration, mass, size, chemical composition, density, surface area, and optical properties
of particles determine their role in atmospheric processes [Finlayson-Pitts and Pitts, 2000;
Seinfeld and Pandis, 1998]. Aerosol particles will be referred to interchangeably by the terms,
aerosol and particle, for the remainder of this dissertation.

Particles affect Earth’s climate in many different ways. Particles both absorb and
scatter incoming solar radiation and absorb outgoing terrestrial radiation [Charlson and Pilat,
1969; Haywood and Boucher, 2000; McCormick and Ludwig, 1967]. Aerosol particles also
nucleate cloud drops, or act as cloud condensation nuclei (CCN) [Lohmann and Feichter,
2005; McFiggans et al., 2006; Seinfeld and Pandis, 1998]. By acting as CCN, aerosol
particles cause changes in cloud droplet number and size, affecting the radiative properties and
lifetime of clouds and also affect precipitation, known as the indirect effect [Albrecht, 1989;

Liou and Ou, 1989; Lohmann and Feichter, 2005; Twomey, 1974; Warner, 1968].



While clouds cover ~60% of the Earth’s surface [Seinfeld and Pandis, 1998], the global mean
radiative forcing estimate of aerosol indirect effect represents the highest uncertainty and one
of the lowest levels of scientific understanding regarding future climate change [Ramaswamy
et al., 2001; Solomon et al., 2007].
1.1.1 Optical properties

The interaction of gases, particles, and clouds with electromagnetic radiation is
essential for the energy balance of the Earth. The intensity of radiation reaching the Earth’s
surface is expressed by the Beer-Lambert Law:

| b
I e ext!
| (1.2)

where |, and | are the incident and transmitted light intensities, respectively, L is the path
length, and b, is the extinction coefficient [Curry and Webster, 1999; Finlayson-Pitts and
Pitts, 2000; Hinds, 1999; Seinfeld and Pandis, 1998]. The extinction coefficient represents the

total reduction in light intensity from both scattering and absorption which is expressed as:
bext = bag + bsg + bap + bsp (1-2)

where b,y and by are the absorption and scattering by gases and b, and by, are the absorption
and scattering by particles [Curry and Webster, 1999; Finlayson-Pitts and Pitts, 2000; Hinds,
1999; Seinfeld and Pandis, 1998]. Light absorption by gases, mainly NO,, is much less than
total light scattering and absorption by particles [Finlayson-Pitts and Pitts, 2000]. The ability
of a particle to both scatter or absorb electromagnetic radiation is strongly linked to both its
size and composition [Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis, 1998]. The

refractive index of a material, n, is defined as the ratio of the speed of light in a vacuum to that



of the material. The index of refraction for materials that both absorb and scatter light, n, is

expressed as a complex number that depends on wavelength:

where i = \/—_1 , Nre IS the real refractive index and corresponds to the scattering, while n;, is
the imaginary refractive index and corresponds to the absorption [Curry and Webster, 1999;
Finlayson-Pitts and Pitts, 2000; Hinds, 1999; Seinfeld and Pandis, 1998]. Water and ice both
exhibit n;, ~ 0 across the visible spectrum (A = 0.4-0.8 um), leading to no absorption of visible
radiation by clouds [Curry and Webster, 1999]. However, liquid water and ice can absorb
significant infrared radiation (A > 1um) [Curry and Webster, 1999].
1.1.2 Aerosol size distributions

Particle size depends on the aerosol source and formation mechanism. The source and
size affects the particle’s impact on health, visibility, and climate [Finlayson-Pitts and Pitts,
2000; Hinds, 1999; Seinfeld and Pandis, 1998]. Several size metrics have been utilized to
describe particle diameter since many particles have irregular shapes that cannot be accurately
described by a simple geometric diameter (Dg). Aerodynamic diameter, D,, is the most
common way to describe effective particle size and is defined as the diameter of a sphere of
unit density (o, 1 g cm®) that has the same terminal falling speed in air as the particle in

question [Finlayson-Pitts and Pitts, 2000; Hinds, 1999]:

P
D.=Dy) [ — (1.4)
N\ o,

where p, is the density of the particle and y is the dynamic shape factor; y = 1 for spheres
[Finlayson-Pitts and Pitts, 2000; Hinds, 1999]. A spherical particle of higher than unit density

will have a larger aerodynamic diameter than its geometric diameter.



Size distributions of particles are plotted as the number of particles normalized to the
width of the particle diameter size range interval. The number of particles per unit size interval
is plotted on the y-axis (vertical) versus log of the diameter on the x-axis (horizontal).
Examples of different particle size distributions and modes are shown in Figure 1.1. Particle
number, mass, volume, and surface area display different size distributions and are important
for different applications; for example, health standards of particles are defined in terms of
mass, whereas surface and volume considerations are important in controlling reactions of
gases with particles [Finlayson-Pitts and Pitts, 2000]. As shown in Figure 1.1, particle number
is dominated by small particles, while particle volume, and hence mass, becomes more
important at larger sizes.
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Figure 1.1. Typical aerosol size distributions by particle number (top) and particle mass
(bottom). (Figure taken from Seinfeld & Pandis (2006), © 2006 by John Wiley & Sons, Inc.)



Coarse particles (~1 to ~10 pum) are usually produced by mechanical processes such as
grinding, wind, or erosion and settle out of the atmosphere by sedimentation [Finlayson-Pitts
and Pitts, 2000; Hinds, 1999; Seinfeld and Pandis, 1998]. They are usually composed of
mineral dust and sea salt [Finlayson-Pitts and Pitts, 2000; Hinds, 1999; Turpin and Lim,
2001]. Particles in the accumulation mode (~0.08 to ~2 um) are predominantly from the
condensation of low-volatility vapors and coagulation of multiple small particles [Finlayson-
Pitts and Pitts, 2000; Hinds, 1999; Turpin and Lim, 2001]. Accumulation mode particles are
generally composed of more organics than larger coarse-mode particles due to the different
sources of these particles such as combustion, however they can also contain soluble inorganic
compounds such as ammonium, sulfate and nitrate [Finlayson-Pitts and Pitts, 2000; Hinds,
1999; Turpin and Lim, 2001]. Accumulation-mode particles are typically removed by cloud
activation and precipitation processes, as they are too small for sedimentation [Finlayson-Pitts
and Pitts, 2000]. Aitken nuclei (~0.01 to ~0.2 um) arise from ambient-temperature gas-to-
particle conversion and combustion processes involving hot supersaturated vapors that
condense [Finlayson-Pitts and Pitts, 2000; Hinds, 1999]. Aitken-mode particles typically have
short lifetimes by acting as nuclei for condensation of low-vapor-pressure gases and growing
into the accumulation mode, and/or undergoing rapid coagulation processes [Finlayson-Pitts
and Pitts, 2000]. Nucleation particles (< 0.01 um) are formed exclusively from gas-to-particle
conversion. For reference, threshold particle sizes for cloud droplet activation are typically in
the 40-200 nm size range [McFiggans et al., 2006] and will be discussed further in sections
121land1.4.1.

1.1.3 Chemical composition
The chemical composition of aerosol particles is wide-ranging, complex, and varies

with location and atmospheric conditions. Particles are made up of many different inorganic



and organic compounds that vary widely in solubility, density and surface tension. Mixing
state is used to describe whether two or more species are found together in one particle-
“internally mixed”- or instead as separate particles in the same sample- “externally mixed.”
Tropospheric particles are typically internally mixed in both organic and inorganic materials
[Lee et al., 2002; McFiggans et al., 2006; Middlebrook et al., 1998]. The mixing of different
species in a particle is very important in dictating their role in atmospheric processes. Particle
mixing state dictates the reactivity, ability to scatter and absorb radiation, CCN activity, and
therefore atmospheric lifetime of the aerosol.

1.1.3.1 Inorganic aerosol particles

Primary inorganic particles are generally formed from mechanical processes, such as
mineral dust particles lofted by winds and sea salt particles from breaking waves. Because of
the mechanical processes involved, these particles are predominantly in the supermicron (D >
1 pm) size range, however both mineral dust and sea salt aerosol also have significant, but less
abundant, modes in the submicron (< 1 um) size range.

Secondary inorganic aerosol mass is dominated by nitric and sulfuric acids which
involve heterogeneous and/or multiphase reactions with trace gases including NO, (NO +
NO,), HNO3, NOs, N,Os, SO, and H,SO,4 with preexisting aerosol particles. Gaseous basic
ammonia (NHs) can then partially or fully neutralize the acidic particles, forming ammonium
nitrate and ammonium sulfate. The uptake of sulfuric acid is diffusion-limited and controlled
by particle surface area [Bassett and Seinfeld, 1984], therefore ammonium sulfate salts
(NH;HSO, and (NH,),SO,) are predominantly in the submicron size range. Ammonium
nitrate is sensitive to ambient relative humidity (RH) and temperature, and therefore partitions
between the gas and particle phases, with equilibrium ratios dependent on atmospheric
conditions. Inorganic nitrate-containing compounds tend to take over the larger submicron and

supermicron size ranges due to nitric acid being a weaker acid than sulfuric and the semi-



volatile nature of ammonium nitrate salts [Bassett and Seinfeld, 1984; Song and Carmichael,
1999].
1.1.3.2 Organic aerosol particles

Organic matter makes up an important fraction of aerosol mass in a variety of
atmospheric environments. The composition of organic species in the atmosphere is complex,
even in remote environments with little or no contribution from combustion emissions.
Typical organic compounds found in ambient aerosol include alkanes, alkenes, aromatics,
fatty acids, alcohols and organic bases [Finlayson-Pitts and Pitts, 2000; Jacobson et al., 2000;
Seinfeld and Pandis, 1998]. Regional organic aerosols are typically from biomass burning,
vegetative detritus, bacteria, viruses, fungal spores and sources, while urban organic aerosol
emissions are mainly from fossil fuel combustion [Jacobson et al., 2000]. Elemental carbon
(EC) and polycyclic aromatic hydrocarbons (PAHS) are primarily produced from combustion
sources, such as fossil fuel and biomass, however, depending on combustion conditions,
organic carbon (OC) can also be co-emitted and mix with EC [Jacobson et al., 2000]. Water
soluble organic carbon (WSOC) is a subgroup of OC and is made up of hundreds or more
individual compounds, such as oxalate and other organic acids [Chebbi and Carlier, 1996;
Mochida et al., 2003] that each contribute only a very small portion to the overall aerosol
mass [Hamilton et al., 2004; Kanakidou et al., 2005; Maria et al., 2004; Murphy, 2005;
Saxena, 1996].

Oxidation of organics leads to condensed-phase multifunctional organic products
known as secondary organic aerosol (SOA) [Finlayson-Pitts and Pitts, 2000; Grosjean, 1992;
Grosjean and Seinfeld, 1989; Jacobson et al., 2000; Seinfeld and Pandis, 1998]. A variety of
organics in particles should be primary in nature, however the complexity of organics found in
particles and the many different sources of organics in the atmosphere, both primary and

secondary, make it very difficult to identify distinct sources of organics [Finlayson-Pitts and



Pitts, 2000; Jacobson et al., 2000; Seinfeld and Pandis, 1998]. Once oxidized, these aerosols
can be transported significant distances [Finlayson-Pitts and Pitts, 2000; Jacobson et al.,
2000; Sempere and Kawamura, 1996]. The relative importance of secondary organic aerosol
to the organic particulate carbon is varied by conditions, but generally ranges from ~5-50%
[Gray et al., 1986; Hildemann et al., 1994a; Hildemann et al., 1994b; Pandis et al., 1992;
Turpin and Huntzicker, 1995; Turpin et al., 1991].

Organic aerosol is typically internally mixed with inorganic components. A common
source of internally mixed inorganic and organic aerosol is biomass burning. Fine particle
potassium with carbonaceous signatures such as levoglucosan are known to be markers for
biomass combustion [Andreae, 1983; Engling et al., 2006b; Fabbri et al., 2008; Fine et al.,
2004; Li et al., 2003; Pekney et al., 2006; Reid et al., 2005]. An additional source of internally
mixed organic and inorganic aerosol is marine aerosol. Surface-active compounds
(surfactants) are present in the ocean surface microlayer and become incorporated in marine
aerosol when bubbles burst from breaking waves [Lewis and Schwartz, 2004]. Up to 60% of
the mass of marine aerosol particles can be organic, with the organic mass fraction typically
being larger for smaller particles than larger particles [Middlebrook et al., 1998; O'Dowd et

al., 2004].

1.2 Hygroscopic and cloud nucleating properties of aerosols

Water vapor makes up ~0-4% of the atmospheric concentration of gases and varies
greatly with time and location [Curry and Webster, 1999]. The amount of water vapor in the
atmosphere is controlled by evaporation/sublimation, how it is transported in the atmosphere,
and the amount that is removed by precipitation [Pruppacher and Klett, 1997]. The cooling by
adiabatic expansion of humid air as it ascends in the atmosphere can cause a supersaturation of

water vapor, which typically results in the formation of a cloud or fog. The supersaturation



reached in a cloud or fog will depend on the moisture content of the atmosphere and the
thermodynamic state of the atmosphere that controls the development of updrafts [Pruppacher
and Klett, 1997]. Typical cloud supersaturations in the atmosphere are ~0.2 — 2%, while fog
supersaturations are lower, around ~0.02-0.2% [Pruppacher and Klett, 1997]. Fog drops
typically have radii from a few pm to ~30-40 um and clouds usually have drops from 5 pm to
~100 um [Pruppacher and Klett, 1997].
1.2.1 Aerosol particles and cloud formation

Aerosol particles that are capable of initiating drop formation under atmospheric
supersaturations are called cloud condensation nuclei (CCN). Early work by Kéhler provided
the basis for describing the equilibrium size of a droplet with water saturation ratio [Koehler,
1936]. The conditions for water equilibrium between the gas and aqueous phases are
influenced by the curvature of the particles and the presence of solutes. The vapor pressure
over a curved surface always exceeds that of the same substance over a flat surface. Known as
the Kelvin effect, the curvature of a particle surface reduces the attractive forces between
surface water molecules, making it increasingly easier for water molecules to leave the droplet
surface as the droplet size decreases [Curry and Webster, 1999; Hinds, 1999; Seinfeld and
Pandis, 1998]. The Raoult effect is due to the presence of a solute which lowers the
equilibrium vapor pressure above the droplet surface, thereby allowing growth by
condensation to occur at a lower supersaturation than for pure water [Curry and Webster,
1999; Hinds, 1999; Seinfeld and Pandis, 1998]. The balance between the Kelvin and Raoult
effects is described by Koéhler Theory and can be derived from an energy balance at phase
equilibrium to yield a general equilibrium relation between an aqueous salt solution droplet

and water vapor:

E =a, exp 2Vwas/a
e " RTr (1.5)
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where e is the vapor pressure of water, e is the saturation vapor pressure of water, a,, is the
water activity, v, is the partial molar volume of water, oy, is the surface tension of the droplet,
R is the universal gas constant, T is the droplet temperature and r is the particle radius
[McFiggans et al., 2006; Pruppacher and Klett, 1997; Seinfeld and Pandis, 1998]. However,
since this form of the Kohler equation is complicated, a simplified form of the Kd&hler

equation has been derived [Pruppacher and Klett, 1997; Seinfeld and Pandis, 1998]:

e A B
ST, D or 16

S

A — 2M wo-s/a
RTp,

where (1.6a)

_vmM,

B=_ s " w
and (1.6b)
M, (4 j
3o,

where v is the Van’t Hoff Factor, or number of dissociated ions per solute molecule, ms is the
solute mass, M,, is the molecular weight of water, My is the molecular weight of the solute, and
Pw IS the density of water. Term A is known as the Kelvin term, while term B is known as the
Raoult term. A Taylor series expansion of Eq. (1.6), also demonstrated in Figure 1.2, shows a
single characteristic maximum in supersaturation for a given dry particle composition and
size, known as the critical supersaturation, S, associated with a unique size, known as the

activation diameter, D, Or critical radius, r., where r.=D,/2. The analytical solutions for Eqg.

3B 1/2
Dact = Z(K] 2.7)

(1.6) are as follows:
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4A3 1/2
¢ = ﬁ} (1.8)

Once the droplet grows above its critical size, D, the droplet will continue to grow as the
surrounding S increases above S, until S decreases below the equilibrium value of S at the
corresponding value of D [McFiggans et al., 2006; Pruppacher and Klett, 1997]. Figure 1.2
illustrates the contribution of the curvature/Kelvin term and the solute/Raoult term to the

Kohler equation.
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Figure 1.2. The Kohler equation illustrated as a competition between the curvature (Kelvin)
and solute (Raoult) terms. (Figure used under the Creative Commons License)

Particles that consist of soluble substances are the most likely to act as CCN and

ultimately form cloud droplets. However, combustion particles, which can be water insoluble,
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can also serve as CCN [Petters et al., 2009; Weingartner et al., 1997] and contribute a
significant fraction of CCN in areas with large combustion sources. For a given composition
and supersaturation, the determining factor whether a particle activates or not is its dry size.
The sensitivity of droplet activation to particle size, particle composition and supersaturation
can vary depending on atmospheric conditions. The concentration of cloud droplets (Ng) is
more sensitive to the size of the particles, especially in polluted environments, where there are
high concentrations of particles, some of which can contribute to the number fraction of CCN
[Feingold, 2003; McFiggans et al., 2006; Rissman et al., 2004]. The number of activated
droplets depends on the number distribution of particles of a given type and not particle mass,
however, the activation of individual particles depends on the fraction of soluble mass
[McFiggans et al., 2006]. Particles smaller than ~ 40 nm are not likely to become CCN
regardless of their composition, while larger particles ~ > 200 nm almost always have enough
soluble material to become CCN, therefore particles 40-200 nm represent the activation
threshold size range [McFiggans et al., 2006]. To directly probe if an aerosol is likely to act as
a CCN, measurements report potential CCN concentrations at specific supersaturations or as a
supersaturation-dependent spectrum.

1.2.2 Hygroscopicity parameter (k)

To describe the relationship between dry particle diameter and CCN activity, a single
hygroscopicity parameter («x) is used to quantify the water uptake characteristics [Petters and
Kreidenweis, 2007]. The saturation ratio over a droplet has been described previously in Egs.
1.5 and 1.6. The parameterization of « is defined through its effect on the water activity (a,) of

the solution:
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where V; is the volume of the dry particle and V,, is the volume of the water present in the
particle. Assuming the sum of water associated with individual solutes is the total volume of

water, and converting to volume equivalent diameter, the relationship between supersaturation

and particle diameter is defined as:

D’ - Dg, A
S(D) = D’ D% (L x) eXp(Bj (1.10)

dry

where D is the diameter of the droplet, Dy, is the diameter of the dry particle, A = 2.1x10° m
is a constant presuming a surface tension of 0.072 J m? (pure water) and temperature of
298.15 K [Petters and Kreidenweis, 2007].

Hygroscopicity (k)
1.00 0.10 0.01 0.001

1.0 :

3:7 organiciinorganic (0.62)
levoglucosan (0.21)
1:2:2 levoglucosan:succinic:fulvic (0.13)

Critical supersaturation (%)

fulvic acid (0.067)
0.1 | fractionated fulvic acid (10-30 kDa) (0.033

0.01 0.10 1.00
Dry diameter (ium)

Figure 1.3. Single hygroscopicity parameter (x) shown as isolines in critical supersaturation-
dry diameter space. Overlaid are data points from standards illustrating typical « values.
(Figure used under the Creative Commons License)

Typical atmospheric values of x range from 0 to 1.4. Highly soluble inorganic salts have x

values from 0.5-1.4, while slightly to very hygroscopic organics have « values from 0.01-0.5

and non-hygroscopic particles have values of zero [Petters and Kreidenweis, 2007]. For
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complex ambient experimental data, a x value can be obtained from fitting CCN activity data
assuming a oy, 0f 0.072 J/m™ (that of pure water) and T = 298.15 K [Petters and Kreidenweis,
2007]. An example of specific compounds and their hygroscopicities is shown in Figure 1.3.
1.2.3 In-cloud processing of CCN-active aerosol particles

While clouds cover ~60% of the earth’s surface, the presence of clouds is varies
significantly with geographical location [Seinfeld and Pandis, 1998]. Clouds form and
evaporate repeatedly with only ~ 10% of all clouds generating precipitation [Pruppacher and
Klett, 1997; Seinfeld and Pandis, 1998]. Therefore, aerosol particles that activate to form CCN
are most likely activated and deactivated ~10 times before finally being removed from the
atmosphere [Hoppel et al., 1990]. When particles activate into CCN, they become a dilute
water droplet. Trace gas phase atmospheric species will then partition to the dilute water
solution in the droplet to reestablish gas-particle equilibrium. For species A, the equilibrium
between the gas and aqueous phase can be described as:

A(g) < A(aq) (1.11)
The equilibrium between the gaseous and dissolved A is expressed by the Henry’s Law
coefficient Ha:
[A(ag)] = Hapa (1.12)

where p, is the partial pressure of A in the gas phase and [A(aq)] is the aqueous phase
concentration of A [Seinfeld and Pandis, 1998]. Soluble gases such as NOs, HNO;, and H,0,
have very large Henry’s Law coefficients implying that these species are predominantly found
in the aqueous phase, while other gas phase species such as O,, NO and NO, have low
Henry’s Law coefficients and are predominantly found in the gas phase [Seinfeld and Pandis,
1998]. Once many species are dissolved, they can react with water and undergo acid-base
equilibrium reactions. As the pH of the cloud or fog droplet changes, the Henry’s law constant

can change dramatically [Seinfeld and Pandis, 1998]. Many reactions that occur slowly in the



15

gas phase can occur quite rapidly in the aqueous phase, including oxidation reactions that
yield water-soluble organics [Ervens et al., 2004b; Seinfeld and Pandis, 1998]. The more
oxidized products formed in these reactions have a lower vapor pressure than their precursors,
and typically remain in the particulate phase after the droplet has evaporated. In-cloud
processing is one of the main pathways for particulate sulfate production [Ervens et al.,
2004b; Sorooshian et al., 2006; Yu et al., 2005], and can lead to a high degree of internal
mixing of sulfate due to scavenging of non-activated interstitial particles by cloud droplets
within clouds. Scavenging during cloud processing is responsible for internal mixtures of sea
salt and mineral dust [Andreae et al., 1986; Niimura et al., 1998] as well as sea salt and
elemental carbon [Holecek et al., 2007; Spencer et al., 2008]. As particles become cloud
processed and accumulate sulfate and other lower vapor pressure reaction products, their
physical and chemical properties change; making them both larger and more soluble, thereby

increasing the likelihood of activating as a CCN again.

1.3 Major instrumentation

As atmospheric aerosol particles range in size over four orders of magnitude and vary
in composition with size, time and location, they present a significant analytical challenge
[McMurry, 2000]. While there is a wide range of different analytical and sampling methods to
measure aerosol particle composition, characterizing the chemical composition of aerosol
particles as a function of size is still only partially complete [Putaud et al., 2004]. Studying
the link between the size-resolved particle chemistry of ambient aerosols and their CCN
properties is crucial for developing suitable models for the effect of aerosols on cloud
formation and radiative forcing as well as in-cloud chemical processing [McMurry, 2000]. The

main instruments used for the research conducted in this thesis are discussed below.
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1.3.1 Aerosol time-of-flight mass spectrometry (ATOFMS)

Single particle mass spectrometry (SPMS) is used to study online individual particle
composition [Murphy, 2007; Murphy et al., 2006; Noble and Prather, 2000; Sullivan and
Prather, 2005; Ziemann, 1998]. These techniques measure real-time changes in the size and
chemical composition of individual particles. The SPMS instrument used for this thesis
research is an aerosol time-of-flight mass spectrometer (ATOFMS) [Gard et al., 1997].
Aerosols are pulled into the vacuum of the instrument. A converging nozzle inlet is used for
analyzing particles D, ~0.2-3 um with maximum transmission efficiency at ~1.7 um, while an
aerodynamic lens is used on a separate instrument to efficiently analyze submicron aerosols
~80- 1000 nm [Su et al., 2004].

A schematic of the ATOFMS is shown in Figure 1.4. After each particle enters the
inlet, it is accelerated to its size- and shape-dependent terminal velocity. The particle then
passes through two 532 nm continuous-wave diode-pumped Nd:YAG laser beams. Two
elliptical mirrors collect the back-scattered laser light from the two separate laser beams and
focus it onto a photomultiplier tube (PMT) and calculate the time-of-flight of the particle
between the laser beams. Particle velocity is calculated using the time-of-flight measurement
and the distance between the two laser beams. Through a calibration of particle velocity versus
dry diameter using polystyrene latex spheres (PSLs) of known size, the aerodynamic
diameters of atmospheric particles can be determined from the time-of-flight measurement.
Below the two continuous wave lasers, a timing circuit uses the calculated time-of-flight to
determine when to trigger the firing of a Q-switched Nd:YAG laser (4" harmonic, 266 nm).
The UV laser pulse rapidly desorbs and ionizes the particle constituents in the source region of
a time-of-flight mass spectrometer. Positive and negative ions are passed into two separate ion
flight tubes in the dual-polarity mass spectrometer where they enter a reflectron to increase the

mass resolution before being deflected back 180° towards the ion source. A microchannel
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plate detector facing the reflectron detects the ions and sends a signal to a data acquisition
board. In this way, particle aerodynamic size, and composition with positive and negative

mass spectra are acquired for each individual particle in real-time.

o Ellipsoidal
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| T| \U i | compositon
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Detectors Nd:YAG

Laser (266 nm)

Figure 1.4. Schematic of the current nozzle ATOFMS instrument for on-line individual
particle analysis.

The laser desorption ionization (LDI) method used here can detect both the refractory
and non-refractory aerosol species. While quantification of specific chemical components has
been demonstrated [Bhave et al., 2002], it remains a challenge due to the highly variable
signals produced by LDI [Wenzel and Prather, 2004], and significant matrix effects from the
different particle types. The ion signals can be quantified by characterizing relative sensitivity
factors (RSFs) for specific chemical species in model aerosol standards [Gross et al., 2000].
RSFs have been used to quantify various cations and anions in sea salt as well as measure the
relative amount of organic carbon (OC ) associated with elemental carbon (EC) [Gross et al.,

2000; Spencer and Prather, 2006]. In this dissertation, ATOFMS is used to observe particle
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chemical composition in the ambient atmosphere, mainly focusing on biomass burning and
mineral dust particles.
1.3.1.1 ATOFMS data analysis

The ATOFMS data acquisition system allows rapid collection of single-particle data,
allowing for the analysis of changes in particle chemistry with high size (0.010-0.10 um) and
time resolution. Due to the high volume of data collected using this on-line technique, modern
data analysis tools are required. YAADA (Yet Another ATOFMS Data Analyzer,
http://www.yaada.org/) is a software toolkit used within Matlab to analyze the single particle
data. The ART-2a classification algorithm is used to sort ATOFMS single-particle mass
spectra into clusters of particles with similar mass spectral features [Rebotier and Prather,
2007; Song et al., 1999]. The algorithm functions by randomly selecting particles from the
dataset and comparing the dot product of the mass spectra from two individual particles. If the
dot product is greater than or equal to the defined vigilance factor, then both particles are put
into the same cluster. This grouping method continues with the remaining particle mass
spectra, until each particle is either put into a matching particle cluster, or a new particle
cluster is created to which additional particles can be added. The clusters are then regrouped
by testing the dot product of each cluster with one another to decrease the number of total
particle clusters. A vigilance factor of 0.80 or greater is commonly used to appropriately
differentiate between similar mass spectra that are from different particle sources. Generally,
the top 50 most populated ART-2a clusters that usually represent 90% or more of the total
particles are then manually inspected and classified into particle types (sea salt, mineral dust,
elemental carbon, metals, organic carbon, biomass burning, others) based on the mass spectral
fingerprints observed in prior ATOFMS ambient and source characterization studies [Ault et
al., 2010; Moffet et al., 2008; Pratt et al., 2010; Qin and Prather, 2006; Silva, 2000; Silva et

al., 1999; Sodeman et al., 2005; Spencer et al., 2008; Toner et al., 2006].
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Further analysis of ATOFMS data is determined by the specific questions to be
addressed. Generally, the fractions of various particle types are plotted versus time and
particle size to study changes in aerosol properties due to meteorological changes, diurnal
cycles, and any other specific atmospheric events. Searches for specific chemical markers in
individual particles or particle classes are also performed. Examples of specific biomass
burning chemical markers are shown in Chapters 3, aromatic chemical markers are discussed
in Chapter 5, and oxalate, secondary, and in-cloud/aqueous processing markers are analyzed in
Chapter 6. Relative changes in the amounts of specific chemical compounds can be inferred
upon careful analysis of the ion peak area signals from the ATOFMS data by searching on the
same particle matrix.

1.3.2 Size distribution and particle counting instruments

Particle behavior and source in the atmosphere is largely determined by size. As stated
previously, typical particle size ranges in the atmosphere are ~0.001-10 um. There are many
instruments that measure concentrations of particles in size bins, known as particle size
distributions. Each instrument typically covers around one order of magnitude of particle size
ranges and there are no instruments that cover the entire range.
1.3.2.1 Aerodynamic particle sizer (APS)

An aerodynamic particle sizer (APS) is used to determine the aerodynamic diameter
of individual particles ~0.5-20 pum from their time-of-flight between two continuous wave
lasers once the particle has been accelerated to its terminal velocity. This is the same principle
of operation as used in the sizing region of the ATOFMS, however, the continuous wave laser
beams on the APS are slightly overlapping, and therefore much smaller than on the ATOFMS,
which reduces coincidence errors from overlapping particles traversing the laser beam(s),
while reducing the sizing accuracy [Hinds, 1999]. The APS used in this research is a TSI, Inc.

model 3221 APS [Volckens and Peters, 2005] as shown in Figure 1.5. The APS has a total
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sample flow of 5.0 Ipm; 4.0 Ipm is filtered and used as a sheath flow to surround the 1.0 Ipm
of aerosol sample flow through the detection region, as shown in the top of Figure 1.5. The
stated resolution of the TSI, Inc. Model 3221 APS is + 0.02 pm at 1.0 pm. The measured
particle diameters are grouped into distinct size bins ranging from 0.523 to 20 um by
combining the signals from the different size-resolved channels. Any measured particles
smaller than 0.523 um are placed in one large unresolved bin. Typically, we obtain a complete
APS size distribution in 1 minute by averaging the size-resolved channel signals over the time
period.
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Figure 1.5. Schematic of the Aerodynamic Particle Sizer (APS, TSI Model 3321) that
measures the size of particles between 0.5 and 20 pm. (Diagram courtesy of TSI, Inc.)
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1.3.2.2 Differential Mobility Analyzer (DMA)

A differential mobility analyzer (DMA) transmits a discrete mobility particle size
through the instrument. Mobility size is based on the size and shape of a particle, but not its
density. Therefore, particles of different densities will have similar mobility size if they have
similar shape. In the inlet of the instrument, charge equilibrium is established using a bipolar
aerosol neutralizer that exposes the aerosol particles to a high concentration of positive and
negative ions. The distribution of electrical charges across the aerosol size distribution can be
described using the Wiedensohler approximation to the corrected Fuchs charge distribution
[Wiedensohler, 1988]. The proportion of particles containing an electrical charge and the
number of charges per particle increase exponentially with particle size, therefore particles
greater than ~200 nm will have multiple charges, while particles less than ~100 nm will only
have ~10% of particles with multiple charges and the charge distribution is centered around
+1 [Flagan, 2001].

After the aerosols reach charge equilibrium, they enter the cylindrical DMA tube. A
part of the aerosol flow is filtered into a recirculation loop where it is used as the sheath flow
into the DMA, as shown in Figure 1.6. A large, variable negative voltage is applied to the
center rod of the DMA tube, forming an electric field that attracts positively charged particles
flowing through the DMA towards the center of the cylinder [Hinds, 1999]. There is a small
opening at the bottom of the DMA that a narrow portion of the aerosol, those with the correct
mobility size, exit the cylinder; the remaining aerosol with mobility sizes above and below
impact on the surface of the cylinder or rod and do not exit the electrode [Hinds, 1999]. The
particle mobility diameter that exits the DMA is a function of the particle’s physical size,

shape, and number of charges as described by:
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where Dy, is the mobility diameter, C. is the Cunningham slip correction, n is the number of
elementary charges, e, V is the rod voltage, L is the rod’s length, y is the particle’s dynamic
shape factor, u is the gas viscosity, gy, is the sheath flow rate, and r; and r, are the inner and
outer radii of the DMA cylinder. Non-spherical particles (x > 1) have larger mobility
diameters than volume-equivalent spherical particles due to the extra drag force experienced
by non-spherical particles as they move towards the DMA rod [DeCarlo et al., 2005].

The DMA used in this work is a TSI, Inc. model 3081, long DMA, which is used to
measure a particle size range of ~20 to 1000 nm, depending on particular instrumental settings
[Flagan, 2001; Knutson and Whitby, 1975]. A schematic is shown in Figure 1.6. Below 20 nm
diffusional broadening can seriously degrade the size resolution, and supermicron particles
cannot be effectively transmitted because the voltages needed cannot be safely applied. An
optimal sheath-to-aerosol flow ratio of 10:1 should be used for the greatest size resolution.
Typical sheath and aerosol flow rates used in this work are 10.0 and 1.0 Ipm. The DMA can be
operated in two modes; the first is used to continuously select one mobility diameter by
leaving the rod voltage, V, fixed so that a known particle size can be transmitted. This mode is
used to provide a monodisperse aerosol population. In the second mode, the voltage is
continuously scanned across the particle size range. If the scanning mode is used, the DMA is
typically coupled in series to a condensation particle counter (CPC), described below, to

measure the submicron size distribution.
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Figure 1.6. Schematic of the Differential Mobility Analyzer electrode (DMA, TSI Model
3081) that measures the size of particles between 0.0025 and 0.6 um. (Diagram courtesy of
TSI, Inc.)

1.3.2.3 Condensation particle counter (CPC)

The condensation particle counter (CPC) can count all particles, or condensation
nuclei (CN) regardless of their size, composition, or shape, if they are above a certain
nanoparticle size threshold (~10 nm). The CPC forces all particles to grow by exposing them
to a hot saturated vapor stream of butanol. An optical particle counter (OPC) counts each

grown particle by detecting the scattered light from the aerosol particle as it traverses a
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continuous laser beam [Hinds, 1999]. The CPC used in this work is a Model 3010 (TSI, Inc.)
[Mertes et al., 1995]. A schematic of the CPC is shown in Figure 1.7. While this CPC model
uses butanol, more recent models now operate with water [Hering et al., 2005]. The 3010
CPC can count all particles greater than 10 nm, up to 10,000 particles/cm®, with an aerosol
sample flow of 1.0 Ipm. The CPC can be coupled with a DMA (described previously) to

measure submicron aerosol size distributions.
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Figure 1.7. Schematic of the condensation particle counter (CPC, TSI Model 3010) that counts
the concentration of particles between 0.01 and >3 um. (Diagram courtesy of TSI, Inc.)
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1.3.2.4 Scanning mobility particle sizer (SMPS)

When a DMA and CPC are combined in series, the system is referred to as a scanning
mobility particle sizer (SMPS) that measures the size distributions of submicron aerosol
particles. The DMA operates in scanning voltage mode and transmits the steadily changing
sized particles through the DMA and to the CPC. By counting the particle concentration in
each DMA size bin, the CPC determines the size distribution of the sampled aerosol. To
accurately use SMPS measurements to obtain a size distribution, transfer functions are
required to invert the raw data to account for charge equilibrium, the probability of an aerosol
being electrically charged as a function of particle size, and to account for multiply charged
particles [Collins et al., 2004; Stolzenburg and McMurry, 2008]. As shown in Eq. 1.11, a
particle with a particular mobility diameter and more than one charge will have a larger
volume equivalent diameter than a singly-charged particle of the same mobility diameter;
therefore it is important to account for the contribution of multiply-charged particles measured
in each DMA size bin. The Model 3081 DMA and Model 3010 CPC used here generally
measure the aerosol size distribution from ~11-600 nm using a sheath flow of 4.0 Ipm and
aerosol flow of 0.4 Ipm with a scan time of 5 minutes.

1.3.3 Cloud condensation nuclei counter (CCNCc)

A cloud condensation nuclei counter (CCNc) reproduces cloud formation by allowing
the aerosol sample to be exposed to a controlled water supersaturation and then counting the
number of particles that grow into cloud droplets [Nenes et al., 2001]. The CCNcs used for
this work were prototype miniature continuous-flow streamwise thermal gradient CCNcs that
were constructed at Scripps Institution of Oceanography (S10) based on the design of Roberts
and Nenes [Roberts and Nenes, 2005]. The aerosol sample is sent to the center of the column
and is surrounded by a sheath of humidified, filtered air. A water supersaturation is produced

from a linear thermal gradient along the continuously wetted walls of the column. The



26

supersaturation is created because of the different rates of diffusion of heat (which controls
P°H20) and water vapor (which controls Przo). This is shown in Figure 1.8. The aerosol sample
is exposed to a well-defined and controlled water supersaturation that is a function of the
column’s thermal gradient (dT), and the total flow rate. Particles that take up water and grow
considerably are detected by an OPC at the bottom of the column from the scattered laser light
signal. The OPC is calibrated to record particles with optical diameters >1 pum, which
corresponds to particles that have activated to form cloud drops, and are counted as CCN. The
CCNc records the CCN concentration every second. The aerosol flow rate is ~15.0 cubic
centimeters per minute (ccm) and the sheath flow is adjusted to produce a total flow of 100.0

ccm.
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Figure 1.8. Schematic demonstrating the development of a constant water supersaturation in
the CCNc. (Figure courtesy of Gregory Roberts.)

The supersaturation of the CCNc is a function of the thermal gradient (dT) and is
calibrated using an atomized solution of 1.0 g/L ammonium sulfate (Sigma, 99.999%) to

determine the activation diameter as a function of column dT. Thermodynamic data from the
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Aerosol Inorganics Model (AIM) [Wexler and Clegg, 2002] and Kdéhler theory are used to
determine the critical supersaturation (S.) of the ammonium sulfate activation diameters. A
linear fit of S, versus column dT is then generated, usually with R? > 0.995. Typical ranges of
column dT of 2.0-15.0 °C generates a supersaturations of ~ 0.08 -1.0%. Recently, there are
two modes of CCNc operation. The first mode is performed using one supersaturation only,
hereby referred to as static mode and is used in Chapters 2, 3, and 5. The second CCNc¢c mode
measures CCN by scanning supersaturation from ~0.1 — 1% continuously every 10 minutes,
resulting in CCN spectra that give CCN concentration as a function of supersaturation, hereby
referred to as scanning mode and is used in Chapter 4. While the static method yields
insightful information, it is only for one supersaturation. The scanning method measures a
range of supersaturations, allowing insights into CCN activity over a much larger range of
particle sizes and chemical sensitivities.
1.3.3.1 CCN data analysis

To summarize the hygroscopicity measurements made with the CCNc, the CCN
activation diameter (D.y) of atmospheric aerosols is estimated using measured size

distributions, total CN, and CCN concentrations from

Dact
fn(D)dD
,_CCN _ 5,
CN N (1.14)

total

where Ny iS the cumulative concentration obtained by integrating the observed size
distribution of n(D) obtained from the SMPS measurements, D is the electric mobility
diameter selected by the SMPS and D, the smallest size measured by the SMPS (~11 nm). The
CCNI/CN ratio represents the fraction of the CCN-active aerosol (fCCN). Egn. (1.12) assumes

that all chemical compositions are internally mixed (i.e. homogeneous particle composition)
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[Furutani et al., 2008]. In the estimation of Dy, contributions from particles larger than the
range of the SMPS (upper range = 600 nm) are not considered and are usually minimal.
Typical ambient data sets with static mode CCN data use hourly averages of CCN and
CPC data to calculate fCCN, which is then used to calculate the hygroscopicity parameter, «.
For the scanning mode CCN data, the CCN and CPC data are filtered to eliminate any
instrumental noise from the data and the instantaneous fCCN value is calculated every second
and used to determine the instantaneous activation diameter from the cumulative SMPS size
distribution as mentioned previously. Hygroscopicity parameter, « is calculated from the
instantaneous estimated activation diameter and the corresponding CCNc supersaturation
values. Due to the high volume of data from the scanning mode, CCN concentrations and
hygroscopicity parameter « are binned by supersaturation. x conveys the particle chemistry
through hygroscopicity, allowing comparison with ATOFMS data to gain insights into the

effect of particle composition on hygroscopicity.

1.4 Aerosol particle chemistry and cloud formation

1.4.1 Effect of particle composition on CCN activity

Aerosol particles can change the number concentration and size of droplets in a cloud,
therefore affecting the radiative properties, precipitation and lifetime of the cloud [Cess et al.,
1997; Finlayson-Pitts and Pitts, 2000; Lohmann and Feichter, 2005; Twomey, 1974]. Soluble
inorganic compounds, mainly a few inorganic salts, are relatively well understood in terms of
their hygroscopic properties [Ansari and Pandis, 2000; Clegg et al., 1998; Heintzenberg,
1989]. Insoluble inorganic compounds can also be important, especially for mineral dust
particles [McFiggans et al., 2006]. In general it has been shown that particles that are more
hygroscopic are associated with sulfates and nitrates, where less hygroscopic particles are

more associated with carbon [Zhang et al., 1993]. On average, ~25-35% less water is
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associated with inorganic particles mixed with organics [Saxena et al., 1995]. WSOC is also
very important, as an understanding of organic partitioning in cloud droplets is of the utmost
importance to understanding their effect on CCN activation [Facchini et al., 1999; Jacobson et
al., 2000; Kiss et al., 2001; Maria et al., 2003].

Long-chain organics (>Cs) with one or more polar functional groups can act as
surfactants in aqueous aerosols, thereby forming a coating/film over the surface [Finlayson-
Pitts and Pitts, 2000]. Organic films on particles are important because they can reduce the
particle evaporation rate, inhibit transport of water and other trace gases into the droplet,
reduce the efficiency by which the particle is scavenged by larger cloud and rain droplets and
may therefore increase the lifetime of these particles in the atmosphere [Gill et al., 1983;
Toossi and Novakov, 1985]. However, depending on the nature of the organics, there can also
be water associated with them as well, most likely the more oxidized and hydrophilic organics
[Saxena et al., 1995]. Surface-active organics present at the air-water interface, can reduce the
Kelvin effect and induce CCN activation at lower supersaturations [Finlayson-Pitts and Pitts,
2000]. Surfactants have been shown to both enhance water uptake or did not alter activation of
inorganic salts [Cruz and Pandis, 1998; Kotzick et al., 1997; Weingartner et al., 1997]. If the
organics dissolve, they will contribute to the Raoult effect. Dissolution of organics in particles
may lead to modified Kohler curves that have two maxima instead of one [Shulman, 1996]. In
these modified cases, particles can become partially activated [Shulman, 1996], and therefore
have metastable sizes that may behave in a very complex and poorly understood manner.

Further, as these films compress, the accommodation coefficient, or the fraction of
collisions that result in uptake of gas by the condensed phase, for water and ammonia
decreases [Rubel and Gentry, 1985]. The nature of the surface-active organics is also very
important, as straight-chain compounds have been shown to decrease uptake, while branched

molecules have not [Daeumer et al., 1992; McNeill et al., 2006; Thornton and Abbatt, 2005;
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Xiong et al., 1998]. In general, urban organic particles are hydrophobic and inhibit water
uptake while non-urban organic particles are hydrophilic and have increased water uptake
[Saxena et al., 1995]. Non-urban organic particles tend to be more hygroscopic due to the
formation of smaller, more oxidized and water-soluble organics during long-range transport to
the non-urban regions [Saxena et al., 1995], but could also be due to the chemical nature of
local biogenic emissions. Due to the complexity of mixed inorganic/organic aerosols and
water uptake, more study is needed.

Field experiments have shown that particles < 100 nm in diameter, though highly
dependent on location, are typically dominated by organic material and correlated with
combustion sources [Allan et al., 2003a]. The 40-200 nm threshold size for particle activation
is highly complex. For particle sizes where the Aitken and accumulation modes overlap,
external mixtures of low hygroscopicity hydrocarbon particles and oxygenated organic
compounds mixed with inorganic compounds are likely [McFiggans et al., 2006]. Most
particles larger than ~200 nm have a fair amount of soluble material that activate under typical
atmospheric supersaturations. Sizes more crucial to determining cloud droplet number are
within the range of important contributions from both the Aitken and accumulation modes,
~100 nm [McFiggans et al., 2006]; therefore it is necessary to know the aerosol size
distribution in both of these modes to reasonably describe the activation behavior [Martinsson
et al., 1999]. Therefore, to predict CCN activation, the size-resolved chemistry and mixing
state of particles ~40-200 nm is needed. Currently, no single technique is capable of providing
this information.

1.4.2 Methods of comparing CCN and ambient aerosol composition
1.4.2.1 Offline bulk composition measurements
To use Kohler theory, such as Eqn. 1.6, chemical composition must be “converted”

into concentration of molecules dissolved in cloud droplets, total insoluble mass and
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concentration of limited/slightly soluble species [McFiggans et al., 2006]. As previously
mentioned, soluble inorganic components are relatively well understood in terms of their
hygroscopic properties. However, the insoluble inorganic fraction (i.e. mineral dust) can also
be important; and while many different measurements are available to determine the insoluble
components, this is typically difficult to convert into total insoluble mass [McFiggans et al.,
2006].

Organic matter is typically measured with thermal techniques that report organic
carbon (OC) and elemental carbon (EC)/black carbon (BC) in terms of carbon mass [Jacobson
et al., 2000; Liousse et al., 1996; Putaud et al., 2004] and gas chromatography/liquid
chromatography with mass spectrometry (GC/MS, LC/MS) for molecular level indentification
[Engling et al., 2006a; Gao et al., 2003; Gorin et al., 2006; Puxbaum et al., 2007; Sullivan et
al., 2008]. The conversion of carbon mass to aerosol mass is challenging without knowing the
main chemical structure of the carbon [Russell, 2003; Turpin and Lim, 2001]. Additionally,
BC, typically assumed insoluble, has been shown to be efficiently extracted with water [Mayol
Bracero et al., 2002; Yu et al., 2004]. Molecular level identification and analysis is the
conventional goal of aerosol organic analysis [Carvalho et al., 2003; Falkovich et al., 2005;
Graham et al., 2002; lon et al., 2005; Pashynska et al., 2002; Schkolnik et al., 2005], but only
account for a small fraction of the total aerosol. Bulk sampling techniques used for such
analyses have limited, if any size-segregation, making comparison with cloud activation
properties unsuitable [Carvalho et al., 2003; Falkovich et al., 2005; Matta et al., 2003; Putaud
et al., 2004]. Functional group analytical techniques analyze different types of chemical
structures, while providing little or no information on the individual molecules [Decesari et
al., 2000; Maria, 2002]. Coupling functional group methods to solubility extraction-
classification and other techniques provides a more comprehensive description of OC and is

able to account for up to 90% of WSOC [Decesari et al., 2001; Varga et al., 2001].
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Overall, offline bulk techniques can give information on both inorganic and organic
chemical composition that can be clearly used by cloud models; however, there have only
been a few studies that have presented a wide-ranging description of the chemical composition
of different aerosol types as a function of size [Cabada et al., 2004; Chan et al., 1999; Chio et
al., 2004; Maria et al., 2003; Pakkanen et al., 2001; Putaud, 2000; Sardar et al., 2005;
Sellegri et al., 2003; Temesi et al., 2001; Zappoli et al., 1999]. However, due to the nature of
the method, there is limited information on highly resolved size chemistry and no
determination of particle mixing state.
1.4.2.2 Online composition measurements

There are three main types of online methods that yield chemical composition of
atmospheric aerosol particles: (1) single particle laser-based systems [Noble and Prather,
2000; Sullivan and Prather, 2005], (2) mass loadings by thermal volatilization [Jayne et al.,
2000; Voisin et al., 2003; Williams et al., 2006] and (3) liquid chromatography systems
[Orsini et al., 2003].

The first technique uses laser-based systems, such as the ATOFMS described
previously, to desorb and ionize single particles and obtain a mass spectral fingerprint of the
particle. These systems can probe the mixing state of aerosol particles close to the activation
threshold dry diameter, but currently cannot quantify the mass of individual components. Field
experiments show most tropospheric particles contained both organic and inorganic material
[Lee et al., 2002; Middlebrook et al., 1998]. Single particle measurements have distinct
repercussions for warm cloud activation. If almost all particles include some ionic species, this
implies that completely hydrophobic particles will be rare. Even rather small amounts of ionic
material can cause activation of organic particles [Ervens et al., 2004a; Lohmann, 2004].

The second technique, thermal desorption, is used in many different instruments. The

first main instrument that uses this technique is Aerodyne aerosol mass spectrometry (AMS),
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uses thermal volatilization to vaporize the particles followed by electron bombardment to
ionize the neutral gas provides mass loadings of non refractory submicron aerosol and obtain a
mass size distribution of key species, but does not yield single particle mixing state
information [Allan et al., 2003b; Jayne et al., 2000; Jimenez et al., 2003]. AMS field
experiments carried out in a broad range of environments show that sub 100 nm diameter
particles are dominated by combustion-related organic material similar in signature to
lubricating oil and fresh diesel exhaust, even in locations with large sulfate sources and
nucleation of sulfuric acid [Allan et al., 2003b; Canagaratna et al., 2004; Zhang et al.,
2005Db]. In a variety of locations in the Northern Hemisphere, the AMS has observed a single
mass mode centered between 350-400 nm in diameter compromised of organic and acidified
sulfate aerosol [Allan et al., 2004; Rupakheti et al., 2005; Schneider et al., 2004; Topping et
al., 2004], and the mass spectral fingerprints of the organic fraction of the background
continental accumulation mode aerosol are very similar to the combustion-related signature
[Zhang et al., 2005a]. Other instruments that use thermal desorption are the Thermal
Desorption Aerosol GM/MS-FID (TAG) [Lambe et al., 2010; Williams et al., 2006] and
thermal desorption chemical ionization mass spectrometry (TDCIMS) [Voisin et al., 2003].
TAG collects aerosol into a thermal desorption cell by humidification and inertial impaction
where they are then thermally desorbed and transferred into a gas chromatography (GC)
column, with subsequent detection by both quadrupole mass spectrometer (MS) and a flame
ionization detector (FID). TAG is capable of measuring speciated organic compounds in
atmospheric aerosols with hourly time resolution [Lambe et al., 2010; Williams et al., 2006].
TDCIMS size classifies particles with a unipolar charger, a radial differential mobility
analyzer and an electrostatic precipitator, and then analyzes then with thermal desorption and

chemical ionization using an ion trap mass spectrometer. TDCIMS allows for a mass spectrum
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to be collected every 0.5 s on particles below 20 nm [Held et al., 2009; Smith et al., 2004;
Smith and Rathbone, 2008; Voisin et al., 2003].

The third technique samples particles into a liquid and then analyses them with ion
chromatography (PILS-IC). The PILS collects ambient particles into a small stream of high
purity water, producing a solution containing the aerosol species. The aerosol sample is first
mixed with a turbulent flow of hot supersaturated air that grow the particles into large droplets
(D, >1 mm) that are collected on an impactor. The droplets are then collected to produce a
continuous flow of liquid for online analysis of the species in solution, usually analyzed by ion
chromatography (IC) which can analyze aerosol composition with a time resolution of 4-30
minutes depending on the aerosol species to be analyzed [Lee et al., 2003; Orsini et al., 2003;
Song et al., 2005].
1.4.2.3 Direct comparison of ambient aerosol composition and CCN activity

CCN measurements can be used to assess agreement between measured and derived
estimations of CCN concentrations or CCN spectra, known as CCN closure studies. Predicted
CCN concentrations typically exceed measured CCN concentrations, and any deviation from
the predicted-to-observed ratio of 1 can cause a sizeable error in model predictions of the
aerosol indirect effect [McFiggans et al., 2006]. Therefore continued efforts are needed in
improving both the precision and accuracy of these measurements.

A large source of uncertainty in CCN closure studies is due to the unknown CCN
activity of the organic fraction of the aerosol. The CCN activity of the organic aerosol fraction
being included in CCN closure studies is on a case by case basis. In remote regions with a low
organic fraction, organics are excluded from closure calculations [Liu et al., 1996]. For
locations with moderate organic contributions, consideration of the size-resolved chemical
composition, such as surface tension reduction by organic aerosol is needed for closure

[Cantrell et al., 2001; Dusek et al., 2003; Ervens et al., 2010; Gunthe et al., 2009; Roberts et
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al., 2002]. In polluted or semi-urban locations, assuming insolubility of organics leads to good
agreement [Broekhuizen et al., 2006; Lance et al., 2009; Medina et al., 2007; Quinn et al.,
2008; Stroud et al., 2007]. Inclusion of WSOC usually leads to an over prediction of CCN
[Broekhuizen et al., 2006; Roberts et al., 2002]. Additionally, assuming an average
composition of all aerosol can lead to good agreement [Rose et al., 2010]. A CCN closure
study employing AMS aerosol composition measurements in rural Ontario, Canada found
good overall agreement when assuming organics were insoluble and assuming a surface
tension of water, but during periods with high organic influence assuming surface tension
reduction and inclusion of WSOC was necessary to improve agreement [Chang et al., 2007].
AMS measurements have also been utilized for hygroscopicity closure studies by comparing
the mole ratio of oxygen to carbon (O/C) in the organic mass fraction of the aerosol as a proxy
for aerosol oxidation/processing to hygroscopicity parameter (x) [Chang et al., 2010]. By
assuming the oxygenated component drives the hygroscopicity for the entire organic fraction
of the aerosol, agreement was obtained with an empirically derived x of the organic aerosol
mass fraction [Chang et al., 2010]. While this study did not include organosulfate or
organonitrate compounds that could also contribute significantly to CCN activity, and
assumed non-oxidized organics were not contributing to CCN; it is a significant step forward
in CCN closure to associate distinctly derived x values associated with the organic aerosol
mass fraction types, rather than assuming only hydrophobic or hydrophilic species for the
organic aerosol components [Chang et al., 2010].

Single particle mixing state measurements utilize size distributions and estimated
activation diameters for CCN closure, as they do not currently produce aerosol mass fractions.
However, a comparison of ATOFMS single particle data with CCN measurements can allow
for a relative assessment on the impact of atmospheric aerosol composition on CCN activity

[Furutani et al., 2008]. Field observations of simultaneous CCN and ATOFMS measurements
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demonstrate changes in aerosol chemistry due to atmospheric aging play an important role in
determining the CCN activity of atmospheric aerosols and that variations in aerosol chemistry
must be taken into account to adequately predict the physicochemical properties of
atmospheric aerosols and their CCN activity [Furutani et al., 2008]. A CCN closure study
combining both AMS aerosol mass fractions and ATOFMS single particle mixing state
observed that size-resolved chemical composition is required to differentiate between the
externally mixed non-CCN active EC and smaller organic particles from hygroscopic organic
and inorganic aerosol components to obtain closure [Cubison et al., 2008]. This CCN closure
with inclusion of single particle mixing state as a requirement in addition to aerosol mass
fraction highlights the importance of aerosol mixing state in understanding aerosol-cloud
interactions. However, while CCN closure studies advance our understanding of the
significance of physical and chemical properties for particle activation, they only refer to
equilibrium conditions and neglect dynamic feedback processes in clouds that effect ambient
supersaturations and droplet growth, which typically diminish the effects of deviations in
CCN number. Continued measurements of ambient size-resolved chemical mixing state in
parallel with CCN measurements are needed to continue to improve the scientific
understanding of aerosol-cloud interactions and the aerosol indirect effect.

1.4.3 Major outstanding questions relating particle chemistry and cloud
properties

A brief list of some major questions that remain regarding particle chemistry, cloud
properties and their implications for climate:
1. How does the mixing of inorganic and organic compounds affect aerosol

hygroscopicity? Are CCN active aerosols externally or internally mixed?
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2. What are the physical and chemical parameters that determine the relationship
between aerosol size distribution, chemical composition and CCN? What controls the
number of CCN?

3. How does aerosol acidity affect hygroscopic properties?

4. What chemical compounds are present in the organic fraction? What physical
properties do these compounds have?

5. How do the chemistry and size of the particles affect their ability to scatter and absorb

radiation?

1.5 Objectives and synopsis

The majority of the research described here focuses on the chemistry of atmospheric
aerosol particles and their related cloud properties, and attempts to address many of the
guestions mentioned above focusing on the effect of particle mixing state on CCN activity.
Chapter 2 describes the effect of organics on the CCN activity of sea spray aerosols. During
the fall of 2007 and 2008, over 300,000 acres burned in San Diego County wildfires. Chapter
3 explores the resulting particle chemistry, CCN activity and estimated hygroscopicity during
these wildfire events. Chapter 4 investigates particle chemistry and estimated hygroscopicity
of mineral dust at Owens (dry) Lake, east of the Sierra Nevada Mountain Range in California.
The Cloud Indirect Forcing Experiment (CIFEX) took place to study the influence of aerosols
on cloud properties at Trinidad Head, a coastal site in northern California representing clean
marine air with periodic long-range transport. Chapters 5 & 6 explore particle chemistry,

mixing state, optical properties and estimated hygroscopicity during CIFEX.
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Chapter 2

Effect of Organic Compounds on Cloud Condensation Nuclei
(CCN) Activity of Sea Spray Aerosol Produced by Bubble
Bursting

2.1 Synopsis

The ocean comprises over 70% of the surface of the earth and thus sea spray aerosols
generated by wave processes represent a critical component of our climate system.
Importantly, sea spray aerosols strongly impact the Earth’s radiation balance through a
number of mechanisms including by acting as nuclei upon which water condenses and clouds
form. The manner in which different chemical species are distributed between individual
particles in sea spray directly determines which particles will effectively form cloud nuclei.
Complex oceanic mixtures of organic species and inorganic salts undergo complex
interactions, causing them to segregate into poorly understood mixtures, thus creating
significant challenges for predicting important climate-relevant particle properties such as
water uptake and cloud forming potential. Controlled laboratory experiments were undertaken
to better understand the full range of particle properties produced by bubbling solutions
composed of simplistic model organic species, oleic acid and sodium dodecyl sulfate (SDS),
mixed with NaCl to more complex artificial seawater mixed with complex organic mixtures
produced by common oceanic microorganisms. Simple mixtures of NaCl and oleic acid or
SDS had a significant effect on CCN activity, even in very small amounts. However, the
artificial seawater (ASW) solution containing microorganisms, the common cyanobacteria
(Synechococcus) and DMS-producing green algae (Ostreococcus), produced particles

containing ~34 times more carbon than the particles produced from pure ASW, yet no
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significant change was observed in the overall CCN activity. We hypothesize that these
microorganisms produce diverse mixtures of organics with a wide range of properties that had
an offsetting effect, leading to no change in the overall average measured hygroscopicity of
the collection of sea spray particles. Changes in CCN activity account for < 3% of a change in
CCN concentrations for these specific microorganisms, suggesting “bloom” conditions lead to
small changes in CCN activity, and thus would have a negligible impact on cloud formation.
However, the ocean contains a much broader range of organic species and biological
processes and thus further studies are needed of sea spray particles and biological processes

under a wide range of controllable conditions.

2.2 Introduction

Dust and sea spray aerosols are the two most abundant aerosols in the atmosphere
[Satheesh and Moorthy, 2005]. The primary source of sea spray aerosol (SSA) is bubble
bursting from breaking waves in the ocean [Lewis and Schwartz, 2004]. With oceans covering
over 70% of the earth and marine stratus and stratocumulus clouds contributing 30-40% to the
earth’s albedo [Niedermeier et al., 2008], sea spray aerosols represent an essential component
of the climate system, both directly and indirectly. Bubbles burst and form drops that
evaporate, leaving behind residual particles composed not only of sea salt but also other sea
surface microlayer compounds [Bigg and Leck, 2008; Garrett, 1967; Lion and Leckie, 1981],
as well as bacteria and other bioparticles [Blanchard, 1989; Posfai et al., 2003]. Incorporation
of the sea surface microlayer into marine aerosol particles can change their physical properties
[Bigg and Leck, 2008; Sellegri et al., 2006], affecting their ability to scatter light, take up
water, and form clouds. Dissolved organic matter and decomposition products from
microorganisms in the ocean accumulate in the sea surface microlayer [Smoydzin and von

Glasow, 2007]. While the species in this layer are enriched in the top ~1 mm of the ocean, the
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thickness varies depending on the extent of regional biological activity [Smoydzin and von
Glasow, 2007]. This thin microlayer represents a chemically rich and diverse environment
which directly impacts the composition of atmospheric aerosols [Maclntyre, 1974]. While it is
known that sea spray is produced via bubble bursting and other wind-driven processes, it
represents a tremendous challenge to deconvolute the effect of the microlayer on the initial
marine aerosol composition, which is very important for understanding global atmospheric
processes [Bigg and Leck, 2008].

Many aspects of sea spray production are affected by properties of the air-water
interface, which in turn can affect marine aerosol production and behavior. Surface-active
compounds (surfactants), such as those present in the ocean surface microlayer, are difficult to
characterize in a systematic way [Lewis and Schwartz, 2004]. Over 25 years ago [Gill et al.,
1983], scientists looked into the importance of organic surfactants that can be present on SSA
and how they could affect droplet activation and growth. More recent measurements show that
up to 60% of the mass of marine particles can be organic, which is strongly size dependent
and much higher for submicron particles [Middlebrook et al., 1998; O'Dowd et al., 2004;
Russell et al., 2010]. SSA that are 30% organic by mass show a 15% decrease in hygroscopic
growth above 75% relative humidity (RH) [Ming and Russell, 2001]. These concentrations
have been observed even in areas with decreased biological activity [Novakov et al., 1997;
Russell et al., 2002]. The concentrations of organic material in marine particles can range over
orders of magnitude due to changes in biological activity. While the organic mass fraction has
been shown to be typically larger for smaller particles than larger particles[O'Dowd et al.,
2004], a recent study using volatility and hygroscopicity tandem differential mobility analysis
(VH-TDMA) has shown that the naturally formed accumulation mode of SSA occurs around

100 nm, representing only ~8 % by volume organic material [Modini et al., 2010]. Therefore,
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a large uncertainty still surrounds the factors controlling the composition of accumulation
mode SSA. Understanding the composition of this mode is critical for understanding the
overall effect of the ocean on CCN and climate.

The extent to which the sea surface microlayer affects the initial formation and
composition of marine aerosols is poorly understood and still under investigation [Rinaldi et
al., 2009; Smoydzin and von Glasow, 2007]. Facchini et al. [2008b] observed a size dependent
transfer of marine organic matter being controlled by the solubility and surface tension
properties of the organic material with water insoluble organic matter (WIOM) having the
greatest contribution to smaller particles and water soluble organic matter (WSOM) having the
greatest contribution to coarse particles due to the aggregation processes and surface active
properties of the organic matter [Facchini et al., 2008b]. Recent studies on ocean productivity
and marine clouds, [Meskhidze and Nenes, 2006] focused on remote sensing secondary
organic aerosol production from gases produced from phytoplankton. This previous study
demonstrated that the role of primary organic carbon aerosol (POA) and reactive gases like
isoprene and amines from ocean biota in modifying the chemical composition and size
distribution of marine aerosols is an intriguing question [Facchini et al., 2008a; Langmann et
al., 2008]. Single particle environmental transmission electron microscopy (ETEM) showed a
large difference in subsatured water uptake and morphology between NaCl and laboratory
generated sea spray aerosol (SSA) or natural seawater [Wise et al., 2009]. Recent experiments
relating the CCN activity of primary sea spray aerosol and phytoplankton-derived organic
matter show a decrease in hygroscopic growth and CCN activity associated with the addition
of organics [Fuentes et al., 2010b]. Additionally, there were notable differences in CCN
activity and hygroscopic growth between different types of organisms; diatomaceous

associated organic matter was more hydrophobic than nanoplankton associated organic matter
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[Fuentes et al., 2010b]. This clearly illustrates the need for further experiments involving
increasing numbers of different marine microorganisms, including detailed analysis of the
organic material associated with these microorganisms, to better understand the effect of
marine organic matter from primary production on the CCN activity and hygroscopic growth
of sea spray aerosols.

In this chapter, we measure the CCN activity of SSA generated in the presence of
surface-active organic material and marine microorganisms to show the potential impact of
marine organic matter on cloud formation. The morphology and composition of the aerosol
particles close to the CCN activation diameter of the particles are also explored using single
particle techniques, Scanning Electron Microscopy and Near Edge X-ray Absorption Fine

Structure Scanning Transmission X-ray Microscopy.

2.3 Materials and methods
2.3.1 Laboratory generation of sea salt aerosol

The bubble bursting apparatus that was used to generate particles in these experiments
is an L-shaped sintered glass filter with porosity “C” rated at 25-50 um (Ace Glass Vineland,
NJ) that was immersed 2 cm below each of the 100 mL sample solutions in a 320z Mason jar
(approximately 3” D x 7“H). The glass filter was attached to a 1/8” stainless steel tube that
protruded from a hole in a stainless steel cap on the jar. Another hole in the cap allowed for an
additional 1/8” stainless steel tube to supply the sheath air. This sheath tube did not go below
the surface of the water, it was approximately 1 cm from the surface and was bent in a spiral
motion to have the flow almost perpendicular to the surface and towards a third hole, the exit
port of the cap. All holes were sealed with o-rings and ferrules to prevent contamination with

outside air. The glass was combusted for 4 hours at 450 °C to help prevent organic
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contamination. The stainless steel components were cleaned by sonicating in water for 72
hours total prior to use; 24 hours with tap water, 24 hours with distilled water and 24 hours
with ultra pure deionized water to remove contamination. A flow of 500 cm®/min dry filtered
nitrogen flowed through the glass filter to produce bubbles. While this apparatus is a very
simplified and small scale proxy of breaking waves in the ocean, the bubbles produced were
determined by image capture to be approximately 1-4 mm in diameter and are within actual
bubble distributions measured on breaking ocean waves [Deane and Stokes, 1997].
Additionally, the size distributions of aerosols produced from this experimental setup are
similar to other similar experimental generation methods [Sellegri et al., 2006] (shown below),
and of the various types of bubble generation methods that have been used, is considered a
valid representation of marine aerosol [Fuentes et al., 2010a]. Approximately 1 cm above the
solution, a sheath flow (“surface wind”) flowed perpendicular to the solution surface with a
flow of 1500 cm®min dry filtered nitrogen to take ejected and suspended seawater droplets

away from the bubbling chamber. A figure describing this apparatus is shown in Figure 2.1.

e

Figure 2.1. Schematic of bubbling apparatus.
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The wet sea spray droplets from the bubbling chamber were then sent through two home-made
diffusion dryers filled with silica gel, causing the relative humidity to become <10% at 25°C
(room temperature), letting the droplets dry up and form solid SSA. The dry SSA were then
split between a scanning mobility particle sizer (SMPS) and an aerosol particle sizer (APS) to
observe particle size distributions; or the entire flow from the driers was sent to a differential
mobility analyzer (DMA) where the output of the DMA was then split between a condensation
particle counter (CPC) and cloud condensation nuclei counter (CCNc) for the CCN curves.
2.3.2 Size distributions

Size distributions of the bubbled particles less than 600 nm were measured using a
Scanning Mobility Particle Sizer (SMPS), consisting of a differential mobility analyzer
(DMA, TSI model 3080) and a condensation particle counter (CPC, TSI model 3010). Scans
of particles from 11nm- 640 nm took 240 seconds with a sheath to aerosol ratio of 4.0/0.4.
Particle sizes greater than 500 nm were measured with an Aerodynamic Particle Sizer (APS,
TSI model 3020). Scans from 500-20 um took 57 seconds to run. After bubbling started, the
concentration of the aerosols reached a steady state within 5-10 min, after which 3 SMPS and
15 APS size distribution spectra were averaged for each experimental condition. The DMA
used with the SMPS distributions produced sizes in mobility diameter (D). These were
converted from Dy, to volume equivalent diameter, D, as shown in Equation 2.1 [DeCarlo et

al., 2004].

m

C.(D,) C.(D,)

D D,.x

2.1)
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Where y is the dynamic shape factor (1.08 for NaCl)[Rose et al., 2008], C.(Dn) is the
Cunningham slip correction factor for D, and C.(Dye) is the Cunningham slip correction
factor for Dy.. C(D) can be approximated by the following relation, as shown in Equation 2.2

[Rose et al., 2008]:

C(D) =1+ 22 1.142+ O.558exp(— 0.9992j
D 2

2.2)

Where A is the mean free path of the gas molecules (A = 68 nm in air at 298 K and standard

atmospheric pressure). Dy, was obtained by iteratively solving equation 2.1 with equation 2.2.
2.3.3 Cloud condensation nuclei (CCN) activity measurements

CCN curves were constructed using a differential mobility analyzer (DMA, TSI
model 3080) at a sheath to aerosol ratio of 15.0 to 1.5. The monodisperse output of the DMA
was split between a condensation particle counter (CPC, TSI model 3010) and a streamwise
thermal gradient CCN column at a supersaturation (SS) of around 0.1% with an instrumental
uncertainty of 10% [Roberts and Nenes, 2005]. The CCN supersaturation was calibrated
before use with ammonium sulfate aerosol (99.999%, Sigma Aldrich). The mobility size was
changed on the DMA and once particle concentrations stabilized, minute long averages of the
CPC and CCN 1 Hz data were obtained and used to calculate the CCN/CPC ratio. Activation
diameters are obtained from the x-half value of a sigmoidal fit to the activation curves after
normalization of the activated plateau to 1. To take into account the change in morphology of
the aerosols with uptake of organics, mobility diameters were corrected for a range of possible

shapes from non-spherical to spherical using Equations 1 and 2, assuming an average dynamic
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shape factor of 1.04 with uncertainty estimations on each of the curves ranging from shape
factors 1.0 to 1.08 for NaCl [Fuentes et al., 2010a; Rose et al., 2008].
2.3.4 Model seawater solution, organic surfactants, and microorganisms

Salt solutions, either 3.5% NaCl (99.999% Sigma) in Mill-Q water or artificial
seawater (ASW) made from analytical grade inorganic salts (without additional nutrients) in
Mill-Q water[Morel and Rueter, 1979] were used as model seawater in the experiments. A
concentrated solution of 0.025 mg/ml oleic acid (99+%, Aldrich) in hexanes (99.95%, EMD
OmniSolv) was then cumulatively added to the surface of the NaCl or artificial seawater
solution that was to be bubbled. Trials started with 10ul, then 100ul and finally 1000ul over
the course of an experiment. After adding the necessary aliquot of oleic acid, only the sheath
air flowed to allow the hexane to evaporate for 15 min, leaving only the surfactant on the
surface. After the 15 min pre-preparation, both sheath and bubbling air were turned on and
generation of sea spray aerosol was initiated. Once size distributions and CCN curve
measurements were completed, the next aliquot was added and the process was repeated. The
surfactant added to the solution surface was done with combusted glass Pasteur pipets attached
to automated pipets which were calibrated previously to insure accuracy. A concentrated
solution of 0.025 mg/ml sodium dodecyl sulfate (SDS) (99+%, Sigma Aldrich) was made in
Milli-Q (18.2MQ) water instead of hexane. Marine microorganisms Ostreococcus lucimarinus
(sp. strain CCE9901) and Synechococcus (sp. strain CC9311) were grown in f/4 medium,
which is half strength f/2 medium [Guillard, 1975]. Ostreococcus are the smallest known free-
living eukaryotes and are DMS-producing unicellular coccoid green alga that is found in many
ocean regions with an average size around 2 um [Courties et al., 1994; Madigan et al., 2006].
Synechococcus are unicellular cyanobacteria that are very widespread in the marine

environment and are preferentially found in well-lit surface temperate and tropical waters and
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are between 0.6 pm and 1.6 um in size. [Madigan et al., 2006; Waterbury et al., 1979]. These
cells were then either bubbled by adding ‘fresh’ cells right from the incubating room; or
‘frozen’ cells which were placed in a plastic centrifuge tube and frozen for at least 24 hours at
-30 °C to ensure that the cells had indeed ruptured to produce organic material. A cumulative
amount of cells were then added to the artificial seawater solution starting with 0.5 ml then 5
ml then 50 ml to approximately 1x, 10x and 100x typical ocean concentrations of these
particular cells in the ASW (10° cells/L)[Worden et al., 2004]. “Filtered’ cells are fresh cells
from the incubation room that were filtered with a 0.2 um syringe filter before use to ensure
no cell material was placed in solution, only the organic species from within the cells. ‘Bulk’
cells are the concentrated solution of cells before they are added to the salt solution for each
bubbling experiment.
2.3.5 SEM collection

To collect sea spray aerosols generated in the laboratory bubble bursting experiments
for off-line single particle analysis via SEM and STXM, 100 nm thick standard silicon nitride
windows (Silson Ltd.) were used. Three windows were attached to each Micro-orifice
uniform deposit impactor (MOUDI) foil with carbon tape (cut up old carbon SEM grids) and
placed on stage 6 and 8 (0.5-1 um and 0.1-0.3 um, respectively). All other stages in the
MOUDI used foil only. The aerosol output of the bubbler was sent through two diffusion
dryers then diluted with dry nitrogen ~28 slpm into the MOUDI, with a HEPA vent on the
MOUDI inlet having an excess flow of approximately 0.8 slpm. Stages were manually rotated
every hour and particles were collected for 2 hours per experiment. A Phillips XL30 field

emission scanning electron microscope (SEM) was used to take the images.
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2.3.6 STXM/NEXAFS

Near Edge X-ray Absorption Fine Structure (NEXAFS) Scanning Transmission X-ray
Microscopy (STXM) was carried out to help quantify the relative amounts of organics on the
SSA at Lawrence Berkeley National Laboratory’s Advanced Light Source. The STXMs at
beamlines 5.3.2 and 11.0.2 were used to examine the laboratory generated particles. A brief
description of the measurement follows: Energy selected X-rays from the synchrotron are
focused onto the sample as it is raster scanned. After one complete sample scan completes, the
X-ray energy is changed and the sample is re-scanned. This process is repeated until an entire
spectral image “stack” is completed. For this study, the X-ray energy was scanned over the
carbon K edge from 275-320 eV using approximately 120 variable step sizes [Kilcoyne et al.,

2003].

2.4 Results and Discussion

2.4.1 SMPS and APS size distributions

Figures 2.2-2.5 compare the SMPS and APS size distributions generated from all
experiments. The size distribution curves clearly show that there were very minimal, if any,
changes in the particle size distribution produced upon addition of surfactant or

microorganisms to the seawater solution.
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Figure 2.2. Scanning mobility particle sizer (SMPS) and Aerodynamic particle sizer (APS)
size distributions of the bubbled particles for the NaCl and OA experiments. SMPS
measurements were converted to aerodynamic diameter assuming a density of 2.165 g/cm3
(that of NaCl) and a dynamic shape factor of 1.08.
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Figure 2.3. Scanning mobility particle sizer (SMPS) and Aerodynamic particle sizer (APS)
size distributions of the bubbled particles for the NaCl and SDS experiments. SMPS
measurements were converted to aerodynamic diameter assuming a density of 2.165 g/cm3
(that of NaCl) and a dynamic shape factor of 1.08.
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Figure 2.4. Scanning mobility particle sizer (SMPS) and Aerodynamic particle sizer (APS)
size distributions of the bubbled particles for the ASW Synechococcus experiments.
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size distributions of the bubbled particles for the ASW Ostreococcus experiments.
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2.4.2 CCN activation curves for pure NaCl and surfactants

Figures 2.6 and 2.7 compare the CCN activation curves of NaCl aerosols generated
from NaCl model seawater with 2 different types and concentration of organic surfactants,
oleic acid, and SDS with an average shape factor 1.04 with uncertainty bars for a range of
shape factors 1.0 to 1.08. The activation curves clearly show that even an addition of
monolayer of organic surfactant to the seawater solution changes the CCN activity of the
NaCl aerosols generated by the bubble bursting process. The activation diameter of pure NaCl
in the oleic acid experiment with a shape factor of 1.04 was 106.1 + 2.4 nm (xuncertainty

from shape factor range 1.0-1.08), and 113.4 = 2.6 nm for the SDS experiment.
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(X=1.04, Da=101.5 +/- 2.3 nm)
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Figure 2.6. CCN curves of NaCl with Oleic Acid (OA). Markers are each of the data points
collected during each curve. Curve is a sigmoidal fit of each of the markers for the experiment
with a shape factor correction (X) of 1.04 for NaCl. Activation diameter (Da) was calculated
from the x-half value of the sigmoidal fit. Error bars are +/- X of 1.0 and 1.08. The horizontal
line indicates the approximate x-half value, set to 0.5 fCCN on the y-axis.
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Upon addition of a monolayer of oleic acid to the NaCl solution, the activation diameter
shifted to smaller sizes by 4.6 + 3.3 nm. Additional oleic acid in solution of a bilayer and
greater than a bilayer resulted in the shift of activation diameters to smaller sizes by 5.1 + 3.3
and 3.7 £ 3.3 nm, respectively, when compared to the pure NaCl aerosol, indicating a clear
increase in CCN activity with the addition of surfactant. Upon addition of a monolayer of SDS
to the NaCl solution, the activation diameter shifted smaller by 1.9+ 3.6 nm. Additional SDS
in solution of a bilayer and greater than a bilayer resulted in the shift of activation diameters
smaller by 5.6 £ 3.5 and 7.2 £ 3.5 nm, respectively when compared to the pure NaCl aerosol,

indicating a clear increase in CCN activity.
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Figure 2.7. CCN curves of NaCl with Sodium dodecyl sulfate (SDS). Markers are each of the
data points collected during each curve. Curve is a sigmoidal fit of each of the markers for the
experiment with a shape factor correction (X) of 1.04 for NaCl. Activation diameter (Da) was
calculated from the x-half value of the sigmoidal fit. Error bars are +/- X of 1.0 and 1.08. The
horizontal line indicates the approximate x-half value, set to 0.5 fCCN on the y-axis.



69

For the NaCl with oleic acid experiment, a control experiment with just hexane and no oleic
acid was run, to make sure that the effect observed was indeed due to the oleic acid and not
the hexane itself. The effect of hexane was determined to be negligible (see Table 2.1) and all
observations appear to be due to the presence of oleic acid and not an artifact of the use of
hexane as a means to deliver the oleic acid to the NaCl solution surface. A summary of these

two experiments and other trials under similar conditions can be found in Tables 2.1 and 2.2.
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Table 2.2. Summary of NaCl with SDS CCN experiment activation diameters and
experimental conditions with shape factor X=1.04. Uncertainty in Da is shown in parenthesis
and is the difference between 1.04 and 1.0/1.08 shape factors. Averages of the shift are shown
with standard deviations of all the experiments. Uncertainty in % S is 10%.
*Experiment 1 is shown in Figure 2.7

Greater
than
Bilaver bilaver A
NaCl | Monolaver SDS SDS Greater
Da SDS Da A Da A Da than
Expt (nm) (nm) Monolaver (nm) Bilaver (nm) bilaver %S
1134 1115 . 1078 -5.6 106.2 -7.2 0.106
= - 3
! (2.6) (2.5) 19G.6) | 54 (3.5) (2.4) (3.5) | 0.011)
R 1117 109.8 -1.9(3.5) 110.0 -1.7 108.2 -3.5 0.106
- (2.3) (2.5) o (2.3) (3.5) (2.4) (3.3) (0.011)
. . . - -3.7 - 54 -
Average NA NA -1.9 (0.0) NA . NA . NA
8 (2.8) (2.6)

2.4.3 CCN activation curves for ASW and microorganisms

Figures 2.8 and 2.9 compare the CCN activation curves of sea spray aerosols
generated from ASW with two different types and concentration of marine microorganisms
with an average shape factor of 1.04 with uncertainty bars for a range of shape factors 1.0 to
1.08 [Fuentes et al., 2010a; Rose et al., 2008]. The activation curves clearly show that even
with one hundred times (100x) the oceanic concentration by volume of the microorganisms
[Worden et al., 2004], a minimal change occurs in the CCN activity of ASW aerosols
generated by the bubble bursting process, and is well within the experimental uncertainty. The
activation diameter of pure ASW in the Synechococcus experiment with a shape factor of 1.04

was 108.4 £ 2.4 nm, and 107.9 + 2.4 nm for the Ostreococcus experiment.
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< ASW (X=1.04, Da=108.4 +/- 2.4 nm)
1 _6* < ASW with 1x [Synechococcus]
(X=1.04, Da=108.4 +/- 2.4nm)

ASW with 10x [Synechococcus]
(X=1.04, Da=106.6 +/- 2.3nm)
1.2+ = ASW with 100x [Synechococcus]
(X=1.04, Da=108.1 +/- 2.4nm)
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Figure 2.8. CCN curves of Artificial Seawater (ASW) with Synechococcus. Markers are each
of the data points collected during each curve. Curve is a sigmoidal fit of each of the markers
for the experiment with a shape factor correction (X) of 1.04 for ASW. Activation diameter
(Da) was calculated from the x-half value of the sigmoidal fit. Error bars are +/- X of 1.0 and
1.08. The horizontal line indicates the approximate x-half value, set to 0.5 fCCN on the y-axis.

Upon addition of the typical oceanic concentration of Synechococcus (10° cells/L)[Worden et
al., 2004], (hereby referred to as 1x) to the ASW solution, the shift in activation diameter was
negligible and within the errors of the experiment. Additional Synechococcus in solution of
ten times (10x) and one hundred times (100x) typical oceanic concentrations (i.e. bloom
conditions) also resulted in negligible shifts in the activation diameters when compared to the
pure ASW aerosol, indicating a minimal change in CCN activity. Upon addition of the typical
oceanic concentration of Ostreococcus (1x) to the ASW solution, the shift in activation
diameter was negligible and within the errors of the experiment. Additional Ostreococcus in

solution of 10x and 100x oceanic concentrations also resulted in negligible shifts in the
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activation diameters when compared to the pure ASW aerosol. Experiments were also done
with fresh cells as well as filtered cells, to try and separate the effect of the microorganism
cells from the organics associated with the microorganisms. No significant difference was
observed between fresh, frozen or filtered microorganism cells throughout the experiments. In
addition, APS size distributions (Figures 2.4 and 2.5) show no significant changes around 1
pm, the approximate size of the intact microorganisms. This confirms that we are measuring
the effect of the organics produced by the microorganisms and not the intact microorganisms
themselves acting as CCN. A summary of these two experiments and other trials under similar
conditions can be found in Tables 2.3 and 2.4. SMPS and APS size distributions of these

experiments can be found in Figures 2.4 and 2.5.
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1.6- <+ ASW (X=1.04, Da=107.9 +/- 2.4 nm)

< ASW with 1x [Ostreococcus]
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Figure 2.9. CCN curves of Artificial Seawater (ASW) with Ostreococcus. Markers are each of
the data points collected during each curve. Curve is a sigmoidal fit of each of the markers for
the experiment with a shape factor correction (X) of 1.04 for ASW. Activation diameter (Da)
was calculated from the x-half value of the sigmoidal fit. Error bars are +/- X of 1.0 and 1.08.
The horizontal line indicates the approximate x-half value, set to 0.5 fCCN on the y-axis
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2.4.4. CCN activation curves for ASW with both surfactant and microorganisms
Figure 2.10 compares the CCN activation curves of ASW aerosols generated from
ASW model seawater with both a surfactant (SDS) and a microorganism (Ostreococcus) with
shape factors 1.04 with uncertainty bars for a range of shape factors 1.0 to 1.08. The activation
curves clearly show that even with 100x the oceanic concentration of Ostreococcus and
greater than a bilayer of surfactant SDS, there is very minimal change in the CCN activity of
ASW aerosols generated by the bubble bursting process, well within the experimental

uncertainty.

+ ASW (X=1.04, Da=114.4 +/- 2.6 nm)

1 6 1| = ASW with monolayer SDS and 1x [Ostreococcus)
(X=1.04, Da=113.8 +/- 2.6 nm)
ASW with bilayer SDS and 10x [Ostreococcus]
(X=1.04, Da=112.8 +/- 2.5 nm)
1 24| =« ASW with greater than bilayer SDS and
100x [Ostreococcus] (X=1.04, Da=112.0 +/- 2.5 nm)
RSy
= [
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Figure 2.9.CCN curves of Artificial Seawater (ASW) with SDS and Ostreococcus. Markers
are each of the data points collected during each curve. Curve is a sigmoidal fit of each of the
markers for the experiment with a shape factor correction (X) of 1.04 for ASW. Activation
diameter (Da) was calculated from the x-half value of the sigmoidal fit. Error bars are +/- X
of 1.0 and 1.08. The horizontal line indicates the approximate x-half value, set to 0.5 fCCN on
the y-axis.



78

The activation diameter of the pure ASW in this experiment with a shape factor of
1.04 was 1144 + 2.6 nm. Upon addition of 1x the typical oceanic concentration of
Ostreococcus and a monolayer of SDS to the ASW solution, the activation diameter shifted to
smaller sizes by 0.6 + 3.7 nm. Additional Ostreococcus in solution of a 10x and 100x oceanic
concentrations with a bilayer and greater than a bilayer of SDS, respectively, resulted in the
shift of activation diameters smaller by 1.6 + 3.6 and 2.4 + 3.6 nm, respectively when
compared to the pure ASW aerosol, indicating a minimal change in CCN activity. A summary

of this experiment and another trial under similar conditions can be found in Table 2.5.
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2.4.5 SEM Images

Shown in Figure 2.11, ASW particles bubbled with 100x Ostreoocccus collected on
stage 8 (0.1-0.3 um) of the MOUDI show small morphological changes between the particles
without Ostreococcus and those with Ostreococcus. Particles without Ostreococcus have a
square particle shape characteristic of NaCl cubes. Particles bubbled with Ostreococcus, while
some of them are square as expected for dried NaCl, some show slightly more rounded shapes.
These small visible changes in particle morphology indicate the uptake of organics onto the

salt particles, as has been shown previously [Russell et al., 2010; Wise et al., 2009].

(@) _ Ol

Figure 2.11. SEM images of ASW without (a) and with (b) Ostreococcus. Particles without
Ostreococcus (a) show sharp, square-edged particles, characteristic of NaCl found in ASW.
Particles with Ostreococcus (b) show more rounded, almost circular particles, indicative of a
morphology change of the salt particles, due to the presence of organics from the
microorganism cells.
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2.4.6 NEXAFS /STXM results

Shown in Figure 2.12a, ASW particles produced without organics show a typical
inorganic salt signal of COOH and carbonate, with 280eV and 380 eV edge values. Figure
2.12b shows an ASW particle generated when 100x microorganisms were present, with clear
organic peaks for CH, and C=C. Figure 2.12c shows bulk Ostreococcus cells, and matches
very closely that of the organic particle shown in (b), suggesting that portions of the cells have
been transferred to the SSA. However, the signal of the bulk filtered cells was not obtained,

therefore it is unknown if the signal is directly from the cells or the filtered cell material.
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Figure 2.12. NEXAFS/STXM of Bubbled particles. Image (a) shows a STXM spectrum of an
ASW particle without organics. Image (b) shows a STXM spectrum of an ASW particle with
organics. Image (c) is that of a bulk Ostreococcus cell.

Based on the average total carbon derived from the NEXAFS/STXM spectrum for all

particles, we determined that there is 34 times more carbon in the ASW particles bubbled with
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100x ocean concentrations of organics from microorganisms than those without. Furthermore,
there was more of a visible organic coating observed in the images at the carbon K-edge. The
ratio of equivalent circular diameters for the organic material to the inorganic was 1.5 and 0.78
for the ASW bubbled with 100x organics from microorganisms and without organics,
respectively. Assuming that the particles contain only NaCl and carbon, the mass fraction of
carbon:NaCl is 0.27 for ASW particles bubbled with organics and 0.01 for the ASW without
organics. This assumes no oxygen, and is considered an upper limit for the amount of carbon
that is present. Mass fractions were calculated using Beer’s law and absorption cross sections
documented in [Henke et al., 1993].

2.4.7 Effect of pure surfactants vs. complex microorganisms on Kohler theory:

Possible film formation

Due to the fact that pure oleic acid and SDS caused a change in CCN activity while
more the more chemically complex organics produced by Synechococcus and Ostreococcus
did not, a closer look is needed as to what could be producing these results. It has been shown
that surfactants such as SDS and hexanoic acid can decrease the uptake of N,Os on sea salt
aerosol [McNeill et al., 2006; Thornton and Abbatt, 2005]. This is thought to occur due to the
formation of a surface layer, or “inverted micelle” by the organic molecules that would affect
the transport of molecules across the air-particle interface. In addition, a comparison of the
uptake of N,Os on a sulfuric acid solution coated with branched and straight chain organic
surfactants showed a significant decrease in N,Os uptake only with straight chain organic
surfactants [Cosman et al., 2008]. In those cases a decrease in the uptake coefficient of N,Os
was observed for straight chain organic films, while we have observed an increase in CCN
activity for straight chain organic films. Another recent study on marine dissolved organic

matter (DOM) showed that the primary chemical effect of marine DOM on CCN activity is
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through its impact on surface tension [Moore et al., 2008]. Previous theoretical studies of
NaCl and SDS show that the SDS should decrease the CCN activity due to the surfactant
having a greater effect on displacement of solute NaCl (Raoult effect) than decrease in surface
tension (Kelvin effect) [Li et al., 1998]. However, they assumed that the SDS was displacing
the NaCl while holding size constant. Taking into account surface-to-bulk partitioning of the
surfactants is additionally important for the solute effect (Raoult effect), especially for
particles with high salt and low amounts of surface-active organics, which drives the
surfactant to the surface [Abdul-Razzak and Ghan, 2004; Prisle et al., 2010; Sorjamaa and
Laaksonen, 2006; Sorjamaa et al., 2004].

Here, we add a very small amount of surfactant to the same amount of soluble solute
in the pure NaCI/ASW experiments, and because the CCN activity is increasing, the decrease
in surface tension dominates over the solute effect. This could be the reason that there was a
net change in CCN activity with the pure surfactants and not with the organics from the
microorganisms; the neat film caused a decrease in surface tension which was not offset by a
decrease in soluble solute, possibly due to a small amount of organics. Koéhler theory
calculations show that the increase in the CCN activity for the NaCl with OA and SDS cases
would need a reduction in surface tension 1.5-5.7%, which is within previous study estimates
for surface tension reduction (0.5-30%) [Facchini et al., 1999; Fuentes et al., 2010b]. Based
on the surface tension of pure SDS, this indicates a 21-32% fraction of SDS to water in the
droplet [Mysels, 1986]. While the organics from the microorganisms, which most likely have
many different types of organics associated with them, did not form a film and therefore did
not have a net effect on the transport of water across the air-aerosol interface. Figure 2.12 and
stated previously in the STXM results, show that the particles produced from bubbling ASW

with 100x Ostreococcus have 34x more carbon with 27% of the particle mass fraction being
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organic. Therefore it appears that the absence of a net change in CCN activity for the
microorganisms could be due to a decrease in surface tension being directly offset by a
decrease in solute. Kohler theory calculations show that the lack of change in CCN activity for
the ASW with Synechococcus and Ostreococcus cases would need a reduction in surface
tension of 14-16% to offset a 27% decrease in solute, assuming the organics from the
microorganisms are completely insoluble. A reduction in surface tension of 11-12.5% is
needed assuming the organics from the microorganims have a solubility of 1.07 g/ml H,O and
a molecular weight of 132.13 g/mol (glutaric acid) as an upper limit. For the surface tension
reduction needed in the cases with organics with microorganisms, the surface tension
reduction is also within previous atmospheric calculations of surface tension reduction
[Facchini et al., 1999; Fuentes et al., 2010b], similar to the NaCl and OA and SDS cases.
Others have shown via SEM that inorganic particles with submonolayer oleic acid
coverage have island formation of the oleic acid molecules, and not films [Garland et al.,
2008]. Because it is not known how much oleic acid or SDS is making it to the particles from
our bubbling technique, the overall structure is unknown for the oleic acid or SDS on the NaCl
particles. However, it is important to note that the islands of oleic acid were found on alumina
or polystyrene latex spheres of 1.6 um in diameter when oleic acid was added via vapor-
deposition [Garland et al., 2008]. In our case, the smaller particles were formed from films
drops on the surface of the NaCl solution, known to preferentially transfer organics from the
surface of a solution [Blanchard, 1964]. Our particles could then have a very different
structure of oleic acid, but we were not able to determine this via SEM. Size resolved
chemical differences could explain the results, but we assume here a single composition for all
sizes, which may not always be the case. In both cases, the aerosols were exposed to a much

lower RH than would be encountered in the marine atmosphere. Interpretation of both our
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results and Garland et al. 2008 results’ impacts on understanding organic compounds’
interaction with SSA may not be completely representative of what is occurring in the
atmosphere.

To address the possibility that the numerous organics from the marine microorganisms
may be forming a film, but there may not be surface-active compounds present, we look to the
ASW with both Ostreococcus and SDS. The results from this experiment are very similar to
ASW with Synechococcus and Ostreococcus; even with SDS, a known surface-active
compound present, the mixture of diverse chemical compounds associated with the
microorganisms cause a minimal change in the CCN activity, well within the experimental
uncertainty. It appears that complex interactions of many organic compounds, including a
known surface-active compound SDS, cause no net change in CCN activity when compared to
the pure ASW aerosol. It is possible that some lead to a positive shift and some may lead to a
negative shift, but the average shift is negligible.

2.4.8 Atmospheric Implications

To determine the potential impact of these findings on climate, we estimated the
change in CCN concentrations due to measured CCN activity changes. Using the average shift
in activation diameter and the cumulative size distributions from each experiment where a
shift occurred, we have estimated the change in concentration of CCN. Our results show, that
even for experiments with a larger shift in activation diameter, such as NaCl with SDS of -5.4
+ 2.6 nm, the percent change in the concentration of CCN increased by 2.5%, assuming our
experimental particle concentrations 11-640 nm (~20,000 cm™®) scale to remote marine
boundary layer concentrations (< 700 cm™)[Sellegri et al., 2008]. Previous modeling studies
have shown that for a ~20% increase in CCN concentration, there is a -1 W/m? feedback at the

top of the atmosphere, as an upper bound [Facchini et al., 1999]. A summary of these results
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can be found in Table 2.6. These results show that even under extreme “bloom” conditions,
the change in CCN concentrations induced by these two particular microorganisms,
Synechococcus and Ostreococcus, would by themselves have a negligible effect on cloud
formation from their resulting SSA, but cannot comprehensively address the role of organics
from microorganisms for the entire SSA. This estimate assumes that the changes in organic
species at the sea surface do not affect the overall number of particles formed, which the

measured size distributions (Figures 2.2-2.5) seem to support.

Table 2.6. Change in CCN concentrations from calculated shifts in activation diameter and
measured size distributions using a shape factor of 1.04.

Change in
Total # number
Average concentration concentration Change in CCN
shift (std 11-600 nm due to shift concentration
Expt dev) (#/cm®) (#cm®) %
NaCl with
greater than i
bilayer oleic 2.1(1.8) 20,300 200 1.0
Acid
NaCl with
greater than -5.4 (2.6) 22,200 550 2.5
bilayer SDS
ASW with
100x -0.2 (1.1) 20,200 20 0.1
Synechococ
cus
ASW with
100x
Ostreococey -0.03 (1.9) 22,700 0 0.0
S
ASW with
greater than
bilayer SDS
and 100x -3.1(0.9) 22,800 300 1.3
Ostereococc
us
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2.5 Conclusions

The CCN activity is investigated for sea spray aerosols produced by bubbling artificial
seawater and NaCl solutions containing a range of organic materials from simplistic model
systems to more complex mixtures produced by representative marine microorganisms. While
the simplistic mixtures showed a clear shift to smaller activation diameters, no significant shift
in activation diameter was observed for ASW-complex organic solutions. These observations
suggest the formation of a neat film could occur on the top layer of the solution when using
the pure surfactants, causing a decrease in surface tension and therefore an increase in CCN
activity. In contrast, the microorganisms most likely produce many different types of organic
species and thus do not form such an organized film and therefore did not affect the transport
of particles across the air-water interface or significantly change the particle surface tension.
To show that organics from the microorganisms were indeed transferred to the particles during
the bubble bursting process, SEM and NEXAFS/STXM images were acquired. SEM images
showed a morphological change in submicron ASW particles upon bubbling with the marine
microorganism Ostreococcus, supporting the uptake of organic species on these particles.
NEXAFS/STXM showed that the organic signature from the ASW particles matched the bulk
microorganism signature. Based on the average total carbon derived from the
NEXAFS/STXM spectrum for all particles, we determined that there is 34 times more carbon
in the ASW particles bubbled with microorganism Ostreococcus than those without. In
addition, there was more of a visible organic coating observed in the images at the carbon K-
edge. Therefore, even with a large increase in the fraction of carbon in the particle, the net
change in CCN activity could be due to the decreased surface tension of the particle being
offset by the decrease in solute from the displaced salt [Asa-Awuku et al., 2009; Asa-Awuku et

al., 2010].
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These findings indicate that organic matter from primary production in the ocean,
when incorporated into sea spray aerosol particles, can cause a change in sea salt aerosol CCN
activity. However, this is strongly dependent on the type and complex mixture of the organic
compounds. Simple mixtures of NaCl and oleic acid or SDS were observed to have a small,
but notable effect on CCN activity, even in small amounts. However, even in high amounts,
diverse mixtures of organics from two marine microorganisms, did not form a film on the sea
spray aerosol, even in the presence of a known surface-active compound; and therefore did not
significantly change the sea salt aerosol hygroscopicity. These changes in CCN activity for
both the NaCl and ASW experiments mixed with surfactants account for < 3% of a change in
CCN number concentrations over the remote marine boundary layer and therefore show that
under “bloom” conditions, changes in CCN concentration due to change in CCN activity from
chemical changes due to inclusion of marine organic matter during bubble bursting sea spray
aerosol formation appear to have a limited effect on the climate. However, additional
consideration is needed with regard to the effect of the marine environment on the evolution of
the organics; UV light can alter the nature of certain organic compounds, which may change
the effect of these compound on the CCN activity of the aerosol before cloud droplet
activation [Orellana and Verdugo, 2003]. While primary production from the ocean may add
significant amounts of organic material to sea spray aerosols, this study shows how, as least
for this set of microorganisms, the net effect of CCN activity is relatively small. This can most
likely be accounted for by the existing large fraction of water-soluble salts having the largest

effect on CCN activation.
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Chapter 3

A comparison of single particle mixing state and CCN
activity during the 2007 and 2008 San Diego Wildfires

3.1 Synopsis

Individual particle size and chemical composition as well as condensation nuclei (CN)
and cloud condensation nuclei (CCN) concentrations were measured in real-time during the
San Diego wildfires in 2007 and 2008 at the University of California San Diego (UCSD) main
campus and Scripps Institution of Oceanography (SIO) Pier. Aerosol hygroscopicity was
estimated from the CCN measurements and compared to simultaneous aerosol chemistry and
size distribution measurements. During 2007, the sampling sites were located in the much
larger fresh fire plume, whereas in 2008 the plumes were smaller and more aged as they were
transported from smaller fires 30 to 60 miles away. Near the beginning of the 2007 wildfires,
CCN and CN concentrations were ten times higher than normal and biomass burning aerosol
(BBA) made up more than 80% of the total number of particles with sizes smaller than 300
nm. In 2008, CCN concentrations were slightly above normal background conditions, while
CN concentrations were up to ten times higher than background concentrations and BBA
made up more than 60% of the total particles numbers smaller than 300 nm. The BBA
chemical signatures were different between the years- in 2007, the two main BBA types were
BB nitr-sulf and BB sulf-nitr; while in 2008 BB sulf-nitr and Aged BB were the main types,
even though the biomass being burned was similar and included shrubs, duff and some
building materials. The low values of the aerosol hygroscopicity parameter (x) observed in
2007 (x = 0.018-0.089) and 2008 (x = 0.01-0.2) indicate that a significant fraction of the BBA

particulate mass was composed of components with low hygroscopicities, similar to
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ponderosa pine (0.04) [Carrico et al., 2010], however, 2008 was closer to that of continental
aerosol (0.27) [Pringle et al., 2010]. The biomass burning emissions measured during these
wildfires were on the lower end of the hygroscopicity range previously determined from both

controlled burns and ambient measurements [Carrico et al., 2010; Petters et al., 2009a].

3.2 Introduction

Biomass burning represents a significant source of aerosols and gaseous pollutants in
many regions of the world [Kaufman et al., 2005]. Biomass burning aerosol particles (BBA)
are a common component of tropospheric aerosol and have been observed in many locations
[Andreae, 1983; Guazzotti et al., 2003; Hudson et al., 2004; Kaufman et al., 2005; Moffet et
al., 2008a; Posfai et al., 2003; Yokelson et al., 2009]. Since most BBA are smaller than 400
nm [Posfai et al., 2004; Posfai et al., 2003; Reid et al., 2005], their removal from the
atmosphere is dominated by cloud droplet activation and wet deposition instead of dry
deposition processes [Lee et al., 2006]. BBA can also become transported to high altitudes and
undergo long range transport, affecting global climate [Guazzotti et al., 2003; Ramanathan et
al., 2001; Tivanski et al., 2007]. Risk of wildfires represents a growing concern because of
increased dryness in certain regions due to a warming climate [Andreae and Rosenfeld, 2008].
BBA can either increase or decrease cloud cover by modifying cloud microphysics, and can
directly alter radiative transfer by absorbing and reflecting radiation. These aerosol-cloud-
climate feedbacks represent some of the largest uncertainties in climate research [Crutzen and
Andreae, 1990; Kaufman and Fraser, 1997; Kaufman and Koren, 2006; Petters et al., 2009b;
Rosenfeld, 1999; Solomon et al., 2007]. Biomass burning can cause intense convection,

transporting the aerosol to high altitudes in the atmosphere [Andreae et al., 2004; Mircea et
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al., 2005; Val Martin et al., 2010]. The resulting high updraft velocities can produce large
water supersaturations, causing the BBA to nucleate cloud droplets.

Due to the abundance, cloud interactions, and wet removal of BBA, it is especially
important to understand its interaction with water. Uptake of water by aerosols is controlled by
particle size and chemical composition. Heterogeneous interactions of BBA with water can in
turn alter the physical and chemical properties of the particles [Ansari and Pandis, 2000;
Jacobson et al., 2000; Khlystov et al., 2005]. Hygroscopicity strongly influences the size,
refractive index, light scattering, and cloud condensation nuclei (CCN) activity of aerosols.
Understanding how these properties evolve over time in the atmosphere is essential for
understanding the aerosol direct and indirect effects on the global radiation budget [Andreae
and Rosenfeld, 2008; Solomon et al., 2007].

The fire type, fuel type, and age of the smoke all represent important factors that
determine the size, chemical composition and resulting hygroscopic and optical properties of
BBA [Carrico et al., 2008; Carrico et al., 2010; Hungershoefer et al., 2008; McMeeking et
al., 2009; Petters et al., 2009a; Reid et al., 2005]. Flaming fires (pyrolysis) tend to produce
particles with higher inorganic content and more elemental carbon, while smoldering fires
(charring) tend to produce more organic carbon rich aerosol [Carrico et al., 2010; Hopkins et
al., 2007; Li et al., 2003; Petters et al., 2009a; Posfai et al., 2003; Reid et al., 2005; Semeniuk
et al., 2006; Yamasoe et al., 2000]. If the particles contain relatively low levels of inorganic
salts that can absorb water, they may exist as tarballs [Posfai et al., 2004]. In fact, fire type can
be more important than fuel type in determining the chemical signatures of the resulting
particles [Weimer et al., 2008]. A wide range of aerosol hygroscopicity (x = 0.04-0.7) has
been measured during laboratory fuel burns that strongly depended on the fuel type [Carrico

et al., 2010; Petters et al., 2009a]. Large particle volume fractions of soluble inorganic and
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organic compounds can make BBA hygroscopic and thus efficient CCN [Jacobson et al.,
2000; Novakov and Corrigan, 1996]. The hygroscopicity of some of these organic compounds
enable cloud droplet activation without the addition of inorganic compounds [Novakov and
Corrigan, 1996]. Previous field studies have shown that knowledge of the contribution of
water soluble organic carbon (WSOC) is essential for predicting the hygroscopicity of ambient
aerosol [Chang et al., 2007; Mircea et al., 2005; Rissler et al., 2004; Roberts et al., 2002].
Fresh biomass burning particles, consisting primarily of potassium chloride salts and
organic carbon [Allen and Miguel, 1995; Formenti et al., 2003; Li and Shao, 2010], can be
readily converted to potassium nitrate (KNOj) and potassium sulfate (K,SO4) via
heterogeneous reactions with secondary acids such as HNO; and H,SO, during atmospheric
transport [Gaudichet et al., 1995; Li et al., 2003; Li and Shao, 2010; Liu et al., 2000; Trebs et
al., 2005]. These heterogeneous reactions have important implications for BBA hygroscopic
properties; the deliquescence relative humidity (DRH) of K,SO, and KNO; are 97.4 and
92.5%, respectively, while that of KCI is 84.3% [Li et al., 2003]. These reactions are also an
important source of chlorine gases to the atmosphere [Thornton et al., 2010].
A total of 300,000 and 4,000 acres burned in San Diego County (SDC) during the fall
2007 and 2008 fires, respectively [CalFire, 2008; Grijalva et al., 2008]. While the locations of
the fires varied from 2007 to 2008, the main biomass that was burned during these fire events
was Chaparral, typically found in Southern California, consisting of shrubs and duff including
chamise, hoaryleaf ceanothus, and manzanita [McMeeking et al., 2009]; in addition to the
burning of many more buildings in 2007. In 2007 and 2008, particle number concentrations
were 10 times higher than normal background, especially for particles with diameters < 300
nm. In this study, we compare CCN concentrations and aerosol hygroscopicity with

submicron single-particle size and chemical composition in various air masses during these
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two different fire-influenced periods in San Diego County. We investigate the different factors
that influenced aerosol chemical composition and the resulting hygroscopicity during periods

influenced by the wildfires.

3.3 Materials and Methods

3.3.1 Sampling locations and instrumentation 2007

Ambient particles were sampled from outside the laboratory on the second floor of
Urey Hall (32°52°31.66”N, 117°14°28.64”W) on the campus of the University of California,
San Diego (UCSD) from Sunday, October 21 to Thursday, November 1, 2007. The aerosol
was sampled through a 3/8” stainless steel tube that extended outside through the exterior
wall, and was delivered to the various instruments. The lab is located approximately 1 km
from the Pacific Ocean coastline at an elevation of ~130 m above sea level. Single particle
aerodynamic size and chemical composition were measured in real-time with an ultrafine
aerosol time-of-flight mass spectrometer (UF-ATOFMS) equipped with an aerodynamic lens
that transmitted an aerodynamic diameter (D,) size range from 100 to 1000 nm. Single
particles are sized based on their time-of-flight between two 532 nm CW lasers and then
ablated and ionized by a Q-switched 266 nm Nd:YAG laser. The resulting positive and
negative ions are analyzed by a dual-polarity reflectron time-of-flight mass spectrometer.
Further details on the UF-ATOFMS instrument design and operation are described elsewhere
[Su et al., 2004], however, a Micro-Orifice Uniform Deposit Impactor (MOUDI) was not used
upstream of the UF-ATOFMS to cut out larger particles. The particle size distributions were
measured concurrently by a scanning mobility particle sizer (SMPS, TSI Model 3936) with
sheath and aerosol flows of 4.0 and 0.4 slpm, respectively. CCN concentrations were

measured with a streamwise thermal-gradient CCN counter at a supersaturation of 0.29%
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[Roberts and Nenes, 2005]. The instrument was calibrated before use with ammonium sulfate
aerosol (99.999%, Sigma Aldrich) using thermodynamics from the Aerosol Inorganic Model
(AIM) [Wexler and Clegg, 2002], and a surface tension of pure water at 298.15 K. Total
particle condensation nuclei (CN) concentrations were measured with a condensation particle
counter (CPC, TSI model 3007). The fraction of CCN active particles, or fCCN, was obtained
from the CCN/CN ratio. Due to the 10 nm lower size limit of the CPC, CN is more precisely
CNyq, and therefore fCCN is more precisely fCCNy,. For simplicity, we will refer to fCCNyq as
fCCN for the remainder of the paper. A second CCN counter and CPC (TSI model 3010) was
located at the Scripps Institution of Oceanography (SIO) Pier (32° 51'47.232"N, 117°
15'21.6"W) and the CCN operated at a supersaturation of 0.13%. The sampling inlet on the
SIO Pier was approximately 12 meters above sea level and 400 meters out over the water from
the beach. We will refer to the Urey Hall CCN as CCN_0.3 and the SIO Pier CCN as
CCN_0.1. Meteorological data (relative humidity, wind speed, and wind direction) was also
obtained from the SIO pier.
3.3.2 Sampling locations and instrumentation 2008

During 2008, the same experimental setup was used as in 2007, in Urey Hall at
UCSD, from Tuesday October 14th through Tuesday October 21%, with the following
differences. The CCN counter previously used in 2007 was calibrated to have a
supersaturation (SS) of 0.33%. Total particle condensation nuclei (CN) concentrations were
measured with a condensation particle counter (CPC, TSI model 3010) and meteorological
data was obtained from Tioga Hall, approximately 400 meters to the north of Urey Hall on the

UCSD upper campus. There were no measurements at the SIO Pier in 2008.
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3.3.3 ATOFMS data analysis

The UF-ATOFMS single particle data were automatically sorted and grouped into
clusters of particles with similar mass spectral characteristics using the adaptive resonance
theory neural network algorithm, ART-2a. The main user-defined parameters for ART-2a are
the learning rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and
0.80, respectively [Rebotier and Prather, 2007]. The resulting clusters were then analyzed
manually and classified into distinct particle types based on their mass spectral features
[Furutani et al., 2008; Guazzotti et al., 2003; Moffet et al., 2008a; Silva et al., 1999; Sullivan
et al., 2007]. The specific focus of this manuscript is on particles with vacuum aerodynamic
diameters of 100-300 nm. Temporal-mass searches were run on specific biomass burning and

aging markers as shown in Table 3.1.

Table 3.1. Overview of various chemical markers used in this study [Silva et al., 1999].

Mass to lon. Name/identification | Mass lon. Name/identificat
charge | marker/chemic to marker/chemical ion
(m/z) al formula charge formula
m/z
+18 NH,* Ammonium -46 NO, Nitrite
+39/41 K* Potassium -62 NO; Nitrate
+86 (C2H5)2NCH2+ Amine -80 SO Sulfite
+101 (C,Hs)sN* Amine -89 COOHCO, Oxalate
+113 K,CI* Potassium chloride -97 HSO, Bisulfate
' Sodium potassium ) .
+159 NaKHSO, . -125 H(NOs), Nitrate
bisulfate
+213 K3S0," Potassium sulfate
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3.3.4 Single hygroscopicity parameter

To directly compare the hygroscopicity measurements made with the CCNcs to the
composition measurements, a single parameter for particle hygroscopicity (x) is used [Petters
and Kreidenweis, 2007]. The following equation defines the relationship between a growing
particle’s equilibrium water saturation ratio, S, droplet diameter, D, dry diameter, Dgy, and
hygroscopicity, «:

D°-D;, A
S(D) = ———— exg—j (3.1)
D°-Dy, (1-x) D

where A = 2.1x10° m is a constant evaluated for a surface tension of 0.072 J m™ (pure water)
and temperature of 298.15 K [Petters and Kreidenweis, 2007]. x describes a particle’s water
activity and typical values range from 1.4 (hygroscopic soluble salt; NaCl) to about O
(insoluble but wettable) for atmospherically relevant systems. The CCN activation diameter
(D4 of atmospheric aerosols was estimated using the measured size distributions, CN, and

CCN concentrations:

Dact
Jn(D)dD
,_CCN _ o,

CN N

(3.2)

total

where Ny iS the cumulative concentration obtained by integrating the observed size
distribution of n(D), D is the electric mobility diameter selected by the SMPS and D, the
smallest size measured by the SMPS (~11 nm). The CCN/CN ratio represents the fraction of
the CN that activate to form CCN (fFCCN). Egn. (3.2) assumes that all particles are internally
mixed and have the same average composition. This approach was taken to simplify the data
analysis yet still reflects how much the relative degree of variation in the chemical

composition affects CCN activity, as the size resolved chemistry was simultaneously
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measured [Furutani et al., 2008]. Therefore, the changes in « represent the overall changes in
both the fractions of particle types and the changes in temporal chemistry on each of those
particle types, including particles below the limit of detection of chemical measurements (<

100 nm). We use the previously estimated approximate relationship Dy ~ «™?

[Shinozuka et
al., 2009]. In estimating D, contributions from particles larger than the 600 nm upper limit
of the SMPS were not considered. However, contributions of particles > 600 nm were most
likely low and made minor contributions to the total aerosol concentration, as biomass burning
particles are primarily less than 400 nm [Reid et al., 2005].

In order to determine D,, and therefore «, particle size distributions are needed. Since
particle size distributions were only measured on the UCSD upper campus, we used the
UCSD CN and SMPS data with SIO CCN data to estimate x_0.1. Due to the good correlation
between UCSD CCN_0.3 and SIO CCN_0.1 (R?*=0.88) (the two instruments were about 1 km
apart); the use of UCSD SMPS data for determining «_0.1 should provide a reasonable
approximation (see Figure 3.1). SIO CN concentrations were systemically lower than UCSD
CN, while CCN_0.1 (SI0) was systemically higher than CCN_0.3 (UCSD), though most of
the time within 10%. The systematic difference between the two sites was probably due to
differences in the particle size distributions; the SIO pier most likely had a higher number of
larger particles with a lower cumulative concentration. Assuming the size distributions at the
pier were slightly larger than upper campus, the x_ 0.1 values reported represent an upper

limit.
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Figure 3.1. Scatter plots of CCN_0.3 vs. CCN_0.1, total particle concentration at both sites
(CN), hygroscopicity parameter (x) and CCN/CN activation ratio (FCCN).
* k0.1 was calculated with the SIO Pier CCN and UCSD main campus CN and SMPS.

3.4 Results and Discussion

3.4.1 Meteorology and wildfire observations

From October 21st to November 1st 2007, biomass burning aerosols dominated the
atmosphere in San Diego County due to the proximity of large fires less than 25 km away
from UCSD. Again in 2008, from October 14" through October 21%, another wildfire event
occurred in San Diego County, but this time the fires were much smaller, centered farther
away, and produced a smaller footprint in the region. Both years, the study can be divided into
five different time periods based on the Urey Hall laboratory-based CCN and fCCN
(CCN_0.3, fCCN_0.3), size distributions, particle chemistry, and air mass back trajectories.
HYSPLIT air mass back trajectories during different time periods (1 though 5) are displayed
in Figure.3.2. Figure 3.3 shows an overview of CCN, «, size distributions, and meteorological
data; a summary of time periods and their CCN, fCCN, x, CN, size distributions, particle

chemistry and HYSPLIT is provided in Table 3.2a and 3.2b for 2007 and 2008, respectively.
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Figure 3.2. HYSPLIT back trajectories during wildfire sampling period during 2007 (left) and
2008 (right) fires. Each line is a representative 48 hour back-trajectory during that period at
500 m. Corresponding periods for comparison to sampling data are in parenthesis. Black circle
marks approximate sampling location, ‘X’ marks note the approximate locations of the fires.
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Table 3.2b. 2008 overview of different CCN periods based on CCN activity, size distributions,
particle chemistry and hysplit back trajectories see dividing lines in Fig 3.3b). All numbers are
averages for those time periods with one standard deviation.

" SMPS e
Period L | oNEam) | feoN K mode 3%’-‘??%@3 HYSPLIT
S (min max) Lol
1. Sarka 0.04 ~/- Larger inorganic
Ana 10/14 | 1076.86 =/- | 11982.90 +/- 0.1 +/- A 35nm i =t B l" Strong
13:00-10/15 | 564.39 409730 0.06 0.01 (12.6/135.8) | SECAIUIES, OWET | o rta Ana
ammonium
11:00
'&fig{%@‘:i‘i 102046 +/- | 848620+~ | 0.15+~- 0'3 ey 62nm | Similar to Period ;?;”::::n
3 s 220% 03 24
12-00-10/16 41893 3385.16 0.09 (11.8/113.4) 1 andinland
3._5 SE | 181245+ | 825439+~ | 027+ 0.09 +/- 85 nm Cfradualirlc.rease From south,
10/17-10/1 227.10 4251.14 0.17 0.04 (16.8/135.8) In ammonium SE over
20:00 T T : ’ S and amines land
4. Fog 0.0 </ Large decrease
10/17 129129 +/- | 334734+/- | 042 +/- ) 95 nm in nitrate, From North
21:00-10/20 527.96 1605.09 0.13 0.04 (24.1259.5) | sulfate, organic over ocean
08:00 acids
5.North Ammonium still
o lfgd 933.70 +/- | 542501+~ | 021+~ 0'3’0; : 69 nm h‘ﬁ;;t:“;f;e From North
- ) A -~ 7) > a
09:00-10/22 169.89 425226 0.10 (11.8/216.7) organic acids overland
12:00 increase again

In 2007, the surface winds were much stronger and transported over longer distances,
allowing the fires to arrive much more quickly at the sampling site, whereas in 2008 the winds
were weaker and more stagnant for all periods, resulting in larger impacts from local sources.
During period 1 for both wildfire studies, the air mass back trajectories were coming from
northeast of the sampling location (Santa Ana Winds), bringing hot and dry air to San Diego
(Figures 3.2 a,b). In 2007, these back trajectories then shifted to the east (during period 2),
while in 2008, the back trajectories stagnated over San Diego. During period 3 in both 2007
and 2008, the airmass back trajectories passed over the ocean, which contributed to a large
increase in RH, going from dry air (RH~20%) to humid air (~80%) (Figures 3.3 ab).
However, in 2007 these back trajectories, while locally stagnated, did still have some inland
influence from the NE direction; while in 2008, the back trajectories were from the south

along the coast and then inland. This difference contributed to sustained high RH (around
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80%) in 2008, while in 2007, the time series exhibit a diurnal pattern of RH, peaking at 80% at
night and decreasing to ~40% during the day. For period 4 in 2007, the airmass back
trajectories came from the south over the ocean (like period 3 in 2008), while period 4 in 2008
was from the north over the land and the ocean along the coast. The RH trends continued
during this period with 2007 having a diurnal pattern and 2008 staying constantly high, which
was due to a prolonged fog event. During period 5, both 2007 and 2008 experienced normal
San Diego conditions, with air masses coming from the NW along the coast, however, during
2008 the fog event still persisted during Period 5. The similar airmass back trajectories during
the biomass burning dominated periods make it possible to perform an inter-year comparison
of aerosol size, composition, and hygroscopicity. Figure 3.3a shows that during 2007, both
CCN_0.3 and CCN_0.1 concentrations were highest during the beginning of the fires
(~14,000 and 17,000/cm®, respectively) when the SMPS also showed the highest particle
concentrations while the RH and wind speed were low. After this initial period, CCN and
SMPS concentrations decreased and RH and wind speed increased. However, in 2008,
CCN_0.3 was the highest during the middle of the fires (2600/cm®) around October 17" and
18™ while RH shifted to higher values and the SMPS shifted to larger sizes as shown in Figure
3.3 b. For both years, the highest impact from fresh fires was at the very beginning of both
studies, before and including October 23" in 2007, and before October 15" in 2008.
3.4.2 Overall Particle Composition

The ATOFMS has previously been used to determine biomass burning markers from
burning Southern California biota [Silva et al., 1999]. Fine particle potassium with
carbonaceous signatures are known to be markers for biomass combustion [Andreae, 1983;
Fine et al., 2004; Li et al., 2003; Reid et al., 2005; Silva et al., 1999]. Single-particle mass

spectrometry in real time with the ATOFMS allows us to track mixing state and chemical
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composition changes with high time resolution. During both wildfire events, the dominant
particle types in the 100-300 nm size range were from biomass burning. The top biomass
burning particle type for period 1 for each year is shown in Figure 3.4. Characteristics of
biomass particles include an intense potassium peak (m/z +39), with smaller sodium (m/z
+23), organic markers (C,Hs", m/z +27), potassium chloride (K,CI*, m/z +113), sodium
potassium sulfate (NaKHSO,", m/z +159) and potassium sulfate (K3SO,", m/z +213) ions in
the positive mass spectrum. The negative ion mass spectrum shows nitrate (NO,’, NOs, m/z
-46,-62), sulfate (HSO,, m/z -97) and some sugar markers (CN", CNO", m/z -26, -42). It has
been shown that both sulfate (KSO,, m/z -135; K(HSO,),, m/z -233; K,HSO,", m/z +175;
Na,KSO,", m/z +181; Na,K,SO,", m/z +197; K;SO,*, m/z +213) and nitrate (K,NO,, m/z
+124; K;NO;, m/z +140; K(NOs),, m/z -163) can be internally mixed with potassium in
biomass burning single particles produced from flaming fires [Silva et al., 1999]. In 2007 the
top biomass particle type 100-300 nm was characterized by an intense potassium peak with
nitrate peaks more intense than the sulfate peak (BB nitr-sulf), representing up to 60% of all
biomass burning particles over the course of the study. In 2008, the top biomass particle type
in the 100- 300 nm size range was characterized by an intense potassium peak with the sulfate
peak more intense than nitrate peaks (BB sulf-nitr), and made up > 50% of all biomass
particles over the course of the study. The higher intensity of sulfate over nitrate in 2008
compared to 2007 in the main BBA particle types was most likely due to the higher RH during
period 1 in 2008, (~20-60%) which most likely contributed to increased aqueous phase
production of particulate sulfate [Hegg et al., 1996; Sorooshian et al., 2006]. Other BBA types
also had an intense potassium peak mixed with soot and/or organic carbon; and sometimes
with no negative ions (pos only). Positive ion only spectra (pos only) were most likely highly

aged and as a result classified as aged throughout this study; it is well documented that as
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particles become atmospherically processed they increase their hygroscopicity, causing an
increase in water uptake. This uptake of water on the particles suppresses negative ion
formation, resulting in spectra with no negative ions [Moffet et al., 2008b; Neubauer et al.,
1998]. A higher prevalence of pos only BBA in 2008 indicates the particles contained more
water and most likely underwent a higher degree of atmospheric processing, due to the higher

RH/fog in 2008.
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Figure 3.4a,b. Top biomass particle type mass spectrum/weight matrix for period 1 of each
year, 2007 (BB nitr-sulf, top) and 2008 (BB sulf-nitr, bottom). Positive ions are shown to the
right of center and negative ions to the left of center. Peak labeled CT in the negative ion
spectrum indicates signal cross-talk, or noise, from the positive ion detector.

Other particle types observed were soot, soot mixed with organic carbon (soot-OC),

organic carbon (OC), metals, and amines. Soot particles are defined by their distinctive carbon

atom clusters every 12 m/z in both the positive and negative mass spectrum. Soot-OC particles
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are defined by the presence of some distinctive carbon atom clusters with the presence of other
smaller organic peaks (C;H', m/z +37; C,H;0", m/z +43). OC particles are similar to the
biomass burning mass spectrum described previously without the characteristic potassium
marker [Toner et al., 2008]. The relatively constant matrix of the BBA particles allows us to
examine relative abundances of various chemical species by tracking their ion peak areas in a
specific particle type [Sullivan et al., 2007; Sullivan and Prather, 2007]. The main ion peaks
used in this manuscript are listed in Table 3.1.
3.4.2.1 2007 Overall Particle Composition

Near the beginning of the wildfires, the biomass burning particles were relatively
fresh and consisted generally of KCI and organic compounds, as has been reported in other
studies [Allen and Miguel, 1995; Formenti et al., 2003; Li and Shao, 2010]. As the biomass
particles aged and the fires transitioned from flaming to smoldering fires, they showed
increasing amounts of KHSO, compounds, and aged organic compounds as shown in similar
studies [Gaudichet et al., 1995; Li et al., 2003; Li and Shao, 2010; Liu et al., 2000; Trebs et
al., 2005]. The temporal counts and fraction of >90% of classified 100-300 nm particles are
shown in Figure 3.5a. After October 25" 2007, the contribution of BBA to particles 100-
300nm decreased from greater than 90% to around 60% (Figure 3.5a). The top two BBA
types, BB nitr-sulf and BB sulf-nitr, make up > 90% of the BBA with the contributions of the
top 5 types making up > 98% of the BBA. Soot and soot with OC (soot-OC) particle types
composed the remaining ~ 40% of total particles 100-300 nm with minor contributions from
particles classified as metals, amines, and organic carbon (OC). The main soot-OC type was
mixed with sulfate and nitrate while the main soot particle type was aged (pos only),
indicating the presence of water and secondary species produced by atmospheric processing.

During the beginning of the fires, there was a dramatic decrease in vehicular travel and after a
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few days, vehicle traffic once again increased leading to a decrease in the relative
contributions of the fires. The sampling site at Urey Hall is approximately 1 km from the I-5
freeway. These soot and soot-OC particles signatures matched previous source apportionment
studies of vehicles and fossil fuel combustion [Shields et al., 2007; Sodeman et al., 2005;
Toner et al., 2008; Toner et al., 2006]. When the fraction of soot and soot-OC particles
increased, the SMPS size mode also decreased to sizes indicative of fresh vehicle emissions,

going from ~190 nm during period 3 to ~60 nm during period 4 (Figure 3.3a).
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Figure 3.5a. Particle classification time series for 2007. Shown are the top 90 clusters
classification (90%) of particles < 300 nm counts (top) and fraction of the total (bottom).
Biomass types are shown in red and were the dominant type during most of the periods. Gray
types are soot and purple types are soot with organic carbon (Soot-OC) and grow in as
biomass decreases.
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Figure 3.5b. Particle classification time series for 2008. Shown are the top 50 clusters
classification (90%) of particles < 300 nm counts (top) and fraction of the total (bottom).
Biomass types are shown in red and were the dominant types during most of the periods.
Yellow are organic carbon (OC) types and purple are soot with organic carbon (Soot-OC)
types and grow in as biomass decreases.
3.4.2.2 2008 Overall Particle Composition
The temporal counts and fraction of classified particles for 100-300 nm are shown in
Figure 3.5b. After October 15" 2008, the contribution of BBA to the total aerosol number
fraction < 300 nm decreased from approximately 80% to < 50% going from Period 1 to
Period 2 (Figure 3.5b). The top two BBA types, BB sulf-nitr and Aged BB, make up > 85%
of the BBA with the contributions of the top 5 types making up > 90% of the BBA (see
Figure 3.5b). Soot-OC and OC particles composed ~ 50% of all particles with minor

contributions from particles classified as metals, amines, and soot. The main soot-OC and OC

types were highly aged due to their positive only spectra, indicating the presence of water due
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to significant atmospheric processing. The soot-OC and OC particles are most likely are from
the regional background, as they were observed in somewhat high abundance during the
beginning of the fires and persisted well after the main BBA dominated period, however,
they could also be from biomass burning a previous study has shown a high fraction of
organic matter in San Diego was from biomass burning [Hawkins and Russell, 2010].
3.4.2.3 Particle Composition Comparison between 2007 and 2008

BBA emissions dominated the contribution of particles 100-300 nm during both years.
However, there are notable differences between the years. In 2007, BBA represented a higher
fraction of the particles for a more extended period of time; ~ 95% of particles 100-300 nm
were BBA over the course of about 4 days. In 2008, BBA made up the majority of the
particles, but contributed to ~80% of sub-300 nm particles during the highest wildfire
influence during one day and quickly decreased in contribution to less than ~50% within
three days. This difference can be attributed to the smaller size and more distant location of
the fires in 2008.

Figure 3.6a highlights the fraction of different BBA types for both years. In 2007, the
two main BBA types are BB nitr-sulf and BB sulf-nitr through period 4, where in period 5
there are increased contributions Aged BB and BB-OC nitr-sulf. In 2008, the two main BBA
types are BB sulf-nitr and Aged BB for all 5 periods. The influence of soot and soot-OC
particles increased as the contribution of BBA began to decrease in 2007 (Figure 3.5a,b). The
overall signatures of the BBA types are very similar between the years, however, there was a
more intense signal of sulfate than nitrate in 2008, while in 2007, nitrate signals were more
intense than sulfate. The main overall difference in the particle chemistry 100-300 nm is the

larger presence of fossil fuel soot after the fires in 2007 (and lack thereof in 2008); while in
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2008 there were more OC particles during and after the fires than in 2007, most likely due to

higher RH conditions leading to gas to particle conditioning and subsequent processing.
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Figure 3.6a,b. Fraction of biomass types (only) for 2007 (top) and 2008 (bottom) by period.

3.4.2.4 2007 and 2008 size-resolved chemistry

In 2007, the chemistry of aerosol particles < 300 nm was largely dominated by BBA,
soot-OC and soot (Figure 3.7a); with soot-OC and soot dominating the fraction of particles <
200 nm and biomass burning dominating the fraction of particles > 200 nm. In 2008, the
fraction of classified particles as a function of size shows that soot-OC and OC dominated the
fraction of particles < 200 nm, while particles > 200 nm were dominated by BBA and OC

(Figure 3.7b). This contrasts 2007, which showed soot, rather than OC, as being more
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abundant for particles smaller than 200 nm. While the soot-OC particles dominated the
smallest sizes and the BBA dominated the larger sizes both years, in 2007, the main mode of
the BBA was smaller, ~ 200 nm, whereas in 2008, the BBA mode was closer to ~ 300 nm
(Figure 3.7a,b). Assuming that the primary BBA are same size initially for both years, this

supports the fact that the BBA in 2008 was more aged than in 2007.
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Figure 3.7a. Size resolved particle classification for 2007. Shown are the classification of the
top 90 cluster counts (90% of total particles) between 100 and 300 nm detected by the
ATOFMS during the study(top) and fraction of the total (bottom). Biomass is shown in red
and is the dominant type for larger sizes, while EC, shown in gray, and ECOC in purple are
more dominant for the smaller sizes.
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Figure 3.7b. Size resolved particle classification for 2008. Shown are the classification of the
top 50 cluster counts (90% of total particles) between 100 and 300 nm detected by the
ATOFMS during the study(top) and fraction of the total (bottom). Biomass is shown in red
and is the dominant type for larger sizes, while ECOC, shown in purple and OC, shown in
yellow, are more dominant for the smaller sizes.
3.4.3 Biomass burning aerosol markers and particle aging
Oxalate is often used as a marker of particle aging and atmospheric oxidation [Chebbi
and Carlier, 1996; Mochida et al., 2003; Sullivan and Prather, 2007], and KHSO,
compounds have been shown in aged biomass particles [Gaudichet et al., 1995; Li et al.,
2003; Li and Shao, 2010; Liu et al., 2000; Trebs et al., 2005]. Potassium chloride is a good
marker indicating fresh biomass burning [Allen and Miguel, 1995; Formenti et al., 2003; Li
and Shao, 2010]. Figure 3.8a,b shows the hourly-averaged ion marker values from individual

BBA particles during different air mass periods for oxalate (m/z -89), potassium chloride

(m/z +113), and potassium sulfate (m/z +213) for both 2007 and 2008. In 2007, the initial
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increase in the oxalate and potassium sulfate aging markers and the rapid decrease of fresh
BBA marker potassium chloride from period 1 in the BBA (Figure 3.8a) indicates that the
BBA was initially fresher during period 1 and likely aged very rapidly in the fire plume or
during transport to the site during period 2. In 2008, due to the low intensity and steady
decrease of oxalate and potassium sulfate in the BBA (Figure 3.8b) and the general lack of
temporal variation of potassium chloride (Figure 3.8b), the BBA appears to most likely have
already been aged before reaching the sampling site; only at the very beginning of 2008 is
there fresher BBA. Therefore, due to lack of temporal variation, most likely due to decreased
proximity to the fires, it appears that the BBA in 2008 was already completely aged before

sampling, whereas in 2007, the BBA aged rapidly over the course of the study.
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Figure 3.8a,b. 2007 (top) and 2008 (bottom) hourly-averaged ion marker values of the BBA
particles during different air mass periods, shown here are potassium sulfate (m/z +213), m/z
+113(potassium chloride), and oxalate (m/z -89) peak areas.
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3.4.4 CCN overview
3.4.4.1 2007 CCN overview

During the peak influence of the biomass burning, CCN_0.3 concentrations were as
high as 14,000/cm® and UCSD CN concentrations up to 58,000/cm®; while CCN_ 0.1
concentrations were up to 17,000/cm® and SIO CN concentrations up to 24,000/cm?®. With the
decreased contribution of fires, CCN_0.3 concentrations, fCCN_0.3, total particle
concentrations, and the average particle size all decreased overtime, indicating the dominant
contribution of BBA to the CCN and total aerosol populations (Figure 3.3a). The decrease in
particle concentrations correlated with a reduction in the contribution of biomass burning
particle counts. In addition, the decreased peak areas from inorganic compounds such as
potassium chloride in the BBA could indicate a decrease in water soluble and hygroscopic
particle composition, and therefore explain the decrease in CCN concentrations as the
wildfires died out and the BBA became less dominant and more aged. During a shift in RH
from ~20 to 80% when the winds shifted direction from offshore to onshore, the overall fCCN
increased from ~0.2 to ~0.5 which coincided with a shift to larger particle size mode from
~125 nm to ~190 nm (Figure 3.3a). These particles were stagnated over the ocean had further
time to become atmospherically processed, and therefore were more aged. Soot and soot-OC
particles then became more dominant and the relative contribution of BBA decreased as the
air mass back trajectories shifted to non-fire regions (Figure 3.5a).

Periods 1 -3 were dominated by BBA (Figure 3.5a) with a median x_0.3 value during
these periods of 0.043 and median x_0.1 value of 0.26 (Figure 3.9a). Periods 4 and 5 with the
lowest contributions from BBA had median x_0.3 values of 0.029 and 0.062 and median x_0.1
values of 0.28 and 0.47, respectively. The activation diameters for x_0.1 were larger in size,

due to the lower supersaturation of CCN_0.1, therefore, those larger particles were most likely
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more aged and generally more hygroscopic overall [Gunthe et al., 2009; Roberts et al., 2010].
Additionally, the stagnation over the ocean gave further time for these particles to become
atmospherically processed, and therefore could explain the higher x 0.1 values seen with
CCN_0.1 compared to CCN_0.3. By varying the hygroscopicity parameter x by + 50%
resulted in changes in CCN number concentrations within 15% for 2007. The activation
diameters in 2007 (117 — 195 nm, 0.3% SS) were around the main particle size mode (~100-
200 nm), which was attributed to the large impact of biomass emissions that year. The overall
hygroscopicity of the BBA was x« ~0.04 (SS=0.29), similar to soot-rich biomass (0.01)
[Andreae and Rosenfeld, 2008] and fresh anthropogenic emissions (0.05) [Furutani et al.,
2008], and considerably lower than laboratory produced secondary organic aerosol (SOA),
ambient organic aerosol (~0.1-0.2) [Andreae and Rosenfeld, 2008; Prenni et al., 2007;
VanReken et al., 2005], and polluted continental (~0.15-0.3) [Dusek et al., 2006; Hudson,
2007; Pringle et al., 2010; Rose et al., 2010]. Therefore, the 0.3 range observed in this study
(0.018-0.13) indicates that a significant fraction of biomass burning aerosol is comprised of

low hygroscopicity and relatively insoluble compounds.
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Figure 3.9. 2007 (top, middle) and 2008 (bottom) single parameter hygroscopicity (x) values
of the particles during different air mass periods. The top of the boxes are the 3rd quartile of «
values for that period, the bottoms are the 1st quartile values for that period. Whiskers show
the minimum and maximum values for each period. Median values are the middle lines
dividing the top and bottom of the boxes. Black diamonds are average CCN concentrations for
those periods with standard deviation as error bars.
3.4.4.2 2008 CCN overview

During the peak influence of the biomass burning, CCN_0.3 concentrations were
1500/cm® and CN concentrations were up to 16,000/cm®, much lower than 2007. The lower
CCN_0.3 concentrations were due to a decreased influence of the fires in 2008 relative to
2007 and also a smaller particle size mode ~35-62 nm) that were probably too small to be
CCN. As CCN_0.3 concentrations and fCCN increased over time, total particle concentrations
decreased and the average particle size increased (Figure 3.3b). As the contribution of BBA

(by number) was decreasing, the CCN concentrations and fCCN increased. During periods 1-2

when the influence of BBA was highest, x was lower than in period 3. This was most likely
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caused by the smaller particle size mode in periods 1-2 (~35-62 nm), while in period 3 the size
mode increased to ~ 85 nm.

Figure 3.9 shows the x_0.3 values for the various air masses sampled during the fires,
derived from CCN_0.3 with corresponding average CCN concentrations for each time period.
Period 1 was the most dominated by BBA (Figure 3.5b) and the range of x_0.3 values during
that period was 0.02 - 0.06, with a median value of 0.04. The most hygroscopic period was
period 3, corresponding with a shift in higher RH and air mass back trajectory shifting from
the north along the coast to from the south over land, with a range of x_0.3 values from 0.04-
0.2 and a median value of 0.09. The large variability of x during period 3 is most likely due to
local meteorological events that were not captured using the HYSPLIT back trajectories, such
as variability in local pollution and marine sources, demonstrated by an increase in metal-
containing and amine particle types in addition to changes in fractions of soot-OC, OC, and
BBA particles. Period 5 was more representative of the regional background, with air masses
coming from the northwest along the coast, and was the least hygroscopic, with a range of
x_0.3 values from 0.01- 0.06 and a median x of 0.03. Activation diameters at 0.3% SS were
90-235 nm. By varying the hygroscopicity parameter x by + 50% resulted in changes in CCN
number concentrations <3% for period 1. The activation diameters were much larger (90-235
nm) than the particle size mode (~40-60 nm) and varying the hygroscopicity did not have a
large effect, as most of the particles were too small to activate regardless and reflects the much
lower influence of larger-sized biomass burning and the much larger impact of the smaller-
sized local emissions that year.

During the most BBA impacted periods 1-2 in 2008, the aerosol size mode peaked at
sizes of ~30-60 nm and increased over time to ~85-95 nm in periods 3 and 4 when CCN and

fCCN increased (Figure 3.3b, Table 3.2b). During this study there were strong contributions
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from local sources based on the smaller size mode at 30-60 nm during all periods. This differs
strongly from 2007 when these ultrafine particles could not exist due to coagulation with the
larger particle surface area produced from the fires. The 85-95 nm mode in 2008 is still
smaller than observed for wildfires, therefore is most likely from vehicles, and reflects the
much smaller contribution of biomass burning relative to stronger contributions of other local
sources in 2008. A summary of the statistics on CCN_0.3 by period can be found in Table
3.2b.
3.4.5 Hygroscopicity in 2007 and 2008

The contribution of wildfire emissions were much larger and played a more
significant role in affecting CCN and CN concentrations in 2007 than in 2008 (Figure 3.3a,b).
In 2007, 300,000 acres were burned whereas in 2008 just over 4,000 acres were burned in San
Diego County. In 2007, the CCN_0.3 and CN concentrations peaked at the beginning of the
fires, during period 1, at around 14,000/cm® and 58,000/cm®. In 2008, the CCN_0.3
concentrations peaked at 2,600/cm® during period 3, a period not dominated by biomass
burning; while the CN concentrations peaked during the only period dominated by fires at
16,000/cm?® with a larger urban influence compared to the BBA. The decrease in CN over time
during 2007 and 2008 was due to decreasing fire activity, supported by lower BBA
contributions (Figure 3.5a,b). However, the simultaneous decreases in CCN (and fCCN, «
_0.3) and BBA in 2007 indicate that the BBA had a major influence on CCN activity in
periods 1-3 (Figure 3.3a). Conversely, the CCN concentration (and fCCN, x _0.3) increased as
BBA contribution decreased in 2008, which can be attributed to increased atmospheric
processing due to the high RH and fog.

The differences in inferred hygroscopicity could also be due to the size distributions

and size-resolved chemistry of the particles. In 2007, there was a large particle mode around
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~125 nm diameter during periods 1-3 that slowly decreased in size over time as the
contributions from fires decreased and local vehicle emissions increased, while the
composition of the aerosol population 100-300 nm was largely dominated by biomass
burning, soot and soot-OC. In 2008, during periods 1-2 the size mode was much smaller ~30-
60 nm diameter due to domination of local sources. The size mode and increased over time to
~85-95 nm in periods 3 and 4 when the CCN (and fCCN, « _0.3) increased, suggesting
atmospheric processing increased both the particle size and hygroscopicity. The composition
of the particles 100-300 nm was fairly similar to 2007, with the exception that the soot in 2007
was replaced by OC in 2008 (Figure 3.7 a,b).

In 2007, over periods 1 to 3, the fraction of BBA total particles is quite high and fairly
constant (Figure 3.5a). Also during these time periods, there is a decrease in BB nitr-sulf
relative to BB sulf-nitr as the fraction of all BBA, as shown in Figure 3.6a. During these three
periods, the x 0.3 values were ~0.04, indicating that these two BBA types have similar
hygroscopicities. However, due to the larger size and presence of soluble compounds on the
BBA observed with the ATOFMS, these particles would most likely all be activated as CCN.
Therefore, the differences observed in BBA particle types could be a proxy for chemical
changes in the smaller particles below the detection limit of the ATOFMS, and are carefully
compared to the estimated hygroscopicity of all particle sizes (x_0.3). In period 4, the fraction
of BBA to total particles 100-300 nm begins to decrease as the contributions from fossil fuel
combustion types (soot-OC and soot) begin to increase (Figure 3.5a). The fraction of BBA had
increased contributions from Aged BB and BB-OC nitr-sulf (Figure 3.6a). During period 4,
the median x_0.3 value decreased to 0.029. While this decrease in average particle
hygroscopicity could indicate that the new BBA types and the soot-OC and soot were less

hygroscopic than the BB nitr-sulf and BB sulf-nitr, the decrease in hygroscopicity is most
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likely due to the significant shift in particle size mode from ~125-190 to ~60 nm (Figure 3.3a).
In period 5, continued contributions from soot and soot-OC types were made to the fraction of
total particles (Figure 3.5a), while the fraction of BBA particles had significant contributions
of the aged BB and BB-OC nitr-sulf types (Figure 3.6a). The median x_0.3 value for period 5
is 0.062, the highest for the study and the period with the most variability in hygroscopicity, as
shown in Figure 3.9. Concurrent with the increase in hygroscopicity is a decrease in particle
size mode to ~20 nm, indicative of local emission sources. The increase in hygroscopicity
could indicate that the aged BBA types are more hygroscopic than the fresher BBA types,
assuming that the increased contributions of the smaller and fresh soot and soot-OC were not
more hygroscopic than fresher BBA. As previously stated, BBA can range in hygroscopicity
from 0.01 to 0.7, while continental and fresh anthropogenic emissions can range from 0.05-
0.3. Therefore, the nature of the specific BBA and continental emissions is case-dependent to
determine which source is more hygroscopic and CCN active; in addition to the different size
particles produced by these different sources. The lower median x_0.3 value for period 4 with
the increased contributions of soot and soot-OC, and smaller size mode indicates that the soot
and soot-OC were less hygroscopic than the BBA, because they were smaller and fresher
(Figures 3.3a, 3.7a). Overall, it appears that the aged biomass types (Aged BB and BB-OC
nitr-sulf) were slightly more hygroscopic than the fresher biomass types (BB nitr-sulf and BB
sulf-nitr); in general all BBA types were more hygroscopic than the fossil fuel emissions (soot
and soot-OC) due to their larger and more aged signatures.

In 2008, over periods 1 to 2, the fraction of total BBA decreased strongly as the
contributions of OC and soot-OC increased considerably (Figure 3.5b). Also during these time
periods, there is a decrease in BB sulf-nitr relative to Aged BB as a fraction of all BBA, as

shown in Figure 3.6b, indicating an evolution from a fresher to an aged BBA. During these
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two periods, the median x_0.3 values changed from 0.04 to 0.07, concurrent with an increase
in particle size mode from ~35 nm to ~ 62 nm. This increase in hygroscopicity is most likely
due to the shift to larger particle sizes, as the BB sulf-nitr, Aged BB, OC, and soot-OC particle
types are much larger than the main particle size mode, and most likely completely activated
as CCN due to their soluble inclusions and/or being aged. In period 3 the relative contribution
of soot-OC increased relative to OC for total particles, while the contributions of the fresher
and aged to total BBA are similar to those in period 2. The median x_0.3 value for period 3
increased slightly to 0.09, concurrent with an increase in size mode to ~85 nm. The increase in
hygroscopicity is most likely due to the increase in larger particles concurrent with the shift to
higher RH, indicative of atmospheric processing. In period 4, the fraction of BBA to total
particles continues to decrease further as the contribution of soot-OC continues to increase and
the relative contributions to the fraction of BBA remain similar to period 3. During period 4,
the median «_0.3 value remains at 0.09 concurrent with a small increase in size mode to ~95
nm, indicating similar hygroscopicities of particles ~85-95 nm. In period 5, there is continued
decrease of the relative fraction of BBA with slight increases in the contribution of OC to the
fraction of total particles (Figure 3.5b), while the relative fraction of Aged BB decrease
relative to BB sulf-nitr and new BBA types, BB nitr and BB nitr-sulf (Figure 3.6b). The
median x_0.3 value for period 5 is 0.03, the lowest of the study, as shown in Figure 3.9,
concurrent with a shift to smaller particle size mode of ~69 nm. This indicates that the smaller,
fresher soot-OC particles are most likely less hygroscopic than the BBA, which are more
aged, larger, and most likely fully activated. Overall in 2008, it appears that small, fresh local
sources below the chemical detection limit of the ATOFMS dominated the hygroscopicity,

while the larger, mostly aged BBA were completely activated.
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During the BBA dominant periods in both 2007 (periods 1-3) and 2008 (period 1), the
median x_0.3 values were ~0.04. Despite the large differences in submicron size distributions
(Figure 3.3a,b), there were similar BBA signatures between the two years for particles 100-
300 nm (Figures 3.4a,b; 3.5a,b; 3.6a,b), yielding similar x values (Figure 3.9). The large
particle size modes in 2007 (~125-190 nm) indicate that the BBA emissions were dominating
the particle hygroscopicity. The much smaller size modes in 2008 (~35-95 nm) indicate that
local sources dominated particle hygroscopicity that year, yielding hygroscopicity values that
were more representative of urban pollution and background continental aerosol than BBA.
Therefore, while similar biofuel burned each year and produced similar BBA signatures,
which most likely had similar hygroscopicities; these particles were large and had many
soluble markers, indicating that they would most likely have been completely CCN active.

Previous measurements of BBA hygroscopicity show a large range of « from 0.01 for
fresh soot-rich biomass [Andreae and Rosenfeld, 2008], 0.06 for ponderosa pine [Petters et
al., 2009a], 0.2 for levoglucosan [Rose et al., 2008], 0.55 for grass burning [Andreae and
Rosenfeld, 2008] and 0.7 for swamp sawgrass [Petters et al., 2009a]. Andreae and Rosenfeld
(2008) have noted aged biomass « ranging from 0.1 to 0.3 [Andreae and Rosenfeld, 2008].
Carrico et al. (2008) observed the smallest « of 0.064 for filter samples of burned duff core
extracted in methanol and the largest « of 0.252 from burned sagebrush extracted in water
[Carrico et al., 2008]. As mentioned previously, the main biomass fuel in San Diego was
Chaparral, consisting of shrubs and duff including chamise, hoaryleaf ceanothus and
manzanita [McMeeking et al., 2009]. Petters et al. (2009) measured a x of 0.33 for chamise,
0.4 for ceanothus and 0.1 for manzanita branches. Therefore, it appears that the BBA in San
Diego during 2007 were on the lower end of previously determined biomass hygroscopicities

and similar to soot rich biomass (0.01) and fresh anthropogenic emissions (0.05). The BBA
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particles likely had a large volume fraction of unidentified weakly hygroscopic and/or
insoluble compounds present. It is notable that x is quite low even though many soluble
inorganic compounds, such as KCI/KNO3/KSQ,, were observed on the BBA. In 2008, local
sources dominated the particle size modes. Fresh anthropogenic emissions measured near Los
Angeles have an estimated x of 0.05 [Furutani et al., 2008], while laboratory produced
secondary organic aerosol (SOA) and ambient organic aerosol have estimated x values of
~0.1-0.2 [Andreae and Rosenfeld, 2008; Prenni et al., 2007; VanReken et al., 2005].
Continental aerosol has been shown for many different studies to have « values of ~0.15-0.3
[Dusek et al., 2006; Hudson, 2007; Pringle et al., 2010; Rose et al., 2010]. Therefore, the local
pollution aerosol sampled in San Diego during 2008 was below and on the lower end of
previously determined continental aerosol hygroscopicities, similar to fresh anthropogenic
emissions. However, for both years the size range of the particle composition measurements
(100-300 nm) is on the higher end of the particle activation range and there were significant
amounts of particles < 100 nm (Figure 3.3a,b). Therefore, some of the changes taking place
that are dictating CCN activity are below what was possible to detect chemically, and the
chemical measurements 100-300 nm may be a proxy for what is occurring to particles below
100 nm.
3.4.5.1 Ammonium and aerosol base to acid ratio
Biomass burning can be a significant source of ammonia and amines [Andreae et al.,
1988; Sorooshian et al., 2008]. While acidic aerosols tend to be more hygroscopic than their
neutral counterparts [Khlystov et al., 2005; Pathak et al., 2004; Zhang et al., 2007], the
formation of ammonium salts due to reaction of ammonia with slightly soluble organic acids
can affect the CCN activity and hygroscopic growth of aerosols with a significant organic

component [Pathak et al., 2004]. For example, [Dinar et al., 2008] found that the activation
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diameter of adipic acid decreased after exposure to ammonia due to the formation of more
water-soluble products. Given the high abundance of ammonium and amines during this
study, further investigation into their role in particle acidity and hygroscopicity is warranted.

To determine relative particle-phase acidity, the ratio of ammonium to inorganic acids
is most commonly examined [Pathak et al., 2004; Pratt et al., 2009; Sullivan et al., 2007,
Zhang et al., 2007]. Total base is the sum of the peak areas of ammonium and three amine
markers at m/z +18, +86, and +101 [Angelino et al., 2001; Pratt et al., 2009]. Total inorganic
acids are the sum of the peaks areas from nitrate markers (NO,, NO3z, H(NOs),, m/z -46,
m/z-62, m/z -125) and sulfate markers (SO3, HSO,, m/z-80, m/z -97). Chloride (m/z -35)
was not included in the total inorganic acid ratio due to its overlap with instrumental
interference at m/z -33 from the strong m/z +39 signal, known as “cross talk” (see Figure
3.4a,b). Our measurements of total-base-to-inorganic-acids are relative measurements and do
not indicate actual quantities of total base or acid in the BBA particles. However, as the base-
to-acid ratio does increase, it is likely that the ammonium and amines shift the acid-base
neutrality of the aerosols towards more alkaline. This would neutralize H,SO, allowing
additional weaker acids including organic acids, to now partition to the particle phase
[Gaudichet et al., 1995; Li et al., 2003; Liu et al., 2000; Sullivan and Prather, 2007; Trebs et
al., 2005]. As particle acidity has been shown to have implications for hygroscopicity
[Khlystov et al., 2005], understanding the relationship between the base to acid ratio and «
can further our understanding of the effects of particle chemistry on CCN activity.

In 2007 period 3 (1* ammonium period), a large increase occurred in the peak area of
NH, (m/z +18) and total base-to -inorganic acids ratio (Figure 3.10a). In 2008, analogous to
2007, ammonium and particle acidity on BBA also showed very similar trends (Figure

3.10b). While the BBA were most likely completely CCN active due to the large sizes and
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soluble material present, the chemical measurements 100-300 nm may be a proxy for what is
occurring to particles below 100 nm. In 2007, x did not increase during the high ammonium
and base-to-acid ratio periods, most likely indicating that the BBA were already activated due
to the soluble material already present in the particle, and the particle acidity may not have
greatly impacted the hygroscopicity. In 2008, the periods of high ammonium and base-to-
acid ratio in 2008 were concurrent with a shift to higher RH, larger particle size modes, and
the periods with the highest x values, indicating that atmospheric processing, most likely
aqueous processing in this case, can significantly increase particle size and CCN activity, and

could therefore have a significant impact on climate.
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Figure 3.10a,b. 2007 (top) and 2008 (bottom) hourly-averaged ion marker values of the
BBA particles during different air mass periods, shown here is ammonium (m/z +18) and
total base-to-total-inorganic-acid ratio.
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3.5 Conclusions

Aerosol size and composition were measured in real-time and particle hygroscopicity
estimated from CCN measurements during the 2007 and 2008 wildfire events in San Diego.
The contribution of wildfire emissions were much larger and played a more significant role in
affecting CCN and CN concentrations in 2007 than in 2008. Particle size distributions
indicate that 2007 was dominated by biomass burning emission with size modes (~125-190
nm), while in 2008 emissions were dominated by local pollution sources with much smaller
particle size modes (~35-95 nm). During both of these studies, chemical measurements
showed that biomass burning was the dominant particle type for sizes 100-300 nm. In
addition to BBA, in 2007 there was more fossil fuel soot, while in 2008 there was more
organic carbon. The increased fraction of organic carbon particles less than 300 nm in 2008
relative to 2007 may be because of aqueous processing due to higher RH/fog during the later
portion of this study. The BBA in 2008 was already processed by the time it was sampled as
indicated by the consistent contributions from several aging markers, whereas in 2007, aging
markers in BBA increased over the course of several days.

The overall particle hygroscopicity (x) during the BBA dominant periods (periods 1-3
in 2007; period 1 in 2008) was very similar (~0.04), however in 2008, the particle
hygroscopicity was dominated by local sources rather than biomass burning, due to the much
smaller particle size mode. In 2007, the two main BBA types were BB nitr-sulf and BB sulf-
nitr; while in 2008 BB sulf-nitr and Aged BB were the main types. Even though the BBA
chemical signatures were different between the years, they had similar hygroscopicities.
However, due to the large sizes and soluble material of the BBA, they were likely completely

CCN activated. Hygroscopicity parameter values are within previously measured values from
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various BBA sources (0.01-0.7), and close to that of soot-rich biomass (0.01), ponderosa pine
(0.04) and fresh anthropogenic emissions (0.05).

BBA makes an important contribution to global CCN concentrations because they are
large in initial size for combustion particles, and hygroscopic enough to activate into cloud
droplets under typical cloud supersaturations. Changes in the BBA chemical composition and
a high fraction of total particles consisting of BBA, as observed here, can produce up to a
fifteen-fold increase in CCN concentrations at 0.3% supersaturation. However, while
biomass burning aerosol can contribute a large amount of CCN which can increase cloud
reflectivity and therefore have a cooling effect, the absorbing carbonaceous species produced
during the biomass combustion process have high absorption, therefore a warming effect;

consequently, the net effect of the San Diego wildfires on the region is highly uncertain.
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Chapter 4

Real-time Single Particle Composition and Cloud
Condensation Nuclei (CCN) Activity at Owens (dry) Lake
Bed

4.1 Synopsis

Owens Lake is one of the largest sources of PM,5 in the Western Hemisphere [Gill
and Gillette, 1991]. Alkaline and saline dust particles can be lofted high in the atmosphere and
transported over long distances, thus having the potential to impact climate over a large
region. Because the formation of salty crusts on dry lakebeds is caused by fast evaporation of
water, soluble salts can be concentrated at the top of the lakebed, forming a thin surface that is
very heterogeneous in nature, and is easily eroded by wind perturbations. Thus, there is great
potential for a large percentage of the windblown Owens Lake dust to be highly soluble,
impact cloud formation, and possibly precipitation in the Sierra region. Individual particle
size and composition, along with condensation nuclei (CN) concentrations and cloud
condensation nuclei (CCN) spectra were measured in real time at a Great Unified Basin Air
Pollution Control District air quality monitoring station on the south east end of Owens Lake
during November 2009 to understand the effect of particle mixing state on CCN activity.
Aerosol hygroscopicity was estimated from the CCN measurements and compared to
simultaneous aerosol chemistry and size distribution measurements. Over the course of the
study, two dust events occurred when wind speeds increased and came predominantly from
the south, leading to increases in both PMy, and PM,s. An increase in detected dust particles
was measured during the dust events with changes in particle chemistry, a shift from more
salt-like dust to more alumina-silicate type dust, compared to the non-events, and an increase

in particles 100-4000 nm, including those within the range of activation diameters, 129-300
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nm. Size-resolved particle composition measurements close to the activation threshold
indicate that particles 250-500 nm were significantly impacted by dust, as 25-40% of the
particles of those sizes were K-rich dust. However, there was no significant change in particle
hygroscopicity observed during the dust events with a median #,; value of 0.06, compared to
the median value of ko= 0.05 for the entire study; and the median ;7 was 0.01, similar to the
entire study, x,; =0.01, indicating the dust is moderately hygroscopic. Most of the dust
particles observed during the event were ~ 100-4000 nm and chemical measurements show the
dust > 200 nm has soluble inclusions of nitrate, chloride and sulfate. Therefore, a majority of
the dust particles are large enough and would activate to become CCN (or GCCN). As most of
the particles > 500 nm were dust and most CCN were > 500 nm at 0.1% S, the dust needs to

be CCN active to explain the NCCN observed.

4.2 Introduction

Alkaline and saline mineral dust particles can be lofted high in the atmosphere and
transported over long distances, thus having the potential to impact regional climate over a
large area. Mineral dust can both absorb and scatter radiation, and act as cloud condensation
nuclei (CCN) [(IPCC), 2007; Satheesh and Moorthy, 2005]. Dust has been shown to both
enhance and suppress precipitation, depending on its physical and chemical properties and
local meteorological conditions [Levin et al., 1996; Rosenfeld et al., 2001; Rudich et al., 2002;
Yin et al., 2002]. Over the Aral sea, where dust particles are large and soluble, precipitation
was enhanced due to an increase in the effective radius of the cloud droplets [Rudich et al.,
2002]. However, submicron and insoluble Saharan dust has been shown to suppress
precipitation by causing a decrease in the cloud droplet effective radius [Rudich et al., 2002].
As the sizes of arid regions increase due to warming and changes in precipitation from

anthropogenic activities, further studies of the effect of dust on climate are needed.
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Often, fresh submicron mineral dust particles are considered to be insoluble and
assumed not to act as CCN until they undergo processing in the atmosphere [Andreae and
Rosenfeld, 2008; Liu et al., 2005]. However, mineral dust particles have different mineralogies
which control how they react in the atmosphere. Calcium-rich mineral dust particles have been
shown to be more nitrate-rich, while alumina-silicate particles have been shown to be more
associated with sulfate after undergoing atmospheric processing [Sullivan et al., 2007]. These
differences in reactivity have significant implications on the hygroscopicity of the particles
with different mineralogies. Previous laboratory studies have shown that the reaction of calcite
(calcium carbonate) dust with trace nitric acid to form calcium nitrate can increase the
hygroscopicity of the original source dust by over 100-fold [Sullivan et al., 2009a]. However,
not all proxies for aged mineral dust are more soluble and hygroscopic than the original dust.
While calcium nitrate and calcium chloride are very soluble and hygroscopic, calcium sulfate,
a proxy for reacted dust, is as non-hygroscopic as calcium oxalate and calcium carbonate
[Sullivan et al., 2009b].

Previous field measurements have highlighted the importance of dry lakebed/playa
dust in the formation of North American continental clouds [Pratt et al., 2009; Pratt et al.,
2010]. Dry lakebed salts containing sodium, potassium, magnesium, calcium and chloride
from the Great Basin region of the U.S. were detected in clouds over Wyoming [Pratt et al.,
2010]. Dry lakebed salts are moderately soluble, with ~3-44% of the mass consisting of
soluble salts [Abuduwaili et al., 2008; Blank et al., 1999; Koehler et al., 2007; Reheis, 1997;
Singer et al., 2003]. The formation of salty crusts on dry lakebeds is caused by fast
evaporation of water [Reynolds et al., 2007]. This process concentrates soluble salts at the top
of the lakebed, which form a thin surface that is very heterogeneous in nature, and is easily
eroded by wind perturbations [Blackwelder, 1931; Cahill et al., 1996; Lowenstein and Hardie,

1985; Reheis, 1997].
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Owens (dry) Lake is one of the largest sources of PM,; in the Western Hemisphere
[Gill and Gillette, 1991]. Owens lakebed contained water for the last 800,000 years, but in
1913 the source of the water was diverted to Los Angeles County and within 15 years, the lake
became completely dry [Koehler et al., 2007]. Currently, Owens Lake playa obtains moisture
from a natural underground brine pool which floods often in the winter and spring [Cahill et
al., 1996] in addition to having parts of the lake flooded intentionally to reduce the impact of
the airborne dust on local air quality. As previously mentioned, because of the formation
mechanism of the salt crust at Owens Lake, a large percentage of the dust is highly soluble.
Dust plumes from Owens Lake have been lofted to 2 km above the ground, transported 250
km, and have extended to cover 90,000 square miles due to the complex topography of the
area [Reid et al., 1994]. Thus, there is potential for these particles to impact cloud formation
and precipitation in the region. Previous analysis of Owens Lake dust has shown that 60-90%
of dust is D < 10 um and 10-50% of dust D < 2 ym. Additionally, 3-37% of the dust is
soluble salt by mass, 40-75% calcite, smectites, illites, kaolinites, quartz and plagioclase
feldspar by mass, and 0.9-30% organic species by mass [Koehler et al., 2007; Niemeyer et al.,
1999; Reheis, 1997; Reid et al., 1994]. The dominant salts of Owens Lake crust are sodium
sulfate, sodium carbonate and their hydrates, and sodium chloride.

Previous humidified tandem differential mobility analyzer (HTDMA) experiments of
both wet- and dry-generated Owens Lake dust samples showed a high degree of heterogeneity
in the samples with hygroscopicity parameter (x) values ranging from 0.05-0.82 [Koehler et
al., 2007]. Previous wet-generated CCN experiments of Owens Lake dust samples gave
values between 0.39 and 1.07, close to those of sodium carbonate (x=1.29) and sodium sulfate
(x=1.02) [Koehler et al., 2007]. The predicted x value of dry-generated dust from CCN
experiments is 0.04 based on extrapolation of subsaturated hygroscopicity measurements,

which indicates that a 300 nm particle would activate to form a cloud drop at 0.1%
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supersaturation, showing that even a low concentrations of moderately hygroscopic dust could
significantly contribute to the CCN or giant (GCCN) populations [Koehler et al., 2007;
Rudich et al., 2002]. Due to the mixture of the thin surface of soluble salts and other less
soluble minerals below the top layer, the aerosol produced from these samples is very
heterogeneous in nature of as reflected in the range of measured hygroscopicities.

Because of the combination of heterogeneous aerosol composition and mineralogy
produced at Owens Lake, further investigation into the mixing state and resulting
hygroscopicity of is needed. For the first time, individual particle size and composition,
alongside CN concentrations and CCN spectra were measured in real time at the Great Unified
Basin Air Pollution Control District air quality monitoring station on the southeast end of
Owens Lake during November 2009. The chemical, size and concentration variations of
aerosol before, during, and after local dust events were characterized and evaluated. Aerosol
hygroscopicity was estimated from CCN measurements and compared to simultaneous aerosol
chemistry and size distribution measurements. Additionally, soil and suspended dust samples

were collected from the lake bed and run after the completion of the study.

4.3 Materials and Methods

4.3.1 Sampling location

Measurements took place at the Great Unified Basin Air Pollution Control District air
quality monitoring station “Dirty Socks” (36.33N, 117.96W, 1,084 m above sea level) on the
south east end of Owens (dry) Lakebed from November 5 - 27th 2009. This site is a remote
monitoring site that is periodically influenced by local dust storms. The aerosol was sampled
through an insulated 2 m stainless steel sampling line (3/2” 1. D.) from the Prather Lab
Mobile Trailer and insulated conductive silicone tubing (1/4” or 3/8” 1.D.) was used to

transport the aerosol from the bottom of the sampling line to each of the various instruments in
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the trailer. During the study, there were two significant dust events, one from November 11-12
and a second November 20-21.
4.3.2 Instrumentation
4.3.2.1 Single particle mass spectrometry

Single particle aerodynamic size and chemical composition were measured in real-
time using an aerosol time-of-flight mass spectrometer (ATOFMS) equipped with a nozzle
based inlet that transmits particles with an aerodynamic diameter (D,) between 200 to 3000
nm. Single particle size is determined from the particle’s velocity using the time-of-flight
between two 532 nm CW lasers. The particle velocity is then used to time a Q-switched 266
nm Nd:YAG laser at the moment the particle enters the source region of the dual ion time-of-
flight mass spectrometer that desorbs the particle and ionizes the desorbed species. The
resulting positive and negative ions are then analyzed. An introduction of the ATOFMS
instrument design and operation are described elsewhere [Gard et al., 1997].
4.3.2.2 Size distributions and number concentrations

The submicron particle size distributions and number concentrations were measured
concurrently by a scanning mobility particle sizer (SMPS, TSI Model 3936) with sheath and
aerosol flows of 4.0 and 0.4 Ipm, respectively. SMPS size distributions of particles 11-600 nm
were collected every 5 minutes. An aerosol particle sizer (APS, TSI Model 3321) was also
used to measure the particle size distribution of particles ~0.6 — 10 pm every minute. Total
particle condensation nuclei (CN) concentrations were measured with a condensation particle
counter every second (CPC, TSI model 3010).
4.3.2.3 Cloud condensation nuclei

CCN spectra were measured by scanning supersaturation from 0.11 — 1%
continuously every 10 minutes while recording CCN concentrations every second with a

miniaturized streamwise thermal-gradient CCN counter (mMCCNc) based on Roberts and
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Nenes (2005) [Roberts and Nenes, 2005]. The fraction of CCN active particles, or fCCN, was
obtained from the CCN/CN ratio. Due to the lower size limit of the CPC, CN is more
accurately described as CNyq, and therefore fCCN is more precisely fCCNy,. For simplicity,
fCCNy, will be referred to as fCCN for the remainder of the paper. During short periods
throughout the study, the CCN was not scanning supersaturation, but was measuring CCN at
one supersaturation only (S.;=0.08%), hereafter referred to as static mode. The instrument was
calibrated in both static and scanning modes at the beginning and the end of the study with
ammonium sulfate aerosol (99.999%, Sigma Aldrich) using thermodynamics from the Aerosol
Inorganic Model (AIM) [Wexler and Clegg, 2002] and a surface tension of pure water at
298.15 K.
4.3.2.4 PM, 5 and PM;o measurements

Hourly-averaged total particulate mass < 2.5 um was measured using a Met One Beta
Attenuation Monitor (BAM) model 1020 with a particle inlet approximately 4 m above the
ground. Hourly-averaged total particulate mass < 10 um was measured using a Rupprecht &
Patashnick Tapered Element Oscillating Microbalance (TEOM) model 1400ab provided by
the Great Basin Unified Air Pollution Control District in a separate enclosure 5 m northeast of
the Prather Mobile Lab trailer.
4.3.2.5 Meteorological measurements

Wind speed and wind direction were measured using a RM Young Wind Monitor
model 41010. Relative humidity (RH) and temperature were measured using a Vaisala
temperature and RH sensor model HMP45AC. Meteorological measurements were made
approximately 3.5 m above the ground and recorded every minute. There were no
precipitation events over the course of the study. The NOAA HYSPLIT software version 4.9

(updated February of 2009) was used to calculate air mass back trajectories.
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4.3.2.6 Soil and dust sample collection and analysis

Approximately 500 g of top soil (~ 1 inch) from various sites around the lakebed were
collected with a clean shovel and placed in clean, quart-sized resealable plastic bags. The
shovel used to collect the samples was thoroughly cleaned with ultrapure water and dried in
between samples. Two to three grams of suspended dust were collected during the second dust
event by attaching a plastic centrifuge tube downstream of a plastic funnel on a 2", unused
Wind Monitor ~3.5 m above the ground. Samples were stored in a cool, dry place until they
were analyzed. Details regarding each of the samples can be found in Table 4.1. It has been
shown that dry generation of samples is more representative of the original soil and dust
samples [Koehler et al., 2007; Sullivan et al., 2010], but due to the wet and bulky nature of the
samples collected, a steady and constant flow of relatively high concentrations of submicron
particles would not be possible to produce via this method. The formation process of the
Owens Lake salt crust involves hydration and recrystallization of the crustal layers, therefore
to some extent the wet-generation method may also be producing particles via a similar
process to those that occur naturally [Koehler et al., 2007], but some of the original mixing
state and mineralogy of the dust will be lost. To analyze the various soil and dust samples, a
wet-generation method was used to send the aerosol to either the ATOFMS to analyze the
single particle chemistry or to the CCNc to analyze the hygroscopicity within 1 month after
the field study. Due to the heterogeneous nature of the dust samples, the original size-
dependent particle composition will become altered when the bulk samples are suspended in
water and then atomized, mainly the soluble compounds become redistributed across all
particles; some particles which were not originally associated with soluble material can have
become transformed into an internally mixed particle [Sullivan et al., 2010]. The wet-
generation method involved atomization of aqueous solutions using high purity compressed

air at 2-3 Ipm, and then venting excess flow through a HEPA filter before passing the aerosol
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through two silica gel diffusion driers to reduce the RH below 20%. Depending on the
solubility and nature of the various samples, 0.1 to several grams of each sample were added
into ~150mL milli-Q water (>18.2MQ). At least 500 non-size-selected particles were
collected per sample for ATOFMS analysis of the samples. A total of 13,106 single particle
mass spectra were collected for the lab samples. For CCN analysis of the samples, the dry
aerosol was sent to a differential mobility analyzer (DMA, Model 3081, TSI Inc.) for size
selection with sheath and aerosol flows of 10.0 and 1.0, respectively. The monodisperse
aerosol output from the DMA was then sent through a flow splitter where the aerosol was
divided into a condensation particle counter (CPC, Model 3010, TSI Inc.) and the CCNc
(described previously). A small excess aerosol flow of ~0.3 Ipm was vented through a HEPA
filter to eliminate pressure build up that could cause flow imbalances. Conductive silicone
tubing was used to transport the aerosol. CCN activation curves were generated by scanning
the dry particle diameter (Dqy) at a fixed supersaturation (SS). Both the CCNc and CPC record
1Hz averaged data, which were averaged to one minute to calculate fCCN. The critical
activation diameter (D.=Dgr) Was determined by scaling all ratios to the maximum observed
CCN/CN ratio (~1). The contribution from larger multiply charged particles to the size
selected monodisperse aerosol was then accounted for following the procedure used by [Rose
et al., 2008]. Each activation curve was then fitted with a sigmoidal curve to determine the
particle diameter at which ~50% of the particles activated. Each sample was analyzed with a

size scan at three different supersaturations: 0.22, 0.36 and 0.57%.
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Sample ID Description/appearance Approximate location
1a Harder crust Sandy dunes_lOO m east of
sampling site
1b Softer, finer sand Sandy dunes_lOO m east of
sampling site
. . . Dirty Sock pond untouched lake
2a Finer, white soil bed, 200 m east of sampling site
Dirty Sock pond untouched lake
2 Harder, brown crust bed, 200 m east of sampling site
3a White soil at edge of grass Grass farm area, abo‘.“ 1090 m
northeast of sampling site
3b Soil in middle of grass Grass farm area, abogt 1090 m
northeast of sampling site
3c Harder, brown crust at edge of Grass farm area, about 1000 m
grass northeast of sampling site
43 Brown/orange crust at edge of Large “C” shaped lake, about
lake 1000 m north of sampling site
b Square/hard brown crust at edge Large “C” shaped lake, about
of lake 1000 m north of sampling site
. Large “C” shaped lake, about
4c Wetter soil near edge of lake 1000 m north of sampling site
5 Dried brown crust by water “Large” lake, about 2000 m north
bubbler of sampling site
6b Sandy/gravel soil 10 m east of sampling site
6c Dry, sandy soil 10 m west of sampling site
- - - nd
Suspended dust Fine sand Airborne at Sa?\f);:]rt]g site, 2™ dust

4.3.3 Data analysis
4.3.3.1 ATOFMS data analysis

A total of 121,225 single ambient particle mass spectra were collected over the course
of the study. Analysis based on particular mass spectral features within the data set was
toolset, YAADA (ver. 1.2)

Matlab-based  (ver. 6.5.1)

performed with a
(http://www.yaada.org). The single particle data was first divided into sub- and supermicron
particles before being automatically sorted and grouped into clusters of particles with similar
mass spectral characteristics using the adaptive resonance theory neural network algorithm,

ART-2a [Song and Hopke, 1999]. The main user-defined parameters for ART-2a are the

learning rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80,


http://www.yaada.org/
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respectively [Rebotier and Prather, 2007]. The resulting clusters were then analyzed manually
and classified into distinct particle types based on their mass spectral features [Furutani et al.,
2008; Guazzotti et al., 2003; Moffet et al., 2008; Silva et al., 1999; Sullivan et al., 2007]. The
50 largest particle clusters, representing over 89% of submicron and 92% of supermicron
classified particles were labeled as mineral dust, biomass burning, elemental carbon (EC),
elemental carbon with organic carbon (ECOC), organic carbon (OC), biogenic, and particles
with negative spectra only (Neg only). Further details on specific dust types are discussed in
the results section. The appearance or nonexistence of secondary aerosol species like nitrate,
sulfate and ammonium was not used as part of the previous classifications.
4.3.3.2 Single hygroscopicity parameter

To directly compare the hygroscopicity measurements made with the mCCNCc to the
composition measurements, a single parameter for particle hygroscopicity (x) is used [Petters
and Kreidenweis, 2007]. The following equation defines the relationship between a growing
particle’s equilibrium water saturation ratio, S, droplet diameter, D, dry diameter, Dgy, and
hygroscopicity, «:

3

_ D*-D§, (AJ
S(D) = D' -D. 1-x) P 5 (4.1)

where A = 2.1x10° m is a constant evaluated for a surface tension of 0.072 J m™ (pure water)

and temperature of 298.15 K [Petters and Kreidenweis, 2007]. x describes a particle’s water
activity and typical values range from 1.4 (hygroscopic soluble salt; NaCl) to about 0
(insoluble but wettable; fresh soot) for atmospherically relevant systems. The CCN activation
diameter (D,) of atmospheric aerosols was estimated using the measured size distributions,

CN, and CCN concentrations from
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Dacl
Jn(D)dD
CCN _p 4.2)

CN N

total

where Ny iS the cumulative concentration obtained by integrating the observed size
distribution of n(D) obtained from the SMPS measurements, D is the electric mobility
diameter selected by the SMPS and D, the smallest size measured by the SMPS (~11 nm). The
CCN/CN ratio represents the fraction of the CCN-active aerosol (fCCN). Eqgn. (2) assumes
that all chemical compositions are internally mixed (i.e. homogeneous particle composition).
This approach was taken to simplify the data analysis yet still reflects how much the relative
degree of variation in the chemical composition affects CCN activity, as the size resolved
chemistry was simultaneously measured [Furutani et al., 2008]. In the estimation of Dy,
contributions from particles larger than the range of the SMPS (upper range = 600 nm for our
settings) were not considered and should be minimal.

The CCN and CPC data were filtered to eliminate any instrumental noise from the
data. The instantaneous CCN/CPC ratio, or fCCN, was then calculated every second and used
to determine the instantaneous activation diameter from the cumulative SMPS size
distribution as mentioned previously. Hygroscopicity parameter, « was calculated from the
instantaneous estimated activation diameter and the corresponding mCCNc supersaturation
values using a version of Petters’ interactive data language (IDL) script
(http://www4.ncsu.edu/~mdpetter/findkappa.pro) based on [Petters and Kreidenweis, 2007]
modified to run in the R programming language (http://www.r-project.org/) and can be found
on the Prather group website (http://atofms.ucsd.edu/content/code). Due to the high volume of

data, CCN concentrations and hygroscopicity parameter x were binned by supersaturation.
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4.4 Results

4.4.1 Particle mass and meteorology overview

PM, s and PMy, particle mass, temperature, relative humidity (RH), wind speed, wind
direction and APS size distribution are shown in Figure 4.1. The two dust events are shown
clearly by the increase in both PM, s and PMq particle mass, the first on Nov. 11-12" and the
second November 20-21* (Figure 4.1, top). During the second event, PM,, and PM, s were just
below 2000 and 200 pg/m?®, respectively (Figure 4.1, top). During these events, wind speeds
gusted up to 20 m/s, with hourly-averaged wind speeds of ~ 10-14 m/s, predominantly from
the south (Figure 4.1, 2" from bottom). During these high wind periods, there was a clear
increase in particles with sizes between 0.5-4 um (Figure 4.1, bottom). HYSPLIT air mass
back trajectories during the first dust event indicate air mass histories were first from the south
and then the west of the regional area, while during the second event the air masses were in a
local/regional spiral pattern (Figure 4.2).

Relative changes in particle chemistry during the dust events (described below) can
most likely be explained by the predominating wind direction. The sampling site was located
at the south end of the lake, and the local wind direction during both dust events was from the
south. Therefore, the main dust being sampled during the events was mostly from desert areas

south of the lake and not the actual lakebed.
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Figure 4.1. Temporal behavior of hourly-averaged particle mass (top), hourly-averaged
temperature and relative humidity (RH) (2™ from top), hourly-averaged wind speed and
direction (2™ from bottom), and APS size distribution (bottom). Dashed boxes indicate the
approximate times of the dust events.
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Figure 4.2. HYSPLIT air mass back trajectories for different time periods during the Owens
Lake study.

4.4.2 Ambient particle chemistry overview

Mineral dust made up a large fraction of the particles analyzed; approximately 10-
80% of submicron and 40-90% of supermicron particles were classified as mineral dust, at
various times throughout the study. Within this general classification of mineral dust, there
were many different dust particle types based on distinct mineralogy that are unique to Owens
Lake that have not been described previously. The mass spectra signatures of the main dust
types are shown in detail in Figure 4.3. The most abundant supermicron dust particle type,
AlNaK | (Figure4.3, top left), has a mass spectral signature with intense sodium (m/z +23),

aluminum (m/z +27) and potassium (+39) ions, with minor contributions from lithium (m/z
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+7) and potassium hydroxide (m/z +56) ions in the positive mass spectra; the negative mass
spectra of this particle type were dominated by oxygen (m/z -16) and nitrite (m/z -46) with
minor contributions from alumina-silicates AlO", SiO,, SiO; (m/z -43, -60, -76, -77),
nitrogen-containing organics CN’, CNO™ (m/z -26,-42) and chloride (m/z -35). The AINaK II
and 111 types (not shown) are very similar to the AINaK | type with increased prevalence of
carbonaceous species and sulfate; C (m/z -12), C,” (m/z -24), C5 (m/z -36), sugar marker
CsHsO, (m/z -73) and sulfate (m/z -97). The K | type (Figure 4.3, 2™ from top right) is
another variant of the AINaK | type, but while both aluminum and sodium are present, the
potassium peak dominates. Additionally, for the negative ions there is increased prevalence of
nitrate (m/z -62). The K 1l and K Il types (not shown) are very similar to the K | type with an
increase in the occurrence of titanium (m/z +48) and titanium dioxide (m/z +64). The CaMg |
type (Figure 4.3, 2" from top left) is characterized by an intense calcium (m/z +40) peak with
smaller contributions from sodium, magnesium (m/z +24), aluminum, calcium oxide (m/z
+56) and Ca,O" (m/z +96) in the positive ions; the negative ions are dominated by oxygen and
nitrite with smaller contributions from alumina-silicates, nitrogen-containing organics and
chloride. The CaMg Il type (not shown) is a variant of the CaMg | type with a more intense
magnesium peak and a less intense calcium peak and less prevalence of alumina-silicate
peaks. The KNa type (Figure 4.3, 2" from top right) is characterized by intense sodium and
potassium peaks with minor contributions from lithium, aluminum, and potassium hydroxide
in the positive ions; the negative ions were dominated by alumina-silicates, nitrogen-
containing organics, chloride, nitrite, nitrate and a minor contribution of phosphate. The Fresh
Salt type (Figure 4.3, 2™ from bottom left) is characterized by an intense sodium peak,
followed by medium intensity potassium with minor contributions from Na,"™ (m/z +46),
Na,O" (m/z +62, 63) and Na,Cl* (m/z +81,83); the negative ions are dominated by chloride,

alumina-silicates and nitrogen-containing organics similar to other dust types with the
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exception of minor contributions from NaCl, (m/z -93, 95) and has a striking similarity to sea
salt particles from marine environments [Noble and Prather, 1997]. The Aged Salt type
(Figure 4.3, 2™ from bottom right) is very similar to the Fresh Salt type but does not have the
sodium chloride clusters and instead has a much higher prevalence of nitrite and nitrate. The
Fe type (Figure 4.3, bottom left) is characterized by an intense iron peak (m/z +56) as well as
its lower abundant isotope (m/z +54) and iron oxide, FeOH (m/z +73) in addition to other
smaller contributions from sodium, aluminum, potassium and titanium in the positive ions; the
negative ions were very similar to the Aged Salt type with an additional inclusion of
phosphate (m/z -79). The Ti type (Figure 4.3, 2" from bottom right) is characterized by
intense potassium, titanium and titanium oxide peaks with minor contributions from sodium
and aluminum in the positive ions; the negative ions are very similar to the Aged Salt type.
The biogenic type (not shown) is identified as such because of its similarities to vegetative
detritus types that have been previous analyzed [Holecek et al., 2007; Silva, 2000] and is most
likely associated with algal/biological growth observed in the small puddles nearby the
sampling site. Overall, there were many different dust particle types observed during this
study. These special types are based on distinct mineralogies that are unique to the Owens
(dry) Lakebed area that have not been described previously with ATOFMS.

The temporal behavior of these dust particle types and the other non-dust particle
types previously described for both sub- and supermicron are shown in Figure 4.4. The plot of
fractional submicron temporal particle chemistry (Figure 4.4, top) shows that the submicron
mode is dominated by biomass burning and ECOC particle types for the majority of the study.
The remaining fraction is dust, consisting mainly of the K | dust type, with smaller
contributions from the Aged Salt type. During the dust storm events on Nov. 11" and Nov.
20" and 21%, there is a notable increase in the fraction of submicron K Il particle type and a

notable absence of the submicron Aged Salt type. The plot of fractional supermicron particle
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chemistry (Figure 4.4, bottom) shows that the temporal behavior is dominated by mineral dust

with minor contributions from biomass burning and OC particle types.
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Figure 4.3. Mass spectra of main dust particle types observed during the study.
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Figure 4.4. Submicron (top) and supermicron (bottom) fraction temporal chemistry. Dashed
boxes indicate the approximate times of the dust events.

The supermicron dust is largely the AINaK I, K | and Aged Salt types with minor
contributions from KNa, Fresh Salt, CaMg I, CaMg Il and AINaK Il types. There was a
notable absence of supermicron Fresh Salt and Aged Salt during the dust events and therefore
an increase in the relative contribution of the other dust types, most notably the AINaK | type.
Particle mixing state shows a very high prevalence of nitrate was observed on just about every
type of dust (Figure 4.3), indicating that there was significant atmospheric processing of the
ambient dust particles before sampling. There was no clear enhancement on any particular
particle type or size range.

The size-resolved chemistry of the particle types is shown in Figure 4.5. The smallest
sizes are dominated by biomass burning and ECOC, and the contribution of dust increases

with increasing particle size. Most interesting is the large contribution of the NaK dust type to



162

the smallest size bin around 0.2 um. The remainder of the dust types do not seem to show any

size-dependent behavior.
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Figure 4.5. Submicron (top) and supermicron (bottom) fraction size-resolved chemistry.

Overall, the submicron temporal behavior is dominated by biomass burning and
ECOC particle types, with the remaining fraction consisting of K dust types, with smaller
contributions from the Aged Salt type. The supermicron temporal particle chemistry is
dominated by the AINaK, K and Aged Salt types with more minor contributions from KNa,
Fresh Salt, and CaMg types. During both dust storm events (Nov. 11-12, Nov. 20-21), single
particle chemistry showed a small shift in both sub- and supermicron particle types from a

salt-like dust to an alumina-silicate type dust. We hypothesize that the absence of the salt-like
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dust during the dust events is because the salt-like dust is associated with the dry-lake bed
only and the prevailing winds sent it away from the sampling site.
4.4.3 Ambient CCN overview

CCN concentrations for the entire study range from CCNgy; 0.21 to 356 cm?® (CCN
concentration at 0.1% supersaturation) and CCNyg = 466 to 1829 cm?® (CCN concentration at
0.9% supersaturation) with median concentrations of CCNg; 8.3 cm™ and CCNgg - 708 cm™
(Figure 4.6, Table 4.2).
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Figure 4.6. CCN concentration as a function of supersaturation(top) and kappa as a function of
supersaturation (bottom). Dashed boxes indicate the approximate times of the dust events.
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The behavior of the quantitative hygroscopicity parameter (x) as a function of
supersaturation (S.) is shown in Figure 4.6. Median x values for the entire study are x,; = 0.05
and xp9 = 0.03. A summary of x and CCN statistics by supersaturation can be found in Table
4.2. A key observation to note is that as supersaturation increases, x values decrease,
indicating that particle hygroscopicity is higher at larger sizes, which is consistent with
previous observations that larger particles are more atmospherically processed and contain
more soluble material [Gunthe et al., 2009; Roberts et al., 2010]. x values plateau at ~0.01
around S; =0.3-0.4%, with the exception of the largest S, bin, suggesting that there was no
atmospheric processing on these particles; a particle having a x value of 0.01 at S;=0.35%

would be 210 nm, indicating particles ~200 nm or less were not significantly processed.
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Figure 4.7. Kappa as a function of supersaturation for the entire study excluding dust events
(top) and for dust event #2 (bottom). Median value for each bin is shown in middle of boxes,
top and bottom of boxes are 25" and 75" percentile values. Whiskers represent 5™ and 9"
percentiles.
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During the dust events, there was no significant shift in x values for both the static
CCN measurements (1% dust event, Nov. 11-12) and the scanning CCN measurements (2™
dust event, Nov. 20-21) compared with the median values and uncertainty for the entire study
(Figure 4.7, bottom; Figure 4.8). For the first dust event, the median x,0s Value (static) was
0.07, compared to the median value of xy;= 0.05 for the entire study (Figure 4.8, Table 4.2)
and is within the uncertainty of the entire study. During the second dust event, the median g
value was 0.06, compared to the median value of xy;= 0.05 for the entire study; and the
median o7 was 0.01, similar to the entire study, o7 =0.01. Particles with x=0.03 in a cloud of

0.1% S, would activate at 350 nm or larger.

0-187
0.16 4

0.14 —

0.12 4

0.10 4

0.08

0.06 — T
0.04 -

Sc=0.08%

Figure 4.8. Kappa for dust event #1 (CCN in static mode). Median value is shown in middle
of box, top and bottom of box is 25™ and 75" percentile values. Whiskers represent 5™ and 95"
percentiles.

A comparison of the SMPS and APS size distributions, cumulative number size
distributions, and CCN concentrations (NCCN) at different supersaturations is shown in
Figure 4.9 for both a non-dust event (Nov. 15" 2009 at 12 pm ) and during the 2™ dust event
(Nov. 20™ 2009 at 12pm). The disagreement between the SMPS and APS cumulative

concentrations for the non-dust event is due to the high concentration of smaller particles

measured with the scanning SMPS measurement technique when compared to the non-
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scanning nature of the APS measurements [Shields et al., 2008]. For the non-dust event, the
cumulative SMPS concentration (0.011- 0.6 pm) was 1569 particles/cm® and cumulative APS
concentration (0.542 -20 um) was 2 particles/cm®. NCCN was 69 cm™ at 0.1% S, (Da= 427
nm) for the non-dust event. During the 2™ dust event, the cumulative SMPS concentration was
766 particles/cm™ and the APS cumulative concentration was 23 particles/cm™, while NCCN
at 0.1% S; (Dy= 355 nm) was 11 cm®. While the larger particles from the APS size
distributions do not contribute significantly to the overall total particle concentrations (<1%
during non-dust events, <3% during the 2" dust event), they had a larger contribution to
NCCN, as the activation diameters at 0.1% S were 355 — 427 nm. During the non-dust event,
3% of NCCN were from the larger APS particle sizes, while they were < 1% of the total
particle concentrations. During the 2™ dust event, 100% of NCCN were from the larger APS
particle sizes, while they were <3% of the total particle concentrations. As most of the
particles > 500 nm were dust and most CCN were > 500 nm, the dust needs to be CCN active

to explain the NCCN observed.
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Figure 4.9 Scanning mobility particle sizer (SMPS) and aerodynamic particle sizer (APS) size
distributions of ambient particles for a non-dust period (top left) and during the 2™ dust event
(bottom left). Cumulative particle concentrations for both the SMPS and the APS for a non-
dust period (top right) and the 2™ dust event (top right). Cross markers indicate the NCCN at
the activation diameter for the corresponding supersaturation as labeled. SMPS measurements
were converted to aerodynamic diameter assuming spherical particles with a density of 1.0
glem®.

A comparison of the SMPS size distribution, « as a function of supersaturation and
dCCN/dlogSc are shown in Figure 4.10. The SMPS size distribution shows a diurnal pattern
for most of the study, with a distinct ultrafine mode ~20 nm appearing midday on most days
(Figure 4.10, top). Notably, the only days with no apparent ultrafine mode occurred during the
two dust storm events, Nov. 11-12 and Nov. 20-21. The « values are lowest during midday
(Figure 4.10, middle; Figure 4.6, bottom) while the CCN is the highest (Figure 4.10 bottom;
Figure 4.6, top), corresponding to the peak of the ultrafine particles (Figure 4.10, top).
However, the high end of the supersaturation (1%) in the CCNc would not activate these

particles regardless of their composition due to their small size. We speculate that the ultrafine

particles are from a local biogenic source on the lakebed associated with algal/biological
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growth observed in the small puddles nearby the sampling site. A more detailed analysis of the

ultrafine particle events will be discussed in a different manuscript [Fitzgerald et al., 2010].

3000
2500
2000 2
1500 &
1000 :@
500

1.0x10°
0.8
06 3
04 T
0.2
0.0

1

C
o
-
N

|

i
i y
! |. 7 §
il ’ | | W % i
1 ) W
| [} \ y W/ i
1
I I
1
/ i i
1 1
1 1

JTIRE

4000
3000 &

2
2000 §

[}
1000 B
O

0

L S e s o aa

11/6/2009 11/11/200 11/16/2009 11/21/2009 11/26/2009

Figure 4.10. SMPS dN/dlogDp size distribution (top) kappa as a function of supersaturation
(middle) and dCCN/dlogSc CCN distribution (bottom). Dashed boxes indicate the
approximate times of the dust events.

The activation diameters at 0.1%-0.7% S, were 129-300 nm for the whole study
excluding dust events and 129-280 during the 2™ dust event. Hygroscopicity parameter «
ranges were 0.01 (0.7% S;) — 0.05 (0.1% S) during the whole study excluding dust events and
were similar for the 2™ dust event, 0.01 (0.7% S) — 0.06 (0.1% S.). Changes in x + 50%
resulted in changes in CCN concentrations within <1% at 0.1% S, and < 7% at 0.7 % S,
during the entire study excluding dust events. Changes in x + 50% during the 2™ dust event
resulted in changes in CCN concentrations <2% at 0.1% S, and < 16% at 0.7% S.. The

difference in CCN concentrations for the entire study excluding dust events and the 2" dust
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event reflects the large differences in the particle size distributions and influence of ultrafine
and dust particles. During the non-dust events, there were strong influences of ultrafine
particles that produced high particle number concentrations ~20 nm which were not present
during the dust events. Changes in hygroscopicity during the non-dust event periods does not
result in large changes in CCN concentrations, as the majority of the particles were ~20 nm
and would not activate regardless of the supersaturation due to their small size. However,
during the dust events, the main particle size mode is instead ~100 nm due to a decrease in
ultrafine particles and an increase in submicron dust 100-300 nm, bringing the size mode
closer to the activation diameter range, and therefore changes in hygroscopicity had a larger
effect on CCN concentrations.
4.4.4 Soil and suspended dust samples particle chemistry and hygroscopicity

Soil and dust samples that were collected during the study were analyzed afterwards
by atomization of aqueous solutions of the samples. This was done to obtain a steady and
constant flow of relatively high concentrations of submicron particles that was needed to study
CCN activation as well as particle composition via ATOFMS. However, due to the
heterogeneous nature of the dust samples, the original size-dependent particle composition
will become altered when the bulk samples are suspended in water and then atomized, mainly
the soluble compounds can become redistributed across all particles; some particles that were
not originally associated with soluble material may have become transformed into an
internally mixed particle [Sullivan et al., 2010]. It has been shown that dry generation of
samples is more representative of the original soil and dust samples [Koehler et al., 2007;
Sullivan et al., 2010], but due to the wet and bulky nature of the samples collected, a steady
and constant flow of relatively high concentrations of submicron particles would not be
possible to produce using this method. Nevertheless, the formation process of the Owens Lake

salt crust involved hydration and recrystallization of the crustal layers, therefore to some
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extent the wet particle generation method may also be producing particles via a similar
process to those that occur naturally [Koehler et al., 2007], but some of the original mixing of

the particles will be lost.
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Figure 4.11. Mass spectra of various dust particle types from soil samples.

Mass spectral fingerprints of the various samples compare closely with the sodium-
potassium alumina-silicate ambient dust particle types, with the large exceptions being the
notable absence of nitrite and nitrate (m/z -46,-62) in the soil samples, and no Fresh or Aged
Salt types (see Figure 4.11). In general the samples all have distinct alumina-silicate markers
present, including the suspended dust sample. The salt-like dust samples (Sample 2a, 3a; see
Table 4.1, Figure 4.11) have an intense sodium peak and sodium chloride clusters, however,

other more crustal samples (Sample 2c, 3b, 4a, 4b, 4c, 6¢c; see Table 4.1, Figure 4.11) also
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have sodium chloride clusters in addition to intense sodium peaks. This indicates that due to
the wet generation process, the soluble compounds were redistributed across all particles;
some particles which were not originally associated with soluble material may have become
transformed into an internally mixed particle.

The range of x values obtained from the CCN experiments on the soil and dust
samples are shown in Figure 4.12. While there were many different types of samples analyzed,
the overall range of x values obtained for each sample were similar to each other and ranged
from ~0.04-0.8, similar to previous Owens Lake samples , ~0.05-1 [Koehler et al., 2007]. The
least hygroscopic sample was 3c (Figure 4.12), the hard brown crust nearby the grass farm
area which did not have any sodium chloride clusters in its chemical fingerprint (Figure 4.10).
The most hygroscopic sample was 4a (Figure 4.12), the brown/orange crust from the “C”
shaped lake which had a clear signature of sodium chloride clusters (Figure 4.11). Smaller
particles had higher « values than larger particles, similar to what has been previously seen
with wet-generated Owens lake dust samples [Koehler et al., 2007]. The fact that different
sizes of the same sample had different hygroscopicities indicates that the samples were
heterogeneous in nature, as previously shown for Owens Lake dust samples [Koehler et al.,
2007], but could also be due to differences in surface tension which are not taken into account
by the « estimates. Additionally, hygroscopicities at different sizes of the same sample do not
fall along the same « line, but rather had a shallower slope than the « lines, could indicate
water adsorption effects due to the insoluble nature of some of the dust inclusions, which has

been shown previously [Kumar et al., 2009a; Kumar et al., 2009b].
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Figure 4.12. Hygroscopicity parameter kappa plot of Owens Lake soil samples run offline (see
Table 1 for details on specific samples). Each point is the corresponding activation diameter of
that sample for a particular supersaturation (S5=0.22, 0.36, 0.57%). The isolines represent
different kappa values and are labeled with the value.

Soil and suspended dust samples collected from the lake and run offline show similar
chemistry and hygroscopicity to the ambient field measurements, as well as previous offline
measurements. Smaller particles had higher x values than larger particles. Even though the
different samples were very diverse, the differences in particle chemistry and overall spread in
x values was moderate.

4.4.5 Ambient particle chemistry and hygroscopicity comparison

As the lake bed dries out, the most soluble species are the last to dry and partition to
the top layer. This surface layer will be most hygroscopic and will show up in wind storms.
The method used to estimate x assumes a completely internally mixed aerosol, which is not

the case here. Therefore, the changes in « represent the overall changes in both the fractions of

particle types and the changes in temporal chemistry on each of those particle types, including
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particles below the limit of detection of chemical measurements (< 200 nm). During the dust
events, the salt-dust from the top surface of the lake was transported north of the sampling
site; air masses south of the sampling site from the nearby desert were sampled instead. An
increase in detected dust particles was measured during the dust events ~100-4000 nm, with
changes in particle chemistry compared to the non-events and an increase in submicron
particles 100-500 nm (Figures 4.9, 4.10), within the range of activation diameters, 129-300
nm. Size-resolved particle composition measurements (Figure 4.5) indicate that particles 250-
500 nm were significantly impacted by dust, as 25-40% of the particles of those sizes were K-
rich dust. However, there was no significant change in particle hygroscopicity within the
uncertainty of the measurements observed during the dust events. Median values of the
hygroscopicity parameter were x,1 0.05 and x4 0.03 and plateaued at ~0.01 around S, =0.3-
0.4%. A « value of 0.01 at S;=0.35% corresponds to a particle diameter of 210 nm; most of the
dust particles observed during the event were ~ 100-4000 nm (Figure 4.1). Therefore, a
majority of the dust particles are large enough and would activate to become CCN (or GCCN)
regardless of their hygroscopicity; as it has been shown that particles ~ 300 nm and larger
would activate in laboratory studies of Owens Lake dust [Koehler et al., 2007]. Particles with
x=0.03 in a cloud of 0.1% S, would activate at 350 nm or larger. During the 2™ dust event,
100% of NCCN were ~500 nm and larger, while they were only <3% of the total particle
concentrations, showing that the dust is an important contributor to NCCN at low
supersaturations during the dust events.

As the ambient dust showed large peaks of nitrite and nitrate (Figure 4.3) while the
collected dust samples showed no nitrite/nitrate (Figure 4.11), this indicates that there was
significant atmospheric processing of nitrite/nitrate on the dust particles. Previous single
particle mixing state measurements of ambient mineral dust off the coast of Asia showed a

segregation of nitrate on Ca-rich dust and sulfate on Al-rich dust [Sullivan et al., 2007], which
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was not observed here. Other studies in coastal environments have shown dust largely mixed
with sulfate [Guazzotti et al., 2001; Zhang et al., 2003], and some mixed with nitrate [Zhang
et al., 2003]. Gas phase measurements of NO and NO, (NO,) were very close to zero (hot
shown) and will be discussed in a forthcoming manuscript [Fitzgerald et al., 2010]. With NO,
levels very low over the course of the study, the high prevalence of nitrate on the particles was
due to uptake of other nitrogen-containing species such as HNO; or N,Os elsewhere.
However, this would require photochemical production of these gas phase species and/or their
precursors [Mashburn et al., 2006; Sullivan et al., 2009a; Vlasenko et al., 2006; Wagner et
al., 2009], and the nitrate on the dust would show strong diurnal behavior which was not
observed. Therefore, the dust particles could have been atmospherically processed elsewhere
and then transported to the region where they were observed to be highly aged.

Heterogeneous processing of the dust can significantly influence the hygroscopicity,
as has been shown in previous laboratory studies of the uptake of nitric acid on fresh dust
particles [Sullivan et al., 2009a]. For Owens lake dust particles, it is likely that there is enough
soluble material already on them, that additional nitrate from atmospheric processing will not
greatly increase the hygroscopicity. While 100% of submicron dust and 95% of supermicron
dust contained nitrate; over 30% of submicron dust and over 80% of supermicron dust
contained chloride. Additionally, over 50% of submicron and 1% of supermicron dust
contained sulfate. Because the dust particles already have significant amounts of soluble
species, it is most likely the smaller particles around the activation threshold (129-300 nm,
some of which are below the chemical detection limit), that are dictating fCCN, and therefore

the average hygroscopicity.
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4.5 Atmospheric Implications and Conclusions

Sub- and supermicron particle mixing state was measured at Owens Lake in
November 2009. The submicron particles were dominated by biomass burning and ECOC
particle types, with the remaining fraction consisting of the K dust types, with smaller
contributions from the Aged Salt type. The supermicron temporal particle chemistry is
dominated by the AINaK, K and Aged Salt types with minor contributions from KNa, Fresh
Salt, and CaMg types. During both dust storm events (Nov. 11-12, Nov. 20-21), there was a
shift in both sub- and supermicron particle types from a salt-like dust to a alumina-silicate type
dust and an increase in particles 100-4000 nm, including those within the range of activation
diameters, 129-300 nm. The absence of the more salt-like dust during the dust events is
because the salt-like dust is associated with the dry-lake bed only and the prevailing winds
from the south sent it away from the sampling site. Size-resolved particle composition
measurements close to the activation threshold indicate that particles 250-500 nm were
significantly impacted by dust, as 25-40% of the particles of those sizes were K-rich dust.
However, there was no significant change in particle hygroscopicity observed during the dust
events. The first real-time ambient CCN measurements at Owens Lake show a median xg
value of 0.05 and a «q¢ value of 0.03, indicating the dust is moderately hygroscopic. Most of
the dust particles observed during the events were ~ 100-4000 nm and the dust > 200 nm was
observed to have soluble nitrate, chloride and sulfate. Therefore, a majority of the dust
particles are large enough and would activate to become CCN (or GCCN). During the 2nd
dust event, 100% of NCCN were ~500 nm and larger at 0.1% S, while they were only <3% of
the total particle concentrations, showing that the dust is an important contributor to NCCN at
low supersaturations during dust events. Due to the large contribution of the large dust to CCN
concentrations at low supersaturations during the dust events, the dust storms should enhance

CCN and possibly ice nuclei (IN) in the regional clouds, however it remains to be seen how
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the dust affects the radiative properties of the clouds. Measurements on the radiative cloud

properties before, during, and after Owens Lake dust events will be studied in the future.
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Chapter 5

Real-time Single Particle Composition, Absorption,
Scattering and Cloud Condensation Nuclei (CCN) Activity at
Trinidad Head, CA during the Cloud Indirect Forcing
Experiment (CIFEX)

5.1 Synopsis

Individual particle size and composition as well as condensation nuclei (CN), cloud
condensation nuclei (CCN) concentrations, particle absorption, and scattering were measured
in April 2004 as part of the Cloud Indirect Forcing Experiment (CIFEX) at Trinidad Head,
California to better understand the impacts aerosol chemistry on climate relevant properties.
Aerosol hygroscopicity was estimated from CCN measurements and compared to
simultaneous aerosol chemistry and size distribution measurements. The ambient aerosol was
dominated by sub- and super-micron sea salt particle types, with over half of the sea salt
particles showing evidence of atmospheric processing. In the sub-micrometer size range, there
were significant fractional contributions from organic carbon, elemental carbon with organic
carbon, and biomass burning particles with a notable increase in biomass burning on April
13™. The absorption and scattering coefficients underwent large increases on April 12"-13".
During this event, back trajectories indicate an air mass origin from the northwest over the
ocean. These findings highlight the importance of mixing state in influencing optical
properties, as throughout the study non-aromatic containing BB and dust particles had little to
no influence on the particle optical behavior, however, upon association with aromatic
compounds caused a considerable increase in total particle absorption. A large increase in

aromatic-containing particle number concentrations and aromatic marker ions on biomass
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burning and dust particles was observed on April 13", coinciding with an increase in the
absorption and scattering coefficients. Most interestingly, a brown carbon or HULIS particle
type, indentified by the presence of high mass organic carbon, had a very strong correlation
with all aromatic-containing particles, indicating high mass aromatic compounds had a large
effect on absorption. The median aerosol hygroscopicity parameter (x) observed of 0.49 falls
between the average continental value of 0.27 and average marine value of 0.72, indicating

influences from both continental and marine air masses observed during the study.

5.2 Introduction

Aerosols play an important role in climate forcing because of their ability to scatter
and absorb solar and terrestrial radiation in addition to nucleating cloud droplets. Aerosols
remain the largest uncertainty when estimating overall radiative forcing [(IPCC), 2007;
McFiggans et al., 2006]. In order to reduce these uncertainties, measurements of aerosol
optical, physical and chemical properties are needed. Optical properties such as refractive
index(RI) are intrinsically coupled with chemical composition [Moffet et al., 2008b].
Chemical composition also determines aerosol hygroscopicity which in turn affects the size,
Rl and CCN activity of aerosol particles. Understanding how hygroscopicity and RI evolve
over time in the atmosphere is essential for understanding the direct and indirect effects of
aerosols on the global radiation budget which strongly depends on particle size and chemistry
[(IPCC), 2007; Andreae and Rosenfeld, 2008; McFiggans et al., 2006].

The dependence of particle absorption of solar radiation on aerosol chemistry is
needed for climate models [(IPCC), 2007; Habib et al., 2008]. Absorption of light by particles
generally increases with increasing black carbon content [Habib et al., 2008], but is also

strongly influenced by other carbonaceous species such as polycyclic aromatic hydrocarbons
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(PAHSs)[Habib et al., 2008], aromatic compounds, or brown carbon [Andreae and Gelencser,
2006]. Previous field measurements have shown that particle size, single scattering albedo and
real RI of aerosols impacted by smoke are dependent on particle hygroscopicity and the
amount of black carbon [Kreidenweis et al., 2001]. In addition to aerosol chemistry, the
mixing state of the aerosol is very important for determining optical properties. When black
carbon is internally mixed with a high refractive index material such as sulfate or sodium
chloride, the absorption is greatly enhanced [Fuller, 1999; Zhang et al., 2008]. However, there
are exceptions: hygroscopic biomass burning aerosol can decrease absorption with increasing
relative humidity (thought to be caused by particle collapse with water uptake [Lewis et al.,
2009]), and when black carbon mixes with mineral dust, the single scattering albedo of the
dust is not largely affected [Quinn and Bates, 2005].

Atmospheric scattering, and to a smaller degree, atmospheric absorption depend
strongly on the amount of water associated with the aerosol particles [Malm et al., 2005]. The
uptake of water on inorganic aerosols is very well understood [Malm et al., 2005; Wexler and
Clegg, 2002], however, the influence of organics on aerosol hygroscopicity is much less
understood [Malm et al., 2005]. It has been shown that the assumption of externally mixed
inorganic and organic aerosol is invalid for even very pristine regions [McFiggans et al.,
2006], therefore measurements of the detailed mixing state of inorganic and organic
compounds in parallel with their hygroscopic properties will help improve global climate
models. Even small amounts of ionic material can activate organic particles [Abdul-Razzak
and Ghan, 2005; Ervens et al., 2005; Lohmann et al., 2004], however, depending on the
amount and specific nature of the organics, the aerosol water content and droplet growth
kinetics will both be affected [Chuang, 2003; McFiggans et al., 2006; Medina and Nenes,

2004].
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The Cloud Indirect Forcing Experiment (CIFEX) took place from April 1 — 21 at
Trinidad Head, a coastal site in northern California representing clean marine air with periodic
long-range transport of aerosols from the Asian continent across the Pacific. A primary goal of
CIFEX was to study the influence of aerosols on cloud properties [Roberts et al., 2006; Wilcox
et al., 2006]. This study was the first to use single particle mass spectrometry for a direct
comparison of ambient aerosol chemistry with rainwater sample chemistry [Holecek et al.,
2007]. Of special note was the high prevalence of aromatic-containing particle types in
rainwater samples compared with low prevalence in ambient samples. This was hypothesized
to be because the aromatic compounds consisted largely of humic-like substances (HULIS) or
water soluble organic compounds that dissolved from the biomass particles in the rainwater,
highlighting the important role of aromatic biomass species in cloud formation [Andreae et al.,
2004; Holecek et al., 2007; Li et al., 2003; Roberts et al., 2002]. Airborne measurements
during CIFEX showed influence from long-range transport from Asia, clean marine boundary
layer and North American emissions [Roberts et al., 2006]. Most of the long-range transport
was observed above 2 km [Hadley et al., 2007], as been shown in previous studies on
transport of Asian air masses to the western U.S. [De Gouw et al., 2004; Heald et al., 2006],
with a significant contribution of Asian aerosols observed at the ground level only during
strong frontal passages [VanCuren et al., 2005]. A CCN closure study indicates that cloud-
processed aerosol had very similar CCN activity to that of ammonium sulfate, while other
aerosol such as regional and long-range transport were less CCN active; highlighting the
importance of aerosol chemistry on CCN activity [Roberts et al., 2006; Roberts et al., 2010].

Here we present single particle measurements taken at Trinidad Head, CA (at ground
level) during CIFEX from April 1 — 23, 2004. We focus on the comparison of concurrently
sampled ambient aerosol chemistry, aerosol optical and cloud property measurements to better

understand the impacts aerosol chemistry on climate relevant properties.
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5.3 Materials and Methods

5.3.1 Sampling location

The Cloud Indirect Forcing Experiment (CIFEX) took place at Trinidad Head, CA
(41.05N, 124.15W, 107m above sea level) from April 1- 21, 2004. Trinidad Head is a clean
marine monitoring site that is periodically influenced by long-range transport from Asia across
the Pacific. The aerosol was sampled from the summit at Trinidad Head through a 10m
sampling stack run by NOAA’s Global Monitoring Division (GMD, formerly Climate
Monitoring and Diagnostics Lab). The sampling line was relative humidity (RH) controlled to
55% by heating. The flow from the RH conditioner was then sent into a stainless steel
sampling manifold and split off to the various instruments. During the study, there were two
significant precipitation events; one from April 14 -16 and a second from April 20- 22.
5.3.2 Instrumentation
5.3.2.1 Single particle mass spectrometry

Single particle aerodynamic size and chemical composition were measured in real-
time using an aerosol time-of-flight mass spectrometer (ATOFMS) equipped with a nozzle
based inlet that transmits particles with an aerodynamic diameter (D,) between 200 to 3000
nm. Single particle size is determined from the particle’s velocity which is measured using
the time-of-flight between two 532 nm CW lasers. The particle velocity is then used to time
the ablation and ionization of the particle using a Q-switched 266 nm Nd:YAG laser at
moment the particle enters the source region of a dual ion time-of-flight mass spectrometer.
The resulting positive and negative ions are then analyzed. A detailed description of the

ATOFMS instrument design and operation are described elsewhere [Gard et al., 1997].
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5.3.2.2 Size distributions

The particle size distributions and number concentrations were measured concurrently
by a scanning mobility particle sizer (SMPS, TSI Model 3936) with sheath flow of 6.0 Ipm
and aerosol flow of 0.6 Ipm. SMPS cumulative particle concentrations were scaled to the
NOAA Global Monitoring Division’s condensation particle counter (CPC, TSI model 3760).
An aerosol particle sizer (APS, TSI Model 3321) was also used.
5.3.2.3 Optical properties

The absorption coefficient was determined using a filter absorption photometer
(Magee Aethalometer Model AE-31). The absorption coefficient was measured at seven
wavelengths, two of which are presented here: 370 and 880 nm. Total aerosol particle
scattering for two size cuts (D,<10 pm and D,<1 pm) was measured with a 3 wavelength
integrating nephelometer (TSI Inc. Model 3563) provided by NOAA’s Global Monitoring
Division. Here we only use the scattering measured at 550 nm for the 1 um size cut. The
nephelometer sample line was further dried to RH <40%.
5.3.2.4 Cloud condensation nuclei

CCN concentrations were measured with a streamwise thermal-gradient CCN counter
(CCNc) at a supersaturation of 0.6% [Roberts and Nenes, 2005]. Total particle condensation
nuclei (CN) concentrations were measured with a condensation particle counter (CPC, TSI
model 3760) from NOAA’s Global Monitoring Division. The fraction of CCN active particles,
or fCCN, was obtained from the CCN/CN ratio. Due to the lower size limit of the CPC, CN is
more precisely CNy,, and therefore fCCN is more precisely fCCNy4. For simplicity, we will
refer to fCCNy, as fCCN for the remainder of the paper.
5.3.2.5 Other measurements

Wind speed and wind direction were measured using a R.M. Young windbird model

#05603 provided by NOAA’s Global Monitoring Division. Relative humidity (RH) was
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measured using a Campbell model HMP-50 sensor provided by NOAA’s Global Monitoring
Division. Surface ozone concentrations were measured with a ultraviolet absorption
photometer provided by NOAA’s Global Monitoring Division [Oltmans et al., 2008]. The
NOAA HYSPLIT software versions 4.9 (updated February of 2009) was used to calculate air
mass back trajectories.
5.3.3 Data analysis
5.3.3.1 ATOFMS data analysis

A total of 598,515 single particle mass spectra were collected over the course of the
study. Analysis based on particular mass spectral features within the data set was performed
with a Matlab-based (ver. 6.5.1) toolset, YAADA (ver. 1.2) (http://www.yaada.org). The
single particle data was automatically sorted and grouped into clusters of particles with similar
mass spectral characteristics using the adaptive resonance theory neural network algorithm,
ART-2a [Song et al., 1999]. The main user-defined parameters for ART-2a are the learning
rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80,
respectively [Rebotier and Prather, 2007]. The resulting clusters were then analyzed manually
and classified into distinct particle types based on their mass spectral features [Furutani et al.,
2008; Guazzotti et al., 2003; Moffet et al., 2008a; Silva et al., 1999; Sullivan et al., 2007]. The
most abundant 50 particle clusters, representing over 95% of the total particles were classified
as mineral dust, biomass burning, aged sea salt, fresh sea salt, organic carbon (OC), elemental
carbon with organic carbon (ECOC), vegetative detritus, magnesium-rich, sea salt-EC and
amine [Holecek et al., 2007]. Sea salt-EC (SSEC) has been hypothesized to be coagulated sea
salt and EC particles formed via in-cloud processing [Holecek et al., 2007; Spencer et al.,
2008]. The appearance or nonexistence of secondary aerosol species like nitrate, sulfate and
ammonium was not used as part of the previous classifications except for sea salt particles. As

has been done previously, the differentiation between aged and fresh sea salt is determined by
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the presence of large sulfate and/or nitrate peaks in the average mass spectrum for a particular
cluster [Sullivan et al., 2007; Sullivan and Prather, 2007].
5.3.3.2 Single hygroscopicity parameter

To summarize the hygroscopicity measurements made with the CCNc, a single
parameter for particle hygroscopicity (x) is used [Petters and Kreidenweis, 2007]. The
following equation defines the relationship between a growing particle’s equilibrium water

saturation ratio, S, droplet diameter, D, dry diameter, Dy, and hygroscopicity, :

D°-D; A
S(D) = Y __exp| —
®) 555 p(Dj o

where A = 2.1x10™° m is a constant evaluated for a surface tension of 0.072 J m™ (pure water)
and temperature of 298.15 K [Petters and Kreidenweis, 2007]. x describes a particle’s water
activity and typical values range from 1.4 (hygroscopic soluble salt; NaCl) to about O
(insoluble but wettable) for atmospherically relevant systems. The CCN activation diameter
(D4et) of atmospheric aerosols was estimated using the measured size distributions, CN, and

CCN concentrations from

DJa.mn(D)dD

1 CCN _ D (5.2)
CN Nioa

where Ny iS the cumulative concentration obtained by integrating the observed size
distribution of n(D), D is the electric mobility diameter selected by the SMPS and D, the
smallest size measured by the SMPS (~11 nm). The CCN/CN ratio represents the fraction of
the CCN-active aerosol (fCCN). Eqgn. (2) assumes that the particles are internally mixed (i.e.
homogeneous particle composition). This approach was taken to simplify the data analysis, yet
still reflects how much the relative degree of variation in the chemical composition affects

CCN activity, as the size resolved chemistry was simultaneously measured [Furutani et al.,
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2008]. We have used the previously estimated approximate relationship D¢ ~ x ™ [Shinozuka
et al., 2009]. In the estimation of D, contributions from particles larger than the range of the
SMPS (upper range = 400 nm for our settings) were not considered.
5.3.3.3 Total particle absorption

Absorption coefficients (m™) were calculated from the original data (ug/m®) using the
method by Arnott et al. (2005) [Arnott et al., 2005] using modified parameters as described in

Corrigan et al. (2006) [Corrigan et al., 2006].

5.4 Results

5.4.1 Overall particle chemistry

Figure 5.1 shows the fraction of particle classes of both sub- and super-micrometer
particles analyzed by the ATOFMS for the study. All times are reported in UTC. The
composition of sub-micrometer particles (Figure 5.1, top) is varied and consists of biomass
burning (BB), mineral dust, organic carbon (OC), elemental carbon with organic carbon
(ECOC), and aged, fresh and positive-only sea salt (SS). Of special note is the large increase
in the number fraction of sub-micrometer biomass burning particles on April 13". The
composition of super-micrometer particles (Figure 5.1, bottom) consists largely of aged, fresh
and positive-only sea salt (SS). Both the sub-micrometer (48% of total SS, 65% of dual-
polarity SS) and super-micrometer (36% of total SS, 41% of dual-polarity SS) have high
number fractions of sea salt consisting of aged SS. This shows the large influence of long-
range transported pollution and regional pollution on the relatively remote sampling site.
Figure 5.2 shows the fractional size-resolved chemistry from the ATOFMS for the entire
study. Overall, the particle chemistry was dominated by sea salt, both in the sub- and super-

micrometer size ranges with a large fraction of the sea salt being aged. In the sub-micrometer
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size range there was a large fraction of OC, ECOC and BB, with a notable increase in the

fraction of BB on April 13",
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Figure 5.1. Overview of submicron (top) and supermicron (bottom) size ranges showing the

ATOFMS fractions of total particle types over the course of the study.
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Figure 5.2. Overview of ATOFMS particle types as size-resolved number fraction.
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5.4.2 Size distributions

Figure 5.3 shows the 0.011- 0.4 um (SMPS) and 0.542 — 20 um (APS) size
distributions between these sizes for the course of the study. The SMPS distributions (Figure
5.3, top) shows distinct sub-micrometer particle events, with a mode around 0.1 um on April
39— 6" April 9"-11", April 11"-12" and April 13"™. There were other sub-micrometer events
with a size mode centered around 0.03-0.04 um on April 12" and April 15™-19". On April
22"-23" there was a high concentration of particles around 0.05-0.06 pm. The APS
distributions (Figure 5.3, bottom) show particle events that generally correspond with the
SMPS events with the exception of April 15-19" when there were large concentrations of

particles at about ~0.04 um but very low concentrations of particles > 0.542 um.
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Figure 5.3. Overview of SMPS (top) and APS (bottom) size distributions.
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5.4.3 Optical properties

Figure 5.4 shows the hourly-averaged absorption and scattering coefficients. The
absorption coefficients (1/m) at 370 and 880 nm (Figure 5.4, top) are fairly constant and low
throughout the study with a large increase at 370 nm on April 12"-13". The scattering
coefficient (1/m) (Dp,<1 pum) at 550 nm (Figure 5.4, bottom) has a large increase on April 12"-
13", similar to the particle absorption. Total particle scattering indicates other smaller events
leading up to and after the April 12"-13" event. The large increase in total particle absorption
and scattering coincides with an increase in submicron particles (Figure 5.3) and the large

increase in the fraction submicron particles from biomass burning (Figure 5.1, top).
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Figure 5.4. Overview of absorption coefficient (top) and scattering coefficient (bottom) during
the course of the study.
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5.4.4 Meteorological and ozone measurements

Figure 5.5 shows ozone concentrations (top), relative humidity (middle) and wind
speed and wind direction (bottom). The ozone follows a very distinct diurnal pattern, and
ranges from ~ 10 ppb on April 9" to ~ 55 ppb on April 13", during the sub-micrometer
biomass burning and total particle absorption and scattering event. The concentrations (10-55
ppb) observed over the course of the study are within the expected range for a rural coastal
site, as typical ozone concentrations are 20-40 ppb for marine, 20-40 ppb for remote, and 50-

120 ppb for rural environments [Seinfeld and Pandis, 1998].
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Figure 5.5. Overview of ozone (top), relative humidity (middle) and meteorological data
(bottom) during the course of the study. The color on the wind speed indicates the wind
direction.

The relative humidity (RH), similar to the ozone, follows a distinct diurnal pattern and

ranges from ~70% up to ~95% with the exception of a few events. The time leading up to the
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April 12-13™ submicron biomass and total particle absorption and scattering event was
characterized by a relatively distinct diurnal pattern similar to most of the rest of the study.

The wind speed, similar to the ozone and RH, also follows a distinct diurnal pattern,
ranging from ~ 0 m/s on April 13" up to ~14 m/s April 1%-2". Wind direction was
predominantly from the NW April 1% -11", after which it was primarily from the SE April
11™-21% and then shifted back to the NW April 21%- 23", The time leading up to the April 12-
13™ submicron biomass and total particle absorption and scattering event was fairly stagnated
with wind from the SE, after which the wind picked back up and fluctuated from the SE to
NW and back to the SE again. Over the course of the study there was not a typical on-shore
off-shore diurnal cycle in wind direction, but rather a swirling pattern around the site, making
trajectory analysis the best way to determine source contributions.

HYSPLIT 48 hour air mass back trajectories showed wide-ranging influences from
five major regions: long-range transport, from the north, south, a regional spiral from the
north, and a regional spiral from the south. An overview of the different back trajectories for
the entirety of the study can be found in Figure 5.6. The air mass back trajectory for the April
12"-13" event was from the north, along the coast and over Oregon and Washington (Figure
5.6). Flights on April 12" and 13" indicated the influence of cloud processed aerosol only,
with no long range transport [Roberts et al., 2006]. Most of the long-range transport observed
during CIFEX occurred above 2 km [Hadley et al., 2007]. However, as shown in Moore et al.
(2011) [Moore et al., 2011] and describe in Chapter 6, the air masses were passing close to

3000 m; indicating possible infiltration of the boundary layer and clouds.
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Figure 5.6. Overview of HYSPLIT back trajectories during CIFEX. Each back trajectory is for
48 hours at 500 m.

5.4.5 Cloud condensation nuclei (CCN)

Figure 5.7 shows an overview of CCN, CN, fCCN and « for the entire study. Total
CCN (SS=0.6%) and CN concentrations (Figure 5.7, top) are highly correlated (R=0.5). CCN
concentrations ranged from ~40 cm™ on April 20" to ~2100 cm™ on April 4™ with a median
concentration of ~300 cm™ for the whole study, slightly higher than typical marine CCN
concentrations (20-40 cm’®), closer to nonurban continental concentrations (100-200 cm™)
[Hudson, 1991; Seinfeld and Pandis, 1998]. CN concentrations ranged from ~80 cm? on
March 31% to ~4000 cm™ on April 12" -13" with a median concentration of ~600 cm™ for the
whole study, within the range of typical marine CN concentrations [Jaenicke, 1993; Seinfeld
and Pandis, 1998]. The maximum CN concentration corresponds to the submicron biomass
and total particle absorption and scattering event on April 12"-13". fCCN, or the ratio of

CCN/CN (Figure 5.7, middle), had a median value of ~0.67 for the whole study. The lowest
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fCCN values corresponds to the first rain event, while the highest fCCN values correspond to
the period immediately preceding the submicron biomass and total particle absorption and
scattering event April 12™-13". For portions of the study, fCCN was close to unity, indicating
that the aerosol was fully activated and all particles would become CCN at SS=0.6% during
these periods. Due to the method of estimating « previously mentioned, hygroscopicity cannot
be estimated during these fully activated periods. The overall median « value for the study is
0.49 and ranged from 0.021-5.8 (Figure 5.7, bottom). The higher end of this range reflects the
error of the estimation method; however, the relative changes in « are still indicative of
changes in aerosol chemistry. The median « value falls between the average continental value
of 0.27 and average marine value of 0.72, indicating a mix of both continental and marine
influences during the course of this study [Petters and Kreidenweis, 2007; Pringle et al.,

20101, as supported by ATOFMS particle chemistry measurements (Figure 5.1).
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Figure 5.7. Overview of CCN (s=0.6), CN, fCCN and Kappa. The dashed line on the fCCN
graph indicates where particles were fully activated. During these periods, no kappa values
were able to be estimated. The gray areas on the kappa graph indicates the confidence within
10% of fCCN.
5.4.6 Comparison of particle chemistry with optical properties

Organic carbon that absorbs in the UV and visible range, otherwise known as brown
carbon is a significant source of particle absorption [Andreae and Gelencser, 2006;
Moosmueller et al., 2009], and forms in clouds via aqueous phase chemistry [Andreae et al.,
2004; Holecek et al., 2007; Li et al., 2003; Roberts et al., 2002]. Polycyclic aromatic
hydrocarbons (PAHS), other aromatic compounds, and HULIS also strongly absorb UV and
visible radiation [Andreae and Gelencser, 2006; Jacobson, 1999]. HULIS is formed from
aqueous phase free radical oligmerization of monomeric units that are often times (but not

always) aromatic [Gelencser et al., 2002; Hoffer et al., 2004; Kiss et al., 2002]. On April 13",

there was a large increase in light absorption by the particles (Figure 5.4), especially at the
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shorter wavelength of 370 nm, which can be explained by the presence of absorbing organic
species in the particles. Searches were performed for aromatic-containing particles by
querying aromatic ion markers peak areas > 100 for m/z +51 (C4H3"), +63 (CsH3"), +77
(CeHs"), +91 (C;H;"), and +115 (CgH;") [Holecek et al., 2007], which correspond to low mass
ions of the “low” and “high” aromatic series of peaks identified by McLafferty and Turecek
(1993) [McLafferty and Turecek, 1993; Silva and Prather, 2000]. The particle types with the
highest percentage of aromatic-containing particles were biomass burning (8%), OC (8%) and
dust (4%). Therefore, aromatic-containing particles consisted of biomass burning (42%), OC
(27%) and dust (18%) particle types with much smaller contributions from the remaining
particle types.

During CIFEX, there was a high prevalence of aromatic-containing particle types in
rainwater samples compared with a low abundance in ambient samples. This suggests that the
aromatic compounds consisting largely of HULIS or hygroscopic organic compounds were
scavenged by rain or clouds [Andreae et al., 2004; Holecek et al., 2007; Li et al., 2003;
Roberts et al., 2002], as PAHs have been previously shown in cloud droplets [Russell et al.,
2000]. An important source of HULIS and brown carbon are organic carbon particles
produced during smoldering biomass burning combustion [Chakrabarty et al., 2010], and
have been identified by single particle mass spectrometry as a subset of the OC particles with
many peaks at high m/z in the positive spectrum, or high mass OC (HMOC) [Qin and Prather,
2006]. The larger size of the OC, ~ 0.5-1 um suggested that these were cloud processed
(Figure 5.2). HMOC particle counts showed a very strong correlation with all aromatic-
containing particle counts (R?=0.9, Figure 5.8). All aromatic-containing particles and biomass
burning (R*=0.5), dust (R?=0.5) and all OC (R?=0.3) particle counts are also correlated (See
Figure 5.8). Temporal correlations of aromatic markers m/z +51, +63, +77, +91 and +115 on

BB (R*=0.4, 0.3, 0.3, 0.05, 0.2), dust (R?=0.4, 0.4, 0.2, 0.3, 0.2), and OC (R*=0.2, 0.3, 0.2,
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0.07, 0.1) particle types and aromatic-containing particle counts indicate a strong link between
all aromatic-containing particles, temporal aromatic ion marker behavior and BB, dust and OC
particle types. There are low correlations of aromatic markers on HMOC particles with all
aromatic-containing particles (R2=0.01, 0.01, 0.002, 0.001, 0.0003), even though HMOC
particle counts are very highly correlated with all aromatic-containing particles. The fact that
HMOC particles are correlated with aromatic particles but do not have similar aromatic
marker behavior signifies the presence of other absorbing compounds in the HMOC.
However, there were no other significant correlations between any other non-aromatic
markers, aromatic-containing particles, and particle optical properties on any of the particle
types (not shown). The correlations for aromatic ion marker peak areas on the BB and dust
particle types vs. total aromatic-containing particle counts are shown in Figure 5.9. There is a
large increase in aromatic counts and aromatic ion markers on April 13", coinciding with the
large increase in absorption and scattering coefficients (Figure 5.4), increase in submicron
particles (Figure 5.3) and a large increase in the fraction of submicron particles from biomass
(Figure 5.1, top). This indicates that the influx of submicron BB and dust particles contained
aromatic compounds that strongly increased the local particle absorption and scattering. While
there was a fairly constant background fraction of BB and dust particles (Figure 5.1) leading
up to the April 13" event, there was not a large increase in aromatic-containing particles until
this date (Figure 5.9), highlighting that the mixing state of particles strongly influences their
absorption and scattering properties. Throughout the study non-aromatic containing BB and
dust particles had little to no influence on the particle optical behavior, however, upon
association with aromatic compounds caused a considerable increase in total particle
absorption, showing the specific effect of the aromatic chemistry of the BB and dust. There
were no other significant correlations between any other non-aromatic markers and aromatic-

containing particles and particle optical properties on any of the particle types (not shown).
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5.4.7 Comparison of particle chemistry with aerosol hygroscopicity

As shown on Figure 5.7, there are two different periods of CCN activity (at 0.6% SS).
The first period, April 1- 12 consisted largely of almost fully activated or completely activated
aerosol with fCCN > 1. The second period, April 15-23 consisted almost entirely of non-fully
activated aerosol with fCCN <1. During period 1, the main SMPS size mode was around ~100
nm, while during period 2, the main SMPS size mode was ~40 nm; this shift points to more
aged aerosol in period 1 and fresher aerosol in period 2, and had a large effect on fCCN
(Figure 5.7). This is also shown with the ATOFMS data in Figure 5.1, with a much higher
fraction of aged SS in period 1 than in period 2. For a given composition and supersaturation,
the determining factor whether a particle activates or not is its dry diameter. Assuming similar
hygroscopicities between the two periods, fCCN should be higher in period 1 due to the larger
size of the particles, as observations support. One observation during period 1 is the prolonged
period of fully activated aerosol between April 10-12. This coincides with an increase in
particle scattering due to the large modes in the SMPS size distribution (Figure 5.4), and an
increase in the fraction of sea-salt EC particles in the super-micrometer (Figure 5.1, bottom).
While super-micrometer particles are large enough to activate regardless of their composition,
sea salt-EC particles are most likely indicative of in-cloud processing [Holecek et al., 2007,
Spencer et al., 2008], and meteorological data indicate that local wind speed was mostly
stagnant (Figure 5.5), therefore, this increase in fully activated particles is due to increased
aerosol hygroscopicity from in-cloud processing. Indeed, single-particle mixing state indicates
that particles during April 13 show evidence of in-cloud processing, and is the subject of a
different chapter (Chapter 6) [Moore et al., 2011]. CIFEX aircraft findings show that cloud-
processed aerosol having similar CCN activity to that of ammonium sulfate [Roberts et al.,
2006; Roberts et al., 2010]. This cloud processing caused the particles to increase their

hygroscopicity due to aqueous phase oxidation and uptake of additional soluble species. Water
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uptake caused an increase in particle scattering, as shown by the correlation between the
SMPS size distributions and total scattering (Figures 5.3 and 5.4). The median «x during the
study was 0.49, between the marine boundary layer and continental boundary layer values
(0.21-0.25) and the free troposphere value of 0.98 [Roberts et al., 2010].

Due to the nature of our estimations of x described previously, we were not able to
estimate x during the majority of period 1. We therefore focus our comparison between the
hygroscopicity parameter and particle chemistry almost entirely on period 2, to better
understand the impacts aerosol chemistry on cloud formation. The method used to estimate x
assumes a completely internally mixed aerosol, which is not the case here, as shown by Figure
5.1. Therefore, the changes in x represent the overall changes in both the fractions of particle
types and the changes in temporal chemistry on each of those particle types. Correlations to a
given chemical marker will be low if they do not contribute to the soluble fraction or if there is
already a substantial fraction of water-soluble ions on the particles. During period 2, there
were two noticeable increases in x, the first on April 19 and the second on April 21,
concurrent with an increase in the size of the SMPS mode diameter. The increase in particle
size mode and continued presence of the sea salt-EC particle type concurrent with increases in
particle hygroscopicity indicates that there was cloud processing of the particles in period 2
and that it significantly increased the hygroscopicity. However, due to the larger particle sizes
observed with the ATOFMS, these particles would most likely all be activated as CCN. The
evidence of cloud processing in the larger particles suggests that the air mass was processed.
Assuming that the larger particle composition measurements could be a proxy for chemical
changes in the smaller particles below the detection limit of the ATOFMS (<200 nm), the
smaller particles that determine the average hygroscopicity are most likely processed since it
is rare to have large amounts of small fresh particles in the same air mass as larger aged

particles.
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5.5 Conclusions and Atmospheric Implications

Aerosol size, composition, light absorption and scattering and particle hygroscopicity
estimated from CCN measurements were measured in real-time and during the 2004 CIFEX
study to better understand the impacts aerosol chemistry on climate relevant properties.
While previous studies have shown significant atmospheric processing of sea salt aerosol by
mass [Huebert et al., 1996; Sievering et al., 2004; Sievering et al., 1999], we looked at the
number fraction that are processed for the first time and show that over half of the sea salt
particle number fraction were aged in a remote marine environment. In the sub-micrometer
mode, a significant fraction of particles contained organic carbon, elemental carbon with
organic carbon and biomass burning with a notable increase in the number fraction of
biomass burning on April 13". A large increase in aromatic-containing particle counts and
aromatic markers on the biomass burning and dust particles on April 13" coincided with a
large increase in total particle absorption and scattering, increase in sub-micrometer particles
and a large increase in the total submicron particles from biomass burning. The particle types
with the highest percentage of aromatic-containing particles were biomass burning, organic
carbon, and dust. Most interestingly, a subset of the organic carbon particles, high mass
organic carbon, had a very strong correlation with all aromatic-containing particle counts,
indicating that HULIS or brown carbon associated with biomass burning is a significant
source of particle absorption, as has been suggested previously. Throughout the study
biomass burning and dust particles had little to no influence on the particle optical behavior,
however, upon association with aromatic compounds caused a considerable increase in total
particle absorption, highlighting the importance of changes in the intrinsic particle mixing
state and chemistry on aerosol optical properties.

CCN concentrations ranged from 40-2100 cm™ with a median concentration of 300

cm’®, slightly higher than typical marine CCN concentrations and close to those of nonurban
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continental concentrations. CN concentrations ranged from 80-4000 cm™ with a median
concentration of 600 cm™, which were within typical marine particle concentrations. fCCN
ranged from 0.05 -2.1 with a median value of 0.67. For portions of the study, fCCN was close
to unity, indicating that the aerosol was fully activated at 0.6% SS. Periods of fully activated
aerosol and increases in hygroscopicity parameter x coincided with increases in the fraction of
sea salt-EC particle type, most likely indicating increased aerosol hygroscopicity due to in-
cloud processing, highlighting the importance of how hygroscopic and soluble marine
particles in addition to atmospherically and cloud processed aerosols could be influencing
particle hygroscopicity. However, due to the larger particle sizes observed with the ATOFMS,
these particles would most likely all be activated as CCN. Therefore, the differences observed
in sub- and supermicron particle types were most likely a proxy for chemical changes in the
smaller particles below the detection limit of the ATOFMS (<200 nm). Aerosol
hygroscopicity parameter (x) had a median value of 0.49, between the average continental
value of 0.27 and average marine value of 0.72, indicating a mix of both continental and

marine influences during the course of this study, as was shown by particle composition.
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Chapter 6

Evidence for two distinct sources of oxalate during the Cloud
Indirect Forcing Experiment (CIFEX)

6.1 Synopsis

The mixing state of oxalate-containing particles was measured at a remote marine
environment during CIFEX by direct ground-based measurements using an ATOFMS single-
particle mass spectrometer to gain insight into formation processes in the atmosphere. There
were two distinct oxalate periods; during the 1% period, supermicron oxalate was
predominantly mixed with aged sea salt particles, whereas during the 2™ period oxalate was
found to be internally mixed with sulfate in the submicron size range mainly on biomass
burning and organic carbon particles. Enrichment of oxalate on the aged sea salt type during
the 1% period and similar diurnal behavior of nitrate and oxalate on the aged sea salt particles
indicate a photochemical source of oxalate during this period. During the 2™ period, the
preferential enrichment of oxalate and sulfate on biomass burning and carbonaceous particles,
and both temporal and size-resolved correlations between oxalate and other cloud or aqueous
markers on these particle types, suggest in-cloud processing as the source of oxalate for this
period. These findings provide insight into the mechanisms involved in forming the most
abundant atmospheric diacid by showing two distinct sources in a remote marine atmosphere,
which can directly affect hygroscopicity and CCN activity as the particles age in the

atmosphere.
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6.2 Introduction

Oxalic acid is the most abundant atmospheric dicarboxylic acid (DCA) [Crahan et al.,
2004; Kawamura and Yasui, 2005; Warneck, 2003; Yu et al., 2005; Yu, 2000]. The prevalence
of oxalic acid in aerosol particles in many different environments [Ervens et al., 2004b;
Falkovich et al., 2005; Kundu et al., 2010; Sorooshian et al., 2006; Yu et al., 2005] including
remote marine regions [Narukawa et al., 2003; Turekian et al., 2003; Warneck, 2003]
highlights the large range of the sources and atmospheric processes involved globally. Oxalic
acid can be produced primarily from fossil fuel combustion [Crahan et al., 2004; Sorooshian
et al., 2006; Yang et al., 2009; Yu et al., 2005] and biomass burning [Saarikoski et al., 2007;
Sorooshian et al., 2006; Yang et al., 2009; Yu et al., 2005]. Additionally, oxalic acid can be
produced through secondary processes such as photo-oxidation during long-range transport
[Saarikoski et al., 2007; Turekian et al., 2003; Yang et al., 2009; Yu et al., 2005] or from the
degradation of particulate organic carbon(POC) precursors from biogenic activity over the
oceans [Sorooshian et al., 2006; Turekian et al., 2003]. Formation mechanisms of oxalic acid
include in-cloud processing [Sorooshian et al., 2006; Yang et al., 2009; Yu et al., 2005], gas-
phase photo-oxidation followed by condensation [Sorooshian et al., 2006; Yang et al., 2009;
Yu et al., 2005], and heterogeneous reactions on aerosol particle surfaces [Sorooshian et al.,
2006; Yang et al., 2009; Yu et al., 2005]. However, distinguishing sources of oxalic acid is
very difficult due to the complex nature of precursors and different formation processes
involved [Turekian et al., 2003]. By looking at what oxalate is associated with, further insight
into the most common processes in the atmosphere is possible.

Because 20-90% of aerosol mass is carbonaceous [Falkovich et al., 2005; Yu, 2000],
and 40-80% of total organic mass is water soluble [Falkovich et al., 2005; Yu, 2000], it is
necessary to better understand the chemistry of water soluble organic carbon (WSOC) in order

to further our understanding of the effects of organic aerosol on cloud condensation nuclei
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(CCN) formation and radiative forcing, two important issues for global climate change. DCAs,
predominantly oxalic acid, are a large component of WSOC and can have a profound effect on
particle deliquescence and hygroscopicity [Sorooshian et al., 2006; Yu, 2000]. WSOC DCAs
oxalic, malonic and glutaric acids have been shown to have CCN activity comparable to that
of pure ammonium sulfate [Ervens et al., 2004a], however, knowing what the oxalic acid is
mixed with can completely change whether it is hydrophobic or hydrophilic [Furukawa and
Takahashi, 2010; Sullivan et al., 2009]. Previous field studies have shown that knowledge of
the contribution of WSOC is essential for predicting the hygroscopicity of ambient aerosol
[Chang et al., 2007; Mircea et al., 2005; Rissler et al., 2004; Roberts et al., 2002].
Additionally, knowing whether oxalate is on all particles or just certain types yields insight
into the sources and mechanisms, and also what fraction of the particles will have changes in
their hygroscopicity and CCN activity. A better understanding of condensed phase and in-
cloud processing production of WSOC oxalic acid has important implications for
understanding the relative importance of the production mechanism leading to secondary
organic aerosol (SOA) formation and climate.

In-cloud processing has been shown as the major pathway for secondary sulfate
formation [Yu et al., 2005], and oxalic acid has been shown to track particle sulfate,
predominantly in the fine mode [Crahan et al., 2004; Ervens et al., 2004b; Hara et al., 2002;
Sorooshian et al., 2006; Warneck, 2003; Yu et al., 2005]; thus oxalic acid can be a good tracer
for in-cloud processing [Warneck, 2003; Yu et al., 2005]. Therefore, the main question is
trying to understand how significant a source of oxalic acid in-cloud processing is and which
conditions lead to this process. Due to similar in-cloud formation mechanisms, oxalic acid and
sulfate typically have similar size-resolved chemistry [Crahan et al., 2004; Sorooshian et al.,
2006; Yu et al., 2005] and eventually become evenly distributed among different particle types

with similar sizes [Sullivan and Prather, 2007]. In addition to in-cloud processing, oxalic acid
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can be produced in the aqueous phase from oxidation of glycolic and glyoxylic acids
[Sorooshian et al., 2006; Warneck, 2003], with minor production from the decay of longer
chain DCAs [Sorooshian et al., 2006].

Previous single-particle mass spectrometry measurements of oxalate mixing states
have shown oxalate to be produced by photochemistry during ACE-Asia [Sullivan and
Prather, 2007], and a mixture of primary emissions, cloud processing, and photochemical
sources in Shanghai [Yang et al., 2009]. During ACE Asia, oxalate was predominantly mixed
with mineral dust and aged sea salt, showing a consistent diurnal cycle. The diurnal behavior
and preference of dust and sea salt over carbonaceous particle classes suggested that oxalate
was produced by heterogeneous and photochemical processing. Oxalate-containing dust
particles were only detected simultaneously with elevated nitrate and sulfate dust, indicating
heterogeneous processing. The size-resolved chemistry of oxalate and nitrate were on the
same particles and very similar, peaking in the supermicron mode. A lack of even-distribution
of oxalate among particle classes of a similar size was observed, indicating in-cloud
processing was not the major source of oxalate during ACE-Asia. Further evidence of lack of
in-cloud processing was shown by lack of similarity of size chemistry of oxalate and sulfate,
in addition to lack of significant ion signals from other cloud processing markers [Sullivan and
Prather, 2007]. In Shanghai, oxalate was predominantly mixed with the biomass burning (BB)
particle class. While it was suggested that the oxalate on the BB may be more primary in
nature, there was also evidence of cloud processing. The size-resolved chemistry of oxalate
and sulfate was very similar. 83% of particles that contained oxalate also contained sulfate,
and air mass back trajectories suggested that the particles penetrated the cloud boundary layer.
Oxalate was also found on dust and sea salt with a diurnal behavior, suggesting heterogeneous

photochemical processing as the source of oxalate on these particle types [Yang et al., 2009].
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Here we build on our current understanding of oxalic acid chemistry using single
particle ground-based measurements taken at Trinidad Head, CA during the Cloud Indirect
Forcing Experiment (CIFEX) from April 1 — 23, 2004. We focus on the size-resolved and
hourly temporal distribution of oxalate in single particles classified by type (mixing state)
during two distinctly different oxalate events to better understand the sources and processing

of oxalate in the remote marine atmosphere.

6.3 Materials and Methods

6.3.1 Sampling location

The Cloud Indirect Forcing Experiment (CIFEX) took place at Trinidad Head, CA
(41.05N, 124.15W, 107m above sea level) from April 1- 21, 2004. This site is a clean marine
monitoring site, with periodic intrusions from long-range transport from Asia across the
Pacific. The aerosol was sampled from the summit at Trinidad Head through a 10 m sampling
stack run by NOAA’s Climate Monitoring and Diagnostics Lab. The relative humidity within
the sampling line was controlled to 55% by heating. The flow from the RH conditioner was
then sent into a stainless steel sampling manifold and split off to the various instruments.
6.3.2 Single particle mass spectrometry

Single particle aerodynamic size and chemical composition were measured in real-
time using an aerosol time-of-flight mass spectrometer (ATOFMS) equipped with a nozzle-
based inlet that transmits particles with an aerodynamic diameter (D,) between 200 and 3000
nm [Gard et al., 1997]. Single particle size is determined from the particle’s velocity which is
measured using the time of flight between two 532 nm continuous wave lasers. The particle
velocity is then used to time the ablation and ionization of the particle using a Q-switched 266
nm Nd:YAG laser at moment the particle enters the source region of a dual ion time-of-flight

mass spectrometer. The resulting positive and negative ions are then analyzed. A more
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detailed description of the ATOFMS instrument design and operation are described elsewhere
[Gard et al., 1997].
6.3.3 ATOFMS data analysis

A total of 598,515 single particle mass spectra were collected over the course of the
study. Analysis based on particular mass spectral features within the data set was performed
with a Matlab-based (ver. 6.5.1) toolset, YAADA (ver. 1.2) (http://www.yaada.org). The
single particle data was automatically sorted and grouped into clusters of particles with similar
mass spectral characteristics using the adaptive resonance theory neural network algorithm,
ART-2a [Song and Hopke, 1999]. The main user-defined parameters for ART-2a are the
learning rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80,
respectively [Rebotier and Prather, 2007]. The resulting clusters were then analyzed manually
and classified into distinct particle types based on their mass spectral features [Furutani et al.,
2008; Guazzotti et al., 2003; Moffet et al., 2008; Silva et al., 1999; Sullivan et al., 2007].

The 50 most populated particle clusters, representing over 95% over the total
particles, were classified as mineral dust, biomass burning, aged sea salt, fresh sea salt,
organic carbon (OC), elemental carbon (or soot) mixed with organic carbon (ECOC),
vegetative detritus, magnesium-rich, sea salt-EC and amine. Sea salt-EC (SSEC) has been
hypothesized to be coagulated sea salt and EC particles formed via in-cloud processing
[Holecek et al., 2007]. A subset of the OC particles was characterized by high mass
hydrocarbon envelopes with ions up to m/z 250, hereafter referred to as high mass OC, or
HMOC, which have been seen in other biomass burning rich and foggy environments [Qin
and Prather, 2006]. For the particle classes presented herein, analysis was on calibrated, dual
polarity particles only. For all particle types except ECOC, these mass spectra represent 85-
100% of the particles. For the ECOC type (<1% of total particles), all spectra were positive

ion only spectra or miscalibrated spectra, and therefore are not used in the presented analysis.


http://www.yaada.org/
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The presence of secondary aerosol species like nitrate, sulfate and ammonium was not
used as part of the particle classifications except for sea salt particles. The differentiation
between aged and fresh sea salt is determined by the presence of large sulfate and/or nitrate
peaks in the average mass spectrum for a particular cluster. Particles containing oxalic acid
were searched for by the conjugate anion [M-H], oxalate (m/z -89)[Sullivan and Prather,
2007]. While it is possible that oxalate is preferentially detected on certain particle types, the
ATOFMS has detected oxalate on a variety of different particles including biomass burning,
sea salt and mineral dust [Moffet et al., 2008; Sullivan and Prather, 2007]. The relative
concentrations of oxalate on the various particle classes provides a semi-quantitative picture of

the relative atmospheric quantities of oxalate on each particle type.

6.4 Results and Discussion

6.4.1 Detection of oxalate and sulfate in single particles

Oxalate was frequently detected in single particle spectra at Trinidad Head; 22% of
submicron and 3% of supermicron particles contained oxalate. 15% of submicron particles
contained oxalate and sulfate, meaning 65% of oxalate-containing submicron particles also
had sulfate. Oxalate-and sulfate containing supermicron particles represented only 1% of
supermicron, while 26% of oxalate-containing supermicron particles also contained sulfate.
Oxalate-containing particles were isolated by querying the mass spectra for a peak at m/z — 89
with an area greater than 300. Sulfate-containing particles were defined by querying the
particle mass spectra for particles containing a peak at m/z — 97 with an area greater than
5000. Oxalate- and sulfate-containing particles were defined as particles which contained both
a peak at m/z — 89 with an area greater than 300 and a peak at m/z — 97 with an area greater
than 5000. The particles were then separated into those with D, less than or greater than 1 um

to eliminate the bias of the ATOFMS nozzle inlet toward supermicron particles, which causes
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the submicron particles to be under sampled. Each size range represents the relative fraction or
number of each particle type, not ambient concentrations of oxalate-containing particles.

The hourly counts of oxalate-containing, sulfate-containing and both oxalate- and
sulfate-containing sub- and supermicron particles are shown in Figure 6.1. Also shown are the
hourly counts of HMOC particles and sea salt-EC particles of all sizes. Figure 6.1 shows a
large increase in the counts of submicron oxalate- and oxalate-and sulfate-containing particles
on April 13", On April 11-12" there is a large increase in the counts of supermicron oxalate-
containing particles (Figure 6.1). The increase in submicron oxalate-containing particles is
concurrent with a large increase in HMOC particles; while the increase in supermicron
oxalate-containing particles is concurrent with a large increase in sea salt-EC particles (Figure
6.1, bottom). Figure 6.1 (top) highlights two distinctly different oxalate periods. The 1* period
was from April 11-12" and dominated by supermicron oxalate-containing particles. April 13",
the 2" oxalate period, is dominated by both oxalate and oxalate-and-sulfate containing
particles in the submicron. The large spike in sea salt-EC (SSEC) during the 1% oxalate period
(April 11-12) (Figure 6.1, bottom) supports an in-cloud formation mechanism for oxalate, as
the SS-EC particles were produced via in-cloud processing as described previously [Holecek
et al., 2007; Spencer et al., 2008]. The large spike in HMOC counts during the 2™ oxalate
period (April 13) supports an in-cloud formation mechanism for oxalate, as the HMOC
particles were produced via agqueous-phase oxidation of organic precursors as described
previously for a winter study in Fresno, which was also a biomass burning rich environment
[Qin and Prather, 2006]. It is also possible the oxalate could have been formed via the
oxidation or degradation of the HMOC [Sorooshian et al., 2006]. These two distinct oxalate
periods show two very different influences which warrant further analysis. Overall, during the
2" period, the majority of submicron particles that have oxalate also contain sulfate,

supporting an in-cloud formation mechanism for submicron oxalate; while during the 1%
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period most oxalate-containing supermicron particles do not also contain sulfate, suggesting

another formation mechanism for supermicron oxalate.
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Figure 6.1. Comparison of oxalate —containing, sulfate-containing and oxalate-and sulfate —
containing submicron and supermicron particles (top) and high mass organic carbon (HMOC)
and sea salt — elemental carbon (SSEC) particles (bottom).

As the presence of oxalate on many different particle types could indicate in-cloud
processing [Sullivan and Prather, 2007], it is important to determine which particle class(es)
are associated with oxalate and sulfate to better understand the sources and formation
mechanisms of particulate oxalate and its implications for the atmosphere during these two
periods. The hourly counts of the different particle classes that contain oxalate in the sub- and
supermicron for the entire study are shown in Figure 6.2. Figure 6.2 (top) shows that
submicron oxalate during the 2™ oxalate period is found primarily on the biomass burning
(BB) and organic carbon (OC) particle classes; and supermicron oxalate is mainly on aged sea

salt particle class during the 1* oxalate period (Figure 6.2, bottom). To better understand the
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preferential enrichment of oxalate on certain particle classes in more detail, as well as the
possible sources of particulate oxalate during these different oxalate periods, it is necessary to
determine which other species are present on oxalate-containing particles. In particular,
sulfate is of interest because the presence of sulfate and oxalate on the same particle most
likely indicates in-cloud processing as the source of oxalate. The hourly counts of the different
particle classes that contain oxalate and sulfate for the entire study show that sub- and
supermicron oxalate and sulfate for both periods 1 and 2 are found primarily on the biomass

burning (BB) and organic carbon (OC) particle classes (Figure 6.3).
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Figure 6.2. Comparison of oxalate-containing particles by class: submicron (top) and
supermicron (bottom).
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Figure 6.3. Comparison of oxalate-and sulfate- containing particles by type: submicron (top)
and supermicron (bottom).

Figure 6.4 shows a breakdown of particle types for all sub- and super-micron particles
as well as for sub- and supermicron oxalate- and oxalate- and sulfate-containing particles for
the 1% and 2™ oxalate periods. Figure 6.4a (top left) shows that composition of the submicron
particles was varied during the 1% period (2900 particles), with the majority (>80%)
collectively coming from the aged SS, biomass burning, and OC particle classes. Oxalate-
containing submicron particles during the 1% period (Figure 6.4a, top middle) (797 particles,
27% period 1 submicron) largely consist of BB (51%), followed by aged SS (18%), OC
(17%), and dust (13%). The 1st period oxalate- and sulfate-containing submicron particles
(Figure 6.4a, top right) (511 particles, 18% event 1 submicron, 64% period 1 oxalate-
containing submicron) are mainly BB (72%) and OC (23%). This highlights the large
enrichment of oxalate-and sulfate-containing submicron particles on the BB particle class, as

the biomass burning class is only 27% of period 1 submicron particles and makes up 72% of
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oxalate-and sulfate-containing submicron particles. Supermicron particles during period 1
(33,814 particles) show less variations in composition than the submicron particles, and
consist mainly of aged (62%) and fresh sea salt (18%) (Figure 6.4a, bottom left). Oxalate-
containing supermicron particles during the 1% period (Figure 6.4a, bottom middle) (3944
particles, 12% period 1 supermicron) are largely aged sea salt (75%), followed by BB (8%),
OC (6%), and dust (5%). The first period oxalate- and sulfate-containing supermicron
particles are largely BB (44%) and OC (35%) (Figure 6.4a, bottom right) (601 particles, 2%
period 1 supermicron, 15% period 1 oxalate-containing supermicron). This once again
highlights the large enrichment of oxalate-and sulfate-containing particles on the BB and OC
particle classes, this time on the supermicron particles, as the BB type is 3% of supermicron
particles during period 1 and makes up 44% of oxalate-and sulfate-containing supermicron
particles. The OC type is 1% of period 1 supermicron particles and makes up 35% of oxalate-
and sulfate-containing supermicron particles. Figure 6.4b (top left) shows that composition of
the submicron particles during period 2 showed less variations than event 1 (6000 particles),
with the majority (>60%) collectively coming from the BB and dust particle classes. Oxalate-
containing submicron particles during period 2 largely consist of BB (60%), followed by dust
(25%), and OC (14%) (Figure 6.4b, top middle) (2863 particles, 48% period 2 submicron). 2"
period oxalate- and sulfate-containing submicron particles (Figure 6.4b, top right) (1948
particles, 32% period 2 submicron, 68% period 2 oxalate-containing submicron) are mainly
BB (79%) and OC (14%); highlighting the enrichment of oxalate-and sulfate-containing
submicron particles on the BB particle class, as the BB class is 48% of period 2 submicron
particles and makes up 79% of oxalate-and sulfate-containing submicron particles.
Supermicron particles (24,730 particles) show more compositional variations than the period 2
submicron particles and supermicron particles in period 1; and consist mainly of fresh (39%)

and aged sea salt (26%) (Figure 6.4b, bottom left). Oxalate-containing event 2 supermicron
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particles (Figure 6.4b, bottom middle) (794 particles, 3% period 2 supermicron) are varied and
consist of BB (27%), followed by OC (25%) and dust (23%). Oxalate- and sulfate-containing
period 2 supermicron particles (Figure 6.4b, bottom right) (435 particles, 2% period 2
supermicron, 55% oxalate-containing supermicron) are largely BB (44%) and OC (34%),
highlighting the enrichment of oxalate-and sulfate-containing particles on the BB and OC
particle classes during period 2, as the BB type is 9% of supermicron particles and makes up
44% of oxalate-and sulfate-containing supermicron particles. The OC type is 12% of total
supermicron particles and makes up 34% of oxalate-and sulfate-containing supermicron

particles.
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Figure 6.4a. Particle class fractions of submicron total particles (top left), oxalate-containing
particles (top center), oxalate and sulfate containing particles (top right) during the 1% period
on April 11-12" . Particle class fractions of supermicron total particles (bottom left), oxalate-
containing particles (bottom center), oxalate and sulfate containing particles (bottom right)
during the 1% period on April 11-12".
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Figure 6.4b. Particle class fractions of submicron total particles (top left), oxalate-containing
particles (top center), oxalate and sulfate containing particles (top right) during the 2™ period
on April 13", Particle class fractions of supermicron total particles (bottom left), oxalate-
containing particles (bottom center), oxalate and sulfate containing particles (bottom right)
during the 2™ period on April 13",

Figure 6.4c (top left) shows a varied composition of the submicron particles during
the entire study with large contributions of fresh and aged sea salt (43,414 particles), with the
majority (>80%) collectively coming from the BB, OC, and fresh and aged sea salt particle
classes. Oxalate-containing submicron particles (Figure 6.4c, top middle) (9659 particles, 22%
total submicron) largely consist of BB (61%), followed by dust (19%), OC (12%), and aged
sea salt (12%). Oxalate- and sulfate-containing submicron particles (Figure 6.4c, top right)
(6300 particles, 15% total submicron, 65% oxalate-containing submicron) are mainly BB
(80%) and OC (13%). This highlights the large enrichment of oxalate-and sulfate-containing

submicron particles on the BB particle class, as the biomass burning class is only 29% of total

submicron particles and makes up 80% of oxalate-and sulfate-containing submicron particles.
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Supermicron particles (427,487 particles) are less varied in composition than the submicron
particles, and consist mainly of fresh (47%) and aged sea salt (32%) (Figure 6.4c, bottom left).
Oxalate-containing supermicron particles (Figure 6.4c, bottom middle) (13,054 particles, 3%
supermicron) are largely aged sea salt (52%), followed by BB (13%), dust (13%), and OC
(11%). Oxalate- and sulfate-containing supermicron particles (Figure 6.4c, bottom right)
(3372 particles, 1% supermicron, 26% oxalate-containing supermicron) are largely BB (42%)
and OC (36%).This once again highlights the large enrichment of oxalate-and sulfate-
containing particles on the BB and OC particle classes, this time on the supermicron, as the
BB type is 5% of supermicron particles and makes up 42% of oxalate-and sulfate-containing
supermicron particles. The OC type is 4% of total supermicron particles and makes up 36% of
oxalate-and sulfate-containing supermicron particles. For oxalate-containing particles that also
contain sulfate, there is a large enrichment on the BB and OC particle classes for both the sub-
and supermicron. This enrichment is especially noticeable in the supermicron as the majority
of supermicron particles were sea salt, but the majority of supermicron oxalate- and sulfate-

containing particles were BB and OC.
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Figure 6.4c. Particle class fractions of submicron total particles (top left), oxalate-containing
particles (top center), oxalate and sulfate containing particles (top right) for the whole study.
Particle class fractions of supermicron total particles (bottom left), oxalate-containing particles
(bottom center), oxalate and sulfate containing particles (bottom right) for the whole study.
For oxalate-containing particles that also contain sulfate during period 1, there is a
large enrichment on the BB and OC particle classes for both the sub- and supermicron. This
enrichment is especially noticeable in the supermicron as the majority of supermicron particles
were largely aged SS, but the majority of supermicron oxalate- and sulfate-containing particles
were BB and OC. Again during period 2, for oxalate-containing particles that also contain
sulfate, there is a large enrichment on the BB and OC particle classes for both the sub- and
supermicron. Interestingly, for oxalate-containing particles, there is enrichment on the aged
SS particle type, especially in the supermicron during period 1, but not during period 2, which
shows enrichment in OC, BB and dust instead. In summary, there are two separate oxalate-

containing events that occur at different times; period 1 is dominated by supermicron aged SS

(Figs 6.1, 6.2, 6.4a) while period 2 is dominated by an oxalate source predominantly
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submicron in nature that is strongly associated with sulfate on the BB and OC particle types
(Figs 6.1, 6.2, 6.3,6.4b).
6.4.2 Temporal chemistry of oxalate

The relationship between oxalate-containing particle counts and oxalate-and sulfate-
containing particle counts for both submicron and supermicron particles are shown in Figure
6.5. If the oxalate was formed via in-cloud processing, then it should correlate with sulfate and
the other agueous processing markers. The strong correlation of submicron oxalate-containing
particles, largely found on BB and OC particles (74% period 2) during period 2, with
submicron oxalate-and sulfate-containing particles (R°=0.98) indicates that the source of
oxalate in the submicron particles is the same as the sulfate, and most likely from cloud
processing (Figure 6.5, top). Additionally, there are strong correlations between sulfate-
containing submicron with oxalate-containing submicron particles (R?=0.90) and oxalate and
sulfate-containing submicron (R?=0.92) (Figure 6.5 top, color). Supermicron oxalate,
predominantly found on aged sea salt (75%, period 1) during period 1, has a much lower
correlation with oxalate-and sulfate-containing particles (R?=0.40), suggesting that
supermicron oxalate and sulfate are mostly from different sources, therefore most likely not
in-cloud processing (Figure 6.5, bottom). Additionally, there are correlations between sulfate-
containing submicron with oxalate-containing submicron particles (R*=0.26) and oxalate and
sulfate-containing submicron (R?=0.77) (Figure 6.5 top, color). The very strong correlations
(R%>0.90) between submicron oxalate, sulfate, and oxalate-and-sulfate containing particle
counts suggest a similar source of sulfate and oxalate, most likely in-cloud processing,
implying similar sources of SO, and oxalate precursors such as glyoxylate, acetate, glycolate,
or pyruvate. The low correlation between supermicron oxalate-containing and sulfate-

containing particle counts (R?=0.26) implies a lack of similar source of the oxalate and sulfate.
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Figure 6.5. Oxalate-containing particle counts vs. oxalate- and sulfate-containing particle
counts for submicron (top) and supermicron (bottom). Color of markers is sulfate-containing
particle counts and marker size is day of year (DOY).

To further understand the temporal correlations of oxalate, peak areas of oxalate and

other chemical markers on the different particle types of interest may lend significant insight

into the sources of oxalate. Figure 6.6 shows the temporal behavior of hourly-averaged nitrate
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and oxalate peak areas on the aged SS. There is a distinct diurnal pattern of both the oxalate
and nitrate, with a correlation of R?=0.24. The similar diurnal behavior of the oxalate and
nitrate on the aged SS particle type shows that both the oxalate and nitrate could be from the
same source, most likely photochemical due to the diurnal pattern [Kawamura and Yasui,

2005; Sullivan and Prather, 2007].
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Figure 6.6. Hourly-averaged peak areas of nitrate (m/z -62) and oxalate (m/z -89) on the aged
SS particle type for the entire study.

Figure 6.7 shows the temporal behavior of hourly-averaged correlations of oxalate
(m/z -89) with sulfate (m/z -97) and cloud or aqueous processing markers glyoxylate (m/z -
57), acetate (m/z -59), glycolate (m/z -75), pyruvate (m/z -87), and hydroxymethane sulfonate

(m/z -111) [Sullivan and Prather, 2007; Whiteaker and Prather, 2003] for both the BB and
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OC. BB temporal correlations with sulfate (R?=0.34) and cloud markers (R?=0.49-0.83)
strongly suggest a cloud/aqueous processing source. OC temporal correlations of oxalate with
sulfate (R?*=0.34) and aqueous processing markers (R?=0.54-0.73) also indicate a cloud or
aqueous processing source. In addition to correlations between oxalate- and sulfate-containing
particle counts demonstrating the key differences between the two distinct oxalate periods; the
temporal behavior of oxalate on the main oxalate-containing particle types supports similar
findings. Temporal behavior of oxalate on supermicron aged SS showed a diurnal trend and
was very similar to that of photochemical marker nitrate. There are also strong correlations

between oxalate, sulfate, and cloud or aqueous processing markers on the BB and OC particle

types.
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Figure 6.7. Hourly-averaged peak areas of oxalate (m/z -89), sulfate (m/z -97) and cloud or
aqueous processing markers glyoxylate (m/z -57), acetate (m/z -59), glycolate (m/z -75),
pyruvate (m/z -87), and hydroxymethane sulfonate (m/z -111) on the BB (top) and OC
(bottom) particle types for the entire study.



232

6.4.3 Size-resolved chemistry of oxalate

It has been previously shown that if in-cloud processing has occurred, oxalate and
sulfate will have similar size-resolved chemistry [Crahan et al., 2004; Sorooshian et al., 2006;
Yu et al., 2005]. Therefore, similarities between the size-resolved chemistry of oxalate and
sulfate could indicate a similar in-cloud processing source. Figure 6.8 shows the size-resolved
ATOFMS peak areas of oxalate (m/z -89), sulfate (m/z -97) and cloud or aqueous processing
markers glyoxylate (m/z -57), acetate (m/z -59), glycolate (m/z -75), pyruvate (m/z -87), and
hydroxymethane sulfonate (m/z -111) on the BB (top) and OC (bottom) particle types during
period 2. Both the BB and OC particle classes have nearly identical size-resolved chemistry of
oxalate and sulfate (R?=0.71 BB, R?=0.64 OC), peaking in the submicron mode. Additional
size-resolved chemistry of oxalate and aqueous processing markers glyoxylate (R*=0.25 BB,
R?=0.39 OC), acetate (R?=0.47 BB, R*=0.50 OC), glycolate (R* =0.60 BB, R?*=0.60 OC),
pyruvate (R?=0.42 BB, R?=0.60 OC), and hydroxymethane sulfonate (R>=0.008 BB, R?=0.49
OC) indicate that the oxalate on BB and OC particles is most likely from in-cloud processing.
The correlations for BB and OC particle classes during non-oxalate periods (not shown) are
similar to during period 2, with slightly worse correlations between oxalate and sulfate
(R*=0.61 BB, R*=0.50 OC); and slightly better correlations between oxalate and aqueous
processing markers glyoxylate (R?=0.77 BB, R?*=0.38 OC), acetate (R?=0.77 BB, R’=0.55
0C), glycolate (R* =0.81 BB, R’=0.72 OC), pyruvate (R°=0.87 BB, R?*=0.59 OC), and
hydroxymethane sulfonate (R?=0.65 BB, R?=0.71 OC) indicating that in-cloud processing

could have also been the source of the oxalate outside of period 2 as well.
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Figure 6.8. Size-resolved peak areas of oxalate (m/z -89), sulfate (m/z -97) and cloud or
aqueous processing markers glyoxylate (m/z -57), acetate (m/z -59), glycolate (m/z -75),
pyruvate (m/z -87), and hydroxymethane sulfonate (m/z -111) on the BB (top) and OC
(bottom) particle types during period 2.
6.4.4 Air mass back trajectories

Airborne measurements during CIFEX showed an influence from long-range transport
from Asia, clean marine boundary layer, and North American emissions [Roberts et al., 2006].
The air mass back trajectory during the 1% and 2™ oxalate periods was from the north, along
the coast and over Oregon and Washington (Figure 6.9). Flights during these days indicated
the influence of cloud processed aerosol only, no long range transport [Roberts et al., 2006].
Ground-based air masses were passing close to 3000 m (Figure 6.9); indicating possible
infiltration of the boundary layer and clouds. As both period 1 and period 2 had similar air

mass back trajectories, there must be other explanations for the differences in these events.

Because the air masses could have infiltrated the boundary layer and clouds, and there are
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high correlations between oxalate and sulfate; in-cloud processing as the main source of
oxalate on the BB and OC particles is highly probable during period 2 [Yang et al., 2009]. The
diurnal behavior of the oxalate, similar to photochemical marker nitrate in addition to the low
correlation with sulfate suggests a regional or local photochemical source of the oxalate, most
likely due to heterogeneous reactions, as nitrate on sea salt is usually an indication that a

heterogeneous reaction has taken place [Sullivan and Prather, 2007].
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Figure 6.9. HYPLIT back trajectories during the April 11 — 13 event (left). Each trajectory is
at 500 m for 48 hours. One particular back trajectory is highlighted (upper right) showing the
time lapsed altitude of the 250, 500, and 1000 m back trajectories (bottom right).

6.5 Atmospheric Implications

During CIFEX, the mixing state of oxalate-containing particles was measured at a
remote marine environment by direct ground-based measurements using an ATOFMS single-

particle mass spectrometer. Oxalate was frequently detected in single particle spectra with
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22% of submicron and 3% of supermicron particles containing oxalate. There were two
distinct oxalate events; during the 1% period, supermicron oxalate was predominantly mixed
with the aged sea salt particle class, while during the 2" period oxalate was found to be
internally mixed with sulfate in the submicron size range, and found mainly on the biomass
burning and organic carbon particle classes. Enrichment of oxalate on the aged sea salt type
during the 1% period and similar diurnal behavior of nitrate and oxalate on the aged sea salt
particle type indicate a photochemical source of oxalate for this period. During the 2" period
the preferential enrichment of oxalate and sulfate on biomass burning and carbonaceous
particles, and correlations between oxalate and other cloud or aqueous markers on these
particle types, both temporally and size-resolved, suggests an in-cloud processing source of
oxalate for this period. Evidence of air masses possibly infiltrating the boundary layer and
clouds, further supports in-cloud processing as the main source of oxalate on the BB and OC
during period 2.

While it can be very difficult to distinguish between the sources of oxalate, particles
that undergo long-range transport most likely undergo in-cloud or aqueous processing.
However, the extent to which the in-cloud processing contributes to particulate oxalate, which
strongly depends on the original particle hygroscopicity, and other sources of oxalate, is still
not well understood. Further investigation is needed to determine the factors that control the
main oxalate production mechanisms in different environments. Better understanding of the
production of oxalate in the condensed phase via in-cloud processing has important
implications for understanding the mechanism of a major source of secondary organic aerosols
(SOA). Oxalic acid is a very soluble organic acid that can changes the ability of a particle to
act as CCN, thereby affecting particle lifetime, aerosol-cloud interactions, and radiative
forcing, and thus understanding its sources and partitioning in the atmosphere is important to

provide insight into the mechanisms involved.
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Chapter 7

Conclusions

7.1 Synopsis

The research in this dissertation focuses on the chemistry of atmospheric aerosol
particles, relating how chemistry impacts cloud properties. Chapter 2 describes the effect of
organics on the CCN activity of sea spray aerosols. Chapter 3 compares the particle mixing
state, CCN activity and estimated hygroscopicity of particles produced during the wildfire
events in San Diego County in 2007 and 2008. Chapter 4 investigates particle mixing state
and estimates the hygroscopicity of mineral dust at Owens Lake. Chapters 5 & 6 explore
particle mixing state, optical properties, and estimated hygroscopicity during the Cloud

Indirect Forcing Experiment (CIFEX).

7.2 Conclusions

7.2.1 Sea spray aerosol conclusions

The effect of organics on the CCN activity of sea spray aerosol produced by bubbling
artificial seawater (ASW) and NaCl solutions was investigated. The organic materials range
from simplistic model systems to more complex mixtures produced by representative marine
microorganisms. Mixtures of aqueous NaCl with a single surface-active organic, oleic acid or
sodium dodecyl sulfate, in solution showed a small increase in CCN activity by a decrease in
activation diameter. However, no significant shift in CCN activity was observed for sea spray

aerosols produced from ASW-complex organic solutions produced by biological activity

240
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from microorganisms Synechococcus and Ostreococcus. These observations suggest the
formation of a neat film could occur on the top layer of the seawater when using the pure
surfactants, causing a decrease in surface tension and therefore causing the increase in CCN
activity observed. For the more complex organic mixtures, the microorganisms most likely
produced many different types of organic species with a broad range of properties. While there
was a large fraction of carbon in the particles (~27%) for this case, there was no net change in
CCN activity. This was due to the decreased surface tension of the particle being offset by the
decrease in solute from the displaced salt [Asa-Awuku et al., 2009; Asa-Awuku et al., 2007;
Asa-Awuku et al., 2010]. These findings indicate that organic matter from primary production
in the ocean, when incorporated into sea spray aerosol particles, can cause a change in sea salt
aerosol CCN activity. However, this is strongly dependent on the type and complex mixture of
the organic compounds. These changes in CCN activity for both the NaCl and ASW
experiments mixed with surfactants and microorganisms account for < 3% of a change in
CCN number concentrations over the remote marine boundary layer and did not result in a
change in the size distributions of particles produced. This shows that under “bloom”
conditions, changes in CCN concentrations due to chemical changes from inclusion of marine
biological organic material from these two specific microorganisms would have a negligible
effect on cloud formation from their resulting sea spray aerosol. These experiments cannot
comprehensively address the role of organics from other microorganisms for the entire SSA.
Another recent study showed a decrease in CCN activity of sea spray aerosol due to organics
produced by 4 different microorganisms, highlighting the importance of the particular type of
microorganism and biological activity in the ocean on the CCN activity[Fuentes et al., 2010].
While primary production from the ocean may add significant amounts of organic material to
sea spray aerosols, this study shows how, as least for the specific microorganisms

investigated, the net effect on CCN activity is relatively small. This can most likely be
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accounted for by the existing large fraction of water-soluble salts having the largest effect on
CCN activation.
7.2.2 Biomass burning aerosol conclusions
Aerosol size and composition were measured in real-time and particle hygroscopicity
estimated from CCN measurements during the 2007 and 2008 wildfire events in San Diego.
The contribution of wildfire emissions were much larger and played a more significant role in
affecting CCN and CN concentrations in 2007 than in 2008. During both of these studies,
chemical measurements showed that biomass burning was the dominant particle type for
sizes 100-300 nm. Particle size distributions indicate that 2007 was dominated by biomass
burning emissions with size modes (~125-190 nm), while in 2008 emissions were dominated
by local pollution sources with much smaller particle size modes (~35-95 nm).
Hygroscopicity parameter x ranges were 0.018-0.089 in 2007 and 0.01-0.2 in 2008. The
overall particle hygroscopicity (x) during the BBA dominant periods (periods 1-3 in 2007;
period 1 in 2008) was very similar (~0.04), however in 2008, the particle hygroscopicity was
dominated by local sources rather than biomass burning, due to the much smaller particle size
mode. In 2007, the two main BBA types were BB nitr-sulf and BB sulf-nitr; while in 2008
BB sulf-nitr and Aged BB were the main types. Even though the BBA chemical signatures
were different between the years, they had similar hygroscopicities. However, due to the
larger sizes and soluble material on the BBA, they were mostly CCN active. Hygroscopicity
parameter values were within previously measured values from various BBA sources (0.01-
0.7), and close to that of soot-rich biomass (0.01), ponderosa pine (0.04) and fresh
anthropogenic emissions (0.05). Activation diameters at 0.3% SS were 117 — 195 nm for
2007 and 90-235 nm in 2008. By varying the hygroscopicity parameter x by £ 50% resulted
in changes in CCN number concentrations within 15% for 2007, while in 2008 resulted in a

<3% change in CCN number concentrations for the main biomass burning dominated
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periods. The difference in CCN concentration changes in 2007 and 2008 reflects the large
differences in particle size distributions and biomass burning influence. The activation
diameters in 2007 were around the main particle size mode (~100-200 nm), which was
attributed to the large impact of biomass emissions that year. In 2008, the activation
diameters were much larger (90-235 nm) than the particle size mode (~40-60 nm) and
varying the hygroscopicity did not have as large an effect as most of the particles were too
small to activate regardless. This reflects the much lower influence of larger-sized biomass
burning and the much larger impact of the smaller-sized local emissions that year.
7.2.3 Mineral dust aerosol conclusions
Aerosol size and composition were measured in real-time and particle hygroscopicity
was estimated from CCN measurements at Owens Lake in November of 2009, during two
dust storm events. During both dust storm events, single particle chemistry showed a small
shift in both sub- and supermicron particle types from a salt-like dust to an alumina-silicate
type dust. The absence of the more salt-like dust during the dust events is because the salt-like
dust is associated with the dry-lake bed only and the prevailing winds from the south
transported it away from the sampling site. The first real-time ambient CCN measurements at
Owens Lake show a median xg; value of 0.05 and a xpg value of 0.03. The activation
diameters at 0.1%-0.7% SS were 129-300 nm for the whole study excluding dust events, 310
nm for the 1 dust event (0.08%SS static only) and 129-280 during the 2™ dust event.
Hygroscopicity parameter x ranges were 0.01 (0.7%SS) — 0.05 (0.1%SS) during the whole
study excluding dust events and were similar to the 2™ dust event, 0.01 (0.7% SS) — 0.06
(0.1% SS). Changes in x + 50% resulted in changes in CCN concentrations within <1% at
0.1% SS and < 7% SS during the entire study excluding dust events. Changes in x £ 50%
during the 2™ dust event resulted in changes in CCN concentrations <2% at 0.1% SS and <

16% at 0.7 SS. The difference in CCN concentrations for the entire study excluding dust
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events and the 2™ dust event reflects the large differences in the particle size distributions and
influence of ultrafine and dust particles. During the non-dust events, there were strong
influences of ultrafine particles that produced a large particle mode ~20 nm which was not
present during the dust events. Changes in hygroscopicity during the non-dust event periods
do not result in large changes in CCN concentrations, as the majority of the particles were ~20
nm and would not activate regardless of the supersaturation due to their small size. However,
during the dust events, the main particle size mode is instead ~100 nm, closer to the activation
diameter range, and therefore changes in hygroscopicity had a larger effect on CCN
concentrations. Most of the dust particles observed during the events were ~ 100-4000 nm and
the dust > 200 nm was observed to have soluble nitrate, chloride and sulfate. Therefore, a
majority of the dust particles are large enough and would activate to become CCN (or GCCN).
As most of the particles > 500 nm were dust and most CCN were > 500 nm at 0.1% S, the
dust needs to be CCN active to explain the NCCN observed.

Soil and suspended dust samples collected from the lake and run offline show similar
chemistry and hygroscopicity (x ~0.04-0.8) to the field measurements, as well as previous to
offline measurements (~0.05-1) [Koehler et al., 2007]. Even though the different samples
were observed to be heterogeneous and collected from various locations on the lake bed, the
differences in particle chemistry and overall spread in x values was moderate. No significant
change within the uncertainty of the study in particle hygroscopicity or CCN activity occurred
concurrently with the change in mixing of particle classes during both dust events, indicating
that the large dust particles were completely CCN active; and the smaller, fresher particles,
most of which are below the chemical detection limit, are dictating the hygroscopicity. While
there were very high amounts of nitrate on just about every type of dust with no clear
enhancement on any particle type or size range; we suggest that because the dust particles

already have significant amounts of soluble species, and therefore the additional nitrate from
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atmospheric processing would not significantly affect the hygroscopicity. Most of the dust
particles are large enough and would activate to become CCN regardless of their
hygroscopicity. Due to the large contribution of the large dust to CCN concentrations at low
supersaturations during the dust events, the dust storms should enhance CCN and possibly ice
nuclei (IN) in the regional clouds, however it remains to be seen how the dust affects the
radiative properties of the clouds.
7.2.4 CIFEX measurements conclusions

Aerosol size, composition, light absorption and scattering and particle hygroscopicity
estimated from CCN measurements were measured in real-time during the 2004 CIFEX study.
Sub- and super-micron sea salt particles made up the largest fraction of all observed particle
types; with over half of the sea salt being aged. In the sub-micrometer mode, a significant
fraction of particles contained organic carbon, elemental carbon with organic carbon and
biomass burning with a notable increase in biomass burning on April 13", A large increase in
aromatic-containing particle counts and aromatic markers on the biomass burning and dust
particles on April 13" coincided with a large increase in total particle absorption and
scattering, increase in sub-micrometer particles, and a large increase in total submicron
particles from biomass burning. The particle types with the highest percentage of aromatic-
containing particles were biomass burning, organic carbon, and dust. Most interestingly, a
subset of the organic carbon particles, high mass organic carbon representative of humic-like
substances (HULIS), had a very strong correlation with all aromatic-containing particle
counts, indicating that HULIS or brown carbon associated with biomass burning is a
significant source of particle absorption, as has been shown previously. Throughout the study
biomass burning and dust particles had little to no correlation with the particle optical
behavior, however, upon association with aromatic compounds a considerable increase in total

particle absorption occurred, highlighting the importance of particle mixing state on aerosol
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optical properties. Aerosol hygroscopicity parameter (x) had a median value of 0.49, between
the average continental value of 0.27 and average marine value of 0.72, indicating a mix of
both continental and marine influences during the course of this study, as was supported by
particle composition measurements.

During CIFEX, oxalate was frequently detected in single particle spectra with 22% of
submicron and 3% of supermicron particles containing oxalate. There were two distinct
oxalate events; during the 1st event, supermicron oxalate was predominantly mixed with the
aged sea salt particle class, while during the 2nd event oxalate was found to be internally
mixed with sulfate in the submicron size range, and found mainly on the biomass burning and
organic carbon particle classes. Enrichment of oxalate on the aged sea salt type during the 1st
event and similar diurnal behavior of nitrate and oxalate on the aged sea salt particle type
indicate a photochemical source of oxalate for this event. During the 2nd event, the
preferential enrichment of oxalate and sulfate on biomass burning and carbonaceous particles,
and both temporal and size-resolved correlations between oxalate and other cloud and agqueous
markers on these particle types suggests in-cloud processing as the source of oxalate for this
event.

7.2.5 Overall mixing state and hygroscopicity conclusions

Overall particle hygroscopicity and mixing state are most important in determining
CCN concentrations when the main particle size mode of the aerosol is close to the activation
threshold of the aerosol. For sea spray aerosol, the CCN activity of the particles depends on
the particular source of biological activity, indicating the importance of the particular type of
microorganism on the CCN activity of sea spray aerosol. During the wildfire studies,
simultaneous measurements of particle mixing state and hygroscopicity were measured for the
first time in San Diego and indicate that varying the hygroscopicity of the biomass burning

aerosol strongly influenced the CCN concentrations in 2007 when the biomass burning
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dominated the chemistry of the activation threshold. However, in 2008, varying the
hygroscopicity of the biomass burning did not significantly influence the CCN concentrations
due to the domination of the activation threshold by local emissions much smaller in size.
During the Owens Lake study, first time particle mixing state measurements simultaneous
with hygroscopicity indicate that the mineral dust contributes significantly to CCN
concentrations during dust events at low supersaturations ~0.1%. The mineral dust was
completely CCN active because it was large and moderately hygroscopic, therefore CCN
concentrations were dominated by the changes in hygroscopicity around the activation
threshold. Care needs to be taken in oversimplification of the effects of both particle size and
chemistry [Dusek et al., 2006], as simultaneous particle chemistry changes with size and
cannot be separated. An average hygroscopicity does not explain all of the effects on CCN
concentration, especially if the chemistry is significantly changing around the activation

diameter threshold.

7.3 Remaining questions and future work

While the research described in this dissertation has helped to strengthen the
understanding of the relationship between aerosol particle chemistry and its effect on cloud
condensation nuclei activity, further research in this field is required to more fully understand
the interactions between particle chemistry, atmospheric chemistry, cloud nucleation, and
climate change. A brief list of some of the major outstanding questions and suggested future
work are covered in the following sections.

7.3.1 Overall future work

Although single particle chemical mixing state measurements were compared to

particle hygroscopicity, the hygroscopicity measurements were made for the entire particle

size range, while the chemical measurements had a lower size limit of 100-200 nm. Therefore,
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the chemical measurements were used as a proxy to understand how the chemistry of the
particles below the size detection limit could be affecting hygroscopicity. As the activation
threshold in the atmosphere is ~40-200 nm, future measurements need to include single
particle mixing state measurements down to 40 nm. Such a method has been developed, which
couples a growth tube (GT) to an ultrafine aerosol time of flight mass spectrometer (UF-
ATOFMS) to allow measurements of the composition of individual particles as small as 38
nm by using water to grow particles to larger sizes so they can be optically detected by the
UF-ATOFMS [Zauscher et al., 2011]. As particles are varied in composition around the
activation threshold, an additional chemical effect on CCN activity is expected with chemical
measurements of smaller particle sizes. The GT-UF-ATOFMS was deployed in parallel to a
CCN in the field, and future single particle mixing state measurements will be able to compare
hygroscopicity to the chemical composition of a much larger size range of particles, further
improving our understanding of aerosol cloud interactions. Additionally, size-selected CCN
spectra measurements will further improve the ability to compare the single particle
measurements to hygroscopicity. Having hygroscopicity estimates over many discrete size
ranges will improve the ability of a direct comparison of mixing state to CCN activity without
needing to assume an internal mixture for all particles of all sizes. Size-selection before the
CCN will allow a direct comparison of particle chemistry and hygroscopicity over specific
size ranges, and the range of activation diameters measured will be further expanded by
collection of CCN spectra (CCN concentration as a function of supersaturation), improving
the range of chemical sensitivities measured.
7.3.2 Sea spray aerosol further questions and future work

What is the effect of organic matter from many different microorganisms on the CCN

activity of sea spray aerosol? What effect could this have on the climate?
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Recent experiments relating the CCN activity of primary sea spray aerosol and
phytoplankton-derived organic matter show a decrease in hygroscopic growth and CCN
activity associated with the addition of organics [Fuentes et al., 2010]. Additionally, there
were notable differences in CCN activity and hygroscopic growth between different types of
organisms; diatomaceous associated organic matter was more hydrophobic than nanoplankton
associated organic matter [Fuentes et al., 2010]. This clearly illustrates the need for further
experiments involving increasing numbers of different marine microorganisms, including
detailed analysis of the organic material associated with these microorganisms, to better
understand the effect of marine organic matter from different sources of primary production
on the CCN activity and hygroscopic growth of sea spray aerosols.

7.3.3 Biomass burning aerosol further questions and future work

What is the net effect of biomass burning aerosol on climate? How does the mixing
state and chemistry of the biomass burning aerosol influence its effect on climate?

While biomass burning aerosol can contribute a large amount of CCN which can
increase cloud reflectivity and therefore have a cooling effect [Lewis et al., 2009; Ramanathan
et al., 2001; Wilcox, 2010]; the black carbon produced during the biomass combustion process
has high absorption, which has a warming effect [Hopkins et al., 2007; Lewis et al., 2009;
Ramanathan et al., 2001; Wilcox, 2010], therefore the net effect on climate is highly uncertain
[Ramaswamy et al., 2001; Solomon et al., 2007]. The balance of the warming and cooling
effects depend on the quantity and optical properties of the absorbing smoke aerosol, in
addition to the optical thickness and fractional coverage of the clouds [Wilcox, 2010]. Organic
carbon that absorbs in the UV range, or brown carbon, is also a significant source of particle
absorption [Andreae and Gelencser, 2006; Moosmueller et al., 2009]. A recent study
highlights that spherical organic carbon particles, or tar balls, produced during smoldering

biomass burning combustion are an important source of brown carbon [Chakrabarty et al.,
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2010]. Their sensitivity calculations show that accounting for the absorption from brown
carbon during smoldering biomass burning may cause an increase in additional atmospheric
absorption and warming [Chakrabarty et al., 2010]. As smoldering combustion produces close
to three quarters of the global total carbonaceous aerosol mass [Einfeld et al., 1991], this
should have a significant impact on the Earth’s radiation balance. In addition to continued
studies such as those presented in this dissertation and other manuscripts [Carrico et al., 2008;
Carrico et al., 2010; Petters et al., 2009] that examine the relationship between biomass
burning aerosol composition, burning conditions and CCN activity; additional measurements
of aerosol absorption and scattering of biomass burning aerosol, such as [Hand et al., 2010;
Hopkins et al., 2007; Levin et al., 2010; Lewis et al., 2009], are also needed to help understand
the net effect of biomass burning on the climate.

7.3.4 Mineral dust aerosol further questions and future work

How does Owens Lake mineral dust affect cloud properties in the region? Does it
enhance or suppress precipitation? How does fresh Owens Lake mineral dust react with gas
phase nitrogen-containing compounds and how does this affect their hygroscopicity?

Studies have suggested that mineral dust suppresses precipitation [Klueser and
Holtzer-Popp, 2010; Li and Min, 2010; Min et al., 2009; Rosenfeld et al., 2001], while other
studies show that mineral dust can also can enhance precipitation [Rudich et al., 2002; Teller
and Levin, 2006; van den Heever et al., 2006]. Due to the large sizes and moderate
hygroscopic nature of Owens (dry) Lake dust, it appears that the dust would most likely
enhance precipitation. Further studies on the radiative cloud properties before, during, and
after Owens Lake dust events are needed to confirm this hypothesis and to gain insight into
the regional climate impacts.

Additionally, mineral dust is a reactive surface for heterogeneous reactions with trace

gas phase species in the atmosphere. These reactions can alter the physiochemical properties
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of the dust particles as well as modify the chemical composition of the troposphere [Navea et
al., 2010]. The reactivity of mineral dust aerosol to heterogeneous reaction is highly
dependent on their mineralogy and composition [Krueger et al., 2004; Mogili et al., 2006;
Navea et al., 2010; Sullivan et al., 2007; Usher et al., 2003], as well as the relative humidity
of the atmosphere [Al-Abadleh et al., 2005; Gibson et al., 2006; Goodman et al., 2001;
Goodman et al., 2000; Liu et al., 2008; Mashburn et al., 2006; Sullivan et al., 2009a; Vlasenko
et al., 2006; Wagner et al., 2009]. Owens lake ambient mineral dust showed a high prevalence
of nitrate on all types of dust, for the entirely of the study with no apparent dependence on
relative humidity. The presence of nitrate on the dust particles most likely increased the
hygroscopicity, as has been previously shown [Gibson et al., 2006; Sullivan et al., 2009a;
Sullivan et al., 2009b]. The actual increase in hygroscopicity of the source dust once reacted
with nitric acid was not able to be determined from the results; therefore further laboratory
experiments examining the uptake of nitrogen-containing gases on the different unreacted
Owens Lake source dust samples and the resulting changes in particle hygroscopicity and
CCN activity over a range of relative humidity are needed.
7.3.5 Oxalic acid/oxalate further questions and future work

How do changes in hygroscopicity and optical properties evolve over time in the
atmosphere as a function of particle chemistry and the mixing state of the aerosol? What are
the factors that control which oxalate production mechanism dominates in specific
environments? What effect does aqueous phase production of oxalate have on SOA and what
implications does this have for climate?

In addition to being a marker for in-cloud processing, oxalic acid has also been shown
to be hygroscopic and CCN active [Ervens et al., 2004; Sorooshian et al., 2006; Yu, 2000].
The extent to which the in-cloud processing contributes to particulate oxalate, which strongly

depends on the original particle hygroscopicity, and when other sources of oxalate are
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involved, is still not well understood. Further investigation is needed to determine the factors
that control which oxalate production mechanism dominates in specific environments.
Additionally, a recent study shows that most of the oxalic acid present in the aerosols
is in the form of metal-oxalate complexes which are not hygroscopic and do not make good
CCN [Furukawa and Takahashi, 2010], as has been shown previously [Sullivan et al., 2009b].
As knowledge of the contribution of WSOC is essential for predicting the hygroscopicity of
ambient aerosol [Chang et al., 2007; Mircea et al., 2005; Rissler et al., 2004; Roberts et al.,
2002]; further study is needed into the mixing state of oxalate in different types of ambient
aerosol in different environments to determine the possible effects on CCN activity and

hygroscopicity.
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Appendix 1

Preliminary Bubbling Experiments

Al.1 Objective

To observe the effect of surfactant on the morphology of sea spray aerosol (SSA)
produced from air bubble bursting. These experiments were preliminary to those of Chapter 2,
“Effect of Organic Compounds on Cloud Condensation Nuclei (CCN) Activity of Sea Spray

Aerosol Produced by Bubble Bursting.”

Al.2 Methods and materials
Al.2.1 Laboratory generation of sea salt aerosol

The bubble bursting apparatus that was used to generate particles in these experiments
is an L-shaped sintered glass filter with porosity “C” rated at 25-50 um (Ace Glass Vineland,
NJ) was immersed 2 cm below each of the 100mL sample solutions in a 320z Mason jar
(approximately 3” D x 7“H). The glass filter was attached to a 1/8” stainless steel tube that
protruded from a hole in a stainless steel cap on the jar. Another hole in the cap allowed for an
additional 1/8” stainless steel tube to supply the sheath air. This sheath tube did not go below
the surface of the water, it was approximately 1 cm from the surface and was bent in a spiral
motion to have the flow almost perpendicular to the surface and towards a 3" hole, the exit
port of the cap. All holes were sealed with o-rings and ferrules to prevent contamination with
outside air. The glass was combusted for 4 hours at 450 °C to help prevent organic
contamination. The stainless steel components were cleaned by sonicating in water for 72

hours total prior to use; 24 hours with tap water, 24 hours with distilled water and 24 hours
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with ultra pure deionized water to remove contamination. A flow of 30 cm®min dry filtered
nitrogen flowed through the glass filter to produce bubbles. Approximately 1 cm above the
solution, a sheath flow (“surface wind”) flowed perpendicular to the solution surface with a
flow of 1500 cm®min dry filtered nitrogen to take ejected and suspended seawater droplets
away from the bubbling chamber. The wet seawater droplets from the bubbling chamber were
then sent through a glass flow tube where they were diluted with 6000 cm®/min dry filtered
nitrogen, letting the droplets dry up and form solid SSA with RH < 25%. The RH and
temperature were measured by a hygrometer (Vaisala, HMP45AC, accuracy +1.5% RH). The
flow tube had an inner diameter of 6.1 cm and was 120 cm long. At a flow rate of 6000
cm®/min, the Reynolds’s number was 136, corresponding to a laminar flow regime.
Al.2.2 SEM collection

To collect sea spray aerosols generated in the laboratory bubble bursting experiments
for off-line single particle analysis via, 12 mm OD carbon conductive tab substrates, 12mm
OD (PELCO Tabs™, Ted Pella Inc.) were used. Substrates were attached to a Micro-orifice
uniform deposit impactor (MOUDI) foil and placed on stage 2 (>5.6um) and 9 (<0.1um). All
other stages in the MOUDI used foil only. The aerosol output of the bubbler was sent through
a glass flow tube and diluted with 6000 cm*min dry filtered nitrogen (RH < 25%). After the
flow tube, the aerosol was then diluted with dry nitrogen ~25 Ipm into the MOUDI, with a
HEPA vent on the MOUDI inlet having an excess flow of approximately 1 Ipm. A Phillips
XL30 field emission scanning electron microscope (SEM) was used to take the images.
Energy dispersive x-rays (EDX) were used to determine the elemental composition whenever
possible. Due to the presence of carbon in the substrate, EDX was not able to distinguish

between carbon in the samples and carbon from the substrate.
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Al.2.3 Model seawater solution and seawater collection

Salt solutions, either 3.5% by weight NaCl (99.999% Sigma), MgCl, (98%,Aldrich)
or 3.5% sea salts (No purity stated, Sigma) in Mill-Q water were used as model seawater in
the experiments. Fresh seawater was collected from the Scripps Institution of Oceanography
(SI0) Pier (32° 51'47.232"N, 117° 1521.6"W) 400 meters over the water from the beach by
extending a weighted Nalgene jar (rinsed 3x with seawater before collection) into the ocean
from 12 meters above sea level and placed in a combusted 32 0z Mason jar (rinsed 3x with
seawater before collection).
Al.2.4 Addition of organic surfactant to salt solutions

1000 pl of a concentrated solution of 0.025 mg/ml 4-dodecyloxyphthalonitrile (99+%,
TCI America) in hexanes (99.95%, EMD OmniSolv) was then added to the surface of the sea
water solution that was to be bubbled. After adding the surfactant, only the sheath air flowed
to allow the hexane to evaporate for 15-20 min, leaving only the surfactant on the surface.
After the 15-20 min pre-preparation, both sheath and bubbling air were turned on and
generation of sea spray aerosol was initiated. The surfactant added to the solution surface with
an automated pipet.
Al1.2.5. Laboratory preparation of large crystal droplets from bulk salt solution
mixtures

A drop of salt solution was applied directly to the surface of the SEM grid via pipet.
To add surfactant, an additional drop of concentrated surfactant solution was applied directly
to the salt solution droplet on the SEM grid. Grids were stored under dry nitrogen until they

were viewed by the SEM to ensure that the drops had crystallized (at least 24 hours).
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Al1.3 Results
Al1.3.1 Effect of surfactant on large crystal droplets from bulk salt solution

mixtures

A1.3.1.1 SIO Seawater without and with surfactant

200 pm

Figure Al.1. SIO Sea water bulk crystal droplet on SEM substrate. EDX shows the
predominant composition of the large square crystals is Na and CI.
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Figure Al.2 SIO Sea water bulk crystal droplet with surfactant on SEM substrate. Presence of
surfactant caused separate domains of Mg-rich (spiked parks) and Na-rich (smooth square
parts).

A1.3.1.2 NaCl and MgCl, (1:1) with and without surfactant

o,'CI?\AgL;Na_

" A ' ‘? _%
el Mg

Figure A1.3. NaCl:MgCl, (1:1) bulk crystal droplet on SEM substrate. EDX shows the
predominant composition of the crystal is Na,Mg,Cl and O.
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Figure Al.4. NaCl:MgCl, (1:1) bulk crystal droplet with surfactant on SEM substrate.
Presence of surfactant caused separate domains of Mg-rich (smoother, darker parks) and Na-
rich (lighter parts made up of many small squares).

A1.3.1.3 Summary of effect of surfactant on large crystal droplets from bulk salt solution
mixtures

The morphology of the salt drops change with surfactant if Mg?" cations are present.
Surfactant can lead to a segregation into separate Mg-rich and Na-rich domains. These large

crystals show a large effect of surfactant in presence of Mg?*.
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Al.3.2 Effect of surfactant on aerosol morphology

A1.3.2.1 Effect of surfactant on NaCl aerosol

Figure A1.6. NaCl aerosol particles with surfactant on SEM substrate.
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A1.3.2.2 Effect of surfactant on NaCl and MgCl, (8:1)

Sp et W
10.00 kV 3.0 0 SIS XLTIF

Figure A1.7. NaCl:MgCl, (8:1) aerosol particles on SEM substrate.

Na and Mg

Figure A1.8. NaCl:MgCl, (8:1) aerosol particles with surfactant on SEM substrate. It is
observed that with a negligible amount of surfactant, one can see morphology changes in the
aerosol phase.
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A1.3.2.3 Summary of effect of surfactant on aerosol morphology
The morphology of the aerosol particles change with surfactant if Mg®* cations are
present. Surfactant can lead to segregation into separate Mg-rich and Na-rich domains. These

sea salt aerosol particle experiments show a large effect of surfactant in presence of Mg?*.
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Appendix 2

CIFEX mineral dust mixing state analysis

A2.1 Objective

Previous studies have shown that the uptake of secondary acids depended on the
individual dust particle mineralogy. During ACE-Asia, high amounts of nitrate accumulated
on calcium-rich dust while high amounts of sulfate accumulated on aluminosilicate-rich dust
[Sullivan et al., 2007]. These results have implications for dust particle hygroscopicity, as
mineralogy dictates solubility. Aged dust particles, such as calcium sulfate and calcium
oxalate have been shown to not be significantly more hygroscopic than a fresh dust proxy,
calcium carbonate; while calcium nitrate and calcium chloride are significantly more
hygroscopic [Sullivan et al., 2009].

A detailed analysis of the mixing state of the mineral dust particle type during CIFEX
showed that once the dust particles became internally mixed with sea salt that the original

mineralogy of the dust no longer seemed to influence the uptake of secondary acids.

A2.2 Methods and materials
A2.2.1 Sampling location

The Cloud Indirect Forcing Experiment (CIFEX) took place at Trinidad Head, CA
(41.05N, 124.15W, 107m above sea level) from April 1- 21, 2004. Trinidad Head is a clean
marine monitoring site that is periodically influenced by long-range transport from Asia across
the Pacific. The aerosol was sampled from the summit at Trinidad Head through a 10m

sampling stack run by NOAA’s Global Monitoring Division (GMD, formerly Climate
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Monitoring and Diagnostics Lab). The sampling line was relative humidity (RH) controlled to
55% by heating. The flow from the RH conditioner was then sent into a stainless steel
sampling manifold and split off to the various instruments. During the study, there were two
significant precipitation events; one from April 14 -16 and a second from April 20- 22.
A2.2.2 ATOFMS data analysis

A total of 598,515 single particle mass spectra were collected over the course of the
study. Analysis based on particular mass spectral features within the data set was performed
with a Matlab-based (ver. 6.5.1) toolset, YAADA (ver. 1.2) (http://www.yaada.org). The
single particle data was automatically sorted and grouped into clusters of particles with similar
mass spectral characteristics using the adaptive resonance theory neural network algorithm,
ART-2a [Song and Hopke, 1999]. The main user-defined parameters for ART-2a are the
learning rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80,
respectively [Rebotier and Prather, 2007]. The 50 largest particle clusters, representing over
95% over the total particles were classified as mineral dust, biomass burning, aged sea salt,
fresh sea salt, organic carbon (OC), elemental carbon with organic carbon (ECOC), vegetative
detritus, magnesium-rich, sea salt-EC and amine [Holecek et al., 2007]. The appearance or
nonexistence of secondary aerosol species like nitrate, sulfate and ammonium was not used as
part of the previous classifications except for sea salt particles. The differentiation between
aged and fresh sea salt is determined by the presence of large sulfate and/or nitrate peaks in
the average mass spectrum for a particular cluster. “Aged” (other than for sea salt) means that
the particles had peak areas of sulfate (m/z -97), nitrate (m/z -62) or chloride (m/z -35) >

5000.
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A2.3 Results

Figure A2.1 shows ternary plots of mixing state of single particle “filtered” mineral
dust with secondary species for the whole study (5% of total mineral dust particles). “Filtered”
dust is not internally mixed with sea salt (SS) or mistaken for biomass by requiring the peak

areas of ®*Na,Cl" <100 and ¥Al* >5000 [Sullivan et al., 2007].
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Figure A2.1. Comparison of secondary markers on all filtered dust particles. Each marker is
one single particle and shows the mixing between different dust markers. Top left is
ammonium vs chloride, nitrate and sulfate. Top right and bottom center are sulfate and nitrate

vs aluminum, iron and calcium.

Figure A2.1a (top left) shows that sulfate-rich dust particles are externally mixed from
nitrate- and chloride-rich particles. Ammonium is preferentially mixed with sulfate-rich over
nitrate- and chloride-rich dust, most likely indicating that the particles were not fully

neutralized and ammonium first reacted with the strongest acid, sulfuric acid. Figure A2.1b
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and c¢ (top right, bottom) show the mixing of nitrate and sulfate, respectively, between
calcium-, aluminum- and iron-rich dust. Nitrate is more associated with the calcium-rich dust
while sulfate is more associated with aluminum-rich dust. This difference in uptake of

secondary acids being dependent on individual dust mineralogy has been shown previously

[Sullivan et al., 2007].
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Figure A2.2. Comparison of secondary markers on all dust particles not internally mixed with
SS. Each marker is one single particle and shows the mixing between different dust markers.
Top left is ammonium vs chloride, nitrate and sulfate. Top right and bottom center are sulfate
and nitrate vs aluminum, iron and calcium.

Figure A2.2 shows ternary plots of mixing state of single particle non-sea salt dust
(*'Na,ClI* <100 only, 33% total dust), with secondary species for the whole study. Figure

A2.2a (top left) shows that sulfate-rich dust particles are not completely externally mixed from

nitrate- and chloride-rich particles. Ammonium is preferentially mixed with sulfate-rich
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particles, most likely indicating that the particles were not completely neutralized. Figure
A2.2b and c (top right, bottom) show the mixing of nitrate and sulfate, respectively, between
calcium-, aluminum- and iron-rich dust. Nitrate and sulfate do not indicate a preference of Ca-

or Al-rich dust.
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Figure A2.3. Comparison of secondary markers on all Al-rich dust particles. Each marker is
one single particle and shows the mixing between different dust markers. Top left is
ammonium vs chloride, nitrate and sulfate. Top right and bottom center are sulfate and nitrate
vs aluminum, iron and calcium.

Figure A2.3 shows ternary plots of mixing state of single particle Al-rich dust (*’Al*
>5000 only, 34% total dust), with secondary species for the whole study. Figure A2.3a (top
left) shows that sulfate-rich dust particles are not completely externally mixed from nitrate-

and chloride-rich particles. Ammonium is preferentially mixed with sulfate-rich particles,

most likely indicating that the particles were not completely neutralized. Figure A2.3b and ¢
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(top right, bottom) show the mixing of nitrate and sulfate, respectively, between calcium-,
aluminum- and iron-rich dust. Nitrate and sulfate do not indicate a preference of Ca- or Al-
rich dust.

The differences in the observed mixing state of the dust under different filtration
parameters indicate that once the mineral dust particles become internally mixed with sea salt,
or are not strongly associated with aluminum/alumina-silicates, that the original mineralogy of
the dust no longer seems to influence the uptake of secondary acids. Additionally, Al-rich dust
particles tend to have increased external mixing of nitrate and sulfate compared to non-Al-rich
dust. The segregation of the sulfate from the nitrate and the chloride indicates that sulfate
accumulated on the dust first [Sullivan et al.,, 2007]. These findings have important
implications for CCN activity, as it has been shown previously that the mixing state of mineral
dust is very important in determining its hygroscopicity [Sullivan et al., 2009]. Not all
atmospherically processed mineral dust becomes more hygroscopic with atmospheric
processing, as calcium sulfate and calcium oxalate, two examples of aged mineral dust, are
non- hygroscopic; while calcium nitrate and calcium chloride, two additional examples of
aged mineral dust, are very soluble and have hygroscopicities similar to that of ammonium
sulfate [Sullivan et al., 2009]. The fact that the calcium in the filtered mineral dust was more
strongly associated with nitrate over sulfate shows that the Ca-rich mineral dust particles could
be quite soluble and hygroscopic. This could have increased the likelihood that these particles
would become cloud processed, where they most likely became internally mixed with sea salt.
After the dust is associated with highly soluble and hygroscopic sea salt, the original
mineralogy and mixing of secondary acids is of decreased importance in determining the new
hygroscopicity of the dust, as it is now highly soluble and hygroscopic due to the sea salt
inclusion; and additionally, as we show here, it changes how the particle continues to react

heterogeneously with secondary acids in the atmosphere.
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A2.4 Summary

A detailed analysis of the mixing state of the mineral dust particle type showed that
once the dust particles become internally mixed with sea salt that the original mineralogy of
the dust no longer seems to influence the uptake of secondary acids. The fact that the calcium
in the non-internally mixed with sea salt mineral dust was more strongly associated with
nitrate over sulfate shows that the Ca-rich mineral dust particles could be quite soluble and
hygroscopic. This could have increased the likelihood that these particles would become cloud
processed, where they most likely became internally mixed with sea salt. After the dust is
associated with highly soluble and hygroscopic sea salt, the original mineralogy and mixing of
secondary acids is of decreased importance in determining the new hygroscopicity of the dust,
as it is now highly soluble and hygroscopic due to the sea salt inclusion; and additionally, as
we show here, it changes how the particle continues to react heterogeneously with secondary

acids in the atmosphere.
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Appendix 3

Pre-CIFEX analysis

A3.1 Objective
To observe the mixing state of oxalate during the pre-CIFEX measurements. These
experiments were preliminary and not included with those of Chapter 6, “Evidence for two

distinct sources of oxalate during the Cloud Indirect Forcing Experiment (CIFEX).”

A3.2 Methods and materials
A3.2.1 Sampling location

The pre-Cloud Indirect Forcing Experiment (CIFEX) took place at Trinidad Head, CA
(41.05N, 124.15W, 107m above sea level) from March 27- April 1, 2004. The aerosol was
sampled from the summit at Trinidad Head through a 10m sampling stack run by NOAA’s
Climate Monitoring and Diagnostics Lab. The sampling line was relative humidity (RH)
controlled to 55% by heating.
A3.2.2 ATOFMS data analysis

A total of 121,547 single particle mass spectra were collected over the course of the
pre-study. The single particle data was automatically sorted and grouped into clusters of
particles with similar mass spectral characteristics using the adaptive resonance theory neural
network algorithm, ART-2a. The main user-defined parameters for ART-2a are the learning
rate, number of iterations, and vigilance factor, which were set to 0.05, 20, and 0.80,

respectively.
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The 50 largest particle clusters, representing over 95% over the total particles, were
classified as mineral dust, biomass burning, aged sea salt, fresh sea salt, organic carbon (OC),
elemental carbon with organic carbon (ECOC), vegetative detritus, magnesium-rich, sea salt-
EC, dust-EC and amine. A subset of the OC particles were characterized by high mass
hydrocarbon envelopes with ions up to m/z 250, hereafter referred to as high mass OC, or
HMOC. For the particle classes presented herein, analysis was on non-miscalibrated, dual
polarity particles only.

The appearance or nonexistence of secondary aerosol species like nitrate, sulfate and
ammonium was not used as part of the previous classifications except for sea salt particles.
The differentiation between aged and fresh sea salt is determined by the presence of large
sulfate and/or nitrate peaks in the average mass spectrum for a particular cluster. Oxalate-
containing particles were defined by querying the particle mass spectra for particles containing
a peak at m/z — 89 with an area greater than 300. Sulfate-containing particles were defined by
guerying the particle mass spectra for particles containing a peak at m/z — 97 with an area
greater than 5000. Oxalate- and sulfate-containing particles were defined as particles which
contained both a peak at m/z — 89 with an area greater than 300 and a peak at m/z — 97 with an

area greater than 5000.

A3.3 Results
A3.3.1 Detection of oxalate and sulfate in single particles

The hourly counts of oxalate-containing, sulfate-containing and both oxalate- and
sulfate-containing sub- and supermicron particles are shown in Figure A3.1. Also shown is the
fraction of sub- and supermicron oxalate particles which also contain sulfate, and hourly

counts of HMOC particles, sea salt-EC particles and dust-EC particles of all sizes.
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Figure A3.1. Comparison of oxalate -containing and sulfate —containing submicron (top) and
supermicron (middle) particles and high mass organic carbon (HMOC), sea salt-EC and dust-

EC particles (bottom).

Figure A3.1 shows that there was a very limited presence of oxalate-containing

particles in both the sub- (top) and supermicron (middle). HMOC, sea-salt EC and dust-EC

particle counts are also very low. The hourly counts of the different particle classes that

contain oxalate in the sub- and supermicron for the entire study are shown in Figure A3.2.
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Figure A3.2. Comparison of oxalate-containing particles by type: submicron (top) and

supermicron (bottom) [same scale as during rest of CIFEX].
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Figure A3.2. Comparison of oxalate-and sulfate-containing particles by type: submicron (top)

and supermicron (bottom) [same scale as during rest of CIFEX].
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Figure A3.2 (top) shows that submicron oxalate-containing particles consist primarily
of aged sea salt, biomass burning and dust-EC. Figure A3.2 (bottom) shows that supermicron
oxalate-containing particles consist primarily of aged sea salt. Figure A3.3 (top) shows that
submicron oxalate-and sulfate-containing particles consist primarily of biomass burning.
Figure A3.2 (bottom) shows that supermicron oxalate-containing particles consist primarily of
biomass burning and vegetative detritus.

Figure A3.4 shows a breakdown of particle types for all sub- and super-micron
particles as well as for sub- and supermicron oxalate- and oxalate- and sulfate-containing

particles for the entire pre-study.
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Figure A3.4. Particle class fractions of submicron total particles (top left), oxalate-containing
particles (top center), oxalate and sulfate containing particles (top right) during preCIFEX.
Particle class fractions of supermicron total particles (bottom left), oxalate-containing particles
(bottom center), oxalate and sulfate containing particles (bottom right).

Figure A3.4 (top left) shows that composition of the submicron particles was varied

during the study (7576 counts), with the majority (>70%) collectively coming from the fresh
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and aged sea salt particle classes. Oxalate-containing submicron particles (Figure A3.4, top
middle) (894 counts, 12% total submicron) largely consist of aged sea salt (30%), followed by
BB (27%), and dust-EC (22%). Oxalate- and sulfate-containing submicron particles (Figure
A3.4, top right) (418 counts, 6% total submicron, 47% oxalate-containing submicron) are
mainly BB (54%), dust- EC (20%) and OC (18%). This highlights the large enrichment of
oxalate-and sulfate-containing submicron particles on the BB particle class, as the biomass
burning class is only 6% of total submicron particles and makes up 54% of oxalate-and
sulfate-containing submicron particles. Supermicron particles (55,727 counts) are less varied
in composition then the submicron particles, and consist mainly of fresh (70%) and aged sea
salt (22%) (Figure 4, bottom left). Oxalate-containing supermicron particles (Figure A3.4,
bottom middle) (879 counts, 2% supermicron) are largely aged sea salt (66%), followed by
dust (8%), BB (6%), and fresh sea salt (6%). Oxalate- and sulfate-containing supermicron
particles (Figure A3.4, bottom right) (118 counts, <1% supermicron, 13% oxalate-containing
supermicron) are largely BB (43%), vegetative detritus (13%), aged SS (10%) and dust EC
(9%).This once again highlights the large enrichment of oxalate-and sulfate-containing
particles on the BB particle class, this time on the supermicron, as the BB type is <1% of
supermicron particles and makes up 43% of oxalate-and sulfate-containing supermicron
particles. For oxalate-containing particles that also contain sulfate, there is a large enrichment
on the BB particle class for both the sub- and supermicron. This enrichment is especially
noticeable in the supermicron as the majority of supermicron particles were sea salt, but the

majority of supermicron oxalate- and sulfate-containing particles were BB.
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