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Abstract

Atmospheric aerosol affects the Earth’s energy budget, reduces visibility and influences human
health. The organic composition of aerosol is quite complex and continuously evolves through
various atmospheric processes. To gain a deeper understanding of the molecular composition of
atmospheric organic matter (AOM), chamber-generated biogenic secondary organic aerosol
(SOA), ambient aerosol and cloud water samples were studied. Ultrahigh resolution Fourier
Transform lon Cyclotron Resonance Mass Spectrometry was used to provide detailed molecular
characterization of the atmospheric samples. Due to the extremely high mass resolution and
mass accuracy, thousands of individual molecular formulas were identified in all of the samples
studied. Multivariate statistical analysis methods were evaluated to compare the similarities and
differences of the sample compositions. The biogenic SOA from three individual monoterpene
precursors and a sesquiterpene precursor have clusters of peaks in their mass spectra, indicating
that high molecular weight oligomers are a major component of the SOA. The monoterpene
SOA have similar molecular compositions, which are different from the sesquiterpene SOA
composition. The indicator species of SOA were identified using multivariate statistical analysis.
Daily 24-hour water-soluble organic carbon samples from ambient aerosol collected at the
Storm Peak Laboratory (SPL) show similar bulk chemical properties regarding their average
elemental ratios and double bond equivalents. Using multivariate statistical analysis, the site
meteorological conditions were found to affect the aerosol molecular composition. Days with
strong UV radiation and high temperature were found to contain large numbers of biogenic SOA
molecular formulas. Days with high relative humidity and high sulfate ion concentrations were
found to contain many sulfur-containing compounds, suggesting their aqueous phase formation.
The collection of cloud samples at the SPL provided an opportunity to study aqueous processing
of AOM. The cloud composition was affected by biomass burning and SOA. Comparisons of the
sample compositions indicate biogenic SOA components are commonly observed in ambient
aerosol and cloud samples collected at the SPL. Thus, the ambient samples were used to confirm
the biogenic SOA indicator species identified in chamber-generated SOA. This study of the three
types of atmospheric samples helps to understand the composition of AOM with respect to

atmospheric processes.
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Chapter 1 Introduction

1.1 Introduction to atmospheric aerosol

1.1.1 Definitions, sources and sinks of atmospheric aerosol

Atmospheric aerosol exists as a fine suspension of solid and liquid particles surrounded by gases
in the atmosphere. Often the term aerosol refers to the condensed phase components
associated with fine particulate matter (Seinfeld and Pandis, 2006). Though the atmospheric
particulate matter (PM) range in size from 10° m (molecules and molecular clusters) to 10 m
(small raindrops) in diameter (Poschl, 2005), fine PM usually refers to the aerosols with

aerodynamic diameters £ 2.5 um (denoted as PM2.5).

Aerosols emitted from various emission sources to the atmosphere are referred to as primary
and those formed in the atmosphere via chemical reactions are referred to as secondary.
Sources of primary aerosols include wind-driven or mechanical suspensions of soil and rock
debris, volcanic eruptions, sea sprays, biomass burning, incomplete combustion of fuels, and
biological debris like pollens or fungi. Secondary aerosols are formed through gas-to-particle
conversion of condensable species or formed through condensed phase reactions. Inorganic
gases like sulfur dioxide, nitrogen dioxide and ammonia can convert into particulate phase
sulfate, nitrate and ammonium by gaseous phase oxidation or heterogeneous reactions. Volatile
organic compounds (VOCs) can be oxidized in the atmosphere and the less volatile oxidation
products condense to form secondary organic aerosols (SOA). Sometimes this is referred to as
gaseous SOA (Ervens et al., 2011). SOA can also arise from reactions in the condensed phase,
which is sometimes referred to as aqueous SOA. Section 1.2 will describe gaseous SOA and
aqueous SOA in further detail. Thus, aerosols are generated through natural and anthropogenic
processes. Resident times in the atmosphere vary from hours to weeks (Raes et al., 2000;
Williams et al., 2002). Aerosol properties evolve during their residence, referred to as aerosol
aging. Aerosols are removed from the atmosphere through dry and wet deposition. Dry
deposition results from gravitational settling of the particles to the Earth’s surface, which is
more efficient for large particles than small particles. Wet deposition occurs with precipitation,
where aerosol particles serve as nuclei or are scavenged by collisions with a cloud or rain

droplet.



1.1.2 Significance of atmospheric aerosol

Atmospheric aerosols are important in many aspects. They affect the Earth’s energy budget,
which is relevant to global warming and climate change. They also have effects on human health
because they can be inhaled deep into the lungs or make contact with people’s skin. Aerosols
reduce visibility of elevated concentrations, which have been reported often thought out the

world, especially in the megacities of the developing world.

Aerosols affect the Earth’s radiation budget. The radiative forcing of several atmospheric
components has been documented in the Intergovernmental Panel on Climate Change report
(IPCC, 2013). Despite the well-known warming effects exerted by the long-lived greenhouse
gases like CO,, CH,4, halocarbons and N,O, many aerosol components are considered to have
cooling effects on the Earth’s temperature, by directly and indirectly reflecting incoming solar
radiation. The absorption or reflection of solar radiation by aerosols is known as the aerosol
direct effect. Aerosols also serve as cloud condensation nuclei (CCN) to form clouds, which
interact with solar radiation; this is known as the aerosol indirect effect. Both direct and indirect
effects play an important role in the Earth’s energy budget (IPCC, 2013). The light absorbing
species in aerosols include black carbon (IPCC 2013) and brown carbon (Desyaterik et al., 2013)
and they have a positive radiative forcing. The aerosol components with cooling effects or a

negative radiative forcing include nitrate, sulfate, organic carbon and so on.

Atmospheric aerosols also have adverse impacts on human health. It has been well established
that exposure to aerosols causes or enhances stress on the respiratory system, cardiovascular
system and allergic diseases, though the mechanism of action affecting health is poorly
understood (Bernstein et al., 2004; Englert, 2004; Pope and Dockery, 2006). Cohen et al. (2005)
reported that “PM2.5 causes about 3 % of mortality from cardiopulmonary disease, about 5% of
mortality from cancer of the trachea, bronchus, and lung, and about 1 % of mortality from acute
respiratory infections in children under 5 years, worldwide.” Studies have shown that despite
the wide variety of aerosol properties like size or composition, the observed relative health risk
estimates per unit of particulate matter rarely depend on the particle characterization
(Finlayson-Pitts and Pitts, 1997; Davidson et al., 2005). In addition, not a single or a few chemical
components of aerosols were found to be dominantly responsible for the adverse health effects

(Harrison and Yin, 2000; Davidson et al., 2005), suggesting that either the target components are



not detected by available routine methods, or that there are common reactive intermediates
found in most particles (Kao and Friedlander, 1995; Finlayson-Pitts and Pitts, 1997). In October
2013, the World Health Organization announced outdoor air pollution, as a whole, is classified
as carcinogenic to humans; the particulate matter, is evaluated separately and also identified as
carcinogenic to humans (http://www.iarc.fr/en/media-centre/iarcnews/pdf/pr221_E.pdf). The
detailed molecular composition of aerosols may help to understand the health effects of

aerosols.

An elevated concentration of aerosol in the atmosphere also reduces visibility, giving a “hazy”
appearance in the atmosphere (Finlayson-Pitts and Pitts, 2000). The particles themselves may
absorb visible light, leading to a shorter visible distance. Besides, they can form fog or haze,
which indirectly reduce the visibility. The number of particles in the atmosphere affects the
distribution of water vapor. For example, a large number of particles provides more cloud
condensation nuclei. If a higher number of particles are activated, the water vapor associated
with each particle is less and thus smaller droplets are formed. It is difficult for the small
droplets to grow big enough to form rain droplets. Therefore the formed fog or haze has a
longer lifetime, which influences the visibility for a longer time. Besides the visibility effect of the
fogs, they indirectly influence the climate, as described in Section 1.1.2. The composition of the
particles plays a role in this droplet-formation process and the particles with more hygroscopic
(water-affinity) components will be more easily activated. Water-soluble organic carbon is an
important fraction of the hygroscopic components in aerosols and will be introduced in Section

1.4.

Other roles of atmospheric aerosol include affecting the distribution and abundance of

atmospheric trace gases and influencing the biogeochemical circulation of the organic species.
1.1.3 Atmospheric aerosol composition and organic aerosols

Regarding the chemical composition of atmospheric aerosols, inorganic ions have been
commonly observed. They are major components of the aerosols with relatively high
concentrations quantified using ion chromatography. The use of inorganic ions to serve as
markers for aerosol source apportionment motivates the study of inorganic ions. Frequently
identified anions include sulfate (S0,%), nitrate (NO3), phosphate (PO,*) and chloride (CI).

Cations like ammonium (NH,"), sodium (Na*), potassium (K*), calcium (Ca**), magnesium (Mg*"),

3


http://www.iarc.fr/en/media-centre/iarcnews/pdf/pr221_E.pdf

aluminum (AP?*), cadmium (Cd*"), iron (Fe** and Fe**), lead (Pd**) and silicon (Si**) have been
identified in aerosols, though usually only ammonium shows high concentration. Black or
elemental carbon and organic carbon are also significant aerosol components with quantities
comparable to inorganic ions. But unlike the inorganic species, the speciation of organics is far
from being well-understood due to its high complexity; thus usually organic carbon is considered
as a whole group in aerosol composition. Organic carbon comprises 20-50% of the aerosol mass
at continental mid-latitudes and up to 90% in tropical forested areas (Kanakidou et al., 2005). An

example of the mass faction of aerosols with inorganics and organics is shown in Figure 1.1.
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Figure 1.1 Total mass concentration (in micrograms per cubic meter) and mass fractions of
nonrefractory inorganic and organic components in submicrometer aerosols measured with the
aerosol mass spectrometer (AMS) at multiple surface locations in the Northern Hemisphere.
This figure is from Jimenez et al. (2009), reprinted with permission from AAAS.



1.2 Biogenic secondary organic aerosol

Formation of gaseous SOA starts with gaseous oxidation of VOCs. The most common
atmospheric oxidants are hydroxyl radical (OH-), nitrate radical (NOs-) and ozone (Os). A radical
(OH-, NOg3:, etc.) initiates oxidation either by abstraction of a hydrogen atom or addition to a C-C
double bond (Kroll and Seinfeld, 2008), to form an alkyl radical (R:). In ozonolysis, an alkene is
cleaved by ozone to form a carbonyl and an energetically excited carbonyl oxide (“Criegee
intermediate”). The excited intermediate proceeds to form an alkyl radical through the
“hydroperoxide channel”, or become a stabilized Criegee intermediate, which then reacts with
water or oxygenated organics. The alkyl radicals formed from the initial oxidation, combine with
oxygen (0,) readily in the atmosphere to form alkylperoxy radicals (RO,:). RO, react with
various atmospheric gases or radicals like NO,, NO, HO,-, RO,:, NOs- and so on, to generate
peroxynitrates, organic nitrates, hydroperoxides, alcohols, carbonyls, etc. The addition of
oxygen-containing functional groups (ketone, hydroxyl, hydroperoxyl, nitrate, carboxylic acid
and so on) in the oxidation products lower the compound vapor pressure, compared to that of
the original VOC (Kroll and Seinfeld, 2008). Thus the products are condensable and can become

particulate matter.

SOA vyield depends on the partitioning of the semi-volatile VOC oxidation products, between the
gas and condensed phases. Pankow (1994a, b) proposed a partitioning model with the following
equation (equation 1-1):

__ FJTSP

Kp "

1-1

where Kp (m® pg™) is a temperature-dependent partitioning constant, TSP (g m™) is the
concentration of total suspended particulate material, and F (ug m>) and A (ug m™) are the
particulate- and gaseous concentrations of the compound of interest, respectively. Thus a semi-
volatile compound with a lower saturation vapor pressure would favor the condensed phase;
the high concentration of total organic mass loading (TSP) helps the semi-volatile compounds to

partition to the aerosol phase.

Once the organic compounds are in the condensed phase, they undergo particle phase reactions
(Kroll and Seinfeld, 2008). Non-oxidative processes, or accretion reactions, are evidenced by the

observation of high molecular weight species in SOA, including the formation of
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peroxyhemiacetals, hemiacetals, aldol addition products, esters or acid anhydrides, sulfate
esters and Criegee intermediate adducts. Also, the particle phase organic species can be
oxidized by OH-, NOg3, O3, etc., with mechanisms similar to the gaseous phase reactions. The
formed SOA evolve continuously in the atmosphere until removed by dry or wet deposition to

the ground or surface water.

What kinds of VOCs in the atmosphere contribute significantly to SOA formation? VOCs are
emitted to the atmosphere naturally or biogenically (e.g., from vegetation) and
anthropogenically (e.g., from the production and usage of industrial solvents). The global flux of
biogenic VOC was estimated to be 1150 TgC for the year of 1990 with the largest mass fraction
attributed to isoprene (503 TgC) (Gelencser, 2004). Monoterpenes contributed 127 TgC to the
flux (Gelencser, 2004). In contrast, the total anthropogenic VOC flux was only 110 Tg yr™
(Gelencser, 2004). Regarding the chemical class of VOCs, the standard view is that only a few
classes of VOCs dominate SOA formation (Kroll and Seinfeld, 2008), in spite of a large number of
VOCs are emitted. The anthropogenic VOCs that generate significantly to aerosol mass are
aromatic and large aliphatic species. Examples of the aromatic species include toluene,
ethylbenzene, ethyltoluene, n-propylbenzene, xylene, trimethylbenzene, tetramethylbenzene
and so on; examples of the large aliphatic species are like 1-octene, 1-decene, heptanal and
nonanal (Gelencser, 2004). In terms of the hundreds of biogenic VOCs, only monoterpenes (with
molecular formula: CyoH46) and sesquiterpenes (molecular formula: Ci5H,4) are thought to
significantly contribute to SOA formation (Gelencser, 2004). Terpenes are biogenic
hydrocarbons with building blocks of CsHg, which are mainly emitted by conifers and broad-
leaved trees. The structures of commonly studied biogenic VOCs with effective SOA formation
are shown in Figure 1.2. Recently, isoprene (2-methyl-1,3-butadiene, CsHg) was found to be
capable of producing SOA too (Claeys et al., 2004a; Claeys et al., 2004b; Edney et al., 2005;
Surratt et al., 2006b; Ng et al., 2008; Carlton et al., 2009). Even though the yield might be minor,
the overall contribution of isoprene to SOA mass could be large due to the large amount

isoprene in the global emissions.

Consistent with the biogenic and anthropogenic VOC inventories, the global estimated biogenic
SOA fluxes (12-70 Tg/yr) are larger than the anthropogenic SOA fluxes (2-12 Tg/yr) (Hallquist et
al., 2009). Biogenic SOA has been proven to contribute significantly to ambient aerosols in rural

and forested areas with large amount of trees from direct field measurements using different
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methods. For example, Chan et al. (2010) observed and quantified isoprene-derived epoxydiols
(species identified in chamber studies) in ambient aerosols in the southeastern United States.
Surratt et al. (2006a; 2008) attributed organosulfates found in aerosol collected at Alabama and
Georgia to be from isoprene, a-pinene, B-pinene and limonene-like SOA. Sun et al (2011) used
positive matrix factorization (PMF) of the high-resolution mass spectra to classify the biogenic
SOA fraction of the ambient aerosols. Mazzoleni et al. (2012) compared the components
identified using ultrahigh resolution mass spectrometry of ambient aerosols to those of
chamber generated SOA and reported observations of a large number of biogenic SOA

components in the ambient aerosols.
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Figure 1.2 Chemical structures of the biogenic VOCs relevant for SOA formation. This figure is
from Griffin et al. (1999), reprinted with permission from John Wiley and Sons.



Chamber studies enable researchers to focus on biogenic SOA characterization. In the ambient
environment, the aerosol is composed of inorganic ions, primary organic aerosol components,
anthropogenic SOA and biogenic SOA components. The composition is affected by a great
number of environmental parameters like temperature, wind, solar radiation, trace gas
concentration and so on. However, in the atmospheric aerosol chambers the environmental
variables can be controlled. For instance, a specific biogenic VOC and oxidant can be selected
and their concentrations can be controlled, reactions can proceed under different relative

humidity conditions and the reaction time can be adjusted.

Besides the studies of mass yield and the reaction kinetics of SOA formation (e.g., Griffin et al.,
1999; Jonsson et al., 2005; Jonsson et al., 2008), the chemical composition of biogenic SOA
attracted much recent attention. Gas chromatography (GC) was widely used to detect and
quantify the organic species in the particle phase, often with chemical derivatizations. From
these studies, several organic compounds were identified in monoterpene and sesquiterpene
SOA experiments and some of them are referred as tracer compounds for biogenic SOA or SOA
from specific VOC precursors. For example, pinonaldehyde, pinonic acid and cis-pinic acid were
commonly identified in a-pinene SOA experiments (Christoffersen et al., 1998; Hoffmann et al.,
1998; Atkinson and Arey, 2003; Jaoui et al., 2005); nopinone was observed in B-pinene SOA
(Hatakeyama et al., 1991; Wisthaler et al., 2001); B-caryophyllinic acid was identified as a tracer
for B-caryophyllene SOA (Jaoui et al., 2007). Almost all of these identified species are 1*
generation oxidation products with molecular weights less than 300 Da. Since the first
observation of a stable dimer of cis-pinic and norpinic acid in the a-pinene/ozone system by
Hoffmann et al (1998), high molecular weight oligomers were observed in several recent studies
(Heaton et al., 2007; linuma et al., 2007; Reinhardt et al., 2007), although only a few of them
were recently identified with known molecular formulas or chemical structures (Kristensen et
al., 2013). They are mostly formed in the particle phase under multiple generations. Ultrahigh
resolution mass spectrometry analysis enables the full scan of the particulate phase species and
their molecular weight identification (Bateman et al., 2009; Kundu et al., 2012; Putman et al.,
2012). Usually the mass spectra show several groups of peaks, attributed to monomers, dimers

and so on.

Previous studies of molecular characterization of the SOA composition typically only

characterized the SOA from one kind of VOC precursor. In this study, we generated SOA from
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individual a-pinene, B-pinene, D-limonene or B-caryophyllene ozonolysis experiments under
different conditions. In this study, the molecular composition of several SOA samples will be
compared. a-pinene, B-pinene and D-limonene are the three most commonly studied

monoterpenes with the highest global emissions (Griffin et al., 1999); B-caryophyllene is the

most frequently studied and abundant sesquiterpene (Helmig et al., 2007).

Biogenic SOA tracers help to identify the sources of ambient aerosols. They can also be
incorporated into atmospheric models for various purposes. Traditionally, biogenic SOA samples
were analyzed using GC and the highest abundance peaks were identified as tracer compounds.
However, the GC methods usually detect a limited number of tracer compounds at one time and
most of them are low molecular weight species (e.g., monomers). In this study, the
identification of biogenic SOA tracers from different precursors using ultrahigh resolution mass
spectrometry analysis methods will be presented. The full scan mass spectra of the organic

species in SOA facilitate the identification of dimer and even trimer tracers.

1.3 Water-soluble organic carbon in aerosols

A major component of the organic carbon in ambient aerosols is water-soluble and hence is
referred to as water-soluble organic carbon (WSOC). Saxena and Hildemann (1996) proposed
the threshold of 1 gram of solute dissolving into 100 grams of water to distinguish water-soluble
and water-insoluble atmospheric organics. It should be noted that an aerosol particle is a highly
complex mixture of chemical species. The “matrix” of a specific compound in the particle is
composed of many other species. Thus the solubility of the specific compound in the unknown
matrix could be different from its solubility in pure water. For example, neutralization by
alkaline ions can easily render a water-insoluble compound water-soluble (Gelencser, 2004). In
most cases, the term WSOC from the practical view, represents the aerosol constituents that
can be extracted by water. In the early studies (around 1950s) of organic composition, aerosols
were primarily extracted with non-polar solvents like benzene, cyclohexane or dichloromethane
for GC analysis. The identified compounds only comprised a small fraction of the total organic
mass (usually less than 20%). Thus, the introduction of polar solvents such as water and
methanol for aerosol extractions helped to recover a more substantial fraction of the aerosol

organic carbon. Note that besides the WSOC in aerosols, there is also WSOC in cloud droplets
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and fog droplets. In those cases, the droplet water acts as the natural solvent. The WSOC in

ambient clouds will be discussed in Section 1.4.

The importance of water-soluble organic compounds is related to their affinity for water, or
rather their hygroscopicity. The presence of WSOC facilitates the particles to absorb water vapor
from the gas phase, which alters many physiochemical characteristics of the particles. For
instance, the size and the phase of the particles change if water is absorbed, and thus the optical
properties and the lifetime of the particles are influenced correspondingly. The species in the
particles undergo aqueous phase reactions once water partitions to the particle, which
significantly alters the aerosol chemical composition (Ervens et al., 2011). More importantly,
water-soluble organic compounds are often associated with the CCN activities of the particles
due to their water-absorbing ability. Inorganic aerosols, mostly sulfate aerosols, were thought to
be major cloud nuclei. In 1993, Novakov and Penner (1993) reported evidence suggesting that
organic aerosol also plays a key role in cloud nucleation. Formation of fog or cloud droplets,
strengthened by the WSOC in aerosol changes the solar radiation budget of the Earth (the

indirect effect of aerosols on climate).

It is not surprising that water-soluble organic compounds are those with hydrophilic functional
groups, such as hydroxyl, carbonyl or carboxylic groups. The following are some examples of
WSOC species previously identified in atmospheric particles. Kawamura et al. (2013) and Kundu
et al. (2010) extracted atmospheric aerosols using organic-free pure water and used GC-mass
spectrometry (GC-MS) for analysis after chemical derivatization to identify dicarboxylic acids,
ketocarboxylic acids and a-dicarbonyls in biomass burning aerosols. More specifically, they
identified saturated n-dicarboxylic acids (C, to Cy; with chemical formulas: HOOC-(CH,)¢.o-
COOH), branched dicarboxylic acids (methylmalonic acid: HOOC-CH(CH3)-COOH, methylsuccinic
acid: HOOC-CH(CHj3)-CH,-COOH and methylglutaric acid: HOOC-CH(CHj3)-(CH,),-COOH),
unsaturated carboxylic acids (C4 and Cs with carbon-carbon double bonds, and diacids with
phenyl groups like phthalic acid: HOOC-(CgH,4)-COOH, isophthalic acid and terephthalic acid),
multifunctional dicarboxylic acids (hydroxysuccinic acid: HOOC-CH(OH)-CH,-COOH, ketomalonic
acid: HOOC-HC(0)-COOH and ketopimelic acid: HOOC-CH,-CH,-HC(O)(CH,),-COOH),
ketocarboxylic acids (pyruvic acid: CH;-(O)C-CHO, glyoxylic acid or 2-oxoethanoic acid: OHC-
COOH, 3-oxopropanoic acid, 4-oxobutanoic acid, 5-oxopentanoic acid, 7-oxoheptanoic acid, 8-

oxooctanoic acid, 9-oxononanoic acid) and a-dicarbonyls (glyoxal: OHC-CHO and methylglyoxal:
12



CH;-O(C)-CHO). Samy et al. (2010) used a similar water extraction and derivatization procedure
for GC-MS analysis of 84 water-soluble analytes in aerosols and clouds collected at the top of a
mountain in Colorado, US. Besides the low molecular weight acids mentioned above (maximum
carbon number: 11), they identified relatively larger water-soluble compounds with up to 24
carbon atoms. In addition to the carbonyls and acids, they also observed methoxyphenols and
other biomass burning related compounds like levoglucosan (CsH1005s), cholesterol (C,;H460) and
B-sitosterol (CyoHs500). Samburova et al. (2013) quantified over 45 water-soluble organics and
found fairly high concentrations of sugar alcohols, sugars and sugar anhydrates in aqueous

extracts of aerosols.

Despite the hundreds of water-soluble organic species identified, they are still an incomplete
coverage of the WSOC in atmospheric aerosol composition in terms of the carbon mass. It has
been suggested that the major missing fraction is high molecular weight compounds or
macromolecular compounds (typically > 300 Da). In 1980, Simoneit (1980) first separated
particulate organics into fulvic acid, humic acid and residual carbon fractions. Later in 1983,
Likens et al. (1983) observed macromolecular organics in precipitation samples. Mukai and
Ambe (1986) found and compared the brown substances from airborne particulate matter to
the extracts from the local soil, dead leaves, smoke from burning plant matter, and soot from
automotive exhaust. They suggested agricultural burning as the primary source of this brown,
high molecular weight acidic material. Later in 1998, Havers et al. (1998) studied the
spectroscopic characterization of “humic-like substances” in airborne particulate matter. They
introduced the term “HULIS”, which has been commonly used in the recent literature to
represent the water-soluble high molecular weight species in aerosol and clouds. The observed
spectroscopic properties of these compounds closely resemble those of natural humic and fulvic
acids. The first efforts were dedicated to the determination of the molecular size of HULIS. It is
commonly agreed that they have molecular weight up to 1000 Da as evidenced by ultrafiltration
analysis (Havers et al., 1998), laser desorption/ionization mass spectrometry (Samburova et al.,
2005) and later ultrahigh resolution MS analysis (e.g., Kiss et al., 2001; Wozniak et al., 2008).
Determination of the chemical functional groups has been facilitated by means of UV/VIS,
Fourier-transformed infrared (FT-IR), nuclear magnetic resonance (NMR), MS analysis and so on
(Havers et al., 1998; Decesari et al., 2005; Sullivan and Weber, 2006; Herckes et al., 2007; Dron
et al., 2010; Fan et al., 2013). Commonly observed functional groups include hydroxyl groups of

13



alcohols and phenols, carboxylic groups, carbonyl groups and aromatic rings. Organosulfates
(Gomez-Gonzélez et al., 2008) and organic nitrogen (appearing as amines, nitrate esters,
peptides and nitrooxy-organosulfate compounds) (Herckes et al., 2007; Dron et al., 2010) were
also identified as HULIS components. Graber and Rudich (2006) reviewed the studies of HULIS
characterization and stated that compared to aquatic and terrestrial humic substances, HULIS
usually has a smaller average molecular weight, lower aromatic moiety content, greater surface

activity and better droplet activation ability.

Where does HULIS, a major component of WSOC, come from? It is a complex mixture of
components from primary organic aerosol and SOA with reaction products from both gas phase
and condensed phase reaction pathways. Fossil fuel combustion produces HULIS (Baduel et al.,
2009; El Haddad et al., 2009). Biomass burning also contributes to HULIS composition (Hoffer et
al., 2004; Schmitt-Kopplin et al., 2010). A major component of HULIS is formed by atmospheric
chemical reactions that take place either in the particulate phase or aqueous phase. SOA was
found to be an important constituent of HULIS or WSOC, especially in the summer when
photochemical reactions are favored (Wozniak et al., 2008; Mazzoleni et al., 2012). Aqueous
phase reaction products are important constituents of HULIS, too. It has been proven that
aqueous reaction of methylglyoxal with inorganic salts produce light absorbing high molecular

weight compounds (Sareen et al., 2010).

Despite the widely studied properties of HULIS and WSOC, they are still regarded as an
unresolved complex mixture since little is known about their molecular composition. A new type
of molecular characterization of airborne WSOC began in the late 2000s with the introduction of
electrospray ionization Fourier transform-ion cyclotron mass spectrometry (ESI FT-ICR MS) for
atmospheric sample analysis. Ultrahigh resolution FT-ICR MS enables the assignment of
molecular formulas to all of the ionized species observed in samples. A large amount of chemical
information can be inferred from the chemical formulas of the individual species. Thus, it
significantly improved our understanding of atmospheric processes. For example, the degree of
oxygenation of an atmospheric sample can be represented by the average oxygen-to-carbon
ratio (O/C), which is calculated from the atomic O/C ratios of the identified species in the
sample. Organic compounds with heteroatoms (for example, nitrogen and sulfur) were
commonly observed and their compound classes can be inferred from the molecular formulas or

from tandem MS/MS analysis (LeClair et al., 2012).
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Due to the complexity of the data, most studies characterize only a few samples of atmospheric
organic matter on a molecular level. The organic composition of the aerosols, for example,
collected at a certain location was studied at a single time point. In this study, we collected daily
24-hour aerosol samples continuously over 1 month. The molecular characterization of the
WSOC is presented on a daily basis for the month and can be compared. In addition, the
correlation of the observed organic species with the inorganic species will be presented. The
effects of the meteorological parameters and ozone concentrations on WSOC composition will

also be discussed.

1.4 Water-soluble organic carbon in clouds

(Section 1.4 is from the introduction of a publication by Zhao, Y., Hallar, A. G., and Mazzoleni, L.
R. titled “Atmospheric organic matter in clouds: exact masses and molecular formula
identification using ultrahigh-resolution FT-ICR mass spectrometry” published in Atmospheric
Chemistry and Physics, volume 13, 12343-12362 in 2013. The articles published by Copernicus
Publications (the publisher of Atmospheric Chemistry and Physics) are licensed under the

Creative Commons Attribution 3.0 License together with an author copyright.)

Cloud and fog droplets play a major role in the processing of atmospheric organic matter (AOM)
(Blando and Turpin, 2000; Collett et al., 2008; Mazzoleni et al., 2010; Ervens et al., 2011; Herckes
et al., 2013). Under conditions of high relative humidity, aerosol particles may act as cloud
condensation nuclei where water vapor condenses onto them to form droplets. Suspended
droplets are subject to gas-liquid equilibrium of volatile compounds and solid-liquid equilibrium
of non-volatile compounds (Graedel and Weschler, 1981), thus new transport and
transformation pathways affecting the composition of AOM may occur (Collett et al., 2008; Lim
et al., 2010; Ervens et al., 2011). Volatile water-soluble compounds like glyoxal and
methylglyoxal can readily transfer into the aqueous phase of droplets due to their high effective
Henry’s law constant (e.g., Het = 3.710 x 10° M atm™ at 25°C for methylglyoxal (Betterton and
Hoffmann, 1988)). Similarly, organic compounds in CCN aerosol can partition into the aqueous
phase. Since water-soluble organic carbon may comprise up to 90% of the total organic carbon
mass in aerosols (Samburova et al., 2013) and the particle activation process usually favors

particles with large fraction of water-soluble components (Facchini et al., 1999) a large fraction
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of the WSOC may partition to the aqueous phase. Thus a considerable number of species, either

from the gas phase or the particle phase, can be found in the liquid phase of the droplets.

The multiphase environment of the droplets facilitates aqueous phase reactions of the water-
soluble species. A number of laboratory experiments mimicking wet aerosols showed precursors
like glyoxal or methylglyoxal react with inorganic species like ammonium nitrate or ammonium
sulfate to produce a complex mixture of light absorbing organic compounds (Carlton et al.,
2007; De Haan et al., 2009; Galloway et al., 2009; Perri et al., 2009; Shapiro et al., 2009;
Volkamer et al., 2009; Sareen et al., 2010; Sun et al., 2010). Likewise, a number of laboratory
experiments have demonstrated the production of secondary organic compounds under cloud-
relevant conditions (Tan et al., 2010; Yasmeen et al., 2010; Bateman et al., 2011), indicating
cloud processing of AOM. In fact, in-cloud production of oxalic acid (Crahan et al., 2004), organic
acids (Sorooshian et al., 2010), organosulfates (Pratt et al., 2013) and secondary organic aerosol
(SOA; Wonaschuetz et al., 2012) has been observed in ambient measurements. Aerosol high
molecular weight compounds (also known as “oligomers”) may also originate from aqueous
phase reactions (Altieri et al., 2008; De Haan et al., 2010; Lim et al., 2010; Yasmeen et al., 2010).
Upon droplet evaporation (> 90% of cloud droplets evaporate, (Pruppacher and Klett, 1996)),
aerosols with new composition are released. Volkamer and colleagues (Volkamer et al., 2007)
suggested missing aerosol aqueous phase reactions or cloud processing may be the reason for
the under predictions of organic aerosol mass using atmospheric models (Heald et al., 2005; Yu
et al., 2008). The aerosol mass burden and the oxygen-to-carbon ratio of aged ambient organic
aerosol are larger than that of SOA from dry smog chamber (Aiken et al., 2008; Ng et al., 2010).
Aqueous processing of the SOA could explain their high O/C ratios (Ervens et al., 2011; Waxman
et al., 2013). Therefore, it is crucial to study the composition of ambient cloud samples for a

better understanding of SOA formation.

Clouds and fog water composition has been studied for decades, however very little study of the
high molecular weight compounds in ambient cloud water has been done. Inorganic ions
including Na*, NH,", Mg*", Ca*", K*, CI", NO5~, SO,*, Br', PO,>” were observed commonly in clouds
at various places and seasons (Weathers et al., 1988; Hindman et al., 1994; Deininger and
Saxena, 1997; Collett et al., 2002; Simeonov et al., 2003; Lowenthal et al., 2004; Decesari et al.,
2005; Gioda et al., 2011; Gioda et al., 2013). Several low molecular weight organic species have

been studied and are believed to be transferred from the gas phase (Marinoni et al., 2004),
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including formic acid, acetic acid (Keene et al., 1995; Laj et al., 1997), formaldehyde (Keene et
al., 1995; Munger et al., 1995; Laj et al., 1997), glyoxal, methylglyoxal (Munger et al., 1995),
phenol and nitrophenol (Liittke and Levsen, 1997a; Liittke et al., 1997b). Dozens of other
compounds were observed in clouds, mostly monocarboxylic acids, dicarboxylic acids, alcohols
and aldehydes (Limbeck and Puxbaum, 2000; Marinoni et al., 2004; van Pinxteren et al., 2005;
Samy et al., 2010; Charbouillot et al., 2012). Usually the identified low molecular weight organics
comprise a small fraction of the total organic mass in cloud water samples. For example, van
Pinxteren et al (2005) identified ~20% of the dissolved organic carbon by measuring the
individual organic compounds. Similarly, Facchini et al (1999) measured ~120 individual organic
compounds in fog water which only accounted on average less than 5% of total WSOC.
Compounds similar to the high molecular weight organic compounds or HULIS found in aerosols
(Havers et al., 1998; Graber and Rudich, 2006) were also recently observed in clouds (Feng and
Moller, 2004; Decesari et al., 2005; Reyes-Rodriguez et al., 2009). For example, Reyes-Rodriguez
et al. (2009) observed the high molecular weight organic compounds in cloud samples to be
mostly aliphatic and oxygenated, with a small amount of aromatic compounds based on study of
the functional groups. Overall, the previous studies either observed several individual
compounds or observed functional groups rather than the complex mixture of the organic
compounds on a molecular level. In this study, we will use ultrahigh resolution mass

spectrometry to full scan the complex organics in clouds.

1.5 Ultrahigh resolution mass spectrometry analysis of atmospheric

samples

Electrospray ionization (ESI) coupled with Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) provides detailed molecular characterization of organic matter due to
its extreme high resolution and mass accuracy (Marshall et al., 1998; Kujawinski, 2002; Sleighter
and Hatcher, 2007). ESl is a soft ionization method which minimizes the fragmentation of
analytes, allowing detection of intact molecules, while the ultrahigh resolution and high
accuracy of FT-ICR allows assignment of a unique chemical formula to each peak detected. FT-
ICR MS has been successfully applied to ambient fog water samples (Mazzoleni et al., 2010;
LeClair et al., 2012), rainwater samples (Altieri et al., 2009a; Altieri et al., 2009b; Altieri et al.,

2012) and aerosols (Reemtsma et al., 2006; Wozniak et al., 2008; Laskin et al., 2009; Schmitt-
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Kopplin et al., 2010; Lin et al., 2012b; Mazzoleni et al., 2012). This powerful analytical approach
was applied to characterize the complex mixture of chamber-generated biogenic SOAs, ambient
aerosol-derived water-soluble organic carbon and water-soluble organic carbon in clouds. The
comprehensive characterization of the AOM composition after negative ion ESI FT-ICR MS will

be discussed.
1.6 Application of statistical analysis in atmospheric samples

In the study of chamber-generated biogenic SOA, approximately 20 SOA samples were
generated and analyzed using ultrahigh resolution ESI FT-ICR MS; similarly in the study of
aerosol-derived WSOC approximately 30 daily WSOC samples were collected and analyzed using
ESI-FT_ICR MS. In both cases, | will compare the molecular compositions of the SOA samples and
the compositions of the WSOC samples to understand the sample-composition relationships
within the two datasets. As will be described in Chapters 2 — 5, the atmospheric samples are
quite complex with thousands of monoisotopic molecular formulas identified in each of the
samples. To deal with the large datasets from ultrahigh resolution MS, | will apply multivariate
statistical analysis in the data analysis. Hierarchical cluster analysis and principal component
analysis have been applied in a few studies with ultrahigh resolution MS data as a sample
analysis tool for marine dissolved organic matter (Kujawinski et al., 2009; Sleighter et al., 2010),
petroleum samples (Hur et al., 2010), marine rainwater (Altieri et al, 2012) and atmospheric
aerosols (Kourtchev et al., 2014; Wozniak et al., 2014). With the help of multivariate statistical
analysis, the similarities and differences of molecular compositions of the atmospheric samples

will be explored.

1.7 Overview of the organization of the dissertation

This dissertation began with an introduction of the key aspects of aerosol and clouds relevant to
the research presented in the later chapters. My doctoral research was composed from three
projects, including: molecular characterization of chamber-generated biogenic SOA, ambient
WSOC in aerosol and ambient WSOC in clouds. The three projects all included detailed
characterization of the atmospheric organic composition and are related to each other by their
goal to understand the composition of atmospheric aerosol and clouds. The biogenic SOA
samples were generated in the laboratory with controlled experimental parameters to focus on

the composition of biogenic SOA, thus they are expected to have a less complex molecular
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composition than the ambient atmospheric samples. The ambient WSOC collected at the Storm
Peak Laboratory was highly influenced by local biogenic emissions and thus is expected to
contain biogenic SOA components. To evaluate this, the composition was compared to the
chamber-generated SOA. Various data preparation methods for multivariate statistical were
tested on the controlled biogenic SOA samples, and subsequently applied to the analysis of the
ambient WSOC samples. The study of WSOC in clouds provides insight on the AOM composition
in the atmospheric aqueous phase. Both biogenic SOA and aerosol-derived WSOC components

are expected to appear in cloud WSOC and undergo atmospheric aqueous processes.

Chapter 2 will describe the research methods for each of the projects. This includes the
atmospheric sample collection, preparation, instrumental analysis and data processing methods.
Due to the large dataset generated from the ultrahigh resolution MS analysis and the good of
comparing the samples, multivariate statistical analysis methods were explored. The
fundamental mathematical principles for these methods are also introduced in Chapter 2. The
results and discussion for each of the three projects will be presented in Chapters 3 —5, each
chapter focusing on one project. In Chapter 3, the molecular composition of 20 biogenic SOA
samples generated in the laboratory is presented. The molecular compositions of different SOA
samples were compared, and molecular markers of biogenic SOA were identified and evaluated
using ambient atmospheric samples. The controlled laboratory experiments provide an ideal
test case for the development of the multivariate statistical analysis methods to be applied to
the ambient aerosol-derived WSOC analysis. In Chapter 4 the results of more than 30 daily
ambient aerosol WSOC samples is discussed. Multivariate statistical analyses were used to find
similarities and differences among the samples and the relationships between the other field
observations (inorganic ion concentrations, meteorological data and so on) and the WSOC
molecular composition were also explored. Chapter 5 focuses on the composition of two
ambient cloud samples. The conclusions from these studies are presented in Chapter 6. The aim
of these projects was to improve our understanding of atmospheric chemical processes

involving organic compounds, which is crucial for climate change, human health and so on.
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Chapter 2 Methods

In this chapter, the methods for conducting research are described. This includes methods for
the following three research topics: biogenic secondary organic aerosol, ambient aerosol-
derived water-soluble organic carbon and ambient supercooled cloud composition. They will be
presented in separate sections in this chapter. Each section describes the sample generation or
collection, sample preparation, instrumental analysis, data processing and statistical analysis

methods will be described.
2.1 Chamber-generated biogenic secondary organic aerosol

2.1.1 Biogenic secondary organic aerosol generation and collection

A total of 19 biogenic secondary organic aerosol (SOA) samples were generated in an aerosol
chamber at the Los Alamos National Laboratory (LANL), which are referred to as LANLSOA
samples. They are from the ozonolysis of individual biogenic precursors including a-pinene, B-
pinene, D-limonene and B-caryophyllene. The experiments were conducted with a variety of
relative humidity (RH) conditions with or without cyclohexane as an OH radical scavenger. a -
pinene, B-pinene and D-limonene are biogenic monoterpenes with the molecular formula CyoH1¢
(molecular weight 136 Da). A-pinene and B-pinene are isomers with an endocyclic or an
exocyclic double bond, respectively. D-limonene on the other hand has both an endocyclic and
an exocyclic double bond. B-caryophyllene is a sesquiterpene with the molecular formula CisHy,
(molecular weight 204 Da) with an endocyclic and an exocyclic double bond. The structures of

the four biogenic precursors of this study are shown in Figure 2.1.
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a-pinene B-pinene D-limonene B-caryophyllene

Figure 2.1 The structure of the biogenic precursors used to generate the LANLSOA samples.
The aerosol chamber is a 1.5 m? flexible Teflon bag (thickness: 5mm) suspended on a bench top.
It is covered with a black fabric to simulate dark conditions. Before each experiment, the
chamber was flushed with ultrahigh purity compressed air until the particle concentration was
less than 2 particles cm™, which was monitored by a condensation particle counter (CPC, TSI
3025A). Prior to introducing the reactants to the chamber, the RH was adjusted and recorded
using a humidity sensor (Vaisala PTU300). The RH was adjusted to 0, 4% or 30% in different
experiments (Table 2.1). A heated port inlet was used to introduce the terpene vapors into the
chamber for 15 min before ozone was added. A 4 uL aliquot of a-pinene, B-pinene or D-
limonene was injected to produce the target concentration of 500 ppb; likewise 4 uL of -
caryophyllene was injected to produce a terpene concentration of 290 ppb, due to its difference
in molecular weight and density compared to the monoterpenes. Then ozone was introduced
until a concentration of 250 ppb was reached, according to an ozone monitor (2B Technologies,
Model 205). Seed aerosols were not added to any of the experiments. In some of the
experiments (Table 2.1), 25 uL of cyclohexane was introduced into the chamber though a
heated port (concentration of cyclohexane in chamber was ~3770 ppb). Cyclohexane was used
as an OH radical scavenger to react with the OH radicals generated during the ozonolysis of
terpenes (Jonsson et al., 2008). A heat mat located below the chamber was maintained at 25 —
28 °C to mix the reactants homogeneously throughout the chamber. Aerosol particles were
observed within seconds after ozone was introduced to the chamber. The particle number
concentration reached ~ 20000 particles cm™. The reactants were allowed to react for an hour

before sampling began.
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Table 2.1 LANLSOA experimental conditions.

i X X cyclohexane, uL
Sample Experiment | Terpene Concenration,| Ozone, min | Target .
Terpene (concentration,
Name Date ppb (Volume, pL) (conc, ppb) | RH% ppb)
AP2 0 6/15/2010 |500 (4) 5(250) 0 0(0)
a-Pinene AP3 4 7/26/2010 500 (4) 5(250) 4 0(0)
AP4 30 7/27/2010 500 (4) 5(250) 30 0(0)
BP8_0 6/23/2010 |500 (4) 5(250) 0 0(0)
. BP9_0 6/24/2010  [500 (4) 5(250) 0 0(0)
B-Pinene o004 7/22/2010 500 (4) 5 (250) 4 0(0)
BP11_30 7/23/2010 |500 (4) 5(250) 30 0(0)
LM1_0 7/8/2010 500 (4) 5 (250) 0 0(0)
LM2_4 7/28/2010 [500 (4) 5(250) 4 0(0)
. LM3_30 5/24/2011 [500 (4) 5(250) 30 0(0)
Limonene

LM4 0 CH |5/25/2011 |500 (4) 5(250) 0 25 (3770)

LM5 4 CH |5/26/2011 |500 (4) 5(250) 4 25 (3770)

LM6_30_CH |5/27/2011 |500 (4) 5(250) 30 25 (3770)
CP1 0 6/1/2011 290%(4) 5(250) 0 0(0)
CP2_4 6/3/2011 290%*(4) 5(250) 4 0(0)
B-Caryophyllene CP3_30 6/6/2011 290*(4) 5 (250) 30 0(0)

CP4 0 CH 6/8/2011 290*(4) 5 (250) 0 25 (3770)

CP5 4 CH 6/13/2011  [290*(4) 5 (250) 4 25 (3770)

CP6_30_CH ([6/14/2011 |290%*(4) 5(250) 30 25 (3770)

*Differences in ppb are mainly attributed to molecular weight and density change between the

monoterpenes and the sesquiterpene.
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The resulting SOA from each experiment was collected onto a prebaked quartz fiber filter (600°C
for > 8 hours; 47 mm diameter) with a flow rate of 6 LPM for 2.5 — 5 hours without a denuder.
The sampled filters were stored in petri dished (Pall Corporation) wrapped with aluminum foil in
a freezer at -20 °C. The samples were shipped cold overnight with blue ice packs to Michigan
Tech. Half of each filter was extracted with 5 mL of a 1:1 mixture of acetonitrile (Chromasolv,
Sigma Aldrich) and water (ACS, Sigma Aldrich). Acetonitrile is not expected to react with the SOA
components (Bateman et al., 2008); water may hydrate the analyte molecules potentially
altering the functional groups. The extraction was carried out in a sonicating bath for 30 min.
The extracts was decanted and kept at -20 °C until analysis. The chamber blanks were treated

following the same procedures, except the terpenes and ozone were not added to the chamber.

Each sample was labeled to indicate the precursor, sequence number, relative humidity and
presence of cyclohexane (Table 2.1). The precursor is identified with one of the following
abbreviations: a-pinene (AP), B-pinene (BP), D-limonene (LM), or B-caryophyllene (CP). The
number following the precursor indicates the sequence number of the experiments. The percent
relative humidity is placed after an underscore. If cyclohexane was present in the chamber, CH is
placed after another underscore at the end (e.g., AP3_4 CH indicates an ozonolysis experiment

with a-pinene at 4% RH with cyclohexane).
2.1.2 Secondary organic aerosol sample analysis

Ultrahigh resolution mass spectrometry analysis of the aerosol extracts was performed using a
hybrid linear ion trap Fourier-transform ion cyclotron resonance mass spectrometer (LTQ FT
Ultra, Thermo Scientific) equipped with an electrospray ionization (ESI) source. The diluted
solution was infused directly into the ESI interface, the ESI parameters were adjusted to obtain a
stable ion current with minimum ion injection time into the mass analyzer. After optimization
the infusion flow rate was 4 pl/min, the ESI needle voltage was between -3.7kV and -4.0kV, and
the capillary temperature was 265 °C. No sheath gas was used. The sample delivery apparatus
was flushed in between each analysis with a minimum of 500 pL of acetonitrile and water
(50:50) and 500 pL of 100% acetonitrile until background noise levels were reached. Besides the
instrumental parameters, the electrospray efficiencies of the analytes depend on their chemical
structures. Analytes with hydroxyl or carboxyl functional groups favor ionization in the negative

ion electrospray mode. Many SOA species contain these hydrophilic functional groups, thus
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most of the SOA components are expected to be observed in the negative ion mass spectra;
though not all the organic carbon species are ionized. The relative abundances of the peaks in
the mass spectra are not only related to the compound concentrations in the mixture, but also
influenced by their electrospray efficiencies. Thus the relative abundance does not exactly
reflect the compound concentration. The highly complex mixture and the lack of the organic
standard hinder the quantification of the organic compounds. Quantification of the SOA
components was not conducted in this study. Negative ion mass spectra were collected using
full scan analysis for the range of 100 < m/z < 1000. Mass resolving power, m/Amsgsy, in which
Amsgy is peak full width at half-maximum peak height, was set at 400,000 (at m/z 400) for all
spectra. Automatic gain control was used to consistently fill the LTQ with the same number of
ions (n = 10°) for each acquisition and to avoid space charge effects from over-filling the mass
analyzer. The instrument was externally calibrated in the negative ion mode with a standard
solution of sodium dodecyl sulfate and taurocholic acid. The resulting mass accuracy was better
than 2 ppm. Over 200 individual mass spectra recorded in the time domain were collected and

stored as transients for each sample using Thermo Xcalibur software.
2.1.3 Molecular formula assignment

Ultrahigh resolution FT-ICR mass spectra were processed using Composer software (Sierra
Analytics, Version 1.0.5) as previously described in Putman et al. (2012) and Mazzoleni et al.
(2012). Each mass spectrum was processed individually with the following procedures.
Approximately 200 time domain transients were co-added to improve the signal-to-noise ratio
(Kujawinski et al., 2002) and the signal reproducibility (Kido Soule et al., 2010). Internal
recalibration of the mass spectra (Sleighter and Hatcher, 2008) was performed to improve the
molecular formula assignment accuracy. Several high relative abundance SOA components were
used as internal recalibrants. They were selected due to their high relative abundances, long CH,
homologous series (species with same molecular composition only deferring in CH,); and several
CH, homologous series of formulas were combined as the internal recalibrant list to try to span
the whole m/z range. The peaks in the spectrum are internally recalibrated by reference to the
expected exact m/z of the internal recalibrants. The lists of internal recalibrants for formula
assignment of LANLSOA mass spectra from different precursors are given in Table 2.2. The
match tolerances for the internal recalibrants were set at 3 ppm with a minimum relative

abundance (RA) of 18 times the root mean square (RMS) of the signal-to-noise ratio between
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the range m/z 900 - 1000. The molecular formula calculator was set to allow up to 100 carbon
(C), 200 hydrogen (H) and 20 oxygen (O) atoms per molecular formula composition. The
calculator is based on the PREDATOR algorithm (Blakney et al., 2011) and uses a Kendrick mass
defect (KMD, see Section 2.1.4) analysis (Hughey et al., 2001) to sort ions into CH, homologous
series and then assigns the de novo molecular formulas < 500 Da. All the ions > 500 Da either
belong to a CH, homologous series with de novo formulas of < 500 Da or were not assigned. An
assignment threshold of 6 times the RMS of the signal-to-noise ratio was applied to the
detected peaks. The molecular formulas resulting in measurement errors > 3 ppm were
discarded. Additional data filtering of the assigned formulas was done by applying the rules and

assumptions as described by Koch et al. (2005) and Putman et al. (2012).
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Table 2.2 Internal recalibrants used for LANLSOA formula assignment.

alpha-pinene beta-pinene limonene beta-caryophyllene

m/z Formula m/z Formula m/z Formula m/z Formula

129.019332 C5H604 129.019332 C5H604 189.040462 C7H1006 173.009161 C6H606

143.034982 C6H804 143.034982 C6H804 203.056112 C8H1206 187.024812 C7H806
157.050632 C7H1004 157.050632 C7H1004 217.071762 C9H1406 201.040462 C8H1006
171.066282 C8H1204 171.066282 C8H1204 231.087412 C10H1606 215.056112 C9H1206
185.081932 C9H1404 185.081932 C9H1404 245.103062 C11H1806 229.071762 C10H1406
199.097583 C10H1604 199.097583 C10H1604 259.118712 C12H2006 243.087412 C11H1606
213.113233 C11H1804 213.113233 C11H1804 273.134362 C13H2206 257.103062 C12H1806
227.128883 C12H2004 227.128883 C12H2004 287.150012 C14H2406 271.118712 C13H2006
241.144533 C13H2204 241.144533 C13H2204 301.165662 C15H2606 285.134362 C14H2206
255.160183 C14H2404 255.160183 C14H2404 315.181312 C16H2806 299.150012 C15H2406
269.175833 C15H2604 269.175833 C15H2604 329.196962 C17H3006 313.165662 C16H2606
283.191483 C16H2804 283.191483 C16H2804 343.212612 C18H3206 327.181312 C17H2806
297.207133 C17H3004 297.207133 C17H3004 343.212612 C19H3406 341.196962 C18H3006
311.222783 C18H3204 311.222783 C18H3204 347.09837 C12H16010 355.212612 C19H3206
259.045941 C10H1208 259.045941 C10H1208 347.09837 C13H18010 369.228262 C20H3406
273.061591 C11H1408 273.061591 C11H1408 347.09837 C14H20010 383.243912 C21H3606
287.077241 C12H1608 287.077241 C12H1608 361.11402 C15H22010 397.259563 C22H3806
301.092891 C13H1808 301.092891 C13H1808 375.129671 C16H24010 411.275213 C23H4006
315.108541 C14H2008 315.108541 C14H2008 389.145321 C17H26010 425.290863 C24H4206
329.124191 C15H2208 329.124191 C15H2208 403.160971 C18H28010 439.306513 C25H4406
343.139841 C16H2408 343.139841 C16H2408 417.176621 C19H30010 453.322163 C26H4606
357.155491 C17H2608 357.155491 C17H2608 431.192271 C20H32010 467.337813 C27H4806
371.171141 C18H2808 371.171141 C18H2808 445.207921 C21H34010 481.353463 C28H5006
385.186791 C19H3008 385.186791 C19H3008 459.223571 C22H36010 495.369113 C29H5206
399.202442 C20H3208 399.202442 C20H3208 473.239221 C23H38010 509.384763 C30H5406
413.218092 C21H3408 413.218092 C21H3408 487.254871 C24H40010 523.400413 C31H5606
427.233742 C22H3608 427.233742 C22H3608 501.270521 C25H42010 537.416063 C32H5806
441.249392 C23H3808 441.249392 C23H3808 515.286171 C26H44010 551.431713 C33H6006
455.265042 C24H4008 455.265042 C24H4008 529.301821 C27H46010 401.108935 C17H22011
469.280692 C25H4208 469.280692 C25H4208 543.317471 C28H48010 415.124585 C18H24011
483.296342 C26H4408 483.296342 C26H4408 557.333121 C29H50010 429.140235 C19H26011
417.10385 C17H22012 417.10385 C17H22012 491.140629 C19H26014 443.155885 C20H28011
431.1195 C18H24012 431.1195 C18H24012 491.140629 C20H28014 457.171535 C21H30011
445.13515 C19H26012 445.13515 C19H26012 505.156279 C21H30014 471.187185 C22H32011
459.1508 C20H28012 459.1508 C20H28012 519.171929 C22H32014 485.202835 C23H34011
473.16645 C21H30012 473.16645 C21H30012 533.187579 C23H34014 499.218486 C24H36011
487.1821 C22H32012 487.1821 C22H32012 547.203229 C24H36014 513.234136 C25H38011
501.19775 C23H34012 501.19775 C23H34012 561.218879 C25H38014 527.249786 C26H40011
515.2134 C24H36012 515.2134 C24H36012 575.23453 C26H40014 541.265436 C27H42011
529.22905 C25H38012 529.22905 C25H38012 589.25018 C27H42014 555.281086 C28H44011
543.2447 C26H40012 543.2447 C26H40012 603.26583 C28H44014 569.296736 C29H46011
557.26035 C27H42012 557.26035 C27H42012 617.28148 C29H46014 583.312386 C30H48011
571.276 C28H44012 571.276 C28H44012 631.29713 C30H48014 597.328036 C31H50011
585.29165 C29H46012 585.29165 C29H46012 645.31278 C31H50014 611.343686 C32H52011
599.307301 C30H48012 599.307301 C30H48012 659.32843 C32H52014 625.359336 C33H54011
613.322951 C31H50012 613.322951 C31H50012 673.34408 C33H54014 639.374986 C34H56011
627.338601 C32H52012 627.338601 C32H52012 687.35973 C34H56014 653.390636 C35H58011
641.354251 C33H54012 641.354251 C33H54012 701.37538 C35H58014 667.406286 C36H60011
655.369901 C34H56012 655.369901 C34H56012 715.39103 C36H60014 681.421936 C37H62011
603.193059 C26H36016 603.193059 C26H36016 729.40668 C37H62014 695.437586 C38H64011
617.208709 C27H38016 617.208709 C27H38016 677.229838 C27H38018 683.292044 C33H48015
631.224359 C28H40016 631.224359 C28H40016 677.229838 C28H40018 697.307694 C34H50015
645.240009 C29H42016 645.240009 C29H42016 677.229838 C29H42018 711.323345 C35H52015
659.255659 C30H44016 659.255659 C30H44016 691.245488 C30H44018 725.338995 C36H54015

27




673.271309 C31H46016 673.271309 C31H46016 705.261138 C31H46018 739.354645 C37H56015
687.286959 C32H48016 687.286959 C32H48016 719.276788 C32H48018 753.370295 C38H58015
701.302609 C33H50016 701.302609 C33H50016 733.292438 C33H50018 767.385945 C39H60015
715.318259 C34H52016 715.318259 C34H52016 747.308088 C34H52018 781.401595 C40H62015
729.333909 C35H54016 729.333909 C35H54016 761.323738 C35H54018 795.417245 C41H64015
743.349559 C36H56016 743.349559 C36H56016 775.339389 C36H56018 809.432895 C42H66015
757.365209 C37H58016 757.365209 C37H58016 789.355039 C37H58018 823.448545 C43H68015
771.380859 C38H60016 771.380859 C38H60016 803.370689 C38H60018 837.464195 C44H70015
785.396509 C39H62016 785.396509 C39H62016 817.386339 C39H62018 851.479845 C45H72015

831.401989 C40H64018

845.417639 C41H66018

859.433289 C42H68018
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2.1.4 Sample composition descriptive terms

Double bond equivalents (DBE) describe the saturation degree of a molecular formula. It counts
the number of double bonds and rings in the formula. DBE is determined by equation 2-1

(McLafferty and Tureek, 1993):
DBE=c-h/2+n/2+1 2-1

for each elemental composition C.H,N,O.S;. A formula with higher DBE value is more

unsaturated.

Kendrick mass analysis uses Kendrick mass defect (KMD) to sort the molecular formulas into
homologous series. The most commonly used homologous series is CH, homologous series,
which is an intrinsic character of natural organic matters (Reemtsma et al., 2006; Koch et al.,

2007; Sleighter and Hatcher, 2008). The KMD is determined from equations 2-2 and 2-3 (Hughey

et al., 2001):
Kendrick mass (KM) = (measured mass) x (14.00000)/(14.01565) 2-2
KMD = nominal Kendrick mass (NKM) — KM 2-3

Using these equations, compounds of the same CH, homologous series will have the same KMD.
When KMD is plotted against Kendrick mass, formulas of the same CH, homologous series form

a horizontal line.

Van Krevelen analysis is used to understand the composition characteristics of complex formula
dataset. All the individual formulas in the dataset are plotted on the van Krevelen diagram with
the elemental oxygen-to-carbon ratio (O/C) as x-axis and hydrogen-to-carbon ratio (H/C) as y-
axis. The degree of alkylation, hydrogenation, hydration and oxidation of complex samples can
be evaluated with the van Krevelen diagram (Kim et al., 2003; Sleighter and Hatcher, 2007).
Along the x-axis, compounds with a higher oxidation degree lie farther to the right. Along the y-
axis, compounds with a higher saturation degree are located closer to the top of the diagram.
Aliphatic compounds have high H/C ratios (= 1.5) and low O/C ratios (< 0.5); aromatic

hydrocarbons have low H/C ratios (< 1.0) and low O/C ratios (< 0.5) (Mazzoleni et al., 2012).
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2.1.5 Multivariate statistical analysis

2.1.5.1 Hierarchical cluster analysis

Hierarchical cluster analysis (HCA) finds the samples with similar molecular composition and
clusters them closely together. It starts with individual samples. Thus there are initially as many
clusters as samples. The most similar samples (samples with the smallest distance or largest
similarity) are first grouped, and these initial groups are merged according to their similarities or
distances. Eventually, all of the subgroups are fused into a single cluster (Johnson and Wichern,
2007). HCA was conducted using R software. The function hcluster in the package of “amap”

(Lucas, 2014) was used for hierarchical cluster analysis in this study.

The basic tool for fusing the samples or sample groups is the similarity or distance
measurement. In statistics, different distance measurements are applied to different situations

IM

to find the “natural” grouping of the observations. Around 10 distance measurement methods
are available in the function hcluster in R, including euclidean, maximum, manhattan, canberra,
binary, pearson, correlation, spearman and kendall. They were all tested to examine the
similarities of the LANLSOA samples. The description of the distance methods can be found in

the R help files at http://cran.r-project.org/web/packages/amap/amap.pdf.

When fusing individual samples and sample groups, linkage methods are applied to determine
the distance between them. Commonly used linkage methods include single, average and
complete linkages. The linkage criteria are illustrated schematically in Figure 2.2. Single linkage
uses the smallest distance between the nearest members of two groups as the distance of the
groups. Complete linkage uses the largest distance between the furthest members of the two
groups as the distance of the groups. Average linkage uses the average distances between the

members in two groups.

It is recommended to try different distance functions and linkage methods on a given problem.
If the results are similar, then the result is considered to be “natural” (Johnson and Wichern,

2007).
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Figure 2.2 Intercluster distances for single linkage (A), complete linkage (B) and average linkage
(C). Adapted from Johnson and Wichern, 2007.
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2.1.5.2 Principal component analysis

Principal component analysis (PCA) is a dimension reduction tool. It uses a linear combination of
the variables to generate new variables, which are called principal components (PCs). The PCs
are ordered by the variance they carry, with PC1 representing the largest variance, PC2
representing second largest variance and so on. The number of the new variables (the PCs) is
the same as the number of original variables. But usually only the first few PCs are selected for
further statistical analysis. In this way the dimension of the dataset is reduced. In practice, a
correlation matrix of the dataset is first generated. Then the eigenvalues and the eigenvectors of
the correlation matrix are calculated. It turns out the eigenvectors are the new PCs and the
corresponding eigenvalues are relevant to the variance the PCs carry. The eigenvector
corresponding to the largest eigenvalue is PC1, the eigenvector corresponding to the second
largest eigenvalue is PC2 and so on. When PCA is followed by further statistics, there is always
the question of how many components to retain. There is no definitive answer to this question
(Johnson and Wichern, 2007). A useful visual aid is the Scree plot. With the eigenvalues ordered
form largest to smallest, a Scree plot is a plot of the magnitude of the eigenvalues (in some
cases PCs are used) versus their number. An example of a Scree plot with 6 eigenvalues is shown
in Figure 2.3. To determine the appropriate number of components, we look for an elbow
(bend) in the Scree plot. The number of components is taken to be at the point where the
remaining eigenvalues are relatively small and all about the same size (Johnson and Wichern,
2007). In Figure 2.3, the elbow occurs at approximately i = 3. Thus it appears that two (or
perhaps three) sample principal components effectively summarize the total sample variance.
There is a large number of calculations involved in the principal component analysis of the
LANLSOA samples, due to the large LANLSOA dataset with thousands of formulas as variables.

PCA was conducted using R software with the function of prcomp in the basic package.

In this study, PCA is mainly used to explore the relationships between the LANLSOA samples and
the molecular formulas. Usually the first two or three PCs were selected to visually show the
analysis results. The variable loadings and the sample scores for every PC are given in the PCA
results. If PC1 and PC2 are selected, the formulas can be plotted on the PC1-PC2 space with their
loadings; this is called a PCA loading plot. Similarly, the samples can also be plotted on the PC1-
PC2 space with their scores; this is called a PCA score plot. When the variables and the samples

are plotted together, the plot is a PCA biplot. The relationships between the samples and the
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molecular formulas can be inferred from the PCA biplot based on their relative locations.
Generally the variables at a similar location as the samples are the variables rich in those
samples. In addition, the further away a variable is form the origin of the plot (in this case the
variable has large absolute PC loading), the more contribution that variable has to the variation

of the samples.

3.5 -

2.5 A

Eigenvalue

Figure 2.3 An example of Scree plot from principal component analysis with 6 eigenvalues or
principal components. Adapted from Johnson and Wichern, 2007.
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2.2 Ambient aerosol-derived water-soluble organic carbon

2.2.1 Ambient aerosol collection

The aerosol samples were collected at the Storm Peak Laboratory (SPL). This remote continental
site is located on the western summit of Mt. Werner (3220 m a.s.l.) in the northwestern
Colorado Park Range near Steamboat Springs. The mountain-top laboratory facilitates
observations of free tropospheric air and in-cloud conditions. SPL is situated at the tree line on a
70 km ridge oriented perpendicular to the prevailing westerly winds (Hallar et al., 2013). SPL
experiences transport from distant sources including urban areas, power plants, and wildfires
(Obrist et al., 2008). There are also abundant biogenic emissions from the pine trees at SPL

during summer months (Amin et al., 2012).

Thirty-four daily aerosol samples with aerodynamic diameter < 2.5 um (PM, s) were collected
from June 25" 2010 to July 28" 2010. Four high-volume sampler (TE-5170-D, Tisch
Environmental Inc., Cleves, OH) located on the roof of the SPL were operated at 1.13 m> min™
flow rate for daily sampling with pre-cleaned 8 x 10 inches (20.3 x 25.4 cm) Teflon-impregnated
glass fiber (TIGF) filters (Fibrefilm T 60A20, Pall Life Sciences, Port Washington, NY). Filters were
changed daily at approximately 11 am Mountain Daylight Time (MDT). The loaded filters were
packed with aluminum foil individually and stored at — 6 °C. The names of the samples and the

exact sampling time are listed in Table 2.3.
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Table 2.3 Daily aerosol sample names and the sampling time.

Sample name Sampling Start time Stop time Sampling
Date (next day) period
0625 25-Jun-10 11:15 10:50 23h35m
0626 26-Jun-10 11:04 10:40 23h35m
0627 27-Jun-10 10:58 10:40 23h42m
0628 28-Jun-10 10:55 13:14 26 h19m
0629 29-Jun-10 13:29 11:23 21 h54m
0630 30-Jun-10 11:46 10:45 22h59m
0701 1-Jul-10 11:00 10:40 23h40m
0702 2-Jul-10 11:00 10:48 23h48m
0703 3-Jul-10 11:03 13:13 26h10m
0704 4-Jul-10 13:34 10:43 21h09m
0705 5-Jul-10 11:01 10:40 23h39m
0706 6-Jul-10 10:55 10:24 23h29m
0707 7-Jul-10 10:37 12:11 25h34m
0708 8-Jul-10 12:31 11:20 22h49m
0709 9-Jul-10 11:36 11:15 23h39m
0710 10-Jul-10 11:35 10:43 23h08m
0711 11-Jul-10 11:03 12:04 25h01m
0712 12-Jul-10 12:26 11:28 23 h02m
0713 13-Jul-10 11:47 10:45 22h58m
0714 14-Jul-10 11:02 10:37 23h35m
0715 15-Jul-10 11:53 10:43 22h50m
0716 16-Jul-10 10:56 10:41 23h45m
0717 17-Jul-10 10:54 10:42 23h48 m
0718 18-Jul-10 10:55 10:41 23h46m
0719 19-Jul-10 10:56 10:44 23h48 m
0720 20-Jul-10 10:57 10:57 24h00m
0721 21-Jul-10 11:20 10:52 23h32m
0722 22-Jul-10 11:11 10:42 23h31m
0723 23-Jul-10 10:58 10:44 23h46m
0724 24-Jul-10 11:02 10:42 23h40m
0725 25-Jul-10 10:59 10:41 23h42m
0726 26-Jul-10 10:55 10:40 23h45m
0727 27-Jul-10 10:53 10:41 23h48 m
0728 28-Jul-10 10:58 10:41 23h43m
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2.2.2 Water-soluble organic carbon sample extraction and preparation

The water-soluble organic carbon (WSOC) in aerosols was obtained by extracting the aerosol-
loaded filters with high purity water and isolated it from the inorganic water-soluble
components using a reversed-phase solid phase extraction technique. No pH adjustment was
applied to the extraction and isolation procedures. Studies showed that the addition of acid to
atmospheric samples catalyzes the carbonyl chemistry (Gelencser, 2004) and accretion reactions
to form oligomers (linuma et al., 2007; Altieri et al., 2008). Some studies used 0.1 M NaOH to
extract aerosol organics, which could recover a larger mass fraction than extractions with pure
water (Feczko et al., 2007; Baduel et al., 2009). In this study, we focus on the water-soluble
organic carbon in aerosols, which is relevant to the hygroscopicity and indirect climate effect of
aerosols. To keep the WSOC component intact and preserve its original composition as in the
atmosphere, no acid or base was introduced in the sample preparation. This is consistent with
other molecular composition studies of WSOC (Wozniak et al., 2008; Schmitt-Kopplin et al.,
2010; Mazzoleni et al., 2012; Rincon et al., 2012).

A punch of 25mm diameter was taken from every TIGF filter. The four punches from the four
filters collected on the same day (with four high-volume samplers) were put together in a pre-
cleaned glass vial with tweezers. The tweezers were rinsed with isopropyl alcohol between uses.
10 mL of high purity water was added to the vial for extraction in an ultrasonic bath for 30 min.
The extracts were filtered with 0.2 um PTFE membrane filters (Whatman, Inc.). The filtered
water-soluble aerosol extracts were placed in pre-cleaned amber bottles and stored at — 20 °C
for further analysis steps. Besides the analysis of daily WSOC samples, aliquots of the extracts
from different days were combined into several “composite samples” based on back trajectory
analysis (Hallar et al., 2013). One of the composite samples (Sample #4) was discussed in

Mazzoleni et al. (2012). In this study, we focus on the molecular composition of daily WSOC.

The daily extract of each sample was prepared for ESI FT-ICR MS analysis using solid phase
extraction to concentrate the analytes and remove the inorganic ions, which compromise the
analyte electrospray ionization efficiencies and lead to analyte artifacts (e.g., salt adducts). The
Strata-X (Phenonmenex, Torrance, CA) cartridges were used for daily WSOC preparation. They
contain both hydrophilic and hydrophobic functional groups, which were found to retain a

diverse spectrum of analytes and. Each Strata-X cartridge was pre-conditioned with 2 mL of each

36



of the following solvents in series: methanol, acetonitrile and water. Then the filtered extract (~
10 mL due to the extraction and filtration loss) was applied to the cartridge. The cartridges were
rinsed with 2 mL of high purity water and dried. Then the WSOC was washed out with 1.5 mL of
acetonitrile (Chromsolv for HPLC, Sigma-Aldrich). Extraction recoveries were not determined in
this study, however a large fraction of the high molecular weight WSOC is expected to be
retained due to the both hydrophilic and hydrophobic characteristics of the Strata-X cartridges.
The blank sample was prepared following the same procedure. Samples were stored at — 5 °C

until further analysis.

2.2.3 Water-soluble organic carbon sample analysis and molecular formula

assignment

The daily WSOC samples were analyzed using an ultrahigh resolution FT-ICR MS. The instrument
was described in Section 2.1.2. Samples were diluted with acetonitrile (50 sample: 50
acetonitrile, v/v) before direct injection into the ESI source to be better electrospray ionization.
Negative ion mass spectra were recorded with a mass range of m/z 100 to 1000 and a resolving
power of 400,000 (defined at m/z 400). The ESI conditions for each of the daily samples are
listed in Table 2.4. The other instrument operation procedures were the same as given in
Section 2.1.2. As previously mentioned, quantification of the WSOC components was not
conducted in this study. Usually a sample was analyzed more than one time and the repeated

o" n
r

runs were distinguished in the sample ID with (sometimes also a number after the “r”) after
the sample date. For example, 0627 is the first run of the WSOC sample collected on June 27",
2010; 0726r is the second run of the same sample; 0627r2 is the third run of the sample. Only
the best of multiple runs was selected for further discussion in Chapter 4 for each sample. The
selection criteria is based on the ionization consistency in the total ion current of the ~ 200 time
domain transients, which implies the sample components electrosprayed well during the whole
run. 8 of the 34 daily WSOC samples were analyzed twice (two “good” runs) and serve as
analytical replicates. They include: 0628, 0707, 0710, 0713, 0717, 0722, 0724 and 0727. The

sample replicates are indicated with “rep” after the date in the sample names. For example,

0707rep represents the analytical replicate for the sample 0707.
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Table 2.4 The electrospray parameters for daily water-soluble organic carbon analysis.

Sample Position
SampleID  Sample name ESI needle voltage (kv) flowrate of ESI
(ul/min) probe

FilterBlank1 FilterBlank1 4.10 5 B1/2
FilterBlank2r FilterBlank2 4.20 5 B1/2
FilterBlank3 FilterBlank3 3.80 5 B1/2
F062510r3 0625 3.90 4 B1/2
FO62610r 0626 3.45 3 B1/2
FO62710r3 | 0627 3.45 3 B1/2
F062810 0628 3.00 3 B1/2
F062810rep 0628rep 3.45 3 B1/2
F062910 0629 3.80 3 B1/2
F063010r2 0630 3.45 3 B1/2
Fo70110r |~ 0701 3.80 4 C
F070210r2 0702 3.45 3 B1/2
F070310 0703 3.25 4 B
Fo70410 0704 3.35 4 C
F070510 0705 3.35 4 C
F070610 0706 3.45 4 C
Fo70710 0707 3.35 4 B1/2
FO70710repr2 0707rep 3.55 3 B1/2
FO70810r | 0708 3.30 4 B1/2
F070910 0709 3.70 4 B1/2
Fo71010 0710 3.35 3 B1/2
FO71010rep 0710rep 3.25 3 B1/2
Fo71110 o711 3.30 3 B1/2
Fo71210 0712 3.30 3 B1/2
FO71310r | 0713 4.00 3 B1/2
FO71310rep 0713rep 3.35 3 B1/2
Fo71410 o714 3.10 3 B1/2
F071510 0715 3.10 3 B1/2
Fo71610 0716 3.10 3 B1/2
Fo71710 0717 3.10 3 B1/2
FO71710rep 0717rep 3.10 3 B1/2
Fo71810 0718 3.10 3 B1/2
FO71910r | 0719 3.10 3 B
F072010r | 0720 3.13 3 B
Fo72110 0721 3.10 3 B
F072210 0722 3.00 3 B1/2
FO072210rep 0722rep 3.45 3 B1/2
F072310 0723 3.25 3 B
F072410 0724 3.50 3 B1/2
F072410rep 0724rep 3.50 3 B1/2
F072510 0725 3.40 3 B1/2
F072610 0726 3.50 3 B1/2
Fo72710 0727 3.05 3 B1/2
F072710rep 0727rep 3.45 3 B1/2
F072810 0728 3.45 3 B1/2
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The molecular formula assignment was done with the same procedure as discussed in Section
2.1.3 for LANLSOA. Internal recalibration was applied using a list of the high relative abundance
formulas in the daily WSOC samples. The internal recalibrants are listed in Table 2.5. The only
difference between the formula assignment for LANLSOA and for daily WSOC is the type and
number of elemental atoms allowed. Heteroatoms including nitrogen (N) and sulfur (S) were
allowed in the formula assignment of the ambient WSOC samples. The molecular formula
calculator was set to allow up to 70 carbon (C), 140 hydrogen (H) and 25 oxygen (O) 3 nitrogen

(N) and 1 sulfur (S) atoms per molecular formula.

Table 2.5 Internal recalibrants used for daily WSOC formula assignment.

m/z Formula m/z Formula
129.019332 |[C5H604 129.019332 |C5H604
171.066282 |C8H1204 171.066282 [C8H1204
185.081932 [C9H1404 185.081932 [C9H1404
199.097583 |C10H1604 199.097583 [C10H1604
213.113233 |C11H1804 213.113233 |C11H1804
227.128883 |C12H2004 227.128883 |C12H2004
231.051026 |C9H1207 231.051026 |C9H1207
241.144533 |C13H2204 241.144533 |C13H2204
255.160183 |C14H2404 255.160183 |C14H2404
269.066676 |C12H1407 269.066676 |C12H1407
283.082326 |C13H1607 283.082326 |C13H1607
315.144927 |C15H2407 315.144927 |C15H2407
353.160577 |C18H2607 353.160577 |C18H2607
361.077635 |C14H18011 |[361.077635 |[C14H18011
367.176227 |C19H2807 367.176227 |C19H2807
381.191877 |C20H3007 381.191877 |C20H3007
387.093285 |C16H20011 |[387.093285 |[C16H20011
395.207527 |C21H3207 395.207527 |C21H3207
409.223177 |C22H3407 409.223177 |C22H3407
415.161008 |C19H28010 [[415.161008 |[C19H28010
427.270127 |C23H4007 427.270127 |C23H4007
443.19226 C21H32010 [|443.19226 C21H32010
445.171535 |C20H30011 |[[445.171535 |C20H30011
471.187185 |C22H32011 |[[471.187185 |[C22H32011
489.233038 |C23H36011 |}489.233038 |C23H36011
499.109329 |C21H24014 |[499.109329 |[C21H24014
527.249786 |C26H40011 ||527.249786 |C26H40011
529.265436 |C26H42011 |[529.265436 |C26H42011
541.305192 |C28H46010
555.171929 |C25H32014
557.295639 |C28H44011
559.311289 |C28H46011
569.296736 |C29H46011
569.339412 |C30H50010
571.312386 |C29H48011
585.328036 |C30H50011
597.328036 |C31H50011
611.23453 C29H40014
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2.2.4 Sample composition descriptive terms

The sample composition descriptive terms introducted in Section 2.1.4 were also used here to
describe the daily WSOC sample composition. Besides those, relative abundance weighted
properties including relative abundance weighted oxygen-to-carbon ratios (O/C,), relative
abundance weighted hydrogen-to-carbon ratios (H/C,), relative abundance weighted double
bond equivalents (DBE,,) and relative abundance weighted organic mass to organic carbon ratios
(OM/0C,). They were determined using the following equations (Sleighter and Hatcher, 2008;

Bateman et al., 2009):

0/Cu=Z(w0))/ Z(wic)) 2-4
H/Cu= Z(w;h))/ Z(wic)) 2-5
DBE, = 3(w,DBE)/ Iw, 2-6
OM/OC,, = 3(w,0M/OC)/ 3w, 2-7

for elemental compositions of C.H,N,O.Ss, where w; is the relative abundance for each individual

molecular formula, i.
2.2.5 Multivariate statistical analysis

Multivariate statistical analysis including hierarchical cluster analysis and principal component
analysis were applied to the daily WSOC. The methods of conducting the statistical analysis are

the same as the analysis of the LANLSOA dataset and described in detail in Section 2.1.5.
2.3 Cloud water

2.3.1 Cloud water sample collection

To investigate the composition of cloud water AOM, samples of ambient clouds consisting of
supercooled droplets were collected at the SPL. Clouds that surround the SPL with supercooled
droplets form in the wintertime (Lowenthal et al., 2002). A custom cloud sieve with stainless
steel strands of 0.5 mm diameters was used to collect supercooled droplets by impaction (Figure
2.4). As described by Hindman et al. (1992), cloud droplets with diameter > 8um will be
collected with a 50% collection efficiency on the 0.5 mm strand diameter with an average wind
speed of 2 m/s (average wind speed during sample collection time periods). Cloud sieves were

mounted on the SPL rooftop deck railing on the west side during cloud events. After ~20
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minutes, the cloud sieves were carried into a cold laboratory space to remove the frozen cloud
water (collected as rime) from the strands using a stainless steel blade and collection tray. The
collected rime was stored in a freezer at -5°C. Four cloud water samples were collected during
short separate cloud events. The first sample (CW1) is a composite of two samples collected
between 8:30 and 9:00 pm on February 24th, 2010 and 7:00 and 8:00 am on February 25th. The
second composite sample (CW2) is a composite of two samples, collected between 8 and 11 am
on February 26th. The 24-hour air back trajectory analyses using NOAA HYSPLIT model (Draxler
and Rolph) showed the air coming from west and northwest of SPL. The particle concentrations
(with diameter > 3 nm) were approximately 1000/cm3 during the sampling time as determined
by a Condensation Particle Counter (TSI, model #3025). One field blank sample was prepared by
leaving the cloud sieve in the air in the absence of a cloud event and then rinsed with high purity

water.

Figure 2.4 Photo of the custom stainless steel and teflon cloud sieve and rime collection tray.
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2.3.2 Cloud sample preparation

Cloud water samples were prepared for analysis using a reversed phase solid phase extraction
method to concentrate the analytes and remove inorganic ions (Mazzoleni et al., 2010). Strata-X
SPE cartridges were conditioned with consecutive applications of the following: 1 mL of
isopropyl alcohol, 2 mL of acetonitrile, 2 mL of acidified methanol containing 0.1% formic acid,
and 2 mL of aqueous 0.1% formic acid. Then 100 mL of cloud water without pH adjustment was
applied at a rate of 1-2 mL min™ to the cartridge to allow the AOM components to partition to
the SPE stationary phase. pH values of the cloud water samples were not determined in this
study. Hindman et al. (2006) measured the pH values of wintertime clouds collected at Storm
Peak Laboratory from 1983 to 2004 and reported a pH range of 3.7 to 5.7, thus the cloud
samples in this study are expected to be acidic. Then the cartridges were rinsed with high purity
acidified water to remove salts and dried. Some of the low molecular weight analytes (< 100 Da)
are expected to be lost in this step (Samburova et al., 2013). Analytes were eluted with 1.5 mL
of acetonitrile. Extraction recoveries were not determined in this study, however a large fraction
of the high molecular weight cloud water organic carbon is expected to be retained due to the
both hydrophilic and hydrophobic characteristics of the Strata-X cartridges. The field blank and
lab blank were prepared using the same method except that 100 mL of high purity water
without pH adjustment was applied to the SPE cartridge for the lab blank. All solvents were

HPLC grade or higher. Prepared samples were stored at -5°C until further analysis.
2.3.3 Cloud sample analysis

Ultrahigh resolution mass spectrometry analysis was performed on the cloud samples. Cloud
water samples were infused directly into the ESI interface, the ESI parameters were adjusted to
obtain a stable ion current with minimum ion injection time into the mass analyzer. After
optimization the infusion flow rate was 4 pl/min, the ESI needle voltage was -3.7kV, and the
capillary temperature was 265 °C. Negative ion mass spectra were collected using full scan
analysis for the range of 100 < m/z < 1000. Mass resolving power was set at 200,000 (at m/z
400) for all spectra. Other procedures are similar in Section 2.1.2. Quantification of the cloud
water components was not conducted in this study due to uncertainties associated with

electrospray efficiencies and an overall lack of suitable analytes for quantitation.
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2.3.4 Data processing and assignment of molecular formula composition

Ultrahigh resolution FT-ICR mass spectra were processed using Composer software (Sierra
Analytics, Version 1.0.5) as discussed in Section 2.1.4 and 2.2.4. A set of naturally occurring
cloud water analytes from the two cloud water samples was selected to represent internal
recalibrants over the mass range of 100-650 Da. The internal recalibrants are listed in Table 2.6.
The match tolerances for the internal recalibrants were set at 3 ppm with a minimum relative
abundance (RA) of 18 times the root mean square (RMS) of the signal-to-noise ratio between
900 < m/z < 1000 (RMS of signal-to-noise ratio was 0.018 % for CW1 and 0.038 % for CW2). The
molecular formula calculator was set to allow up to 70 carbon (C), 140 hydrogen (H), 25 oxygen
(0), 4 nitrogen (N) and 1 sulfur (S) atoms per molecular formula composition. The other formula

assignment procedures are the same as described in Section 2.1.4.
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m/z

Table 2.6 Internal recalibrants used for cloud sample formula assignment.

Formula

129.019357
143.035007
157.050657
171.066307
185.081958
199.097608
213.113258
227.128908
241.144558
255.160208
269.175858
283.191508
297.207158
311.222808
325.238458
367.285408
259.045966
273.061616
287.077266
301.092916
315.108566
329.124216
343.139866
357.155516
371.171166
385.186817
399.202467
413.218117
427.233767
441.249417
455.265067
469.280717
483.296367
497.312017
511.327667

C5H604
C6H804
C7H1004
C8H1204
C9H1404
C10H1604
C11H1804
C12H2004
C13H2204
C14H2404
C15H2604
C16H2804
C17H3004
C18H3204
C19H3404
C22H4004
C10H1208
C11H1408
C12H1608
C13H1808
C14H2008
C15H2208
C16H2408
C17H2608
C18H2808
C19H3008
C20H3208
C21H3408
C22H3608
C23H3808
C24H4008
C25H4208
C26H4408
C27H4608
C28H4808
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Molecular formulas were assigned to the field and lab blank samples using the same method.
The blank mass spectra contained several low molecular weight negative ions (m/z < 400), most
of which were assigned unambiguous molecular formulas as described above. Approximately
800 of the assigned monoisotopic formulas were in common with the cloud water samples CW1
and CW2. The common molecular formulas represent approximately 20% of the assigned
molecular formulas in cloud water samples. Although some carryover of the sample
components to blanks may have occurred (Mazzoleni et al., 2012), other sources of
contamination could not be ruled out. Thus, all of the common molecular formulas assigned to
negative ions in either of the blank samples were removed from the presented cloud water

composition.
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Chapter 3 Molecular characterization of biogenic

secondary organic aerosol

A total of 19 biogenic secondary organic aerosol samples were generated in an aerosol chamber
at the Los Alamos National Laboratory (LANLSOA samples). The samples resulted from the
ozonolysis of individual biogenic SOA precursors including a-pinene, B-pinene, D-limonene and
B-caryophyllene with varied relative humidity conditions (0%, 4% and 30%) and with or without
cyclohexane as a hydroxyl radical (OH) scavenger. Ultrahigh resolution FT-ICR mass
spectrometry was used to analyze the molecular composition of the biogenic SOAs and so far
two manuscripts have resulted from this dataset. Kundu et al. (2012) reported the composition
of D-limonene SOA generated with low relative humidity (RH= 0 and 4%) and without
cyclohexane (sample LM1_0 and LM2_4). The paper focused on the formation of high molecular
weight SOA components. Another paper by Kundu et al. (In preparation) reports the molecular
composition of B-caryophyllene SOA. In this dissertation, the molecular composition of all 19
LANLSOA samples is reported. In Section 3.1, | will discuss the chemical characterization of the
biogenic SOA samples by the means of the mass spectra, Kendrick mass defect analysis, van
Krevelen plots, carbon number trends analysis and so on. In Section 3.2, | will compare the
molecular composition of the SOA samples using multivariate statistical analysis. Various data
preparation methods were tested, including RA normalization and RA standardization. The
formulas characteristic to the SOA samples from different precursors were explored. The
potential biogenic SOA indicator species were verified by comparison with the ambient

atmospheric samples of several other studies.
3.1 Composition of biogenic secondary organic aerosol

3.1.1 Molecular formula assignments

After the molecular formula assignment and quality control procedures were applied as
described in Section 2.1.3, approximately 1000 monoisotopic molecular formulas with molecular
weights in the range of 100 - 1000 Da were assigned to each of the LANLSOA samples. They
contain the elements of carbon (C), hydrogen (H) and oxygen (O). Molecular formulas containing
3¢ were also identified and corresponded to the monoisotopic formulas, which provides an

intrinsic validation of the formula assignments.
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Figure 3.1 The Venn diagrams for the a-pinene SOA (A), B-pinene SOA (B), D-limonene SOA (C),
B-caryophyllene SOA (D) and LANLSOA (E) samples.
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A large number of common molecular formulas were observed among the SOA samples,
especially those from the same precursor. Area proportional Venn diagrams were created to
show the number of common and unique molecular formulas in the SOA samples (Figure 3.1).
The three a-pinene SOA samples (AP2_0, AP3_4 and AP4_30) share 1107 common molecular
formulas (the common area of the three ellipses in Figure 3.1 A), which is much more than the
number of unique formulas for each of the a-pinene SOA samples. There are around 800
formulas common in the three B-pinene SOA samples: BP8_0, BP10_4 and BP11_30 (BP9 _0 is an
experimental replicate of BP8_0 and is not included in the Venn diagram) (Figure 3.1 B). Three
D-limonene SOA samples (LM1_0, LM2_4 and LM3_30) without cyclohexane were used to
create the Venn diagram in Figure 3.1 C. Again the largest fraction of the diagram is the common
area of the three ellipses, which corresponds to the common formulas in the three D-limonene
samples. Similarly, three B-caryophyllene SOA samples (CP1_0, CP2_4 and CP3_30) without
cyclohexane were used to create the Venn diagram for B-caryophyllene SOA samples in Figure
3.1 D. Though the common area of the three ellipses is still the largest fraction in the diagram as
in Figure 3.1 A to C, there are many unique formulas in the sample CP1_0. This observation

reflects the effect of RH on the B-caryophyllene SOA composition.

The molecular composition of the SOA samples from different precursors is also compared using
the Venn diagram (Figure 3.1 E). Due the high similarity between a-pinene and B-pinene SOA
sample composition, the Venn diagram was created with a-pinene, D-limonene and j3-
caryophyllene SOA samples. Only the common formulas in all the three a-pinene SOA samples
in Figure 3.1 A, the common formulas in all the three D-limonene SOA samples in Figure 3.1 C
and the common formulas in all the three B-caryophyllene SOA samples in Figure 3.1 D were
used in Venn diagram (Figure 3.1 E) generation. A large fraction of the a-pinene SOA and D-
limonene SOA components are in common. B-caryophyllene SOA shows similarities to a-pinene
and D-limonene SOA, but approximately 1/3 of the B-caryophyllene SOA formulas are unique.
Overall, the SOA samples from different precursors show similar molecular composition, but
differences are observed between B-caryophyllene SOA and the other types of SOA in terms of

precursors.

It should be noted that we use the molecular formulas in SOA composition comparison. A
molecular formula might represent various organic compounds with different chemical

structures. Due to the high complexity of atmospheric sample composition, it is almost
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impossible with the currently available analytical techniques to achieve complete speciation of
the atmospheric molecular species. Even though the molecular formulas do not reflect chemical
structures, they still provide much insight toward the molecular composition of atmospheric

samples.
3.1.2 Characteristics of the biogenic SOA components

The reconstructed mass spectra of the monoisotopic molecular formulas for 18 LANLSOA
samples are shown in Figure 3.2. Samples BP9_0 and BP8_0 were generated with the same
experimental conditions, so the reconstructed mass spectrum of BP9_0 is not shown here.
Consistent with the high number of monoisotopic molecular formulas identified in all of the

samples, the mass spectra are quite complex with a large number of isobaric ions.
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Figure 3.2 Reconstructed mass spectra of LANLSOA sample AP2_0 (A), AP3_4 (B), AP4_30 (C),
BP8_0 (D), BP10_4 (E), BP11_30 (F), LM1_0 (G), LM2_4 (H), LM3_30 (I), LM4_0_CH (J),
LM5_4 CH (K), LM6_30_CH (L), CP1_0 (M), CP2_4 (N), CP3_30(0), CP4_0_CH (P), CP5_4_CH (Q)
and CP6_30_CH (R).

A clear characteristic observed in all of the mass spectra is the clustering of the analyte peaks
into groups, regardless of the relative humidity and presence or absence of the OH radical
scavenger used to generate the SOA samples. This clustering of peaks has been previously
observed in studies of a-pinene SOA (Tolocka et al., 2004; Reinhardt et al., 2007; Gao et al.,
2010; Putman et al., 2012; Kourtchev et al., 2014), B-pinene SOA (Gao et al., 2010) and D-
limonene SOA (Walser et al., 2008; Bateman et al., 2009; Kundu et al., 2012) using ultrahigh and
high resolution MS techniques. This is especially interesting because the studied SOA were
generated under various experimental conditions, some even with acidic seed aerosols. The
clustering characteristic is also observed in the B-caryophyllene SOA mass spectra included in

this study. The clustering of the peaks in the mass spectra is due to accretion reactions of
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functionalized products that lead to high molecular weight SOA formation (also referred to as
“oligomer formation”). Tolocka et al. (2004) referred to the clusters as monomer, dimer, trimer
and so forth with the widely-held assumption that the accretions occur predominantly between
first generation SOA products thus a “terpenoid” structure is preserved. In Putman et al. (2012)
the analyte clusters are referred to as Group I, Group |, Group Il and so on with the
consideration that multiple accretions involving the Criegee intermediates, hydroperoxides and
terpenoid degradation products and they do not necessary retain the terpenoid structure. In
addition to the expected “terpenoid” structure of the high molecular weight species, many
compounds without the terpenoid structures are also expected in the highly complex mixture.
Thus in this dissertation, | will use this terminology to be consistent with Putman et al., (2012)

and Kundu et al. (2012; 2014 In preparation).

Four groups of analyte clusters in the m/z range from 100 to 1000 are observed in the
monoterpene (a-pinene, B-pinene and D-limonene) SOA mass spectra. They are defined as
follows: Group I: 100 < m/z < 300; Group II: 300 < m/z < 475; Group lll: 475 < m/z < 650 and
Group IV: 650 < m/z < 825. Three groups of peaks are observed in the B-caryophyllene SOA mass
spectra, which are defined as: Group I: 100 < m/z < 400; Group II: 400 < m/z < 700 and Group IlI:
700 < m/z < 1000. A higher molecular weight range is observed in the sesquiterpene SOA mass
spectra because of the higher molecular weight of sesquiterpene precursor (Cy5H,4 with
molecular weight 204 Da) compared to the monoterpene precursor (CioH;¢ with molecular
weight 136 Da). Generally, the relative abundances (RAs) of the tallest species in each group
decrease from Group | to Group IV. An exception is observed in the a- and B-pinene SOA mass

spectra where the tall peaks in Groups | and Il have comparable RAs.

The analyte cluster characteristic of the biogenic SOA components is also observed in the
Kendrick mass defect analysis shown in Figure 3.3. These Kendrick mass defect plots show CH,-
homologous series of the identified formulas. The CH,-homologous series are a series of
molecular formulas with the same elemental composition except they differ by the number of
CH, units. Thus, those with the same Kendrick mass defect compose a straight horizontal line in
the diagram. The CH,-homologous series observed in all of the SOA samples provide an intrinsic
confirmation of the molecular formula assignments. To examine this further, SOA samples from
each precursor were selected with 4% and 30% relative humidity and without OH scavenger

(Figure 3.3). The size of the symbols (bubbles) represents the molecular formula RAs for each of
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the specific samples. The Groups | to IV of the monoterpene SOA samples and Groups | to lll in
the sesquiterpene SOA samples are clearly observed in the diagrams. Some of the homologous
series span up to 3 of the Groups. The Kendrick mass defect of the SOA components increases
with the molecular weight. Since the molecular formulas contain C, H and O and C does not
contribute to the Kendrick mass defect (exact mass of *2C=12.0000 Da), H and O contribute to a
negative and positive Kendrick mass defect. This is because the exact mass of 'H and '°0 are
1.0078 Da and 15.9949 Da, which are more or less than their nominal masses of 1 and 16 Da.
Thus, as the Kendrick mass defect increases, so does the number of oxygen atoms and vice versa.
This is confirmed by examining the average numbers of O in each of the Group (Table 3.1). The
average O number increases from ~6 to ~16 from Group | to IV for the monoterpene SOA (or | to
[l for the sesquiterpene SOA), indicating a higher number of oxygen-containing functional

groups in the oligomers than in the monomers.
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Figure 3.3 Kendrick mass defect diagrams for selected a-pinene SOA samples (A), B-pinene SOA

samples (B), limonene SOA samples (C) and B-caryophyllene SOA samples (D). The symbol sizes
are scaled on a sample basis based on the molecular formula RAs.
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Table 3.1 The range and average values with their standard deviations of the DBE, oxygen
number, oxygen-to-carbon ratio and hydrogen-to-carbon ratio for each of the LANLSOA samples
generated under 4% and 30% relative humidity without OH scavenger.

a-Pinene

DBE #0O o/C H/C

AP3_4 Range Avg.Std Range Avg.+Std Range Avg.+Std Range Avg.Std
Group | 1to7 | 3.44+1.30 | 3to10 5.53+#1.67 | 0.17to1.25 | 0.57+0.23 0.86to 2 1.52+0.24
Group Il | 1t09 5.15+1.67 | 4to14 8.68+2.09 | 0.21t00.91 | 0.48+0.15 1.2to0?2 1.55+0.17
Group Ill | 4to12 | 7.08+1.52 | 7to17 12.25#2.23 | 0.24t00.75 | 0.474#0.11 | 1.27t01.76 | 1.55%0.10
Group IV | 6to11 | 8.81+1.23 | 11to19 | 15.42+2.08 | 0.29t00.64 | 0.45+0.08 | 1.43t01.68 | 1.55+0.06

Overall 1to11 | 6.18+2.53 | 3to19 10.59+4.30 | 0.17to 1.25 | 0.49+0.17 0.86 to 2 1.55+0.17
AP4_30
Group | 1to7 | 3.45%£1.26 | 3to10 5.65+1.67 | 0.17to1.25 | 0.58+0.24 0.86 to 2 1.52+0.23
Group Il 1to9 5.15+1.69 | 4to 14 | 8.76+2.06 | 0.21t00.91 | 0.49+0.15 1.2to0?2 1.55+0.17
Group Illl | 4to11 | 7.02¢41.48 | 7to17 | 12.30+2.20 | 0.25t00.75 | 0.47+0.11 | 1.27to1.76 | 1.55+0.10
Group IV | 6to11l | 8.74%+1.30 | 11to 19 | 15.56+1.99 0.3t00.67 | 0.45+0.08 | 1.41to1.7 | 1.55%0.07

Overall 1to11 | 6.18+2.31 | 3to19 |10.72+3.900 | 0.17to 1.25 | 0.49+0.15 0.86to 2 1.54+0.15
B-Pinene

BP10_4
Group | 1to7 | 3.47+1.41 3t09 5.40+1.59 0.17to2 | 0.56+0.25 0.86t0 2 1.52+0.26
Group Il 1to8 |519+1.59 | 4t013 8.40+1.96 | 0.18t00.77 | 0.46+0.13 1.22t02 1.55+0.16
Group lll | 3to12 | 6.95+1.50 | 7t023 | 12.31+2.44 | 0.25t01.33 | 0.48+0.16 1t01.77 1.55+0.11
Group IV | 4to11 | 8.50£1.16 | 11to23 | 15.10+1.90 | 0.3t01.05 |0.44+0.08| 1.4t01.73 | 1.56+0.07

Overall 1to11l 5.91+2.25 3to23 10.0643.95 0.17to 2 0.48+£0.17 0.86to 2 1.54+0.16
BP11_30
Group | 1to6 | 3.2241.33 | 3to9 5.48+1.62 | 0.17to1.25 | 0.58+0.24 0.86t0 2 1.56+0.26
Group I 1to8 4.88+160 | 3to20 | 8.53+2.18 0.13to2 |0.47£0.18 1.2to2 1.58+0.16
Group Illl | 4to11 | 6.77+1.37 | 7to17 | 12.08+1.98 | 0.25t00.7 | 0.46+0.10| 1.27t01.77 | 1.57+0.10
Group IV | 6to12 | 8.31£1.07 | 11to 18 | 14.70+1.75 | 0.3t00.59 | 0.43%0.07 1.31to 1.7 1.58+0.06

Overall 1to12 | 5.58+2.23 | 3to18 9.81+3.71 0.17to 2 0.49+£0.17 0.86to0 2 1.5740.17
D-Limonene

LM2_4
Group | 1to9 3.71£1.60 | 2to10 | 5.47+1.71 0.17to 2 0.57+0.26 0.75t0 2 1.4840.28
Groupll | 1to10 | 5.26+1.96 | 4to 14 8.844+2.12 | 0.21t00.92 | 0.50+0.15 1.07to2 1.5340.20
GroupIll | 3to12 | 7.07£1.92 | 8to 18 12.714£2.12 | 0.27t00.75 | 0.49+0.11 1t01.82 1.53+0.15
Group IV | 1to12 | 8.92+1.77 | 12t022 | 16.90+2.25 | 0.32t00.96 | 0.48+0.09 1.27to 2 1.57+0.09
Overall 1to12 | 6.42+2.54 | 2to22 | 11.56%4.57 0.17to 2 0.50+0.15 0.75t02 1.53+0.19
LM3_30
Group | 1to6 3.27+1.45 | 3to10 5.78+1.60 0.25to 2 0.63+0.25 0.86to 2 1.55+0.27
Group Il 1to8 5.08+1.61 | 4to14 9.19+2.00 0.2t00.91 | 0.52+0.14 12to02 1.54+0.17
Grouplll | 3to10 | 6.73£1.70 | 6to17 | 12.96+2.00 | 0.21t00.74 | 0.514£0.10 | 1.28t0 1.86 | 1.56+0.13
Group IV | 5to11 | 8.57+1.50 | 13t0 20 | 16.92+1.72 | 0.37t00.67 | 0.4940.06 | 1.38t0 1.74 | 1.56+0.08
Overall 1to11 | 6.11+£2.56 | 3t020 11.6114.61 0.20to 2 0.53+0.16 0.86to 2 1.55+0.17
B-caryophyllene

CP2_4
Group | 2to7 4.05£1.24 | 2to 11 6.33+2.07 0.14t00.78 | 0.44+0.14 | 1.29t01.88 | 1.59+0.14
Groupll | 3to10 | 6.74+1.60 | 5to17 | 10.70£2.46 | 0.18t00.65 | 0.39+£0.10 | 1.36t01.88 | 1.59+0.10
Group Ill | 7to12 | 9.26+£1.30 | 10to 19 | 14.86+2.29 | 0.24t00.49 | 0.36£0.06 | 1.46to01.71 | 1.60+0.06
Overall 2t012 | 6.894+2.32 | 2to19 10.96+3.78 | 0.14t00.78 | 0.39£0.10 | 1.29t0 1.88 | 1.59+0.10
CP3_30
Group | 1to8 | 3.96£1.34 | 2to 11 5.99+2.04 | 0.11t00.73 | 0.41+0.14 1.29t02 1.6040.16
Groupll | 1to10 | 6.44+1.72 | 4tol1l6 | 10.21+2.49 | 0.11to0.65 | 0.37+0.10 1.36t02 1.61+0.11
Grouplll | 6to12 | 9.03£1.32 | 10to 18 | 13.9241.93 | 0.23t00.46 | 0.34+0.06 | 1.46t01.79 | 1.61%0.06
Overall 1to12 6.50+2.32 2t018 10.1443.52 | 0.11t00.73 | 0.37£0.10 1.29to0 2 1.61+0.12
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In addition to the differences in the O numbers among the SOA Groups, other chemical property
differences between the Groups can be used to infer the accretion reaction (aka
“oligomerization”) pathways. The elemental ratios of oxygen-to-carbon (O/C) and hydrogen-to-
carbon (H/C) indicate the degree of oxidation and saturation of the species. O/C and H/C for
each of the sample Groups for selected LANLSOA samples are shown as box plots in Figure 3.4
and the averages and ranges are listed in Table 3.1. Generally, the average O/C ratio decreases
from ~0.60 in Group | to ~0.45 in Group IV of the monoterpene SOA and from ~0.45 in Group |
to ~0.35 in Group |l of B-caryophyllene SOA. The H/C ratios remain steady or in some cases
slightly increase to 1.50-1.60 for the monoterpene SOA and ~1.60 for the sesquiterpene SOA.
Reinhardt et al. (2007) and Putman et al. (2012) observed the same O/C and H/C trends in a-
pinene SOA samples from different chamber experiments. Likewise, Kundu et al. (2012)
observed the same trends in the limonene SOA of the LANLSOA dataset. Here in this study, the
trends remain the same for all of the SOA samples regardless of the experimental conditions,
reflecting similar accretion reactions (or oligomer formation pathways) in different biogenic SOA
experiments in terms of the precursors and the chamber conditions. The molecular formula DBE
values reflect the number of double bonds and rings in the potential structures, which also
indicates the degree of saturation. Putman et al. (2012) reported an increase in the DBE values
from Group I to IV in a-pinene SOA; similarly both Bateman et al. (2009) and Kundu et al. (2012)
observed increases in the DBE values from Group | to IV in D-limonene SOA. An increase in the
DBE values with respect to the Group numbers or molecular weight is observed in all of the SOA
samples from this study (Table 3.1). The average DBE values ranged from ~3 to ~9. Overall from
Group | to Group IV for the monoterpene SOA and Group | to Group lll for sesquiterpene SOA,
the organic species contain more O atoms and more DBE thus more O-containing functional
groups are expected, including hydroxyl, carbonyl (ketone and aldehyde), and carboxyl

functional groups.
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Figure 3.4 The isoabundance van Krevelen diagrams with box plots showing O/C and H/C ratios
of the SOA Groups for SOA sample AP4_4 (A), AP4_30 (B), BP10_4 (C), BP11_30 (D), LM2_4 (E),
LM3_30 (F), CP2_4 (G) and CP3_30 (H).
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Studies showed that the high molecular weight products (aka oligomers) are formed quickly
(within seconds) once the biogenic precursor reacts with the oxidant. There are no kinetic
barriers for oligomer formation and it is unlikely that a large number of steps are involved in
their formation (Heaton et al., 2007; Bateman et al., 2009). Tolocka et al. (2004) proposed aldol
condensation and gem-diol reactions as the primary pathways of oligomer formation in a-
pinene SOA. Bateman et al. (2009) suggested reactions between the Criegee intermediates and
stable first-generation products of limonene ozonolysis as the dominant mechanism of
oligomerization. Kundu et al. (2012) examined the formation of high molecular weight (>300 Da)
limonene SOA components from the building blocks of low molecular weight SOA components,
hydroperoxides and Criegee radicals. Based on the number of possible pathways for the
observed species, they reported hemi-acetal reactions to be the most likely pathway for high
molecular weight limonene SOA formation followed by the hydroperoxide and Criegee reaction
channels. Aldol and ester condensation reactions were reported to be the least dominant
pathway because no reduction in the H/C with respect to molecular weight was observed. No
reports were found on sesquiterpene SOA oligomerization pathways, although the principles of
reactions are expected to be similar to those okf the monoterpenes. The oligomers from various
building blocks with different reaction pathways have diverse molecular formulas and structures.
Due to the observed complex array of species, the SOA is expected to result from a complex
array of radical and non-radical accretion reaction channels. However, there might be different

dominating pathways in different SOA experimental conditions.
3.1.3 Van Krevelen analysis and the carbon number trends of the LANLSOA samples

The van Krevelen diagrams in Figure 3.4 show the O/C and H/C for the individual species of
selected LANLSOA samples (the SOA samples generated under 4% and 30% relative humidity
without OH scavenger). The color in the plots represents the cumulative relative abundances of
the species at a given point. Overall, a majority of the molecular formulas identified in the
monoterpene SOA (a-pinene, B-pinene and D-limonene SOA) have O/C values ranging from 0.1
to 1.0 and H/C from 1.0 to 2.0. The highest relative abundance species have O/C values of ~0.5
and H/C values of ~ 1.6. All of the monoterpene SOA has quite similar elemental ratio
distributions. Further, the elemental ratio distributions of SOA generated from the different RH
are also quite similar. The B-caryophyllene SOA components are less various in terms of their

0/C and H/C ratios; the O/C range from 0.2 to 0.8 and H/C range from 1.4 to 1.8 for most
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compounds. The average O/C and H/C ratios of B-caryophyllene SOA are around 0.38 and 1.60,
respectively. Due to the higher number of carbon atoms in the sesquiterpene, the B-
caryophyllene SOA samples are less oxidized and more saturated than the monoterpene SOA

samples.

The trends in the number of O and DBE values with respect to the number of C for the LANLSOA
samples were examined. The average O number and the DBE values of the formulas within bins
at intervals of every 5 carbon atoms were calculated for the selected LANLSOA samples (Figure
3.5). The general trends for all of the SOA samples studied are that both O number and DBE
values increase with C numbers. This indicates that the larger SOA compounds contain more O
functional groups and more double bonds or rings in the potential structures for the molecular
formulas. Again the SOA samples generated from the same precursor with different RH

conditions show almost the same values, reflecting their similar molecular composition.
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Figure 3.5 Carbon number trends of the oxygen number and DBE values for selected a-pinene

SOA samples (A), B-pinene SOA samples (B), limonene SOA samples (C) and B-caryophyllene SOA
samples (D).
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3.2 Statistical analysis of the LANLSOA molecular composition and

biogenic SOA indicator species

From the discussion in Section 3.1, it is clear the biogenic SOA from different precursors
generated under different conditions share a large number of common molecular formulas and
many similar chemical properties. Yet still, subtle differences are also observed among the
LANLSOA samples. In this section, the use of multivariate statistical analysis methods to
comprehensively compare the molecular composition of the SOA is presented. Biogenic SOA
indicator species will be explored to improve the source apportionment of ambient atmospheric

samples.

The assigned and quality assured monoisotopic molecular formulas in all of the LANLSOA
samples were combined together into a dataset for multivariate statistical analysis. A total of
2653 distinct molecular formulas were retained after removing the duplicates. The molecular
formulas and their relative abundances in each of the LANLSOA samples were used as the
statistical analysis input. The combined dataset contains 19 observations (19 LANLSOA samples)
with 2653 variables (the molecular formulas). Several variations of data preparation were tested
and finally a scaled normalized RA was used in the multivariate statistical analysis to determine

the biogenic SOA indicator species (Section 3.2.5).
3.2.1 Comparison of the LANLSOA samples using a heat map

A summary of the molecular composition of the biogenic SOA is shown graphically using a heat
map in Figure 3.6. Since there are a total of 2653 distinct molecular formulas identified in the
LANLSOA samples, the resulting heat map using all of the formulas would likely result in an
extremely complex heat map and it would be difficult to extract useful information from it. For
this reason, | selected 50 molecular formulas with the highest relative abundances from a-
pinene SOA, B-pinene SOA, D-limonene SOA and B-caryophyllene SOA. The formulas with their
relative abundances in the specific samples were combined and the duplicate formulas were
removed, leaving a list of 96 distinct molecular formulas. As shown in Figure 3.6, the highest RA

formulas typically contain 8 — 30 C atoms, 3 — 13 O atoms with a range of DBE values from 2 to 7.

The LANLSOA samples are shown according to the output from the hierarchical cluster analysis

(Section 2.1.5) with the sample labels at the bottom of the heat map. The hierarchical cluster
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analysis was done using the default heat map function parameters in R, including the “Euclidean’
distance method and “complete” linkage. The selection of the hierarchical clustering parameters
will be discussed in Section 3.2.2. In the heat map, the B-caryophyllene SOA samples have a
clearly different molecular composition from the others (monoterpene SOA). For the
monoterpenes SOA samples, a-pinene SOA and B-pinene SOA have very similar molecular
compositions, which are slightly different from the D-limonene SOA. The high RA molecular
formulas in monoterpene SOA samples contain C numbers 8 — 11 and 16 — 21, while the high RA
formulas in the sesquiterpene SOA contain C numbers 11 — 16 and 27 — 30, reflecting the

terpenoid characteristics of the biogenic SOA (aka monomers and dimers).
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Figure 3.6 LANLSOA sample heat map using 96 molecular formulas with the 50 highest relative
abundances in each of the samples (A). The clustering of the samples uses the “Euclidean”
distance method and “complete” linkage. The molecular formula relative abundances are
represented with the colors shown in the pie chart (B).
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3.2.2 Multivariate statistical analysis using molecular formula relative abundances

and normalized relative abundances

All of the 2653 variables (or molecular formulas) were used in the hierarchical cluster analysis
(HCA) and principal component analysis (PCA) multivariate statistical analysis methods of the
LANLSOA composition. Though the analyte relative abundances in the mass spectra are the
most common way to represent the relative magnitude of the compounds, they are not directly
comparable unless several strict criteria are met (to be discussed in more detail in Section 4.2).
The molecular formula RA is relative to the base peak of the mass spectra and depends on the
electrospray and sample matrix conditions. A way to address this problem is to normalize the RA
on a sample basis. To do this, each of the analyte RAs are divided by the sum of all RAs for the
sample and this is done consistently to each of the samples. In this way, the normalized RAs of
the same formula in different spectra are dimensionless and comparable to each other. The
modified combined dataset still contains all 19 samples and 2653 variables but contains

normalized RAs instead of measured RAs.

3.2.2.1 Hierarchical cluster analysis and selection of the hierarchical cluster analysis

parameters

Hierarchical cluster analysis sorts the LANLSOA samples based on their molecular composition
similarities and differences. The samples with similar compositions are clustered together in the
dendrogram, according to the “distance” of the sample similarities. Some HCA dendrograms
generated with various HCA parameters are shown in Figure 3.7. Overall, the LANLSOA samples
are separated into two big clusters: one for the monoterpene SOA (a-pinene, B-pinene and D-
limonene SOA) and the other for the sesquiterpene SOA (B-caryophyllene SOA). Within the
monoterpene SOA cluster, D-limonene SOA is separated from the a- and B-pinene SOA. This
indicates that regardless of the SOA generation conditions (RH and OH scavenger), the SOA
samples from the same precursor have very similar molecular compositions compared to the
SOA from other precursors. In addition, the sesquiterpene SOA molecular composition is
substantially different than the monoterpene SOA. The SOA from a-pinene and B-pinene, two
structural isomers with one double bond and two rings in their structures, are very similar to
each other. However they are substantially different from the D-limonene SOA, which has two

double bonds and one ring in its structure. Although not shown here, the samples group
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consistently regardless of the HCA parameters. This observation confirms the sorting of the

molecular compositions and indicates some inherent molecular characteristics of the LANLSOA

samples.
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Figure 3.7 The HCA dendrograms for the LANLSOA. The dendrograms were generated using the
Manhattan distance method with complete (A), average (B) and single (C) linkages, with
normalized RA. (D) dendrogram was generated using the same HCA parameters as (A)
dendrogram but without normalization of the RA. The dengrograms in (E) and (F) result from
the Canberra distance method with single and complete linkage, respectively, with normalized
RA.
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Minor differences in the sample groupings within the precursor types are observed in the
dendrograms. For example, different grouping patterns of the 6 D-limonene SOA samples were
observed using different ways to measure the distances between a pair of samples in HCA.
There is not a single perfect measure to reflect the “natural” grouping of the observations in all
of the cases. Thus, | tested all of the available distance measurements in the hcluster function
for R, including "Euclidean", "Maximum", "Manhattan", “Canberra", "Binary", "Pearson",
"Correlation", "Spearman" and "Kendall" distances. HCA was conducted using each of distance
measurement methods with complete linkage, average linkage and single linkage. Those
linkages are the commonly used linkage methods (Johnson and Wichern, 2007) and will be
discussed in more detail in next paragraph. Though the general grouping patterns are consistent
with separation of a- and B-pinene SOA, D-limonene SOA and B-caryophyllene SOA using all of
the distance methods (which again confirms the grouping), in some cases CP4_0_CH and
CP5_4 CH stood out from the other LANLSOA samples (e.g., using the Maximum distance
method with all three linkages and Euclidean distance method with average linkage); in other
cases a-pinene SOA and B-pinene SOA are not separated from each other within the
monoterpene SOA cluster. The dendrograms generated using the Manhattan (shown in Figure
3.7 Ato C), Correlation and Pearson distance methods, regardless of the linkage requirements
used, provided a clean separation of a-pinene SOA, B-pinene SOA, D-limonene SOA and B-
caryophyllene SOA samples. Thus we selected the Manhattan distance method in the following

analysis using HCA.

The linkage method sets the criteria for determining the distance between groups of
observations instead of individual observations. Single linkage uses the minimum distance
between two groups or in other words it uses the distance between the nearest members in the
two groups as the distance between groups. Complete linkage uses the maximum distance
between the observations in the two groups or in other words it uses the distance between the
farthest members in the two groups as the distance between groups. Average linkage uses the
average distance between pairs of members in respective sets as the group distance (see more
detail in Section 2.1.5). As mentioned in the previous paragraph, all three linkages were tested
using every available distance method. For a given distance method, complete linkage tends to
separate the SOA samples from a given precursor clearly while the single and average linkages
do not. An example was made using the Canberra distance method with both the single linkage

69



and complete linkage (Figures 3.7 E and F). Here the a-pinene SOA and B-pinene SOA samples
are mixed with the single linkage in Figure 3.7 E, but they are clearly separated with the
complete linkage requirement in Figure 3.7 F. a-pinene SOA (1107 common formulas in AP2_0,
AP3_4 and AP4_30) and B-pinene SOA (759 common formulas in BP8 0, BP10_4 and BP11_30)
share 752 common molecular formulas, but there are 355 formulas only observed in a-pinene
SOA. This indicates some minor composition differences are observed for the two types of SOA.
Thus, a -pinene SOA and B-pinene SOA are expected to be separated in the analysis. Thus the

complete linkage is used in the following HCA analysis.

The effects of relative humidity and the presence or absence of an OH scavenger on biogenic
SOA composition is complex. The effects are different for each of the precursors; the influence
of the RH depends on the OH scavenger and influence of the OH scavenger also depends on the
RH conditions. For example in Figure 3.7 A, for the D-limonene SOA, two samples without OH
scavenger LM1_0 and LM2_4 show similar molecular composition; while with OH scavenger,
LM4_0 _CH and LM6_30_CH group closely reflecting their similar composition. Further
investigation with additional SOA experiments is necessary to understand the coupled effects of

the OH scavenger and the RH on the biogenic SOA composition.

HCA dendrograms from analyses conducted using the molecular formula measured RAs without
any normalization is shown in Figure 3.7 D. For comparison, Figure 3.7 D was generated with the
same HCA parameters as Figure 3.7 A, including the Manhattan distance method and complete
linkage. The only difference here is how the RA was used (measured RAs vs. normalized RAs).
The dendrogram with the measured RAs shows separated monoterpene and sesquiterpene SOA
and D-limonene SOA is separated from the a- and B-pinene SOA. Overall, the chamber-
generated SOA samples are much less various in terms of their molecular composition
compared to ambient samples. Even when the RA were not normalized, the sample grouping
pattern is quite similar to that of the normalized RAs. Regardless, there are still differences
between Figures 3.7 A and D. The most significant difference is the grouping of sample BP9 _0
with the a-pinene SOA in Figure 3.9D, reflecting the necessity of the RA normalization in

preparation for the statistical analysis.
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3.2.2.2 Principal component analysis

Principal component analysis (PCA; Section 2.1.5) combines the original variables linearly to
generate new variables, which are called principal components (PCs). Principal components are
ordered by the variance they carry. PC1 represents the highest variance among all the PCs and
PC2 represents the second highest variance and so on. PCA groups the observations based on
the variation of their variables, like the HCA. But more importantly, PCA allows us to explore the
relationships between the observations (the LANLSOA samples) and their variables (the
molecular formulas). Using this analysis, an attempt to identify the marker species or indicator

compounds for specific LANLSOA samples was made.

The PC1 and PC2 generated with the normalized RA carry more than 80% of the original
variance; specifically PC1 carries 63% and PC2 carries 21%. The first two PCs are used to show
the PCA results. The PC loadings of both the LANLSOA samples and the molecular formulas are
shown in the PCA biplot (Figure 3.8). Consistent with the HCA dendrogrames, all of the SOA
samples from the same precursor group together reflecting their molecular composition
similarities. In the PCA biplot, we observe that PC1 separates the monoterpene and
sesquiterpene SOA. All of the SOA samples from the sesquiterpene (B-caryophyllene) have
positive PC1 scores; all of the SOA samples from the monoterpenes (a-pinene, B-pinene and D-
limonene) have negative PC1 scores. In addition, PC2 separates the a- and B-pinene SOA (which

are isomers) from the D-limonene SOA.
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Figure 3.8 PCA biplot conducted with normalized RA.

According to the principal component analysis, the variables in the same area as the
observations are the characteristic variables for those observations. In this study, the molecular
formulas with positive PC1 loadings are the characteristic formulas of the B-caryophyllene SOA;
the molecular formulas with negative PC1 and positive PC2 loadings are characteristic of the D-
limonene SOA and the formulas with both negative PC1 and negative PC2 loadings are

characteristic formulas of the a- and B-pinene SOA.
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Figure 3.9 The PCA loading bubble plot with bubble size representing the relative abundances of
molecular formulas from specific samples (AP4_30, BP11_30, LM3_30 and CP3_30); Plot (A) is
an excerpt of the full plot (zoomed in around the origin); and plot (B) is the fulll plot. PCA was
conducted with normalized RAs.

This is confirmed with the PCA loading bubble plot shown in Figure 3.9. Here representative SOA
samples generated with 30% RH and without OH scavenger from each precursor were selected,
including: AP4_30, BP11_30, LM3_30 and CP3_30. The molecular formulas of these samples are
plotted on PC1-PC2 shown with different colors and with the bubble size representing the RAs
of the molecular formulas for each of the specific samples. As shown in Figure 3.9, even though
the molecular formulas in a specific sample spread over the quadrants of the PCA loading plot,
the formulas with high RAs (large bubble size) of a specific sample are generally at the same
locations as the sample. For example, the high RA formulas of the B-caryophyllene SOA (CP3_30)
are in quadrants | and IV where the B-caryophyllene SOA samples are located. In the PCA
loading plot, the variables with the greater distances from the origin have higher contributions
to the variation among the observations. In this case, the formulas far away from the origin are
more responsible for the location of the LANLSOA samples in the biplot. In the PCA loading plot
showing the results from the analysis using the normalized RAs, the bubble size becomes larger
and larger further away from the origin, reflecting the importance of the high RA formulas on

the variation of the LANLSOA molecular composition. Notice there are several molecular
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formulas standing out of the center region in Figure 3.9 B. The two in the B-caryophyllene SOA
region (in quadrant IV) are Cy6H,606 and C14H,,05; the one in D-limonene SOA sample region is

C;1H1506 and the two in a- and B-pinene SOA region are CqH,,0,4 and Cy7H,305. They correspond
to the tallest peaks in the mass spectra and are the species expected to have the highest

concentrations in LANLSOA samples.

Several characteristic molecular formulas for the a- and B-pinene SOA, D-limonene SOA and B-
caryophyllene SOA based on the principal component analysis with normalized RAs are listed in
Table 3.2. They are the molecular formulas with the largest distances from the origin in the
regions corresponding to the LANLSOA samples in PCA biplot. The a- and B-pinene SOA
characteristic molecular formulas mostly contain ~10 or 20 C atoms and probably represent first
generation products and dimers of the first generation products of a- and B-pinene ozonolysis.
The first generation products (or monomers) keep the precursor DBE of 3, while the dimers have
DBE values of 5 or 6. Similarly, D-limonene SOA characteristic formulas contain ~10 or 20 C
atoms likely corresponding to the monomers and dimers, respectively. The monomers have DBE
values of 2 — 4 and dimers have DBE values of 4 or 5 compared to a DBE of 3 for the precursor.
B-caryophyllene SOA characteristic molecular formulas have ~15 or 30 C atoms in their
molecular formulas, which again might represent monomers and dimers of first generation
products with DBE values 3 or 4 and 7, respectively (compared to a DBE value of 4 in the
precursor). There are several more dimer molecular formulas with DBE values of 7, which
appear to be characteristic of the B-caryophyllene SOA. But, they have slightly smaller distances
and so they are not shown in the table. The O/C and H/C ratios of the characteristic molecular
formulas are consistent with the elemental ratios of the high RA formulas in the corresponding
SOA samples as shown in the van Krevelen plot (Figure 3.4). Thus, these characteristic molecular

formulas are potential indicator species of biogenic SOA samples studied here.
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3.2.3 Multivariate statistical analysis using a logarithm conversion of the molecular

formula relative abundances

The multivariate statistical analysis appears to evaluate the molecular composition of the
LANLSOA samples quite well. The samples with similar molecular composition (the SOA from the
same precursors) are grouped consistently in the HCA and PCA and indicator species of the SOA
samples were explored. However, the presented results are driven by just a few molecular
formulas with much higher RAs than the others. Thus, the roles of the low RA formulas are
potentially masked. To lower the significance of the high RA formulas and enhance the
importance of the low RA formulas in the multivariate statistical analysis, we re-scaled the RAs
by converting them to a log scale with base 10. To avoid negative values when taking the
logarithm on the RAs directly (if RA is < 1%), the measured RAs were normalized to the smallest
RA in a sample by dividing all of the measured RA values in the sample by the smallest RA. Then
the logarithm was taken on the ratios. HCA and PCA were conducted with the logarithm of the

RA ratios.
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Figure 3.10 HCA dendrogram with logarithm of relative abundance ratios. Manhattan distance
method and complete linkage were used.

Similar to the clustering analysis with the normalized RAs, the HCA dendrogram with the log
scaled RA ratios shows a clean separation of the monoterpene and sesquiterpene SOA samples
and the D-limonene SOA is separated from the a- and B-pinene SOA (Figure 3.10). But one of the
D-limonene SOA samples (LM3_30) is unexpectedly grouped with the a- and B-pinene SOA. This
might be caused by the un-normalization of the relative abundances. Normalization makes the
RAs of the same formula from different spectra comparable, but when the RAs are divided by

the smallest RA in a sample, the normalization effect is canceled out.

The PCA results conducted with the log scaled RA is shown with a biplot in Figure 3.11. PC1 and
PC2 represent 64% and 16% of the original variance, which is somewhat lower than the PCA
results using the normalized RA dataset. The location and grouping of the LANLSOA samples on
the biplot are quite similar to the previous results (Figure 3.8), but the distribution of the
molecular formulas is very different. As expected, the formulas spread over the biplot evenly

without any standing out and far away from the others; this is because the RAs were re-scaled
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by taking the logarithm of the RA ratios. Again, the molecular formulas with positive PC1
loadings are characteristic of the B-caryophyllene SOA; the formulas with negative PC1 and
positive PC2 loadings are characteristic of the D-limonene SOA and the molecular formulas with
both negative PC1 and negative PC2 loadings are characteristic of the a- and B-pinene SOA. This
is confirmed with the PCA loading bubble plot in Figure 3.12. Still the higher RA molecular
formulas are more distant from the origin. But unlike the biplot with normalized RA (Figure 3.8),
the majority of formulas are not compressed around the origin, reflecting their increased
significance in the analysis as a result of the log rescaling. Several characteristic formulas of the
LANLSOA samples are listed in Table 3.3 with the same selection rules as described for Table 3.2.
Similar to the previous list of characteristic formulas identified by the PCA using the normalized
RA, the molecular formulas are highly likely to be monomers and dimers of the first generation
ozonolysis products. In fact, several of the characteristic formulas are common between the two
lists in Table 3.2 and Table 3.3. However in the log scaled analysis, there are more dimers
identified as characteristic molecular formulas in Table 3.3. This is because typically the dimers
have lower RAs than the monomers in mass spectra and taking the logarithm enhances the roles

of lower RAs in the multivariate statistical analysis.
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Figure 3.12 The PCA loading bubble plot with bubble size representing the relative abundances
of formulas in specific samples. PCA was conducted with the logarithm scaled RA ratios.
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3.2.4 Multivariate statistical analysis using only the presence and absence of

molecular formulas

Although the analyte relative abundances in the mass spectra indicate the relative magnitude of
their concentrations, they do not exactly correspond to sample concentrations. The relative
abundance in a mass spectrum depends on various factors besides its amount in the sample,
including: the ionization parameters, the functional groups and their ionization efficiency, the
sample matrix and so on. Kujawinski et al. (2009) and Altieri et al. (2012) used the presence and
absence of molecular formulas in samples for their multivariate statistical analysis. The
advantages and limitations of using presence/absence of formulas and using RA of formulas are
discussed in more detail in Section 4.2.1. Using presence and absence, the RA of the molecular
formulas is not directly considered. As long as the analyte appears in the mass spectrum above
some defined signal-to-noise threshold, it is defined as “present”, otherwise it is “absent”. |

conducted a similar set of statistical analysis after converting all of the measured RA values

above the signal-to-noise threshold to 1 and those below to 0 in the combined LANLSOA dataset.

The HCA results shown in the dendrogram (Figure 3.13) are quite similar to those conducted
with the previously described data preparation methods in Section 3.2.2 and Section 3.2.3. This
indicates the binary presence/absence method compares the LANLSOA molecular composition
fairly well, although one of the B-pinene SOA samples (BP9_0) is grouped with the a-pinene SOA.
The first two PCs in the PCA results carry 54% of the total variance (40% on PC1 and 14% on PC2)
(Figure 3.14). The LANLSOA samples are located in similar regions of the PCA biplots as shown
previously (Figure 3.8 and 3.11). The primary difference between these analyses is the locations
of the molecular formulas in the biplots. As show in Figure 3.15 of the bubble plot, the formulas
spread evenly over the four quadrants, however the large bubbles which represent the formulas
with large RAs are mostly centered around the origin. In fact, there are hundreds of molecular
formulas overlapping on the origin and they are the formulas appearing in all of the LANLSOA
samples, including several with large RA. The presence of these molecular formulas in all of the

samples does not contribute to the sample variation, so they have zero PC loadings.
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Figure 3.13 HCA dendrogram with only the presence and absence of the molecular formulas.
The Manhattan distance method and complete linkage parameters were used.
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Figure 3.15 The PCA loading bubble plot with bubble size representing the relative abundances
of the molecular formulas in specific samples. PCA was conducted with only the presence and
absence of formulas.
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The characteristic molecular formulas for the LANLSOA samples were selected using the same
criteria as discussed in Section 3.2.2 and Section 3.2.3 and are listed in Table 3.4. In contrast to
the characteristics observed previously, the molecular formulas in Table 3.4 are mostly
compounds with molecular weights greater than 400 Da with high numbers of C atoms. Typically,
the ambient organic species with relatively high concentrations have molecular weights less
than 400 Da as observed using either traditional gas chromatography and mass spectrometry
analysis (e.g., Samburova et al., 2013) or ultrahigh resolution analysis (Mazzoleni et al., 2012;
Zhao et al., 2013). Although the characteristic formulas identified with the presence/absence
data preparation might be trimers or tetramers of the first generation ozonolysis products, their
abundances in atmospheric samples would be likely too low to detect well with the available
analytical techniques. Thus they are not likely to be very helpful for biogenic SOA identification

in ambient atmospheric samples.
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3.2.5 Multivariate statistical analysis using scaled normalized relative abundances

It was demonstrated in Section 3.2.2 that the multivariate statistical analysis with normalized
relative abundances is driven by a few of the molecular formulas with very high relative
abundances. To enhance the roles of the lower RA molecular formulas, the relative abundances
were re-scaled by taking the logarithm of the RA ratios (measured RA divided by the smallest
measured RA in the sample) on a sample basis, in Section 3.2.3. But by taking the ratio, the
effect of normalization to total RA in the sample is cancelled out. In this section, we standardize
the variables (relative abundances of the formulas) on a variable basis. There are various
standardization methods. Commonly used standardization techniques include auto-scaled,
mean normalization, maximum normalization, range normalization, minimum-maximum
transformation, half-range and central value transformation and so on (Moreda-Pineiro et al.,
2001; Xue et al., 2011). We applied the most traditional standardization method, auto-scale, as a
data preparation step for the LANLSOA dataset before multivariate statistical analysis. Using the
converted combined dataset with normalized RAs, mean normalized RA values of a formula in
all the samples were subtracted from the normalized RA, and then divided by the standard
deviation of the normalized RA values of a formulas in all of the samples, using the following

equation:

scaled —
nRA, =(nRA; —x,)/S(x,)

where nRAI.jmled is the scaled normalized RA of formula j (from 1 to 2653) in sample i (from 1 to

19); nRAl.f is normalized RA of formula j in sample j; x_jis the mean normalized RA of formula j

in the 19 samples and S(x;) is the standard deviation of normalized RA of formulaj in the 19
samples. With the auto-scaled standardization, all of the variables have a zero mean (also called
“centered”) and unity standard deviation (also called “scaled”). All of the variables are regarded
with the same significance in the multivariate statistical analysis, avoiding the large variance of
the large RA formulas that drive the statistical analysis results. The “center” and “scale”
conversion of the normalized RAs treats every formula with the same significance in PCA, no
matter if the formula has ~100% RA or only ~1% RA in the samples, but the variation (the RA) of
the a formula in all the samples are stilled considered in the multivariate statistical analysis. For

example, formula 1 has 90% to 100% RA in the 19 samples, formula 2 has 0% to 10% RA in the
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19 samples. The roles of the two formulas play in the statistics are treated as the same after
centering and scaling while the variation of the formula RA are still used in the statistics. But
both the formulas have the same range, for example, from -1 to 1, instead formula 1 is ~10
times magnitude of formula 2. This mathematical data preparation method is more general than
the methods attempted in Section 3.2.2 to 3.2.4 It is also more practical for ambient
atmospheric sample applications, since this data preparation treats every variable with the same
significance so other variables in addition to the molecular formulas from the ultrahigh
resolution analysis can be added to the dataset for statistical analysis to reveal their

relationships. An important application of this will be discussed in Chapter 4.

The results of HCA conducted with the scaled normalized RA of the formulas are shown in Figure
3.16. Again the results are similar to the dendrograms from analyses with other data
preparation methods in Section 3.2.2 to 3.2.4; the SOA samples group together with respect to
the SOA precursors, indicating their molecular composition similarities. a- and B-pinene SOA
have a more similar composition compared to D-limonene SOA, and all of the monoterpene SOA

is clustered separately from the B-caryophyllene SOA.
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Figure 3.16 HCA dendrogram with the scaled normalized RA of the formulas. The Manhattan
distance method and complete linkage were used.

In the principal component analysis with the scaled normalized RA of the molecular formulas,
PC1 carries 38% of the variance and PC2 carries 16% of the total variance. The PCA biplot and
score plot are shown in Figure 3.17; the score plot more clearly shows the locations of the
LANLSOA samples. Overall, the samples have quite similar locations as shown in the previous
PCA biplots with other data preparation methods. The molecular formulas are spread over the
four quadrants and compose a large circle on the PC1-PC2 space, which can also be between
seen in the PCA loading bubble plot in Figure 3.18. Most of the formulas are located at the edge

of the circle, reflecting their significance in the principle component analysis.
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Figure 3.17 PCA biplot (A) and score plot (B) conducted with scaled normalized RA of the
formulas.
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Figure 3.18 The PCA loading bubble plot with bubble size representing the relative abundances
of formulas in specific samples. PCA was conducted with the scaled normalized RA of formulas.
The boxes indicate where the characteristic formulas are located.

In the PCA biplot, the formulas farthest away from the origin have more contributions to the
variation of the samples than the formulas around the origin. Thus, this is considered for the
selection of the characteristic molecular formulas or the indicator species for specific samples in
previous sections (3.2.2 to 3.2.5). However in the biplot in Figure 3.18, a majority of the
formulas are on the edge of the circle and thus they have similar distances from the origin. This
is because the molecular formulas are scaled and treated with equivalent significance in the
statistical analysis in this case. To identify the SOA indicator species, we selected the formulas
located in the similar regions as the samples they are to indicate. For example, the characteristic
formulas of B-caryophyllene SOAs (located at the far right of the biplot) are the formulas also at
far right of the biplot (Figure 3.18). The “similar region” rule is accompanied by the size of the
bubbles. Usually the compounds with the larger amounts in the samples are better candidates

for indicator species since their detection in samples will be enhanced. Thus for B-caryophyllene
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SOA indicators, a region with PC1 > 0.02 was selected. Similarly, the region with PC1 < 0 and PC2
< -0.02 was selected for a- and B-pinene SOA and the region with PC1 < -0.02 and 0 < PC2 < 0.02
was selected for D-limonene SOAs. There are hundreds of molecular formulas in each box
illustrated in Figure 3.18 to potentially represent the specific LANLSOA samples. 20 molecular
formulas with the highest RA in AP4_30, BP11_30, LM3_30 and CP3_30 (the representative
samples for SOA from each precursor) are listed in Tables 3.5, 3.6 and 3.7 for a- and B-pinene
SOA, D-limonene SOA and B-caryophyllene SOA. They are the molecular formulas characteristic
to the specific SOA samples, in other words they are the indicator species for SOA from each of

those precursors with 30% RH.
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Similar to the characteristic molecular formulas identified using the normalized RAs, the
indicator species show clear terpenoid characteristics. They contain C numbers of ~ 10, 15, 20 or
30 representing first generation products and their dimers. The selected monomers retain the
precursor DBE values and the dimers have DBE values that are 2 or 3 higher than the precursor
DBE consistent with the reported accretion reactions (e.g., Kundu et al., 2012). Some of the
identified indicator species were previously proposed by other researchers as marker species.
To confirm these indicator species, they were examined in selected ambient atmospheric
samples that were influenced by biogenic emissions and are expected to contain ambient
biogenic SOA. The ambient atmospheric samples used for this comparison are from published
studies with ultrahigh and high resolution MS analysis methods for the identification of
molecular formulas. They include: two aerosol-derived water-soluble organic carbon (WSOC)
samples collected at rural sites from Wozniak et al. (2008): winter sample “NY” (sample site:
Millbrook, NY) and summer sample “VA” (Sample site: Gloucester County, VA); one biomass
burning affected aerosol-derived WSOC sample from Schmitt-Kopplin et al. (2010); one aerosol-
derived WSOC sample from Mazzoleni et al. (2012) collected at the Strom Peak Laboratory (SPL)
during the summer; two winter cloud samples from SPL reported in Zhao et al. (2013) and one
winter fog sample from Mazzoleni et al. (2010). Overall, the majority of the identified biogenic

SOA indicator species were detected in the ambient samples.

The aerosol-derived WSOC from Mazzoleni et al (2012) is rich with SOA indicators from all of the
precursors in this study. Samples from Wozniak et al (2008) contain many a- and B-pinene SOA
indicator species, followed by several B-caryophyllene SOA indicators and some D-limonene SOA
indicator compounds. Almost all the a- and B-pinene SOA indicator species were detected in the
samples reported by Schimitt-Kopplin et al. (2010). Around half of the indicator species
appeared in the fog water reported by Mazzoleni et al. (2010), confirming the biogenic SOA
influence on the sample component as reported by the authors. The cloud water samples in
Zhao et al. (2013) do not contain many of the identified biogenic SOA indicator species, probably
due to the lower emissions of biogenic precursors at the mountain site and slow atmospheric
processing with the lower winter temperature compared to other ambient samples. But as will
be seen in Chapter 5, though not many biogenic SOA indicator species were observed in the

cloud samples, the studied clouds contain a high number of biogenic SOA components when
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compared to the LANLSOA samples. Probably the high RA indicator species were converted to

other compounds by aqueous processing.

In summary, the biogenic indicator species identified using PCA with scaled normalized RA were
confirmed with the atmospheric observations. These species could be used in atmospheric
source apportionment and perhaps be accommodated in to atmospheric models to improve the

tracking of biogenic SOA.
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Chapter 4 Aerosol-derived water-soluble organic carbon

Water-soluble organic carbon (WSOC) comprises a large fraction of aerosol organic mass. It is
relevant to aerosol hygroscopicity and thus it plays an important role toward the aerosol
indirect effect on the climate system. In this chapter, the molecular characterization of 34
aerosol-derived WSOC samples is presented. The organic compositions of the WSOC samples
were compared using multivariate statistical analysis methods. Other aerosol measurements
and meteorological parameters were also examined together with the WSOC molecular
composition statistically. The relationships among the meteorological parameters and the

aerosol components (inorganics and organics) are discussed.
4.1 Molecular characterization of daily water-soluble organic carbon

4.1.1 Molecular formula assignments

The molecular compositions of 24-hour samples of aerosol-derived WSOC were analyzed using
negative ion mode ESI ultrahigh resolution FT-ICR mass spectrometry. Generally, 78 — 88% of the
total ion current for each WSOC sample mass spectra was assigned to unambiguous molecular
formulas. Approximately 3000 monoisotopic molecular formulas, with the form of C.H,N,O,S,
were identified in each sample. Consistent with previous observations of biogenic SOA (Putman
et al., 2012), aerosol WSOC (Mazzoleni et al., 2012), fog water (Mazzoleni et al., 2010) and cloud
water (Zhao et al., 2013), a large percentage of monoisotopic formulas were identified with
their corresponding polyisotopic molecular formulas. This observation provides confirmation of
the molecular formula assignments. In general, corresponding polyisotopic molecular formulas
with *C were observed for over 80% of the monoisotopic formulas in each sample and those
with **S were observed for ~70% of the assigned S-containing monoisotopic formulas in each
sample. The molecular weights of the molecular formulas containing *C are 1.0034 Da higher
than the corresponding monoisotopic molecular formulas, indicating the anions were singly
charged. The fraction of the peaks assigned in the spectrum, the number of monoisotopic
formulas and the percentages of the corresponding polyisotopic formulas identified in each
sample are listed in Table 4.1. Several common molecular formulas were found in the sample
blanks. Since the blanks were analyzed in between the samples, it is possible to observe some

common species as carryover from the samples in the ionization source. The trace carryover
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residues were likely resuspended and ionized by the clean solvent when the blanks were
analyzed. In addition, the intensities of the common molecular formulas in the blanks are much
lower than in the samples. As discussed by Mazzoleni et al. (2012), it takes a much longer time
for the ions in blank samples to fill in the ion trap using the auto gain control (n = 1x10°) than
the sample ions. Thus, the amount of time require for analysis further reflects the low
intensities of the blank ions. Due to the potential for carryover in the electrospray ion source
and the low intensities of common formulas and the amount of time required for analysis, the

common molecular formulas were not removed from the samples.
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Similar patterns among the 34 WSOC samples can be observed in the reconstructed mass
spectra containing only the identified monoisotopic molecular formulas. The reconstructed
mass spectra of selected samples are shown in Figure 4.1. Consistent with previously reported
observations from ultrahigh resolution mass spectrometry of atmospheric samples (e.g.,
aerosols (Schmitt-Kopplin et al., 2010), clouds (Zhao et al., 2013)), the mass spectra are highly
complex and contain a high density of analyte peaks. The negative ions have mass ranges from
m/z 100 — 700 and the high relative abundance peaks are in the range of m/z 200 — 400.
Interestingly in all the mass spectra, two tall peaks in the range of m/z 500 - 600 stand out from
the others due to their high relative abundances. They are N- and S-containing compounds with
the identified molecular formulas of C34H43NO10S (m/z 536.2535) and CygHa7NO10S (mM/z
564.2848). In some of the mass spectra (e.g., 0626, 0710, 0720 in Figure 4.1), there are other tall
peaks between m/z 500 and m/z 600. Many of them are molecular formulas in the same class,
including the molecular formulas C,;,H39NO14S(CH,)o.6 and Cy4H41NO14S(CH,)o.4. The DBE values of
these two CH,-homologous series are 4 and 5, respectively. Considering the high number of
oxygen atoms and low DBE values, these high relative abundance species are likely nitrooxy
organosulfates. Organosulfates and nitrooxy organosulfates have been observed previously in

ambient biogenic aerosols (Surratt et al., 2006; Surratt et al., 2008).
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Atmospheric samples analyzed using ultrahigh resolution MS usually contain several different
compound groups based on the elemental composition (Wozniak et al., 2008; Altieri et al., 2009;
Mazzoleni et al., 2010). The 4 elemental groups include: CHO compounds (molecular formulas
with C, H and O), CHNO compounds (formulas with C, H, O and N), CHOS compounds (formulas
with C, H, O and S) and CHNOS compounds (formulas with C, H, N, O and S) and are commonly
observed in atmospheric samples. In all of the daily WSOC samples, the CHO formulas represent
the largest number fraction of the formulas identified, followed by CHNO, CHOS and CHNOS
molecular formulas. This is consistent with other studies (e.g., Schmitt-Kopplin et al., 2010;
Mazzoleni et al., 2012). The numbers of identified molecular formulas for each of the elemental

compositions of each sample are listed in Table 4.1.
4.1.2 CHz-homologous series analysis

CH,-homologous series of molecular formulas were clearly observed in all of the WSOC samples
and identified using the Kendrick mass defect analysis. As shown in the Kendrick mass plots in
Figure 4.2, the dots composing a horizontal straight line represent the molecular formulas
differing by —CH,—. This phenomenon has been commonly observed in natural organic matter
(Kujawinski et al., 2002; Sleighter and Hatcher, 2007) and atmospheric organic matters (e.g.,
Zhao et al., 2013). It should be noted that the addition of —-CH,— can occur at any position in the
molecular structure and does not necessarily indicate simple lengthening of the carbon

backbone (e.g., alkanes).
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4.1.3 Elemental ratios and double bond equivalents

The elemental ratios of the WSOC samples, including the oxygen-to-carbon ratio (O/C) and the
hydrogen-to-carbon ratio (H/C), reflect the chemical properties of the aerosol-derived WSOC.
The O/C and H/C ratios of the compounds within each of the elemental groups (CHO, CHNO,
CHOS and CHNOS) of selected samples are shown in the van Krevelen diagrams of Figure 4.3.
Overall, the compounds of the same elemental group in different WSOC samples have quite
similar distributions in the van Krevelen diagrams. Almost all the CHO compounds have O/C
values < 1.0. The high relative abundance CHO compounds are typically within the H/C range of
1.2 - 2.0. Biogenic SOA compounds fall into the space defined by the following ranges of
elemental ratios: O/C of 0.3 - 1.0 and H/C of 1.2 - 2.0 according to previous studies (Reinhardt et
al., 2007; Putman et al., 2012). Mazzoleni et al. (2012) studied the WSOC molecular composition
of composited aerosol WSOC samples collected at the SPL from July 13" 2010 to July 20" 2010.
They observed a significant number of WSOC molecular formulas common to those in

monoterpene and sesquiterpene ozonolysis SOA from chamber experiments.
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Similar to the CHO compounds, the CHNO compounds of different samples are distributed
similarly in the van Krevelen plots (Figure 4.3). They form a triangle shape in the plot, towards
the point of 0O/C =0 and H/C = 2.0, with all the CHNO compounds having H/C < 2.0. Unlike the
CHO compounds in which the high relative abundance formulas are centered around an O/C
value of 0.5, the high relative abundance CHNO formulas are in the O/C range of 0.5 - 1.0. Thus,

the CHNO compounds are more oxidized than the CHO compounds.

S-containing compounds (CHOS and CHNOS) are distributed clearly into separate regions in the
van Krevelen diagrams (Figure 4.3), reflecting the presence of different functional groups in their
molecular structures. One subclass of the S-containing compounds form a triangle shape in the
plot towards the point of O/C = 0 and H/C = 2.0 similar to the CHNO compounds, but with higher
H/C values ranging up to H/C = 2.5. Another subclass is the aromatic S-containing compounds
with low O/C (< 0.5) and low H/C (< 1.5) ratios. They may contain reduced S in the molecular
structures (e.g., sulfide, disulfide). Reduced S-containing molecular formulas have been
observed previously in aerosols (Mazzoleni et al., 2012; Kundu et al., 2013) and in clouds (Zhao
et al., 2013). Currently, the structure and sources of these compounds are unknown, however
they likely originate from anthropogenic emission sources. A small number of CHOS compounds
comprise the third subclass. They are highly oxidized and unsaturated compounds with O/C 1.5 -
2.0 and H/C around 0.5. Example molecular formulas, include: CgH,016S, CoHgO17S, CsH1015S and

so on. They likely contain highly oxidized S functional groups such as sulfate or sulfite.
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The elemental ratios and DBE values for all of the WSOC samples with respect to their elemental
groups are shown in Figure 4.4. Shown in the plots are the relative abundance (RA) weighted
elemental ratios and DBE (O/C,, H/C,, and DBE,,). These values represent the relative amounts
of the individual molecular formulas. The O/C,, ratios determined for the CHO compounds of
each sample are quite similar across the samples (~0.47 + 0.07). The CHNO compounds have
consistent and relatively high O/C,, indicating they are more oxidized. In most WSOC samples
0/C,, ratios of CHNO compounds are > 0.6. Zhao et al. (2013) also reported high O/C ratios (O/C,,
> 0.7) for the CHNO compounds in cloud samples collected at the same site. The O/C,, ratios of
the S-containing compounds are highly variable across the samples with a range of 0.4 - 0.7.
Most of the H/C,, ratios of the WSOC samples and subgroups are in the range of 1.5 to 1.6
except for those of the CHNOS compounds, which have consistently higher H/C, ratios (~ 1.7)
for the study period. The H/C,, ratios of CHNO species are always higher than those of CHO
species, reflecting a higher degree of saturation for the CHNO compounds compared to the CHO
compounds. The DBE,, values of the WSOC samples and the CHO and CHNO subgroups are
consistently 5 - 6, but the values of the S-containing groups are relatively low indicating
saturated structures. Some exceptions to this are observed with the high DBE,, values on several
days, including: 0625, 0709, 0710 and 0720. As will be shown in Section 4.2 and 4.3, the WSOC

samples collected on these days have different molecular composition than others.

Overall, the O/C,, H/C,, and DBE,, values of the samples are quite consistent and within the
expected ranges for elemental ratios (e.g., Aiken et al., 2008). The elemental ratios and DBE
values of the CHO groups and the CHNO groups vary together, indicating a similar origin or
formation mechanisms of the two groups of components. A likely source is biogenic SOA. Due to
the large number of CHO and CHNO compounds and their high relative abundances compared
to the S-containing compounds, the overall elemental ratios and DBE values vary with the CHO
and CHNO groups. The elemental ratios and DBE values of the S-containing compounds vary
largely within a sample and across the samples, indicating the various S-containing functional
groups and compound structures, and thus various compound sources and atmospheric
processes. N-containing compounds (CHNO and CHNOS) have high O/C ratios and high H/C
ratios compared to the other subgroups in the samples, indicating that N-containing compounds
are more oxidized and saturated. It is highly possible that they contain oxidized N functional
groups like nitrates and nitrites.
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4.1.4 Carbon number trends

The aerosol-derived WSOC molecular composition shows interesting trends with respect to the
number of carbon atoms (C;) in the molecular formulas. The average elemental ratios and DBE
values of the formulas with the same number of carbon atoms were determined for each
carbon number, plotted for selected samples shown in Figure 4.5. O/C ratios decrease gradually
with increasing carbon numbers. For example, a change from O/C > 1.0 at C; to O/C< 0.5 at Cs;
is observed in Figure 4.5. At the same time, the H/C ratios decrease with increasing carbon
numbers. A subtle change from greater than 1.7 at Cs to ~1.4, at C,, was observed in the H/C
ratios. In contrast, the DBE values rise rapidly from C, to over Cy,. This indicates the molecular
formulas with higher carbon numbers, or the larger WSOC molecules, are less oxidized and less
saturated than the formulas with lower numbers of carbon atoms. These compounds might be
formed through the accretion of small molecules. Many of the double bonds and rings from all
of the building blocks remain during the accretion reactions and thus the product molecules

have higher DBE values.

Generally, for each of the compound groups (CHO, CHNO, CHOS and CHNOS) the total relative
abundance of the formulas increases with the carbon number at the low end, reaches a peak
between C;5 — C,5 and then decreases (Figure 4.6). A few total relative abundance spikes were
observed at Cyy, Cy5 and C,o. CHO compounds have high total RAs at ~C;5; CHNO compounds
have high total RAs ~Cy4, and sometimes also C,,. The S-containing compounds show quite high
total RAs at C;, compared to the adjacent peaks. Since the building block of the biogenic
terpenes is CsHg, biogenic SOA appears to strongly impact the aerosol-derived WSOC
composition. The tall total RA peaks of CHNOS compounds at Cy,, Cys and Cyg correspond to the
peaks in the range of m/z 500-600 of the mass spectra in Figure 4.1, which might be the nitrooxy

organosulfates as discussed in Section 4.1.1.
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4.1.5 Numerical comparison of the WSOC samples

Since both the van Krevelen plots (Figure 4.3) and the carbon number trends plot (Figure 4.6)
indicate biogenic SOA influences on the aerosol-derived WSOC composition, | compared the
molecular formulas in each WSOC sample with the biogenic SOA composition discussed in
Chapter 3. Only the CHO compounds were compared because the chamber generated SOA does
not include N- or S-containing species. The numbers of common molecular formulas found in
both WSOC and biogenic SOA for each WSOC sample are shown in Table 4.1. Generally, more
than 80% of the CHO compounds in the WSOC samples were found in the biogenic SOA dataset,

which verifies the major biogenic SOA component in aerosol-derived WSOC in this study.

As shown in Figure 4.4, the elemental ratios and DBE values of each WSOC sample are quite
similar across the study period. To examine the similarities of their molecular composition, the
appearance frequencies of the molecular formulas in the 42 datasets (34 WSOC samples plus 8
replicates) were calculated. Shown in Figure 4.7, among the 8322 unique monoisotopic
molecular formulas (with 6 times the root-mean-square of the signal-to-noise ratio) from all of
the WSOC samples, 941 (11%) of them appeared in all of the 42 datasets. At the other end of
the plot, there are 1907 unique molecular formulas that are only present in one of the datasets.
Most of these unique formulas have quite low relative abundances in the samples. If a threshold
of 10 times the root-mean-square of the signal-to-noise ratio is applied to the samples for
molecular formula assignment, 5960 unique formulas were identified among all the samples.
Their appearance frequencies in the 42 datasets are also shown in Figure 4.7. The numbers of
molecular formulas in only a few of the samples (in 1 to 5 of the samples) decreased significantly
compared to the plot for 8322 formulas. The biogenic SOA components might partially explain
the high number frequency of molecular formulas in most of the samples (e.g., 941 formulas in
all the samples). The samples were collected continuously over about one month in the summer
of 2010. At the Storm Peak Lab, biogenic SOA formation is expected to consistently contribute
to the WSOC composition. Hallar et al. (2011) have found persistent daily new particle
formation in summer at this area, which makes the daily WSOC samples consisting biogenic SOA
components. The environmental conditions did not change dramatically over the study period
(Section 4.3), thus the WSOC composition is not expected to significantly change. However,
there are still formulas appearing in only a few of the samples. Even for the formulas with large

appearance frequencies, they may have variable RAs values among the samples. Thus the
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comparison of the molecular composition of the WSOC samples is necessary and multivariate

statistical analysis methods are needed to deal with the large datasets and their complexity.
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Figure 4.7 The appearing frequencies of the formulas in the 42 WSOC datasets (34 samples plus
8 replicates) using 6 times signal-to-noise ratio (A) and 10 times signal-to-noise ratio (B).
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4.2 Multivariate statistical analysis of the WSOC composition

The daily aerosol-derived WSOC samples share a large number of common molecular formulas;
they also contain unique molecular formulas, which appear only in a few of the specific samples.
Comprehensive comparison of the composition of the daily WSOC samples helps to find the
WSOC samples with similar composition. It also is used to examine the characteristic molecular
formulas for those similar samples and to explore the atmospheric processes that are
responsible for their composition. Since each of the 34 daily WSOC samples and the 8 sample
replicates contain ~3000 molecular formulas, multivariate statistical analysis methods are
required to conduct the comparison. As discussed in Chapter 3, we used multivariate statistical
analysis methods, including: hierarchical cluster analysis (HCA) and principal component analysis

(PCA).

To prepare the dataset for multivariate statistical analysis, the processed ultrahigh resolution
MS data from each WSOC sample was combined. Duplicate molecular formulas were removed,
leaving 8322 distinct formulas, which are regarded as the variables in the statistical analysis. The
RAs (or converted values from the RAs) of the formulas in the samples comprise the input of the
analysis. If a formula is not present in a sample, its RA is 0 in that sample. The original dataset is
composed of 42 observations (34 daily WSOC samples and 8 sample replicate) with 8322

variables (the formulas).

Various data preparation methods were evaluated to best reflect the inherent variation of the
WSOC molecular composition across the month and to examine how the environmental
conditions affect the composition variation. They are presented in each subsection of Section
4.2. Since usually a few PCs are selected to represent the PCA results which carry a variable
portion of the total variance and HCA results carry 100% of the original variance, we used the
HCA dendrogram to inspect the data preparation methods. The “Manhattan” distance method is
a commonly used distance measurement method in statistics; it was used in the HCA unless
another is noted. The HCA tests conducted for the LANLSOA discussed in Chapter 3 show that
the complete linkage is the best among the commonly used single, average and complete
linkages so it was selected in this study unless another is noted. The groupings of the analysis
replicates in HCA dendrograms are the most important criteria to examine the data preparation

methods. The analytical replicate pairs are expected to have the most similar molecular
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composition, so they should cluster most closely in the dendrograms. In addition, the samples
with similar bulk chemical properties (calculated from the ultrahigh resolution MS data)
potentially have similar molecular composition. This was used to assist examining the HCA
results. For example, as discussed in Section 4.2.5, several WSOC samples with high DBE values
usually group closely in the dendrograms and thus show similar molecular composition. Also,
the measurements other than ultrahigh resolution MS were used to help examine the
multivariate statistical results. For example, the back trajectory analysis showed over several
days the air was consistently coming from the same direction. Thus the WSOC samples collected

on those days are expected to have similar molecular composition.

Sections 4.2.1 through 4.2.7 will present and discuss the multivariate statistical analysis results
with different data preparation methods. The best method found in this study uses scaled (also
called “standardized”) normalized RA (consistent with the discussion in Chapter 3 for LANLSOA),
will be presented in Section 4.2.7. Following that in Section 4.3, the addition of meteorological
parameters and other aerosol chemistry are examined together with the ultrahigh resolution

MS dataset using the refined multivariate statistical analysis methods.
4.2.1 Use formula presence and absence in the WSOC samples

Of the 8322 distinct molecular formulas identified in the aerosol-derived WSOC samples, around
10% of them appeared in all the samples, while the others were identified in one or more of the
samples. In previous studies (Kujawinski et al. (2009) and Altieri et al. (2012)), a presence-
absence matrix of variables was used for the multivariate statistical analysis of ultrahigh
resolution MS data. | tested the HCA and PCA analyses using only the presence and absence of
the formulas in the samples. To conduct the analysis, the original dataset was modified to the
following: all the non-zero RAs were converted to 1 and the zero RAs were kept as 0 in the

dataset.

The HCA dendrogram using the presence-absence of formulas in the daily WSOC samples is
shown in Figure 4.8. The samples 0709, 0625 and 0720, which are the samples with the high DBE
values, group together and are separated from the other samples. Sample 0704, which was
influenced by a local fireworks event, stands out by itself. However, half of the replicate pairs do
not appear to be closely related in the dendrogram, including the pairs 0628, 0707, 0722 and

0727. Multivariate statistical analyses using the presence-absence matrix were also conducted
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for the elemental groups, including: CHO species only, CHNO species only, CHOS species only

and CHNOS species only. The results were not helpful and so they are not shown here.

Height
500 1000 1500 2000 2500 3000

X0709 —
o —
0724

X0724rep :}

Figure 4.8 The HCA dendrogram using the presence-absence of molecular formulas in the daily
WSOC samples, using the Manhattan distance method and complete linkage.

The non-paired sample replicates in the HCA dendrogram using the presence-absence matrix
indicate that a fraction of the useful information is lost with the binary variables representing
the presence or absence of the species. In this approach, all of the “presence” is regarded as 1 in
the matrix, so the relative magnitude of the formulas is not fully considered. All the present
formulas were considered equally and all the absent formulas were considered equally in the
analysis. It is true that the relative abundances of the formulas do not exactly reflect their
amount in the samples, since the complex organic species in the WSOC samples have different
electrospray efficiencies in the ion source. But the RAs still represent the relative amount of the
compound in a sample to a large extent. Another inconvenience of using the presence-absence

method is that the presence or absence of a formula in a sample depends on the RA threshold
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selected. In this study, a molecular formula is assigned only if its RA is higher than 6 times the
root-mean-square of the signal-to-noise ratio. It is highly possible that a formula assigned in
some samples also appears in other samples but its RA is lower than the threshold but it’s
labeled as 0 for the sample in the presence-absence matrix. Similarly if a threshold of 10 times
the root-mean-square of the signal-to-noise ratio is used, the formulas between 6 and 10 times
will become “absent”. Thus for the molecular formulas near the threshold, subtle changes in the
RA can have significant impacts on the inclusion of a variable. However if RAs were used, it can
be seen that even though these formulas appear in some samples with 6 times the root-mean-
square of the signal-to-noise ratio threshold, their RAs are quite small. This is in contrast to the
assignment of the “1”s with equal importance to all observed molecular formulas in the
presence-absence matrix. Thus to reduce the effect from the assignment threshold a better
option would be to use the RA values in the multivariate statistical analysis so that the formula

relative magnitude is considered.

4.2.2 Multivariate statistical analysis with relative abundances and normalized

relative abundances

Due to the drawbacks of using only the presence-absence of the formulas in WSOC samples for
multivariate statistical analysis, | conducted analyses with molecular formulas relative
abundances using the original combined dataset. The HCA dendrogram using the relative
abundances of the molecular formulas in the daily WSOC samples with the Manhattan distance
method and complete linkage is shown in Figure 4.9. The sample replicates are expected to have
quite similar molecular composition, thus closely paired replicates is used as a criterion to
examine the data preparation methods for multivariate statistics. Again this method resulted in
only 4 of the 8 replicate pairs grouped closely together in the dendrogram. The multivariate
statistical analyses using formula relative abundances were also conducted for the CHO species
only, CHNO species only, CHOS species only and CHNOS species only. The elemental group

results did not provide insight toward atmospheric implications and thus are not shown here.
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Figure 4.9 The HCA dendrogram using the relative abundances of formulas in daily WSOC
samples with the Manhattan distance method and complete linkage.
Why does the HCA using the molecular formula relative abundances not reflect the good
reproducibility of the replicates? First, the RAs of the formulas show intensities of the analytes
in the mass spectrum relative to the intensity of the base peak (the tallest peak) of that
spectrum. The base peak of the mass spectra can vary, leaving the other peaks not comparable
between multiple spectra using the measured RA values. Second, even when the base peak is
the same for multiple mass spectra, the base peak compound could have different mass
concentrations in the samples thus it has different intensities in the spectra. Third, even when
the base peak in multiple spectra is the same and has the same intensity, the heights of the
other peaks in the spectra depend on their amount in the samples and on their electrospray
efficiencies. Fourth, as shown in the reconstructed mass spectra, the WSOC samples are

complex mixtures with thousands of formulas detected in every sample. The electrospray
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efficiency of a compound is affected by all of the other species in the sample. Therefore, the RA
values of an analyte in different samples cannot be compared directly. Some data preparation

procedures are needed before the multivariate statistical analysis.

Hur et al. (2009) and later on Wozniak et al. (2014) normalized the relative abundance of
individual peaks to the summed relative abundance of each peak list. In this way, the analyte
magnitude in a sample spectrum is not normalized to the base peak, but to the total identified
ion current. Thus the analyte magnitudes in different samples are comparable. Similarly, |
normalized each of the analyte intensities to the sum of intensity for all of the identified
analytes within the sample to create a new matrix with the “normalized RAs”. The RAs in the
original database were replaced with normalized RAs and multivariate statistical analyses were
conducted. The HCA dendrogram using normalized relative abundances is shown in Figure 4.10.
All the replicate pairs group closely, which partially confirms the data preparation method of
normalization. The HCA and PCA analyses with normalized RAs show much improved
characterization of the daily WSOC composition, which will be discussed in detail in Section

4.2.5.
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Figure 4.10 HCA dendrogram using normalized relative abundances and the Manhattan distance
method and complete linkage.
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4.2.3 Multivariate statistical analysis on the sample bulk properties

The sample bulk properties were calculated for each of the sample based on their molecular
formulas, such as the relative abundance weighted O/C, H/C and DBE values as discussed in
Section 4.1. Sleighter et al. (2010) conducted HCA and PCA analyses using 6 “magnitude-
weighted” bulk parameters of dissolved organic matter samples analyzed by ultrahigh resolution
MS, including: the magnitude-weighted DBE, carbon number, H/C, O/C, DBE/C and DBE/O ratios.
Thus, | tested the multivariate statistical analysis on the daily WSOC samples in this study using
the same sample bulk properties. Similar to the calculations for H/C,, O/C,, and DBE,, described
in Chapter 2, the relative abundance weighted DBE/C ratio, DBE/O ratio and carbon number of a

WSOC sample are determined using the following equations:

DBE/CW: Z(W,DBE,)/ Z(W,‘C,') 4-1
DBE/OW: Z(W,DBE,)/ Z(W;O,‘) 4-2
C#W= Z(W,‘C,')/ ZW,‘ 4-3

for elemental compositions of C.H,N,O.Ss, where w; is the relative abundance of each individual
molecular formula, i. The relative abundance weighted bulk properties of the daily WSOC

samples used in HCA and PCA analyses are shown in Table 4.2.

132



Table 4.2 Relative abundance weighted bulk properties of the daily WSOC samples.

Sample H/C., o/C.. DBE,, DBE/C., DBE/O., CH,,
0625 1.4987 0.4764 5.6085 0.3139 0.6591 17.8642
0626 1.5627 0.5230 4.8096 0.2903 0.5551 16.5658
0627 1.5714 0.5187 4.7533 0.2850 0.5496 16.6762
0628 1.5614 0.5284 4.9479 0.2886 0.5461 17.1473

0628rep 1.5607 0.5264 4.9039 0.2884 0.5479 17.0018
0629 1.5576 0.5194 4.9594 0.2918 0.5618 16.9978
0630 1.5600 0.5130 4.8352 0.2915 0.5683 16.5850
0701 1.5544 0.5460 4.9564 0.2956 0.5414 16.7683
0702 1.5057 0.5156 5.2068 0.3149 0.6108 16.5337
0703 1.5572 0.5183 4.8797 0.2939 0.5669 16.6061
0704 1.5429 0.5322 5.1005 0.3004 0.5645 16.9770
0705 1.5714 0.5018 4.9249 0.2802 0.5584 17.5772
0706 1.5585 0.5302 4.9143 0.2901 0.5471 16.9406
0707 1.5368 0.5169 5.1512 0.3005 0.5813 17.1438

0707rep 1.5424 0.5087 5.1521 0.2953 0.5805 17.4462
0708 1.5255 0.5032 5.2569 0.3068 0.6097 17.1341
0709 1.4739 0.5036 5.8408 0.3295 0.6544 17.7237
0710 1.4977 0.4912 5.5489 0.3178 0.6471 17.4590

0710rep 1.5277 0.4847 5.3491 0.3011 0.6213 17.7629
0711 1.5431 0.5315 5.1050 0.3001 0.5647 17.0093
0712 1.5420 0.5107 5.3501 0.2941 0.5759 18.1921
0713 1.5458 0.4928 5.2163 0.2901 0.5887 17.9802

0713rep 1.5488 0.4798 5.0019 0.2897 0.6038 17.2680
0714 1.5764 0.5454 4.8541 0.2857 0.5238 16.9920
0715 1.5684 0.5131 5.0763 0.2832 0.5518 17.9277
0716 1.5724 0.5107 5.0666 0.2797 0.5477 18.1131
0717 1.5454 0.5281 5.3945 0.2936 0.5559 18.3752

0717rep 1.5433 0.5246 5.4009 0.2941 0.5607 18.3624
0718 1.5417 0.5247 5.2437 0.2953 0.5627 17.7594
0719 1.5391 0.5060 5.1816 0.2952 0.5833 17.5553
0720 1.4629 0.4891 6.1251 0.3317 0.6783 18.4636
0721 1.5223 0.5231 5.2808 0.3091 0.5909 17.0854
0722 1.5158 0.5437 5.3265 0.3160 0.5813 16.8535

0722rep 1.5291 0.5173 5.2158 0.3049 0.5895 17.1048
0723 1.5448 0.5095 5.1711 0.2922 0.5735 17.6971
0724 1.5743 0.4987 5.0662 0.2746 0.5506 18.4498

0724rep 1.5698 0.4922 5.0541 0.2774 0.5636 18.2189
0725 1.5788 0.5205 4.9561 0.2762 0.5307 17.9428
0726 1.5604 0.5160 5.1425 0.2843 0.5510 18.0860
0727 1.5467 0.5278 5.1546 0.2932 0.5555 17.5831

0727rep 1.5475 0.5272 5.1348 0.2928 0.5555 17.5356
0728 1.5569 0.5380 4.9997 0.2904 0.5398 17.2162
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The hierarchical cluster analysis (Figure 4.11) shows the separation of the WSOC samples with
high DBE values (0625, 0709 and 0720) from the other samples. But the sample replicate pairs
still do not group closely in the dendrogram using the sample bulk properties. Although the
molecular formulas in a sample have a wide range of chemical properties (e.g., O/C of formulas
in a sample might range from 0.3 to 2.0), these chemical properties are averaged when the bulk
properties are calculated. Overall, the calculated bulk properties are quite similar from sample
to sample. Consider the O/C ratio again, the O/C,, of the samples are in among the small range
of 1.5 to 1.6. Thus, the bulk properties of the samples such as O/C,, are so close to each other
that in some cases the differences are even smaller than the error of the replicates. So, in the

dendrogram some samples are grouped closely with other samples instead of their replicates.
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Figure 4.11 HCA dendrogram with Manhattan distance method and complete linkage (A) and

PC1 (87%)

PCA biplot (B) using the bulk properties of the daily WSOC samples.
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The results of the principal components analysis are shown in Figure 4.11. Consistent with the
primary goal of PCA, the first two PCs represent most of the variables (PC1 = 87% and PC2 =
13%). As shown in Figure 4.11, the DBE,, and C#,, drive the PCA result. This is because the values
of DBE,, and C#,, are much larger than the other four bulk properties and their variances are
larger too. They play a much more important role in the multivariate statistical analysis than the
other variables, although the 6 bulk properties should show comparable significance in the
analysis. Thus data preparation or transformation is needed when the variables are not

comparable in magnitude or in different units. This will be discussed in Section 4.2.7.
4.2.4 Dimension reduction for the combined WSOC composition dataset

4.2.4.1 Dimension reduction by elevating the molecular formula assignment threshold

The combined WSOC composition dataset contains 42 observations with 8322 variables from
the distinct molecular formulas. The high number of variables presents a statistical challenge,
because not all of the measured variables are “important” for the analysis. The multivariate
statistical analysis results will show clearer distinctions of the WSOC composition if the variables
that contribute little to the analysis can be eliminated. In an attempt to reduce the variables, the
compounds with low RA and likely low concentrations in the samples are considered to be less
important than the higher RA compounds. Thus, | increased the formula assignment threshold.
Instead of using a threshold equal to 6 times the root-mean-square of the signal-to-noise ratio
(RMS of S/N), | applied factors of 10, 15 and 20 times the RMS of S/N and the new thresholds
were calculated for every sample. The molecular formulas with RAs less than 10 times the RMS
of S/N were removed from the samples, leaving 5960 distinct molecular formulas in the
combined dataset. Similarly when 15 and 20 times the RMS of S/N were applied, the retained
numbers of distinct formulas were 4437 and 3502, respectively. Normalization of the molecular
formula RAs is necessary for multivariate statistical analysis as discussed in Section 4.2.2. So for
the analysis with 10 times the RMS of S/N, | re-normalized the RAs in the dataset with the new

sample base; similarly for 15 and 20 times the RMS of S/N datasets.

The HCA dendrograms resulting from using the new sample matrixes after the thresholds of 6,
10, 15 and 20 times the RMS of S/N ratios are shown in Figure 4.12. The Manhattan distance
method and complete linkage were applied in each case. The HCA results with 6 times the RMS

of S/N uses the most formulas, which could carry the most useful information and show the
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inherent characterizations of WSOC composition, so it is used in comparisons to select the
threshold. The HCA dendrograms using 6 and 10 times the RMS of S/N are almost the same,
except for the little grouping difference of samples 0629 and 0705. The dendrogram from the
HCA using 15 times RMS of S/N is much different from the one with 6 times RMS of S/N. Thus,
the formula assignment threshold of 10 times the RMS of S/N is used in the subsequent

multivariate statistical analysis.
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Figure 4.12 The HCA dendrograms of the daily WSOC samples with normalized RAs and using
the Manhattan distance method and complete linkage. The molecular formulas were assigned
with thresholds at 6 (A), 10 (B), 15 (C) and 20 (D) times the root-mean-square of signal-to-noise

ratio, respectively.
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Using 6 times the RMS of S/N, the 1° PC in the PCA represents 28% of the variance and the 2M
PC represents 24% of the original variance, as shown in Figure 4.14. The variances represented
by the first two PCs with 10, 15 and 20 times RMS of S/N are quite similar to that. The scree plot
shown in Figure 4.13 shows the variances represented by the PCs (up to 42) when different
thresholds were applied for the formulas assignment. With the increase of the molecular
formula assignment threshold the dataset dimensions were reduced and the first two PCs carry
more and more of the dataset’s original variance. But the differences are minor and are hardly
noticeable in Figure 4.13. Thus, the thresholds greater than 10 do not assign much more
variance to PC1 and PC2. The PCA biplots using 6 and 10 times the RMS of S/N are almost the
same as shown in Figure 4.14. Considering the results of both HCA and PCA using different
formulas assignment thresholds for the combined dataset dimension reduction, 10 times the
RMS of S/N was selected for the subsequent analysis. This retains the characteristics of using 6

times the RMS of S/N and reduces the number of variables (from 8322 to 5960).
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Figure 4.14 The PCA biplots of daily WSOC samples with normalized RAs. The molecular
formulas were assigned with 6 (A) and 10 (B) times root-mean-square of signal-to-noise ratio as

threshold.
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4.2.4.2 Dimension reduction using other methods

In addition to increasing the molecular formula assignment threshold, other dataset dimension
reduction methods were attempted, as discussed in next three paragraphs. Since the
dendrogram conducted with 6 times RMS of S/N uses the most variables and carries the most
molecular composition information, it was used for evaluating the other dimension reduction
methods. Some of the statistical analysis results were less promising, as evaluated by: the
pairing/nonpairing of replicates in the HCA dendrogram; or the similarities of the WSOC
composition reflected by the dendrogram compared to those from the non-reduced dataset
results. Some of the multivariate statistical analysis results were similar to those from using 10
times the RMS of S/N, which confirmed the formula assignment threshold method. In future
research, other dimension reduction methods might be adapted to improve the representation

of the molecular composition variation.

The variables far away from the origin in the PCA loading plot contribute more than the
variables near the origin to PCA. Thus, as an attempt to reduce the dataset dimensions, some of
the variables near the origin were removed based on the PCA loading plot using 6 times the RMS
of S/N with normalized RAs. First, the molecular formulas with PCA loadings |PC1|<0.001 and
|PC2|<0.001 and | PC3|<0.001 were removed, leaving 4788 distinct formulas. The HCA
dendrogram is quite different from the one with 6 times the RMS of S/N. Then, a less strict
boundary was applied and the molecular formulas with loadings |PC1|<0.0005 and

| PC2|<0.0005 and |PC3|<0.0005 were removed, leaving 6263 distinct formulas. The HCA
dendrogram is exactly the same as the results using 10 times the RMS of S/N. Since the
molecular formulas near the origin are usually those with low RAs, this dimension reduction
method is similar to increasing the formula assignment threshold. But the removal of formulas

in this case is not on an individual sample basis.

Inspired by Sleighter et al. (2010), 500 molecular formulas with the highest RAs were selected
from each sample representing approximately 15% to 25% of the total number of formulas in
the WSOC samples. The combined dataset yields a total of 1031 distinct molecular formulas. The
RAs were renormalized on an individual sample basis for HCA and PCA. The results have the

replicates grouped closely in the HCA dendrogram but the groupings of the samples are quite
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different from those using 6 times the RMS of S/N. This indicates that the dataset with 1031

molecular formulas are too few to accurately characterize the WSOC composition.

Since there are 941 molecular formulas that appear in all the samples, they were eliminated
from the dataset with normalized RAs. This was done to test the reduction of sample
similarities. However, the HCA and PCA results were not as expected regarding the grouping of
replicates and so on. This implies that although the 941 show up in all the samples, their
magnitudes, or normalized RAs are varied. And these differences play a role in differentiating

the WSOC sample compositions.
4.2.5 HCA and PCA with dimension reduced normalized RAs

From the discussion in 4.2.1 to 4.2.4, characterization of the molecular composition of the daily-
WSOC molecular composition requires individual molecular formulas and their normalized
relative abundances and improvements were made when the dataset dimension was reduced to
5960 variables using 10 times the RMS of S/N. A more in-depth evaluation of the multivariate

statistical analysis results is discussed below.

In the HCA dendrogram in Figure 4.15, 4 groups of samples based on the big clusters in the
dendogram are highlighted with colors. The group of samples highlighted in red is separated
from the other 3 groups of samples. The samples highlighted in green are separated from the
samples highlighted with blue and yellow, which are most closely related. The groups are

labeled as Group 1 - 4 samples highlighted in red, blue, yellow and green, respectively,

In the dendrogram, all of the 8 replicate pairs are grouped closely together as expected (in green
boxes in the dendrogram), which partially confirms the statistical analysis and data preparation
methods. The WSOC samples with the high DBE values as discussed in Section 4.1 (0625, 0709,
0710 and 0720) are shown to have quite similar molecular compositions in the dendrogram (the
samples in the black box). In addition, some of the WSOC samples collected on the days with a
consistent air mass origin also cluster together as shown in the red boxes in the dendrogram.
Hallar et al. (2013) examined the air mass origins during the study period using NOAA Hybrid
Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) back trajectory analysis. They
found during the days from 0624 to 0628, the air masses comes from the west 72-hour prior to
the SPL; from 0713 to 0720, air arrived at the SPL from the west with origins in California and

Nevada 72 hours previously; from 0727 to 0728, the wind direction was from the south or
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southwest. The origin of air masses is reflected in the HCA dendrogram (Figure 4.15). Although
not all the samples defined to be from consistent air mass trajectories are clustered together,
the origin did affect the WSOC molecular composition as shown in the red boxes in the

dendrogram.

The PCA score plot is shown in Figure 4.16 with the samples highlighted with the corresponding
colors as in Figure 4.15. The first two PCs in the PCA represent more than 50% of the variance.
Notice the consistency between HCA and PCA. The samples of the same Group in the
dendrogram (Figure 4.15) are also located near each other on the PCA plot (Figure 4.16).
Consider the samples of Groups 2, 3 and 4, the PC2 separates Group 4 samples from Groups 2
and 3, while PC1 further separates the samples of Groups 2 and 3. The Group 1 samples have
negative PC1 loadings but are not separated clearly from the other samples. This is probably
caused by the partial variance (52%) carried by PC1 and PC2. | tried to include PC3 in the PCA
plots, which did not provide much improvement. Thus more PCs might be necessary though are
hard to be shown visually in plots. Group 1 samples might have different chemical properties,
for examples, 0710 and 0720 are two of the samples with high DBE. Thus the Group 1 samples
based on HCA did not group closely in the two dimensional PCA plot which only partial variance
(52% instead of 100%) were used. Though the Group 1 samples are not separated clearly from
the other samples, HCA and PCA still show substantial consistency regarding the grouping of the
samples, which confirms the multivariate statistical analyses on the aerosol-derived WSOC

molecular composition.
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Figure 4.15 The HCA dendrogram of the daily WSOC samples with normalized RAs using the
Manhattan distance method and complete linkage. The molecular formulas were assigned with
a threshold of 10 times the root-mean-square of the signal-to-noise ratio. The green boxes
represent samples with their analytical replicates; the samples in the black box have high DBE
values; the dates in red boxes have a similar origin. The samples highlighted in red, blue, yellow

and green are defined as Group 1, 2, 3 and 4 samples, respectively.
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Figure 4.16 The PCA score plot of daily WSOC samples with normalized RAs. The molecular
formulas were assigned with a threshold of 10 times the root-mean-square of the signal-to-
noise ratio. The colors correspond to the colors in the dendrogram shown in Figure 4.15. The

samples highlighted in red, blue, yellow and green are defined as Group 1, 2, 3 and 4 samples,

respectively.

The distribution of molecular formulas is shown in Figure 4.17 with their PC1 and PC2 loadings.
The molecular formulas characteristic to the WSOC samples located in each quadrant were
examined. Since the variables farther away from the origin have larger PC absolute values, they
contribute more to the analysis than the ones closer to the origin. The top 10 molecular
formulas with the largest distances from the origin in each quadrant are listed in Table 4.3.
Consider the samples from Groups 2 - 4, the Group 4 samples (green) are rich in formulas with N
and S. Shown in Table 4.3, many of the quadrant 1 molecular formulas have large carbon atom
numbers, while most of the quadrant 2 formulas have ~ 10 carbon atoms. The quadrant 3
formulas are mostly CHO compounds with ~15 or 25 carbon atoms. The molecular formulas in
quadrants 2 and 3 are likely SOA derivatives, where those of quadrant 2 are monoterpene

monomers and those of quadrant 3 are sesquiterpene SOA derivatives or dimers of isoprene
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and monoterpene SOA compounds. Quadrant 4 formulas are mostly CHO compounds too, but

with more carbon atoms (more than 20) than quadrant 3 formulas.
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Figure 4.17 The PCA biplot (A) and zoomed-in loading plot (B) of daily WSOC samples with
normalized RAs. The molecular formulas were assigned with a threshold of 10 times the root-

mean-square of the signal-to-noise ratio.
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Table 4.3 The 10 molecular formulas with the largest distances from the origin in each quadrant
of the PCA loading plot as shown in Figure 4.17.

1) + PC1, + PC2 Il) - PC1, + PC2 IV) + PC1, - PC2
C;oH;,NO,S Cp4Hy3NOy,S C4H35045
C;;,H;oNO, Cp6HasNO oS C3H360;3
C,oH,;,NO;S C,6H4;,NO S CH3,0;,
CyoH1;,NOg Cy5H4gNO,0S C;,H,,0,5
CyoH150,5 Cy5HysNO S CsHy0015
Cy0H,;NOGS CpgH5 NO,S Cy3H350y,
C1oH15055 C;H3gNO, oS C22H3,045
CyoHy;NO,;,S C11H150; C12H5005
C1oH15055 Cy7H4NO S C26H42013
C,,H,oNO,, CsH,0,,5 C24Hq0s,
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4.2.6 Other multivariate statistical analyses using the dimension reduced

normalized RAs

| also conducted other statistical analyses using the normalized RAs for the molecular formulas
assigned with a threshold of 10 times the RMS of the S/N. But the analyses results did not
provide much valuable characterization of the WSOC composition. Though the results are not
shown here, they are documented for future research considerations. Different distance
measurement methods other than Manhattan method were tested using the HCA. The
dendrograms were not consistent with each other, indicating that the grouping of the WSOC
samples is subject to the distance methods selected. The HCA and PCA were tested using only
the molecular formulas in common with LANLSOA and also using the dataset without any

LANLSOA common formulas.

Also since the relative magnitude of the SOA molecular formulas plays a role in determining the
WSOC composition, they should be included in the statistical analysis. The RAs were converted
to a logarithm ratio to the smallest RA in a sample to conduct statistical analysis. The sample
replicates do not group together in the dendrogram, reflecting the importance of the

normalization of the RAs in the analysis.
4.2.7 Multivariate statistical analysis using scaled normalized RA

In the PCA biplot (Figure 4.17) with normalized RAs, a few of the formulas stand out of the
region with a large number of formulas and drive the PCA result. They are the formulas with
high RAs. To lower the effects of the high RA so that the importance of the lower RA formulas
are not masked, the normalized RAs were centered to 0 and scaled to have a standard deviation
of 1 done on every samples. In this way, all of the molecular formulas are regarded more equally
in the statistical analysis. The scaling was done on every variable, as described in more detail in

Section 3.2.5.

Considering the Euclidean, Manhattan and Pearson distance methods with complete linkage
(the methods works well on the LANSOA), the major groupings are different with different
distance measurements methods (Figure 4.18). However, several samples always show strong
similarities regardless of the distance measurement methods used (Figure 4.8). First, the sample
0704 is usually separated from the other samples. There are a large number of unique molecular

formulas only observed in 0704 compared to other samples. On the evening of July 4™ a
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fireworks event took place near the mountain and is likely responsible for the composition
differences. Second, samples 0720, 0625 and 0709 with high DBE values are always grouped
closely in the dendrograms. Third, samples 0712, 0714, 0715, 0716, 0717 and 0718 show similar
organic composition. Back trajectory analysis for these days indicates a consistent flow of air
coming to the SPL from the west. Samples 0724, 0725 and 0726 with similar back trajectories
usually group together; samples 0727 and 0728 with similar back trajectories group together,
too. In general the three sets of samples above are clustered in one large group, indicating
major similarities in their composition. Generally, the samples collected on adjacent days tend
to have similar composition. The atmospheric aerosols have lifetime of days to weeks, thus a
fraction of the daily aerosols collected might have been formed and processed in previous days

so composition similarities are observed in the aerosol samples collected the day before.
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Figure 4.18 Cluster dendrograms using the scaled normalized RA and Manhattan (A) and
Euclidean (B) distance methods.

Principal component analysis (PCA) was conducted on the WSOC samples to examine their
molecular composition. The PCs extracted from the aerosol-derived WSOC sample dataset using
scaled normalized RA are shown in Figure 4.19 (the Scree plot). PC1 represents 14.1% of the
variance; PC2 represents 10.1% of the variance, followed by PC3 (7.6%). Usually the number of
PCs selected for further analysis is based on the “elbow” of the Scree plot. In this case 6 PCs can
be selected. However, the main purpose of the application of PCA in this study is to examine the
groupings of the WSOC samples and find the formulas associated with the sample groups,
instead of conducting further analysis with the PCs. To show the PCA results visually, | selected
the first two PCs, PC1 and PC2, for further discussion. The WSOC samples and their molecular
formulas can be shown in the PC1-PC2 space, respectively. They are compared to find the
relationships between the samples and the formulas. It can be seen from the following
discussion that though PC1 plus PC2 only carry ~ 23% of the variance, the characterizations of
the WSOC composition are represented by the PC1 and PC2 result. The 3-dimensional plots with
PC1, PC2 and PC3 as the axes were also examined. But, the addition of PC3 did not improve the

groupings of the samples and it is more difficult to see the results visually than the 2-
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dimensional plots with only PC1 and PC2. Thus we will use the first two PCs in the discussion of

the PCA results.
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Figure 4.19 Scree plot of the PCA analysis of the WSOC samples.

The aerosol-derived WSOC samples are plotted on the PC1-PC2 space based on the PCA analysis
(Figure 4.20). Consistent with the HCA dendrogram, the sample 0704 is clearly separated from
the other samples with a very small PC2 value (negative value). To see the characterizations of
the other samples, | removed 0704 from the dataset and conducted the PCA analysis again.
Later on in Section 4.3, the meteorological parameters and other aerosol components will be
used in the multivariate statistical analysis with the ultrahigh resolution MS data using the
scaled normalized RA. Since organic carbon (OC) and elemental carbon (EC) data are not
available for 0708, it is not included in the analysis with the meteorological parameters. To
make the multivariate statistical analysis results with only ultrahigh resolution MS data

comparable to those with meteorological parameter, 0708 is also not included here.

158



o
=
-
c o
- w
= 5
N
O
o
o
S
-
1
[ap}
Q
o
o
Q
o
-
Q
o
—_
=
- o
o <
- o
O
o o
o
T
o
Q
o
|
o
Q
o
T
<
Q
T

Figure 4.20 PCA score (A) and loading plot (B) for the WSOC samples using the scaled normalized

RA.

DailyWwsOC

0720r
062503 oTomep 7R 0716
o710 0726 0715
0718723r o712
0713rep o718 o725
T2
o710rep 0705
0722rep LiEEy
063012
o710 o721 & BR%HEE2
75 o711 # s U714
o620 0628
oBB03mcts0 0707
0708
o701r
0704
I I I I I I T I
-100 -80 -60 -40 -20 0 20 40
PC1(14.1%)
DailyWwsocC
"
| ® R
+ - + * + -
. - 4
.
L . e R
+ - Pah et gt Tt
| + A 0% R S R S ﬁftw +
. . . T AT
o - + T T T T
L] LA P P e TR AR S VS PG A o w el
R D A Dt n ek e R
A e el SR AR R, i sl g i Y i)
PR o o R R Ve R pEe et F Ul Rty e AT e g
+ s et e iy M S AR g AR ﬁ#+£~,& A ey i
TR P s Tyt g e o + e RET T S b oy g b+
T s RN e e A I B I T B L A
S P I ot B i i P by g ]
AR T LT RN e S s LU
i s hart - T . - - +* *
ol :'f; D e s .J%ﬁ;, L »in‘ e Pl R ig‘:{g*‘ﬁ?m,wmi A
e T R e s e o oy 4 B e, e T L S e
; AR Sl R R e B ety e
1 b - At - i T - g S
RT3 ﬂﬁﬁ *f%ﬁg 2ok Wlantin el S,
FRPTER A L T L %l e 2 F A SN T
4 PR R S o e T + - P - +
sl e e T BT J;z“ i ug;i:ﬁgg;g, jE T lir 27 ML T L e e +
RO S UV S 8 U R L d A L
St AN R N S&M i et 0 e T i
i IR e X e e ol i U T
- N LI S LY. Ny *#g q‘é B e f + +o
. g o TRk g ey # - * L .
4 R R 4 LA +,§+p§{%§ @*&,ﬂ:} - LN P
# + N - &
o PERRARe: T ] +?-§2"* L T "
¥ ~ W
+ * DR ‘igﬁf&_ffx’t& AR e
N S A g ,,,grﬁ» vars -
| * pa PO S e ﬁ"‘”’** o R
LT e e 1 e
+ + ot
1 -+ 1+‘*':t{ﬂ»:' LRl #ﬁ PP
-+ LT S e St
- S FTf N
B NEEIRE £ LRt
. P
_ L AT A .
LA %ﬁ%» TR
" %
+ %‘*%W #
& Thae
.
B T T T

T T
-0.03 -0.02 -0.01

PC1 (14.1%)

159

0.02 0.03




o |
© 0701
o
<
0706
052703
o | o711
o 0707 0714
0728
. o0 0627 0620 0628
= 072Trep
% ammaﬁg,e,,
I3
O ©
2
0705
0713rep
0709 :
0723 %747
0713 0717rep 0725
% | 0749 0728 o715
0716
0724re
ir5]
0625
o
-
|
T T T T T \ T T
-100 -80 -60 -40 -20 0 20 40
PC1(15%)

Figure 4.21 PCA sample plot without the 0704 and 0708 samples.
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The distribution of the sample days in the PCA results without 0704 and 0708 is shown in Figure
4.21. Consistent with the HCA results, the samples 0720, 0625 and 0709 with high DBE,, values
are grouped together in the lower left corner of the PCA plot with negative PC1 and negative
PC2 coordinates. Also consistent with the HCA results, most of the samples 0712 - 0728 are
closely associated in the lower right corner (with positive PC1 and negative PC2) of the plot. The
samples 0720, 0721 and 0722 are less closely associated in this 0712 0728 group, indicating
differences in the molecular composition. Previously, it was shown that sample 0720 has high
DBE,, value among the studied samples. Regarding 0721 and 0722, it was found that the organic
carbon contents in the aerosol samples collected on July 21 and July 22™ are substantially
lower than the samples collected before and after (Figure 4.22). Less organic carbon was
observed in the aerosols on those two days and the molecular composition is also different from
the adjacent samples. The potential reasons were examined and are discussed in Section 4.3.

The characteristic formulas for the samples are also discussed in Section 4.3.
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4.2.8 Molecular formula relationships

An evaluation of the molecular formulas was done to examine their relationships. This was done
using HCA to cluster the molecular formulas, instead of the samples. To accomplish this, the 20
molecular formulas with the highest RAs were selected from each of the samples and combined
and then the duplicate formulas were removed to form a new dataset. This dataset contains 60
distinct molecular formulas (observations) and 42 samples (variables) including replicates. The
RAs were normalized on an individual sample basis and then evaluated using the HCA. In this
way, the molecular formulas were clustered instead of the samples. The HCA dendrogram of the
molecular formulas with the Manhattan distance method and complete linkage is shown in
Figure 4.23. Generally the species with the same elemental compositions are grouped closely,
indicating they co-vary in the samples. Many of the closely grouped formulas are in the same
CH,-homologous series. Although, some clusters include formulas with different elemental

composition, such as C;gH17NOg, C;;H130; and C;,H150¢.
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Figure 4.23 The HCA dendrogram of the top 60 high abundance molecular formulas in the daily
WSOC samples using the Manhattan distance method and complete linkage.
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4.3 Multivariate statistical analysis with additional aerosol and

meteorological measurements

4.3.1 Aerosol and meteorological measurements

To better understand the WSOC composition differences and the environmental parameters
affecting the molecular composition, additional aerosol measurements and meteorology
parameters (referred to “the other measurements”) were examined together with the ultrahigh
resolution MS data using HCA and PCA. The other aerosol measurements include: mass
concentrations of OC, EC, WSOC, NH,", NO; and SO,”as reported by Hallar et al., (2013). The
meteorological measurements include air temperature, pressure, wind speed, wind direction,
relative humidity (RH), and solar radiation as total, direct and diffuse radiation. The

meteorological data were obtained from http://www.wrcc.dri.edu/weather/strm.html; the

radiation data were obtained from http://uvb.nrel.colostate.edu/UVB/index.jsf; and the ozone

data was acquired from the SPL. The data were averaged to correspond to the filter sampling
start and stop times. The averaged values are shown in Table 4.4. All of the ultrahigh resolution
MS normalized RA data and the other measurements were rescaled before the multivariate

statistical analyses were conducted.
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4.3.2 Hierarchical cluster analysis

Hierarchical cluster analysis was conducted to provide insight on the WSOC molecular
composition with respect to the other measured parameters such as the averaged
meteorological conditions of the sample days. Thus the dendrogram reflects clustering of the
comprehensive conditions of the samples including the aerosol components and the
meteorological parameters, instead of clustering only WSOC molecular composition. The
dendrogram of the results were generated using the Manhattan distance and complete linkage
methods (Figure 4.24). The only difference between this analysis and that presented in Figure
4.18A is the addition of the aerosol and meteorological measurements data. The results of the
two datasets are quite similar to each other. For example, 0720, 0625 and 0709 are grouped and
separated from the others; and 0712 to 0718 except 0713 are grouped together in both
dendrograms. Overall, the addition of the aerosol and meteorological measurements does not
significantly affect the clusters. This is at least partially due to the preparation of the data before
the multivariate statistical analysis. Since all of the variables, including the molecular formulas
and the aerosol and meteorological measurements, were “centered” to have mean values of 0
and “scaled” to have standard deviations of 1, all of the variables contribute the same to the
hierarchical cluster analysis. The WSOC molecular formulas comprise a much larger fraction of
the total number of variables than the other measurements (5710 molecular formulas without
sample 0704 and 0708, compared to 15 other measurements), thus the groupings are
dominated by the WSOC molecular formulas. The variables can be adjusted to have different
center values and scales so that they are assigned different contributions to the cluster analysis.
For example, the concentration of aerosol organic species might be lower than the SO,
concentrations, thus SO,> could be regarded more significantly than the individual organic
species when clustering aerosol composition. However in this study, we focused on the
molecular composition of aerosol-derived WSOC. Also the meteorological parameters with
different units were included in the statistics. To make all the variables (the formulas, aerosol
and meteorological measurements) comparable with each, the aerosol and meteorological
measurements were centered and scaled like those have been done on the ultrahigh resolution

MS data (Section 4.2.7).
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Figure 4.24 Dendrogram of the hierarchical cluster analysis of all the measurements (the WSOC
molecular formulas, the aerosol component concentrations, meteorological parameters and

ozone concentrations). The Manhattan distance measurement and complete linkage methods

were applied.
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4.3.3 Principal component analysis
4.3.3.1 General characterization of PCA

Principal component analysis was conducted on the WSOC composition together with the
aerosol and meteorological measurements to examine the effects of the meteorological
conditions on WSOC composition. Similar to the results of the PCA with only the WSOC
composition (Figure 4.20 and 4.21), the first two PCs carry ~24% of the original variance (Figure
4.25 and 4.26). The first principal component (PC1) represents 15.4% of total variance and the
second one (PC2) represents 8.2% of the variance. The addition of PC3 does not add much to
the total variance, but sacrifices the clarity of the visual plots and thus is not included. Although
a small fraction of the total variance observed in 5725 variables (5960 formulas from 10 times
the RMS of S/N minus the unique formulas appearing in 0704 and 0708) is represented by the
first two principal components, a great amount of valuable information about the variable
relationships is indicated by the results. In addition, the locations of the samples and variables
shown in the 2-dimensional PCA plots here are largely consistent with the non-centered and
non-scaled PC1-PC2 PCA plots in which the first two PCs represent more than 90% of the

variance (Figure 4.27). Thus we will use the first two PCs for further discussion.

The sample dates are plotted on the PC1-PC2 space in Figure 4.25 based on their PCA scores.
The distributions of samples are almost the same as shown in Figure 4.21 (PCA score plot of
WSOC molecular composition only). Though the dates here represent the comprehensive
conditions of the sampling dates including the aerosol components and the meteorological
conditions, their distribution on the PC1-PC2 plot is driven by the WSOC molecular formulas due
to their high number of variables. The effect of the addition of the aerosol and meteorological
measurements (addition of the 15 variables to the 5710 variables of formulas) is minor and even
rarely seen on the PC1-PC2 plot with ~24% of the original variance. The similar distribution of
the dates on the PCA score plots with and without the other measurements (Figure 4.25 and
Figure 4.21) favors the data analysis; the dates shown on Figure 4.25 could be regarded as
WSOC samples and the variables (the formulas and other measurements) could be related to

the WSOC samples.
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Figure 4.25 PCA score plot with the additional measurements. The PCA biplot is shown in the
insert.

The results of the PCA with the WSOC molecular composition and the additional aerosol and
meteorological measurements provide insights to the relationships among these variables. The
molecular formulas, the aerosol chemistry (concentrations of NOg3/, S0O,* and NH,", organic
carbon content, elemental carbon content, WSOC content), the meteorological parameters
(relative humidity, wind direction, wind speed, atmospheric pressure, temperature, total
horizontal UV irradiance, direct UV irradiance, diffuse UV irradiance) and the concentrations of
ozone are plotted on the PC1-PC2 space based on their PCA loadings (Figure 4.26). In PCA, the
score of an observation (or a sample in this case) on a dimension (e.g., score of PC1) is the linear
combination of the variable loadings on that dimension for that sample. The variables with large
absolute loading values (either positive or negative) have a more significant impact on the
variation of the samples than the variables with smaller absolute loading values. In other words
as shown visually on the PCA loading plot, the more distant a variable is from the origin, the

more impact it has on the variations of the WSOC samples.
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Figure 4.26 The PCA loading plot of the WSOC molecular formulas and the additional aerosol
and meteorological measurements. The aerosol and meteorological measurements are labeled
in the plot.

The molecular formulas of the WSOC are spread over the four quadrants of the PCA loading plot
(Figure 4.26). Most of the aerosol and meteorological measurements are located in quadrants I
and IV. For example, S0,%, RH and wind speed are in quadrant Il and temperature, pressure,
direct UV irradiance, total horizontal UV irradiance, OC and WSOC are in quadrant IV. Others are
around the origin. This distribution of variables is consistent with the PCA loading plot
containing the non-centered and non-scaled variables (including both the WSOC molecular
formulas and the other measurements). In the loading plot without scaling shown in Figure 4.27,
the first two PCs represent 91.3% of the total variance. However, the absolute values of some of
“the other measurements” are several orders of magnitude larger than the aerosol components
causing them to stretch out in the PC1-PC2 space. For example, the values of the total horizontal
UV irradiance are around 100 W m™and the temperatures are around 10 °C, while most of the
normalized RAs of the formulas are around 0.01. The “stretched out” variables represent more

of the variation, which results in the first two PCs carrying much more of the total variance
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(Figure 4.27). The centering and scaling of the variable magnitudes eliminates the “stand out”
variable effect on the principal component analysis. This yields a lower representation of the
total variance by the first two PCs (Figure 4.26), but the atmospheric implications are the same.
Though the centering and scaling treatment regards all of the variables as having the same
significance in the principal component analysis, the non-centering and non-scaling method is
not more realistic. For example, the values of the total horizontal UV irradiance are generally 10
times of the temperature, but the importance of the UV radiation in the multivariate statistical
analysis is not necessary 10 times higher than the temperature. Thus due to the high number

and complexity of variables, the variables were centered and scaled before the PCA.

174



0.4

B WSOC formuals .

+ The other measurements Wind Direct

0.2

Diffuse UV

Ozone

‘ : Y : : : : ‘
04 02 ¢ Temperature 04 06 08 1

&
<
a
o
I8} Pressure
g
0.01
0.2 Wind Speed
*
K 504
a NO3
a L= .
00.01 EC 0,NH4 0.01
0.4 = wsoc
>
ocC
Tota] UV PC (51.9%)

-0.6

*
Direct UV

038
PC1 (51.9%)

Figure 4.27 PCA loading plot with non-centered, non-scaled WSOC molecular formulas and the
other measurements, for comparison with the centered and scaled PCA loading plot in Figure
4.26. The “other measurements” shown with blue diamonds are labeled. The zoomed in plot

around the origin is shown in the excerpt.

4.3.3.2 Molecular formula compositions on the PCA plot

A major purpose of conducting PCA is to explore the molecular formulas and other key variables
for compositional signatures of atmospheric aerosol processes. Thus those molecular formulas
that are rich in some of the samples in terms of both appearance and relative abundance and
are correlated to key variables are of interest for further study. The relative abundances of the
WSOC components for select samples can be shown in the “PCA bubble loading plots” (Figure
4.16). In Figure 4.28 A, the WSOC molecular formulas of sample 0706 are shown in the PC1-PC2
space with the symbol (or bubble) size representing the relative abundances of the formulas in
that sample. The aerosol and meteorological measurements are also shown for reference in the
plot with a uniform symbol size. The sample 0706 was selected to represent the composition of

the samples in Quadrant | on the PCA score plot in Figure 4.25. Similarly, the samples 0721
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(Figure 4.28 B), 0720 (Figure 4.28 C) and 0716 (Figure 4.28 D) were selected to represent

samples in Quadrants Il, Ill and 1V as defined in Figure 4.25, respectively.
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Figure 4.28 PCA loading plots with symbol size representing the relative abundances of the
WSOC molecular formulas in samples 0706 (A), 0721 (B), 0720 (C) and 0716 (D). The other
measurements are also shown for reference. The samples in A, B, C and D represent the samples

co-located in quadrants |, I, [ll and IV of the PCA score plot as shown in Figure 4.25, respectively.
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4.3.3.3 Aerosol measurements and meteorological parameters in PCA plot

Regarding the aerosol chemistry, SO, is located in quadrant Il of the PCA loading plot with
negative PC1 and positive PC2 loadings; NH," is located in quadrant Ill with negative PC1 and
PC2 loadings; NO3', elemental carbon, organic carbon and WSOC content reside in quadrant IV
with positive PC1 and negative PC2 loadings (Figure 4.26). Among the major aerosol
components measured in this study (not including the WSOC molecular composition) SO,>,
organic carbon and WSOC content are further away from the origin than NO5, NH," and
elemental carbon in the PCA loading plot. Thus the concentrations of SO,*, organic carbon and
WSOC are more significant in terms of explaining the overall variation in the WSOC composition

than NO5’, NH," and elemental carbon.

Regarding the meteorological parameters, RH and wind direction are located in quadrant Il;
diffuse UV irradiance is located in quadrant Ill; and the other parameters are in quadrant IV
(Figure 4.26). It is shown in Figure 4.26 that RH, direct UV irradiance and temperature are the
variables farthest away from the origin, so they have the most significant impact among the
measured meteorological conditions on the aerosol-derived WSOC composition. Their effect on
the WSOC molecular composition will be discussed in detail later. The variable of wind direction
is located in quadrant IV of the PCA loading plot (Figure 4.26). Wind direction indicates the
recent history of the air masses intercepted at the sampling site. The air mass history and
upwind emission sources are an important factor influencing the aerosol composition,
particularly when aerosols arrive at the site from clearly different wind directions. In this study,
the daily aerosol samples were collected continuously over about a month at the site. The wind
direction was predominantly from the west and did not significantly change during the study
period. Almost all of the daily average wind directions were between 180 and 270 degree,
indicating the wind is generally from the southwest (Table 4.4). Thus the impact of wind

direction on the aerosol composition is not as strong as RH or temperature.

Back trajectory analysis results provide further information about the air mass history.
Consistent with the wind direction measurements, the air was generally from the west (or
northwest or southwest) over the 72-hour time period prior to reaching the SPL. The results
from the NOAA HYSPLIT back trajectory analysis for selected dates (0625, 0626, 0709, 0710,
0719 and 0720) are shown in Figure 4.29. Wozniak et al. (2014) reported that the air mass
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origins were largely responsible for the variation in the aerosol-derived WSOC molecular
composition of samples collected in the North Atlantic. They distinguished North American-
influenced, North African-influenced and marine-influenced aerosol samples collected during
the 2011 trans-North Atlantic US GEOTRACES cruise. However, the aerosol samples studied here
have very similar air back trajectories and are influenced by local SOA production. Thus, the
composition of the samples is not clearly grouped based on the back trajectory analysis alone.
Instead, as discussed later, the local meteorological conditions are shown to affect the aerosol

composition.
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Figure 4.29 Back trajectory analysis results using the NOAA HYSPLIT model for sample 0625 (A),
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4.3.3.4 Correlation of the variables

In the PCA loading plots with two dimensions of PC1 and PC2, the variables at similar regions
have similar PC1 and PC2 loadings. Thus they have similar contributions to the variations of the
samples or in other words, they co-vary in the samples. With the distribution of the variables on

the PCA loading plot, the relationships among the PCA variables can be explored.
4.3.3.4.1 0C, WSOC, temperature and UV radiation

In this analysis, a strong correlation between the organic carbon and water-soluble organic
carbon concentrations in the aerosol samples is shown in Figure 4.26. This positive relationship
between OC and WSOC was confirmed by their concentrations shown in Figure 4.22. As
introduced in Chapter 1, WSOC is usually a large fraction of the total organic mass as observed
in various studies and this is especially true for the rural areas. In this study, WSOC generally
represents ~80% of OC. The environmental parameters that mainly affect the WSOC
concentration in aerosols at the SPL can be determined from the PCA results (Figure 4.26). As
shown, the temperature, total horizontal UV irradiance and direct UV irradiance are the three
meteorological parameters mostly closely associated with the observed aerosol WSOC
concentrations. Of these, the direct UV irradiance is especially significant as indicated by the
near overlap with WSOC in the PCA loadings plot. In fact, the three parameters are expected to
positively correlate with each other. Direct UV irradiance is a major part of the total horizontal
UV irradiance. It is the solar radiation reaching the Earth’s surface without being reflected. The
solar radiation heats up the Earth surface air, thus strong UV radiation results in high air
temperature. The combined influence of the strong UV radiation and high temperature leads to

high WSOC concentrations in aerosols.

Several potential reasons might explain these correlations between OC, WSOC, UV irradiance
and temperature. First, UV radiation produces atmospheric oxidants, which generate biogenic
SOA. The most important atmospheric oxidant in the daytime is the hydroxyl radical (OH). The
major source of OH is the UV photolysis of ozone to generate electronically excited O('D),

followed by its reaction with water vapor (Finlayson-Pitts and Pitts, 1997):
0; + hv (A <336 nm) = O('D) + 0,

O('D) + H,0 > 20H
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Another important oxidizing agent in the atmosphere, O3, is also mainly formed through

photochemical reactions involving NO, (Finlayson-Pitts and Pitts, 1997):
NO, + hv (A < 420 nm) > NO + O(*P)
0(P)+0,+M > 0,

These reactions indicate that stronger UV radiation generates more oxidizing agent in the
atmosphere. Oxidants react readily with the biogenic VOCs emitted by the vegetation in the
vicinity of the SPL to generate biogenic secondary organic aerosols. In fact, as discussed in
Section 4.1, a substantial fraction of the WSOC molecular formulas was observed to be in
common with the LANLSOA samples. Dzepina et al. (2009) also observed increases in the
oxygenated organic aerosol (a surrogate of SOA) concentrations with the OH concentrations and
these corresponded with an increase in the UV irradiance from 9 am to 3 pm in Mexico City. At
SPL, strong UV radiation results in more biogenic SOA and because most of the biogenic SOA
components are water-soluble this contributes to WSOC. Second, strong UV radiation
corresponds to a high degree of photochemical aging of aerosol organics. The photochemically
formed oxidants continuously react with either the gas phase organics or the species of the
condensed phase to produce oxidized products. Aging processes transform organic compounds
to products with more hydrophilic functional groups and they make the organic compounds
more hygroscopic and water-soluble (Jimenez et al., 2009). In addition to these oxidation
reactions, it has been proposed that photochemical or radical reactions are one of the primary
mechanisms for the condensed phase formation of organosulfates, which are water-soluble
(McNeill et al., 2012). Thus the sampling dates with higher UV irradiance are expected to have
higher WSOC concentrations. Third, it is well established that vegetation emits more biogenic
VOCs at higher temperatures (e.g., Kesselmeier and Staudt, 1999). On the days with high
average temperatures more SOA is formed due to the higher concentrations of VOCs, thus high
WSOC content in aerosols is expected. Hennigan et al. (2009) also observed a positive
relationship between the particle phase WSOC and temperature during the summer time in
Atlanta at a site largely affected by biogenic SOA. In addition, the high temperatures also

accelerate the photochemical aging reactions mentioned above to produce more WSOC species.

Comparing the PCA loading plot (Figure 4.26) and the PCA score plot (Figure 4.25), the samples

in the same region as the variables of WSOC, OC, temperature and UV radiation are the samples
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characterized by these variables. These samples include 0712, 0715 - 0717 and 0724 - 0726. The
variables of temperature, total horizontal UV irradiance, direct UV irradiance are high on these
days and the concentrations of OC and WSOC are high in the aerosol samples. Further, the
molecular formulas in the same region are closely associated with these variables. There are
hundreds of molecular formulas in this region (far from the origin in quadrant IV). Though the
RAs of the formulas in the ESI-MS analysis do not reflect their exact concentrations in the
samples, they still represent their relative amounts to a large extent. So some high RA formulas
were selected to represent this region. Since the formulas at similar locations on the PCA
loading plot usually co-vary in the samples, the sample of 0716 can be used to represent the
high samples in quadrant IV and the formula RAs in this sample can be used to represent the
relative amount of the molecular species in these samples. The WSOC molecular formulas in
sample 0716 with their RAs are shown in the PCA loading bubble plot of Figure 4.28 D. The
formulas in the area defined by PC1 > 0.005 and PC2 < -0.01 were selected to represent the
WSOC formulas affected by high temperature and strong UV irradiance (the highlighted region
in Figure 4.28 D). The 20 molecular formulas in the highlighted region in Figure 4.28 D with the
highest RAs in sample 0716 are shown in Table 4.5. The RAs of these formulas are expected to
be slightly different in other samples also affected by the temperature and UV radiation
(samples of 0712, 0715, 0717 and 0724 to 0726), but they show high RAs in all the samples at
this region (0712, 0715, 0716, 0717, 0724, 0725 and 0726).
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Table 4.5 The 20 molecular formulas in the highlighted region in Figure 4.28 D with the highest
RAs in sample 0716.

Molecular Formula Theoretical m/z RAin 0716 (%) DBE 0/C | H/C
C1H20, 301.1293 48.24 4 0.50 | 1.57
CysH24,0; 315.1449 46.29 4 0.47 | 1.60
C14H2406 287.1500 39.75 3 043 | 1.71
C16H2607 329.1606 39.71 4 0.44 | 1.63
C16Ho605 345.1555 36.84 4 0.50 | 1.63
CisH,40g 331.1398 33.09 4 0.53 | 1.60
C13H»,0¢ 273.1344 31.71 3 0.46 | 1.69
C1sH606 301.1657 30.98 3 0.40 | 1.73
C14H4,04 303.1449 29.51 3 0.50 | 1.71
C14H405 271.1551 28.45 3 0.36 | 1.71
C16H2306 315.1813 27.06 3 0.38 | 1.75
C16H307 331.1762 25.67 3 0.44 | 1.75
C13H»,05 257.1394 25.17 3 0.38 | 1.69

C3HeOg 137.0092 25.06 1 2.00 | 2.00
C15Hy604 317.1606 24.31 3 0.47 | 1.73
Cy7H,304 359.1711 23.00 4 0.47 | 1.65
CyoH3,049 431.1923 22.99 5 0.50 | 1.60
CyoH3,04 415.1974 22.99 5 0.45 | 1.60
Ci5H,304 387.1661 22.76 5 0.50 | 1.56
CaoH3000 401.1817 22.71 5 0.47 | 1.58

The highest RA formulas of 0716 listed in Table 4.5 are all CHO species. They show clear biogenic
SOA characteristics with carbon numbers of ~15 or 20, O/C around 0.5 and H/C around 1.6 (see
also the discussion in Chapter 3). The highlighted formulas in quadrant IV in Figure 4.28 D were
compared with the LANLSOA formulas presented in Chapter 3. There are a total of 670
molecular formulas in the highlighted area and 483 of these are CHO species. Approximately
83% of these CHO compounds were also observed in the biogenic LANLSOA, confirming the
strong biogenic SOA characteristics of the molecular formulas associated with temperature and
UV radiation. Moreover, many of these highlighted molecular formulas in the WSOC samples are
the taller peaks in the LANLSOA spectra. Shown in Figure 4.30 are the representative LANLSOA
mass spectra of AP4 (a-pinene SOA), BP11 (B-pinene SOA), LM3 (limonene SOA) and CP3 (B-
caryophyllene SOA). The red and blue peaks are the common species between the highlighted
WSOC formulas and the LANLSOA, while the black peaks represent the unique formulas to
LANLSOA. The formulas listed in Table 4.5 are shown in blue in the reconstructed mass spectra.
The molecular formulas observed to be associated with temperature and UV radiation in the

aerosol-derived WSOC are in the mass range of m/z 300 — 600. This indicates they are higher
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molecular weight biogenic SOA species defined as monoterpene SOA Groups Il and Il (Putman
et al., 2012; Chapter 3) or sesquiterpene SOA Groups | and Il (Kundu et al., 2014 In preparation;
Chapter 3) with high relative abundances. The high degree of similarities between the
highlighted molecular formulas and the chamber biogenic SOA confirms the relationship
between the OC and WSOC concentrations in aerosols and the ambient temperature and UV

irradiance.
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Figure 4.30 Reconstructed mass spectra of the representative LANLSOA sample AP_4 (A), BP_11
(B), LM_3 (C) and CP_3 (D). The red and blues peaks represent the molecular formulas also

observed in the highlighted regions shown in Figure 4.28D. The molecular formulas shown in

blue in the mass spectra are listed in Table 4.5.
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4.3.3.4.2 Relative humidity and the sulfate ion concentration

The relative humidity (RH) and the sulfate ion concentration (S0,>) are also strongly correlated
in the PCA results. These two variables are both located in quadrant Il of the PCA loading plot in
Figure 4.26. A positive correlation between RH and SO, is expected. More than two thirds of
the S(IV) or sulfur dioxide (SO,) is oxidized to S(VI) or sulfate in the atmospheric aqueous phase
(Harris et al., 2013). Many pathways have been proposed for the oxidation of sulfur in the
aqueous phase. The well-studied reactions with best reaction rates include oxidation by
dissolved ozone, hydrogen peroxide, organic peroxides, and molecular oxygen with iron or
manganese catalysis (Seinfeld and Pandis, 2006). On the sampling dates when the RH is high,
there is also a high tendency to form atmospheric water either in the form of aerosol water or
cloud droplets. Thus the correlation of the sulfate concentrations and RH as observed in this

study indicates the transformation of S(IV) to S(VI) occurs in the aqueous phase.

Shown in the PCA score plot in Figure 4.25, the samples correlated with RH and sulfate
concentrations include 0721, 0722, 0702 and 0710. Thus, the WSOC composition of these days is
likely highly affected by the RH and sulfate. The RAs of the molecular formulas of these days are
expected to co-vary, so 0721 can be used to represent these samples. The RA of the formulas
from the ultrahigh resolution MS analysis of 0721 are shown in the PCA loading bubble plot in
Figure 4.28B. The molecular formulas near RH and SO, in the plot are most associated with the
RH and SO,> concentrations. The formulas far away from the origin in quadrant Il and above the
line connecting the points (-0.02, 0) and (0, 0.02) on PC1 and PC2 were selected for further
analysis. There are a total of 265 molecular formulas in this region. The 20 formulas with highest
RAs in 0721 are shown in Table 4.6. A large fraction of them are heteroatom-containing
molecular formulas with nitrogen and sulfur. They might be nitrooxy organosulfates formed in
atmospheric aqueous phase. Many of these top 20 formulas also show biogenic SOA
characteristics with carbon number of ~10 and elemental ratios and DBE values similar to the
biogenic SOA components. Both laboratory and field studies have confirmed the formation of
organosulfates in biogenic SOA (Surratt et al., 2006; Surratt et al., 2008). Since these
characteristic molecular formulas are positively correlated with SO,*, they might be the biogenic

precursors of organosulfates.
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Table 4.6 The 20 molecular formulas in the highlighted region shown in Figure 4.28 B with the
highest RAs in sample 0721.

Molecular Formula | Theoreticalm/z | RAin0721(%) | DBE | O/C | H/C
CosH4sNO1S 536.2535 58.16 4 | 042 | 1.79
CoHisNO10S 564.2848 46.45 4 | 038 ] 1.81
Cy6HasNO oS 562.2691 39.76 5 0.38 | 1.73

CioH17NOg 278.0881 21.90 3 0.80 | 1.70
C11H1305 261.0980 19.11 3 0.64 | 1.64
C11H4150¢ 245.1031 16.40 3 0.55 1.64
C1oH1605 215.0925 12.37 3 0.50 | 1.60
C1oH140¢ 229.0718 11.91 4 0.60 | 1.40

CyoH3gNOoS 508.2222 11.54 4 0.45 1.77
CysHasNOoS 550.2691 11.39 4 0.40 | 1.80
C1oH1604 199.0976 11.08 3 0.40 | 1.60
CioH1sNOg 276.0725 9.72 4 0.80 | 1.50
CygHs1NOoS 592.3161 9.64 4 0.36 | 1.82
C11H1604 259.0823 9.26 4 0.64 | 1.45

C11H17NOg 306.0831 8.87 4 0.82 1.55
C11H160¢ 243.0874 8.43 4 0.55 1.45
C1oH1405 213.0768 8.26 4 0.50 | 1.40

CioH15sNOg 292.0674 8.09 4 0.90 | 1.50

C1oH17NOgS 326.0551 8.05 3 0.90 | 1.70

C1HNOg 290.0881 7.91 4 | 073 ] 155
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4.3.3.4.3 Samples and formulas with high DBE

A group of molecular formulas located in quadrant Il were observed to be unique in sample
0720 (Figure 4.28 C); some of the molecular formulas are present in other plots but have quite
small symbol sizes. This is also true for the samples 0625 and 0709 in addition to 0720. These
are the three samples with the highest DBE,, values (Figure 4.4) among all of the WSOC samples.
The dates located far away from the origin in quadrant Il of the PCA loading plot are those with
relatively low temperature, weak UV radiation, and low relative humidity. Thus the samples are
expected to have a low degree of photochemical aging and weak aqueous phase processing
relative to the samples in quadrants Il and IV. Thus the molecular formulas of these three
samples are expected to be less oxidized and may contain a high number of double bonds or

aromatic rings.

The group of molecular formulas unique to quadrant Il of Figure 4.28 C occupies the space
defined by the PC1 values of approximately -0.025 to -0.015 and PC2 values of approximately -
0.025 to -0.016 (highlighted area in Figure 4.28 C). There are 276 molecular formulas in this
region. The molecular formulas in this region have quite low RAs. The highlighted formulas with
the 20 highest RAs in 0720 are shown in Table 4.6. The RAs range from 2 - 5%. Almost all of the
molecular formulas contain more than 20 carbon atoms with molecular weights greater than
400 Da. The DBE values of the 20 formulas are quite high and almost all of them are greater
than 10. In fact, all of the 276 formulas in the highlighted region have very high DBE values. The
average DBE for these molecular formulas is 12.2. The average O/C and H/C ratios of the 276
formulas are 0.39 and 1.08, respectively. The low O/C and H/C ratios of the formulas in this
group compared to the average values of all of the formulas in the samples (Figure 4.4) indicate
that these organic species are considerably less oxidized or less processed in the atmosphere

without strong UV radiation or high water vapor content.
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Table 4.7 The 20 molecular formulas in the highlighted region shown in Figure 4.28 C with the
highest RAs in sample 0720.

Molecular Formula | Theoreticalm/z | RAin0720(%) | DBE | O/C | H/C
C31H39NO4o 584.2501 4.27 13 0.32 1.26
CpeH3,04, 537.1978 3.35 10 | 0.46 | 1.31
CypsH3004; 505.1715 2.78 11 | 0.44 | 1.20
CreH3,04; 519.1872 2.76 11 | 0.42 | 1.23
CyaH25010 475.1610 2.71 11 | 0.42 | 1.17
Cy5H30019 489.1766 2.53 11 0.40 | 1.20
CysH26041 489.1402 2.48 12 0.46 | 1.08
CysH301, 555.1508 2.45 15 0.43 1.00
C,1H»,04 417.1191 2.41 11 0.43 1.05
Cy4H24044 487.1246 2.37 13 0.46 | 1.00
Cy,H404 431.1348 2.37 11 0.41 1.09
CysH3001, 521.1665 2.34 11 0.48 | 1.20
Cy3H601, 493.1352 2.34 11 0.52 1.13
Cy4H2304, 507.1508 2.31 11 0.50 | 1.17
Cy3H»4049 459.1297 2.29 12 0.43 1.04
C19H,605 333.1707 2.18 7 0.26 | 1.37
Cy3H,404 443.1348 2.12 12 0.39 | 1.04
CyoH»004 403.1035 2.04 11 0.45 1.00
CyoH204, 479.1195 2.02 11 | 0.55 | 1.09
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4.3.3.4.4 Other correlated variables

Hennigan et al. (2008c) observed a strong correlation between WSOC and NO;" in Mexico City
and explained that both were secondary products produced in the atmosphere. In the gas
phase, OH radicals oxidize NO, to form NOjs". In this study, WSOC and NO; are also positively
correlated. Shown in the PCA loading plot in Figure 4.26, both WSOC and NOs’ locate in
quadrant IV, though the loadings of NO;™ are quite small and did not contribute much to the
variation of the WSOC samples. Several studies by Hennigan and colleagues (Hennigan et al.,
2008a; Hennigan et al., 2008b; Hennigan et al., 2009) show the positive effect of water vapor or
RH on the partitioning of WSOC to the particle phase when the RH is higher than 70%. In this
study, we characterized the particle phase concentration of WSOC instead of the fraction of
WSOC in particle phase; also the RH during the sampling dates was rarely higher than 70%. Thus
a correlation between RH and WSOC is not observed. Wind speed, diffuse UV radiation, pressure
and ozone concentration is also included in the PCA analysis. Since these variables are all 24
hour averaged values, they did not show much variation among the dates or much contribution
to the WSOC molecular composition. So they are not discussed in detail. Further studies are

necessary to examine their effects on aerosol compositions.

In summary, multiple environmental factors affect the aerosol-derived WSOC molecular
composition and these factors can occur simultaneously. As discussed above, no single
parameter could effectively explain the grouping of the WSOC samples. The composition of the
samples is affected by the measured parameters and even additional ones not measured in this
study. In the PCA score plot (Figure 4.25), the molecular composition of 0716 is highly affected
by the temperature and UV irradiance. However other environmental parameters also affect the
molecular composition of WSOC sample 0716, though their contribution might be smaller than
temperature and UV radiation. Similarly the RH and sulfate do not solely influence the
composition 0721, the other ambient variables and air mass histories are expected to also
influence the molecular composition, but to a lesser extent. For the samples near the origin such
as 0718 (Figure 4.25), all of the environmental variables play important roles in their
composition, although their roles are comparable with each other instead of any one apparently
higher than others. Atmospheric processing of the WSOC molecular composition is quite

complex and multiple parameters are involved. The multivariate statistical analyses reveal the
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important factors affecting the WSOC organic composition and the corresponding formulas

were explored.
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Chapter 5 Cloud water molecular composition

(This chapter is from the results and discussion of a publication by Zhao, Y., Hallar, A. G., and
Mazzoleni, L. R. titled “Atmospheric organic matter in clouds: exact masses and molecular
formula identification using ultrahigh-resolution FT-ICR mass spectrometry” published in
Atmospheric Chemistry and Physics, volume 13, 12343-12362 in 2013. The articles published by
Copernicus Publications (the publisher of Atmospheric Chemistry and Physics) are licensed under

the Creative Commons Attribution 3.0 License together with an author copyright.)

5.1 Mass spectra and molecular formula assignments

Molecular formulas of the form, C.H\N,O,S;, were assigned to the negative ion ultrahigh
resolution FT-ICR mass spectra of AOM extracted from cloud water samples. Overall, 82 - 83% of
the total ion current of the CW1 and CW2 sample mass spectra were assigned. After blank
subtraction and quality assurance filtering approximately 3000 monoisotopic molecular
formulas were unambiguously identified for CW1 and CW2 (Table 5.1). Assignments of
corresponding polyisotopic molecular formulas containing **C were observed for 71% and 69%
of the formulas assigned to CW1 and CW?2. Likewise, polyisotopic molecular formulas with **S
were observed for 54% and 50% of the S-containing molecular formulas assigned to CW1 and
CW2. Detection of polyisotopic anions is more limited than detection of monoisotopic anions
due to the lower RA which reflects the natural abundances of **C at 1% and **S at 4%. The high
number frequency of corresponding polyisotopic molecular formulas with *C at exactly 1.0034
Da higher than the monoisotopic molecular formulas confirms the molecular formula
assignment and the singly charged state of the detected anions. No evidence of multiply

charged species was observed.

Reconstructed mass spectra of the monoisotopic molecular formulas assigned to the cloud
water samples after blank subtraction are shown in Figure 5.1. In both of the cloud water mass
spectra, the anions occupy a mass range of 100 — 700 Da, covering both the range of previously
identified cloud water carbonyl species (Limbeck and Puxbaum, 2000; Marinoni et al., 2004; van
Pinxteren et al., 2005; Samy et al., 2010; Charbouillot et al., 2012) and the range of water-
soluble macromolecular compounds also known as “HULIS” (Feng and Mdller, 2004).

Macromolecular compounds were also observed in fog water by several studies (Krivacsy et al.,
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2000; Herckes et al., 2002a; Herckes et al., 2002b; Cappiello et al., 2003). Similar to the ambient
aerosol collected at this site, the highest RA anions were observed with m/z from 200 to 400
(Mazzoleni et al., 2012). Consistent with the ultrahigh resolution mass spectra of other
atmospheric samples like aerosols (Wozniak et al., 2008; Schmitt-Kopplin et al., 2010), fog water
(Mazzoleni et al., 2010; LeClair et al., 2012) and rainwater (Altieri et al., 2009b; Altieri et al.,
2012), the mass spectra for cloud water samples are quite complex with a high number of
isobaric anions. An example of the isobaric complexity with 14 molecular formulas within 0.25

Da is shown in an excerpt of the reconstructed CW1 mass spectrum (Figure 5.1B).
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Table 5.1 Cloud water composition characteristics by elemental groups

All CHO CHNO CHOS CHNOS
Number 3140 840 1638 281 381
frequency
o/c 0.62+037 | 054035 | 0.72+0.34 | 0.45+0.38 | 0.45+0.34
o/C., 0.63+0.03 | 0.47+0.04 | 0.77+0.04 | 0.43+0.09 | 0.44+0.04
oy | e 1.46+0.36 | 1.42+0.36 | 1.56£0.29 | 1.37£0.45 | 1.21£0.41
H/C,, 153+007 | 1484011 | 1.61£0.10 | 1.41£0.27 | 1.17+0.10
DBE 630£3.37 | 6.36£356 | 5.58+2.62 | 6.76+4.21 | 8.98£3.72
DBE,, 519£0.19 | 5.50£0.35 | 4.63£0.22 | 5.56£0.92 | 8.64 £ 0.53
om/oc 2084056 | 1.83+0.47 | 2.25+0.54 | 1.89£0.56 | 2.02 £ 0.53
OM/OC, | 2.20£0.06 | 1.79£0.09 | 2.44£0.08 | 1.98+0.23 | 2.14£0.11
Number 2724 712 1431 221 360
frequency
o/c 0.61+034 | 0.51£0.28 | 0.73£0.31 | 043£0.37 | 0.43£0.35
o/C., 0.63+0.02 | 0.47+0.03 | 0.74+0.04 | 0.42+0.05 | 0.43+0.04
cwa | H/C 1.46+035 | 1414034 | 1.56£0.30 | 1.40£0.44 | 1.21£0.37
H/C,, 153+0.06 | 1.46+0.11 | 1.61£0.09 | 1.41+0.17 | 1.19+0.11
DBE 6.29+3.29 | 6.35+3.18 | 5.60+2.84 | 6.35+3.89 | 8.89 £ 3.42
DBE,, 5.25+0.18 | 5.64£0.32 | 475£0.22 | 5.52£0.55 | 8.00 £ 0.52
om/oc 2064052 | 1.79+0.37 | 2.25+0.50 | 1.86+0.54 | 1.99 £ 0.55
OM/OC, | 2.16£0.05| 1.78+0.08 | 2.35£0.08 | 1.96+0.14 | 2.18 £0.11

Note: Average values (O/C, H/C, DBE and OM/OC) are the mean and standard deviation of each

data subset. Relative abundance weighted values (O/C,, H/C,, DBE,, and OM/OC,,) were

determined using equations 2-4 to 2-7 and have propagated standard error using the standard

deviations for each subset.
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Figure 5.1. Reconstructed mass spectra of the identified monoisotopic molecular formulas for
CW1 (A and B) and CW2 (D): an excerpt of the CW1 mass spectrum from m/z 401.00 to 401.30
is shown in (B) with a list of the numbered analytes and their identified molecular formulas. Pie
charts indicate the number fraction of the identified monoisotopic molecular formula groups for
CW1 (C) and CW?2 (E).
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Four subgroups of molecular formulas were determined based on their elemental composition,
they include: compounds containing only C, H and O (CHO), compounds containing C, H, N and O
(CHNO), compounds containing C, H, O and S (CHOS), and compounds containing C, H, N, O and
S (CHNOS). The CHO compounds (N = 840 and 712) represented ~ 26% of the total number of
assigned molecular formulas from the CW1 and CW2 sample mass spectra (Figure 5.1C and
5.1E). In general, a clear pattern of mass differences of the CHO compounds can be seen in both
of the mass spectra (blue peaks in Figure 5.1) with spacing of the high intense anions of 14 Da.
This has been commonly observed in natural organic matter samples (Stenson et al., 2003; Koch
et al., 2007; Mazzoleni et al., 2010). This pattern is a likely consequence of the naturally
occurring CH, “homologous series” or formula extensions in organic matter (Hughey et al.,
2001). All of the identified CHO molecular formulas belong to a CH,homologous series (Figure
5.2). The series range from 2 to 26 molecular formulas in length with an average length of ~10.
However, it should be noted that the addition of the —CH, to a molecular formula does not
necessary lengthen the compounds’ carbon backbone, but may appear in any aspect of the
compounds’ molecular structure. Moreover, each molecular formula identified may represent
several organic compounds with different chemical structures (Hertkorn et al., 2008). Therefore,
the clouds have extreme complex organic composition considering the ~3000 molecular
formulas identified in each sample. In previous studies, the CHO compounds typically
represented the highest number fraction of the overall compounds (Wozniak et al., 2008;
Schmitt-Kopplin et al., 2010; Altieri et al., 2012; Mazzoleni et al., 2012). However in this study,
CHNO compounds (N = 1638 and 1431) are the most frequently observed compounds in both
cloud water samples and represented > 50% of the total number of molecular formulas (Figure
5.1C and 5.1E). Large amount of organic nitrogen was also observed in fog sample by previous
study (Herckes et al., 2007).From the mass spectra, the CHNO compounds (red peaks in Figure
5.1)with the highest relative abundances are in the mass range of m/z 200 — 400 and the highest
density is in the mass range of 300< m/z < 600. Consistent with the CHO compounds, a wide
number of CH,homologous series were observed in the cloud water CHNO compounds (Figure
5.2). The S-containing compounds (CHOS and CHNOS) represented ~ 21% of the total number of
molecular formulas (Figure 5.1C and 5.1E). 281 CHOS and 381 CHNOS molecular formulas were
identified in CW1 and 221 CHOS and 360 CHNOS formulas were identified in CW2. Typically the

S-containing compounds (green peaks in Figure 5.1) are in the mass range of 200< m/z < 600.
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Often the relative abundance of these compounds are lower than the compounds in other
groups. The CH,homologous series of the S-containing compounds are less clear in the
reconstructed mass spectra. However, they are clearly shown in the Kendrick mass defect plots
(Figure 5.2). The composition and molecular properties for each of the subgroups will be

discussed further in the following sections.
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Figure 5.2. The Kendrick mass defect vs. nominal Kendrick mass for the monoisotopic molecular
formulas identified in CW1 (A) and CW2 (B) with scaled symbol sizes representing the relative
abundance of the compounds.
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5.2 Compounds containing only C, H and O

Oxygen-to-carbon ratios (O/C) and hydrogen-to-carbon ratios (H/C) are commonly used to
describe the chemical properties of aerosol (Aiken et al., 2007; Aiken et al., 2008; Jimenez et al.,
2009; Bateman et al., 2010; Kroll et al., 2011). In general, O/C represents the degree of oxidation
and H/C reflects the degree of saturation of the composition studied. The O/C and H/C
elemental ratios of the individual CHO compounds of the cloud water samples are plotted in
Figure 5.3A (for CW1) and Figure 5.4A (for CW2). The van Krevelen diagram (O/C vs. H/C)
indicates the oxidation, hydration, hydrogenation and alkylation relationships between the
observed molecular formulas (Kim et al., 2003; Wu et al., 2004; Heald et al., 2010). In Figure
5.3A and 5.4A, we plotted simultaneously the analyte isoabundance and individual points for
each of the CHO molecular formulas. This permits visualization of the CH,homologous series of
molecular formulas in lines pointing to the upper left corner (H/C = 2.0) of the plot and their
significance in terms of isoabundance. In both samples, a majority of the CHO compounds have
O/C ratios < 1.0 and H/C ratio from 0.5 to 2.0. The highest intensity molecular formulas are in
the vicinity of O/C = 0.5 and H/C = 1.5. Interestingly, there are several compounds with O/C
ratios > 1.0 in both samples and many of these have 18-22 oxygen atoms and molecular weights
of 400-500 Da. These highly oxidized high molecular weight compounds may be the products of
aqueous phase reactions (Lee et al., 2011). In addition, a few CHO compounds are located in the
lower left corner of the van Krevelen diagram (O/C < 0.3, H/C < 1). These appear to be aromatic
compounds with high DBE values. Examples of the molecular formulas in this region include the
homologous series of C,gHgO4(CH,)1.7 and C1gH¢O5(CH,)41.6. The average O/C ratios for the CW1
and CW2 CHO compounds are 0.54 (+ 0.35) and 0.51 (+ 0.28) (Table 5.1). Likewise, the average
H/C ratios are 1.42 (+ 0.36) and 1.41 (+ 0.34). Similarly, Altieri et al. (2009b) observed an average
O/C ratio of 0.7 (+ 0.5) and an average H/C ratio of 1.5 (+ 0.4) for the CHO compounds in
ambient rainwater. Thus, the CHO compounds reported here are less oxidized and somewhat
less saturated, likely reflecting seasonal differences and cloud processing time differences.
Other reported elemental ratios for CHO compounds in ambient aerosol water-soluble organic
compounds, include: 0.47 (£ 0.2) and 1.42 (+ 0.3) (Mazzoleni et al., 2012); 0.6 and 1.69 (Rincon
et al., 2012); and 0.40 (+ 0.21) and 1.29 (+ 0.35) (Lin et al., 2012a). Note, the solid phase
extraction step used in this study may not retain well some of the low molecular weight CHO

compounds like formic acid, acetic acid or oxalic acid, which usually have high O/C ratios (>1).
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Thus, the O/C ratios of the clouds may be somewhat higher than reported here. Overall, the O/C
and H/C ratios of CHO compounds in the cloud water samples are within the wide range of the
previously reported values, but are closer to those of aerosol water-soluble organic carbon than
rainwater. This is probably related to the different extents of aqueous processing and

temperature in supercooled and precipitating clouds.
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Figure 5.3. Isoabundance van Krevelen diagram for CW1 CHO compounds (A). Isoabundanceplot
of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for CW1
CHO compounds (B). Total relative abundance (RA) of each subclass for CW1 CHO
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Another measure of molecular unsaturation is the DBE, which indicates the number of double
bonds and rings in a molecular structure. A wide range of DBE values (0-19) were observed
among the cloud water CHO compounds with a clear trend of increasing DBE values with
increasing carbon content (C; - C36) (Figure 5.3B). In both samples, the majority (> 90%) of the
compounds has DBE values < 10 and the high relative abundance compounds have DBE values
within the range of 2-7. Overall, the average DBE values for CW1 and CW2 CHO compounds are
6.4 (£ 3.6) and 6.3 (x 3.2), similar to that of CHO compounds from other studies. Average DBE
values for CHO compounds of 5.6 and 6.4 were reported by Lin et al. (2012a) and Mazzoleni et
al. (2012) for ambient aerosol; Mazzoleni et al. (2010) reported an average DBE value for CHO
compounds of 5.3 for low molecular weight fog water AOM; and Putman et al. (2012) reported
an average DBE value for CHO compounds of 7.0 for chamber generated a-pinene ozonolysis
SOA. Interestingly, several CHO compounds with high DBE values (i.e., 14-19) were observed and
are located in the aromatic region (0/C < 0.3 and H/C < 1.0) of the van Krevelen diagram (Figure
5.3A). Generally, these aromatic compounds are within the mass range of 300-400 Da and have
< 6 O atoms. The relative abundances of the compounds with respect to carbon are also
illustrated in Figure 5.3B. The higher intensity compounds are compounds with Cs- C,s. Among
these compounds, the highest relative abundances are ~ C,,, followed by ~ Cys. There is also a
relatively high intensity spot ~ C,q in the CW1 sample. These high relative abundance
compounds at Cyq, Ci5, and Cy indicate terpene characteristics in the cloud water CHO

compounds (Claeys et al., 2013).

To evaluate the oxygen content, the cloud water CHO compounds were separated into
subclasses based on the number of oxygen atoms (Oy) in the molecular formulas, labeled as O;,
0O, and so on. The total relative abundance for each of the subclasses are shown in Figure 5.3C.
Overall, cloud water CHO compounds range from O, to O,,, with the majority of compounds in
the range of O, to O4s. These subclasses with variable oxygen numbers may reflect multiple and
or various functional groups like hydroxyl, ether, peroxyl, carbonyl, carboxyl or ester.
Interestingly, the highest relative abundances were observed for the Os, O; and O, subclasses.
The 044 subclass contains the highest number of CHO compounds (~ 130 molecular formulas)
while the highest relative abundance CHO compounds were observed in the Os and O,
subclasses. Examples of the high relative abundance CHO compounds detected in both samples
include: CygH4505, C11H150s, C1oH1407, C11H1607, C1,H1507, C13H,5005, and C14H,,05. These high
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relative abundance compounds have DBE values of 2, 3 and 4. Interestingly, no formulas in the
045 and 0,5 classes were observed, but there are several compounds in the higher subclasses
(015 - 0,5). These high oxygen numbers correspond to compounds with O/C ratios > 1.0 in the

van Krevelen diagram.

The reconstructed mass spectra of the cloud water CHO compounds have similar characteristics
to laboratory generated SOA samples. Three groups of high abundance anions were observed,
they include: m/z 200-350; m/z 350-500; and m/z 500-650 (Figure 5.5).Similar clusters of high
relative abundance anions (sometimes referred to as “oligomers” or monoterpene accretion
products in SOA samples) have been observed in SOA samples and have decreasing ion
intensities with increasing molecular weight (Reinhardt et al., 2007; Bateman et al., 2011; Kundu
et al., 2012; Putman et al., 2012). Also the average O/C and H/C ratios of the cloud water CHO
compounds are consistent with those determined for biogenic SOA samples (Bateman et al.,
2009, 2010; Putman et al., 2012). In addition, there are several “hot spots” at Cy, C15 and Cy in
the isoabundance DBE plots (Figure 5.3B) representing the high relative abundance compounds.
The DBE values and the carbon numbers of the high relative abundance compounds reflect
monoterpene and sesquiterpene characteristics (Putman et al., 2012). To further explore the
SOA composition similarities, the cloud water CHO molecular formulas were compared to the
CHO molecular formulas assigned to several laboratory generated biogenic SOA mass spectra.
The biogenic SOA samples used in the comparison include: a-pinene ozonolysis SOA, B-pinene
ozonolysis SOA, d-limonene ozonolysis SOA, and B-caryophyllene ozonolysis SOA, all of which
were generated under dark conditions without an OH scavenger (the LANLSOA samples
discussed in Chapter 3). Of the CW1 and CW2 CHO molecular formulas, 58 and 64%,
respectively were identical to those in the biogenic SOA samples (Figure 5.5). Furthermore, most
of these common molecular formulas are high intensity anions in the cloud water samples.
Overall, the three groups of anions assigned as CHO compounds in the reconstructed mass
spectra are less distinct than those in the SOA mass spectra. This reflects the more complex
conditions for ambient aerosols and clouds than laboratory experimental conditions. Some of
the differences include: the presence of biogenic SOA from unevaluated precursors; agueous
phase reactions which alter the composition; and compounds from other sources, etc. Despite
the differences between ambient conditions and those of laboratory experiments, we observed
highly similar characteristics in the CHO molecular formulas of cloud water and biogenic SOA.
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This suggests that a high percentage of the cloud condensation nuclei in the Rocky Mountain
region during the cloud sampling study contain biogenic SOA components. Similarly, Sun et al.
(2011) using aerosol mass spectrometry found ~90 % of the aerosol water-soluble organic
carbon at a rural site (Centreville, Alabama) in the summer are biogenic related. The fraction

decreased in the winter, but still comprised ~50% of the total water-soluble organic carbon.

In addition to biogenic SOA, the CHO composition of the clouds appears to be affected by
residential wood combustion. Guaiacols and syringols (aka methoxyphenols) are commonly
found in biomass combustion emissions and are from the pyrolysis of wood lignin (Hawthorne et
al., 1992; Mazzoleni et al., 2007). Methoxyphenols have been shown by Sun et al. (2010) to
contribute to aqueous SOA and have been observed in ambient foggy atmospheres (Sagebiel
and Seiber, 1993). Two of the molecular formulas considered to be markers of syringol and
guaiacol agueous phase reactions in the Sun et al. (2010) experiments were observed in the
cloud water samples. They are: Ci5H150¢6 (RA = 7% in both samples) and C;4H1404 (RA = 2.7% in
CW1 and 4% in CW2). As described, molecular formulas assigned to exact mass measurements
using ultrahigh resolution FT-ICR MS provide valuable insights regarding the chemical structure
(e.g., elemental ratios and DBE). A large fraction of the high relative abundance Os (50 out of 79
formulas in CW1, 39 out of 63 formulas in CW2) and Oy (68 out of 74 formulas in CW1, 74 out of
77 formulas in CW2) CHO compounds have DBE values 2 4. This combination is consistent with
methoxyphenol derived structures since there is both enough oxygen for the functional groups
of —OCH; and —OH and enough DBE for the benzene ring. Samy et al. (2010) analyzed aerosol
and supercooled cloud water samples collected at the SPL. They found abundant concentrations
of methoxyphenols in both the aerosols and the cloud samples, which suggested a strong
biomass burning chemical signature. The emissions likely arise from nearby residential wood
combustion in the Yampa valley to the west of the SPL. In this study, the back trajectory analysis
indicates the air was coming from west and northwest during the sampling periods (Figure 2.6
and 2.7) thus it was likely influenced by residential activities in the Yampa valley. Similarly
Collett et al. (2008) also reported fog processing of carbonaceous particles from wood smoke.
Residential wood combustion may contribute to the observed biogenic SOA in the cloud
samples. It is known that terpenoid emissions from living plants are highly correlated to ambient
temperature (Kesselmeier and Staudt, 1999), thus biogenic SOA is generally not expected to be
significant during the winter time periods. However, trees have a large storage reservoir of the
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monoterpenes compared to their emission rates (Lerdau et al., 1994; Amin et al., 2012). Thus,
the stored monoterpenes may be released during residential wood combustion for SOA

formation.
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5.3 Compounds containing only C, H, N and O

A wide range of elemental ratios was observed for the CHNO compounds (Figure 5.6A). In
contrast to the elemental ratios of the CHO compounds where a majority of the compounds
have O/C < 1.0, many of the CHNO compounds have O/C > 1.0 and they have some of the
highest relative abundances of the CHNO group. Most of these CHNO compounds with high O/C
ratios also have high H/C ratios (>1.2), suggesting the compounds are both highly saturated and
oxygenated. For example, the molecular formulas of the homologous series CsH;oN,04(CH,)1.3
with high relative abundances show these characteristics. Also, there are a large number (~ 50%)
of CHNO molecular formulas with O/C < 0.7. In general, these compounds have a relatively low
relative abundance and have a large range of H/C ratios (0.3 to 2.2). Overall, the average O/C
ratios of the CHNO compounds in CW1 and CW2 are 0.72 (+ 0.34) and 0.73 (+ 0.31), respectively.
The average H/C ratios for the CHNO compounds in CW1 and CW2 are 1.56 (+ 0.29) and 1.56 (+
0.30) (Table 5.1). Previous studies of aerosol WSOC and fog AOM observed overall less
oxygenated CHNO compounds, with average O/C ratios typically < 0.5 (Wozniak et al., 2008;
Mazzoleni et al., 2010; Schmitt-Kopplin et al., 2010). However in the study of rainwater AOM by
Altieri et al. (2009b), several CHNO compounds were identified with high O/C ratios (some even
higher than 2.0). They reported an average O/C ratio of 1.6 (+ 1.4) for the CHNO compounds.
The presence of highly oxygenated CHNO compounds (O/C > 1.0) appears to be related to

aqueous phase reactions in cloud and rainwater droplets.

Consistent with the H/C elemental ratios, the majority of the CHNO compounds have DBE values
<10 (Figure 5.6B). Similar to the CHO compounds, the number of carbon atoms in the formulas
range from C, — C35 and the DBE values increase with the number of carbon atoms. The high
intensity CHNO compounds with C, — C,o have DBE values < 6. The most abundant compounds
are those with C;; and low DBE values (2 - 4). These values indicate that most of the CHNO
compounds are relatively saturated, especially those with higher relative abundances. Only a
small fraction (~3%) of the CHNO compounds has high DBE values from 11 to 19. As illustrated in
Figure 5.6B, the high DBE CHNO compounds have low relative abundances. Overall, the average
DBE values are 5.6 (+ 2.6) and 5.6 (+ 2.8) for CW1 and CW2 CHNO compounds. Therefore the

cloud water CHNO compounds are mostly saturated with a few exceptions.
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Cloud water CHNO compounds contain 1- 4 nitrogen atoms (N;-N4) per molecular formula. The
compounds with one nitrogen (N;) represented ~ 43% of the CHNO compounds in both samples,
followed by compounds containing N, (~ 29%), N3 (~ 21%) and N, (~ 7 %) in both samples. To
further examine the N in the molecular formulas, CHNO subclasses were defined by the
numbers of nitrogen and oxygen in the molecular formulas, they include: NO3.,3, N,03.15, N3O;.16
and N4O1.15. The total relative abundance for the compounds contained within the subclasses is
shown in Figure 5.6C. Interestingly, the plot clearly indicates the high relative abundance CHNO
compounds are in the subclasses of NOg.14, N,Og 16 and N3O;1.16. The compounds in high relative
abundance subclasses correspond to the hot spots in the upper right region of the isoabundance
van Krevelen diagram (O/C > 0.7, H/C > 1.5; Figure 5.6A). All the high relative abundance CHNO
subclasses are rich in oxygen with respect to nitrogen. Almost all of these classes show oxygen-
to-nitrogen ratio (O/N) = 3. Thus, the CHNO compounds appear to contain a large number of
organonitrates (with the functional group of —-NO;), however CHNO compounds are not
exclusively organonitrates since multifunctional compounds are anticipated. For example a
study using an ultrahigh resolution tandem mass spectrometry technique, reported only 63%

HNO; losses from CHNO and CHNOS compounds in fog water samples (LeClair et al., 2012).
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Figure 5.5. Reconstructed mass spectra of the CHO compounds in CW1 (A) and CW2 (B). Blue
peaks show the common formulas between the cloud water samples and biogenic SOA samples
(LANLSOS samples discussed in Chapter 3: combined data of ozonolysis of a-pinene, B-pinene, d-
limonene and B-caryophyllene); pink peaks show the formulas unique to cloud water samples.

Organonitrates or nitrooxy-organosulfates have been observed in several AOM samples (Allen et
al., 1994; Nielsen et al., 1998; Zhang and Anastasio, 2001; Garnes and Allen, 2002; Herckes et al.,
2007; Reemtsma et al., 2006; Surratt et al., 2006; Altieri et al., 2008; Bruns et al., 2010; Fry et al.,
2013). The organonitrates or nitrooxy-organosulfates observed in the clouds may be from
dissolution of CCN aerosol, gas organic compounds containing nitro- or nitrate groups
partitioned to the droplets (Liittke and Levsen, 1997; Littke et al., 1997), or aqueous formation
within the cloud droplets. Alkyl nitrates have relatively high vapor pressures, so they are not
expected to readily partition to the particle phase. In a study by Nielson et al. (1998), only alkyl
nitrates with > 18 carbon atoms can contribute to the particulate organic nitrogen mass at 20°C.
However hydroxyl or carboxylic acid functional groups lower the vapor pressure (Arp and Goss,
2009), allowing the multifunctional organonitrates with less carbon atoms to partition to the
particle phase. This coupled with the low temperatures during the sampling period (~ -10°C)
enhances the significance of organonitrates in the condensed phase. Therefore it is highly
possible that a considerable number of organonitrates are present in the supercooled cloud

droplet samples. Similarly, nitrate esters were also observed in fog water (Herckes et al., 2007).

As mentioned ~50% of the CHNO compounds have O/C ratios < 0.7 (Figure 5.6A). These low O/C
ratios are similar to those reported by Schmitt-Kopplin et al. (2010) for a biomass burning
aerosol sample. In that study, almost all the identified nitrogen containing species had O/C
ratios less than 0.7. The lower oxygen content suggests the presence of reduced nitrogen
compounds. Wood combustion emissions are known to emit reduced nitrogen compounds. In a

214



study by Laskin et al. (2009) a substantial fraction of N-heterocyclic alkaloid compounds were
observed in biomass burning aerosols. In another study by Bateman et al. (2010), an O/C ratio of
0.19 was reported for combustion of dried pine needles and sticks. Thus, the residential wood
combustion in the vicinity of the SPL is a likely contributor to the reduced nitrogen containing
species observed in the cloud water samples. However this does not exclude the possibility of
aqueous phase reactions resulting in nitrogen containing species like those formed by aqueous
phase reactions of glyoxal (Galloway et al., 2009; Shapiro et al., 2009) or methylglyoxal (De Haan
et al., 2010; Sareen et al., 2010) with (NH,),S04/NH4NO;. Reaction products, such as amine,
imine or imidazole, provide another likely source of the reduced nitrogen compounds in the
cloud water samples. Alkyl amines have also been detected in ambient aerosols (Gilardoni et al.,
2009) and fog water (Zhang and Anastasio, 2001; Herckes et al., 2007). Regardless of their
origin, reduced nitrogen functional groups can be oxidized in the cloud droplets to form oxidized
functional groups as indicated by the high O/C ratios of products from aqueous phase reactions

(Lim et al., 2010; Ervens et al., 2011).
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Figure 5.6. Isoabundance van Krevelen diagram for CW1 CHNO compounds (A). Isoabundance
plot of (DBE) vs. number of carbon atoms in molecular formulas for CW1 CHNO compounds (B).
Total relative abundance (RA) of each subclass for CW1 CHNO compounds, the dashed lines
separate the subclasses by number of nitrogen atoms contained in the formulas (C).
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Figure 5.7. Isoabundance van Krevelen diagram for CW2 CHNO compounds (A). Isoabndance
plot of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for
CW2 CHNO compounds (B). Total relative abundance (RA) of each subclass for CW2 CHNO
compounds, the dashed lines separate the subclasses by number of nitrogen atoms contained in
the molecular formulas (C).
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5.4 Compounds containing only C, H, O and Sand C, H, N, O and S

A wide range of elemental ratios is shown in Figure 5.8A for the CHOS compounds and Figure
5.10A for the CHNOS compounds. Similar to the CHO (Figure 5.3A) and CHNO compounds
(Figure 5.6A), the elemental ratios align into several straight lines indicating CH2homologous
series. However instead of one large group in the isoabundance van Krevelen diagrams,
subgroups of the CHOS and CHNOS compounds in the isoabundance van Krevelen diagrams are
depicted. Some obvious differences in the isoabundance van Krevelen diagrams of the CHOS and
CHNOS compounds compared to those of the CHO and CHNO compounds were observed
(Figure 5.8A and 5.10A). First, the presence of a high number of highly unsaturated CHOS and
CHNOS compounds was observed. Second, we observed a wider overall range of elemental
ratios with variable relative abundances. These compound properties are explored in more

detail in the following paragraphs.

Four subgroups of CHOS molecular formulas with varied unsaturations or DBE values were
observed (Figure 5.8). The CHOS compounds in subgroup 1 with H/C > 2 are highly saturated
with DBE values of 0 or 1 (Figure 5.8B). These compounds belong to the subclasses of 0,S, 0sS
and OgS (Figure. 6C). Subgroup 2 CHOS compounds are less saturated and contain the subclasses
of 0;.1,S with relatively low DBE values (mostly 3 or 4). The CHOS compounds in subgroup 3 are
highly oxygenated with the subclasses of O45.15S. They are less saturated than those in subgroup
2 with DBE values ranging from 7 to 9. Most of the subgroup 3 molecular formulas have
relatively high molecular weight, typically > 400 Da. Thus from subgroups 1 to 3, the DBE values
increase (from 0 to 9) with the increase of oxygen content in the molecular formulas (O, to O43).
The CHOS compounds in subgroup 4 are the most unsaturated of the CHOS compounds. The
DBE values of these molecular formulas range from 8 to 19, suggesting aromatic moieties.
Unlike the compounds in the previous subgroups, these have low O/C ratios (< 0.4). The
subclasses of 0435S in this group contain too little oxygen to contain organic sulfate functional
groups. Overall around 1/3 of the detected CHOS compounds are in subgroup 4 which appears

to be reduced sulfur species.
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Figure 5.8. Isoabundance van Krevelen diagram for CW1 CHOS compounds (A). Isoabundance
plot of (DBE) vs. number of carbon atoms in molecular formulas for CW1 CHOS compounds (B).
Number of formulas identified in each of CW1 CHOS subclasses (C). The red circles and boxes
indicate the approximate groupings (1 to 4) of the CW1 CHOS formulas.
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Figure 5.9. Isoabundance van Krevelen diagram for CW2 CHOS compounds (A). Isoabndance plot
of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for CW2
CHOS compounds (B). Number of molecular formulas identified in each of CW2 CHOS subclasses
(C). The red circles and boxes indicate the approximate groupings (1 to 4) of the CW2 CHOS
formulas.

Similarly, the CHNOS compounds have similar elemental ranges (Figure 5.10A). The number of
CHNOS compounds in subgroups 1-3 are less than those of the CHOS compounds and the
subgroup 4 CHNOS compounds are clearly dominant among the CHNOS compounds. Overall, a
total of 75% of the CHNOS compounds are in subgroup 4 and 25% in subgroups 1-3. The CHNOS
compounds in subgroups 1-3 have DBE values ranging from 1 to 8 (Figure 5.10B). These
compounds contain 1 or 2 nitrogen atoms in the molecular formulas with a high number of
oxygen atoms (> 7; subclasses NO;.1; 1sS and N,0;,.36S; Figure 5.10C). Based on the oxygen
numbers and DBE values, some of the molecular formulas may represent organonitrates,
organosulfates or nitrooxy-organosulfates. In contrast, the subgroup 4 CHNOS compounds are
highly aromatic with DBE values from 6 to 19. Most of the CHNOS compounds with 3 or 4

nitrogen atoms in their molecular formulas are in this group, including: N304.1,S and N;O4.sS.
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Further, CHNOS compounds with 1 or 2 nitrogen atoms and a low number of oxygen atoms are
in this group, including: NO,gS and N,0,.sS. Therefore consistent with the cloud water CHOS
compounds, the CHNOS compounds also include characteristics that are either highly
oxygenated or highly aromatic. The aromatic S-containing compounds are dominant in number

and thus greatly influence the average DBE value for these elemental classes.

Considering the adequate oxygen content and low DBE values (DBE for a sulfate functional
group is 0), the S-containing compounds detected in subgroups 1-3 can be organosulfates or
nitrooxy-organosulfates. Examples are like the several high relative abundance low MW CHOS
compounds detected in both samples (200-300 Da): C1,H,604S, CoH1505S, C14H300,S and
CgH1606S. LeClair et al. (2012) also detected these molecular formulas in fog water and used
MS/MS to confirm the sulfate group in the structures Organosulfates have been detected
commonly in atmospheric samples (Surratt et al., 2006; Gomez-Gonzalez et al., 2008; Hatch et
al., 2011). In fact, most of the atmospheric S-containing organic compounds reported in the
literature are organosulfates or nitrooxy-organosulfates. Observations from both chamber
simulations (linuma et al., 2007; Liggio et al., 2007; Surratt et al., 2007) and field measurements
(Surratt et al., 2008; Stone et al., 2012; Pratt et al., 2013) indicate that organosulfates and
nitrooxy-organosulfates can form in biogenic secondary organic aerosols. The identified
organosulfates in biogenic SOA usually have carbon atom numbers similar to their biogenic
precursors, e.g., ~5 or 10 (Surratt et al., 2008). In the cloud water samples, most of the CHOS
and CHNOS compounds with less than 12 carbon atoms contain more than 4 oxygen atoms.
Considering the cloud water biogenic SOA characterization identified from the cloud water CHO
compounds, these organosulfates and nitrooxy-organosulfates compounds (S-containing
compounds in subgroups 1-3) may have originated from biogenic precursors. Several high
molecular weight organosulfate candidates (> 300 Da) with more carbon atoms (16 to 33) were
also detected in the cloud water, including: C;7H1304¢S, C1gH3306S and Cy7H,0046S. The high
molecular weight organosulfates have been observed previously in atmospheric aerosols
(Romero and Oehme, 2005; Reemtsma et al., 2006). Mostly AOM organosulfates are secondary
reaction products (Hatch et al., 2011). Two formation mechanisms were proposed, including:
esterification of hydroxyl groups with sulfuric acid (Liggio et al., 2005; Surratt et al., 2007) and
acid catalyzed reactions of epoxides (Minerath and Elrod, 2009). Both of the pathways require
sulfuric acid anions (Surratt et al., 2007; Minerath and Elrod, 2009). Considering the coal fired
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power plants located to the west of the SPL area which are emission sources of SO, and the
aqueous phase processing that may take place within cloud droplets, formation of

organosulfates is likely.
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Figure 5.10. Isoabundance van Krevelen diagram for CW1 CHNOS compounds (A). Isoabundance
plot of (DBE) vs. number of carbon atoms in molecular formulas for CW1 CHNOS compounds (B).
Number of formulas identified in each of CW1 CHNOS subclasses (C). The red circles indicate the
approximate groupings (1 to 4) of the CW1 CHNOS formulas. The bars not boxed in (C) belong to
group 4.
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Figure 5.11. Isoabundance van Krevelen diagram for CW2 CHNOS compounds (A). Isoabndance
plot of double bond equivalents (DBE) vs. number of carbon atoms in molecular formulas for
CW2 CHNOS compounds (B). Number of molecular formulas identified in each of CW2 CHNOS
subclasses (C). The red circles and boxes indicate the approximate groupings (1 to 4) of the CW2
CHNOS formulas. The bars not boxed in (C) belong to group 4.

Although organosulfates and nitrooxy-organosulfates were observed, a dominant number of S-
containing compounds contain reduced S (e.g., aromatic S) due to insufficient oxygen content in
the molecular formulas (subgroup 4 in Figure 5.8 and 5.10). AOM with reduced S is rarely
reported (Saranjampour, 2012; Kundu et al., 2013). Most of the high DBE S-containing
compounds observed in cloud water have high carbon numbers (> 10; Figure 5.8B and 5.11B).
Instead of being secondary products like the organosulfates, they may be from primary
emissions. The diesel fuel used to power snow cats used to groom the ski area at night near the
SPL may be a source of reduced S compounds. Further investigation is needed to determine the

origin of the unambiguously identified reduced S compounds.

5.5 Cloud water AOM properties

Overall, the bulk properties of the two cloud water samples are very similar (Table 5.1). The

average O/C ratios of the CW1 and CW2 samples are 0.62 (+ 0.37) and 0.61 (+ 0.34) and the
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average H/C ratios are 1.46 (+ 0.36) and 1.46 (+ 0.35). The average elemental ratios of each
compound group with and without relative abundance weighting (equation 2-4 and 2-5) are
summarized in Table 5.1. The relative abundance weighted elemental ratios are very similar in
most cases to the unweighted values discussed here. As shown in Table 5.1, the O/C ratios of
the CHO, CHOS, and CHNOS compounds are all approximately 0.5, but the O/C of the CHNO
compounds is ~0.7. Thus the overall elemental ratios are highly influenced by the CHNO
compounds, given their high number frequency and high relative abundance. Low molecular
weight organic compounds like formate, acetate and formaldehyde observed previously in
ambient samples (van Pinxteren et al., 2005; Herckes et al., 2007; Collett et al., 2008; Samy et
al., 2010) but not here have relatively high O/C ratios (>1). In general the overall O/C ratios
observed here are consistent with the O/C ratios observed for other aerosol water-soluble
organic carbon and AOM samples, but they are at the higher end of the reported range. For
example, Aiken et al. (2008) reported O/C ratios for various ambient aerosols from 0.16 to 0.76
using aerosol mass spectrometry. Similarly, Lee et al. (2012) estimated O/C ratios of low-
volatility cloud water organics to be between 0.52 and 0.59. The observed cloud water O/C
values are higher than Mazzoleni et al. (2010) observed in fog water collected in Fresno,
California (0.43), but lower than Altieri et al. (2009b) observed in rainwater collected in New
Jersey (0.96). Similar to the O/C ratios, the H/C ratios of CHNO compounds are higher than those
of the CHO, CHOS and CHNOS compounds, so the overall H/C values are mainly driven by the
high number and relative abundances of CHNO compounds. The observed H/C ratios for the
cloud water are also within the range of reported values for aerosol water-soluble organic
carbon and AOM samples. Aiken et al. (2008) reported H/C ratios for ambient aerosols from

1.41 to 1.89. A similar range of H/C values were observed in fog and rainwater samples.

Average DBE values and relative abundance weighted average DBE values of each compound
group are listed in Table 5.1. The average DBE values of the CW1 and CW2 samples are 6.30 (+
3.37) and 6.29 (+ 3.29). Again despite the aromatic compounds identified in the CHO, CHOS and
CHNOS groups, the high number of saturated CHNO compounds lowers the overall average DBE
values. The relative abundance weighted average values of the samples are even lower than the
unweighted average DBE values due to the influence of high relative abundance saturated
CHNO compounds. Similarly, the relative abundance weighted DBE value for the summer
aerosol water-soluble organic carbon at the SPL was observed to be 5.35 (+ 0.05) (Mazzoleni et
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al., 2012). In general, the DBE values for the cloud water AOM are consistent with a strong
biogenic influence (e.g. oxidation products of terpenes and methoxyphenols) and are

comparable to other aerosol water-soluble organic carbon and AOM samples.

The average and relative abundance weighted organic mass-to-organic carbon ratios (OM/QOC)
for the samples and each of the compound groups were also evaluated (Table 5.1). Consistent
with previous studies (Altieri et al., 2009b; Mazzoleni et al., 2012), we define OM/OC as the
measured mass divided by the calculated mass of C in the assigned formulas. Overall, the
OM/OC ratios for the clouds were ~ 2.1. As expected, the compound groups with heteroatoms
(N and S) have higher OM/OC ratios than the CHO compound group. The observed OM/OC
ratios for the clouds are slightly higher than those for the ambient aerosols (Aiken et al., 2008;
Mazzoleni et al., 2012), reflecting a higher oxidized characteristic and the importance of N- and

S-containing compounds identified in clouds.

Although the overall bulk properties for the two cloud water samples are quite similar,
detectable compositional differences between the two samples were observed within the N-
containing compounds. The reconstructed difference mass spectrum between the CW1 and
CW2 CHNO compounds (Figure 5.12) shows several unique peaks with high relative abundance
in CW1 in the range of m/z 250 - 350, while those in CW2 are within the range of m/z 350 - 450.
The unique high relative abundance CHNO compounds in CW1 are mostly saturated compounds
with low DBE values (2 and 4). Some examples of these compounds are the homologs of N,04
with DBE values of 2 (C4Hg(CH,)1.5N,040), homologs of N,Og with DBE values of 4 (CgH1,(CH,)..
3N,0q). However, the unique high relative abundance CHNO compounds in CW2 contain one
nitrogen atom instead of two. Some example compounds are homologs of NO,, with DBE values
of 3, 5 or 7; homologs of NO,;, with DBE values of 4, 5, 6 or 8. The average N/C ratios for the
unique CHNO compounds are 0.15 in CW1 and 0.13 in CW2. Similarly, the average N/C for the
unique CHNOS compounds in CW1 is higher than in CW2 (0.12 versus 0.10). These observations
may be the result of nighttime NO, chemistry (linuma et al., 2007; Fry et al., 2013). At night,
nitrate radical (NO;) is produced from the reaction of O; and NO,, which can react with organics
(RO,) to produce organonitrates (RONO,, (Kroll and Seinfeld, 2008)). As discussed in Section 3.3,
organonitrates observed in the clouds may be from the CCN particulate phase, gas phase or
formed within the aqueous phase. The NO, chemistry can be involved in all these pathways at

night. For example, more organonitrates would be produced in gas phase, partitioned to the
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aerosols. Also, it has been shown that nitrate radical can transfer from atmospheric gas phase to
aqueous phase and is the main source of nitrate radical in aqueous phase (Herrmann et al.,
2010). Oxidation of reduced N-containing compounds or nitrate radical oxidation of CHO or
CHOS compounds in the aqueous phase may occur (Perraud et al., 2010). Since part of the CW1
composite was collected at night, it is reasonable to observe more N-containing compounds
with higher nitrogen content in the molecular formulas from nighttime NO, chemical pathways

in CW1 than in CW2.
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Figure 5.12. Difference mass spectra of CHNO compounds between CW1 and CW2. Positive
relative abundance (black peaks) means the compound has higher relative abundance in CW1,
negative relative abundance (red peaks) means the compound has higher relative abundance in
CW2. The molecular formulas with top 10 positive and top 10 negative relative abundances are
also shown in the plot.
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Chapter 6 Conclusions

This dissertation aims to provide a deeper understanding of the molecular composition
characteristics of atmospheric organic matter. The molecular composition of samples from three
projects were studied to better understand the composition of atmospheric aerosol with
respect to atmospheric processes, including biogenic secondary organic aerosol (SOA), ambient
meteorological conditions and cloud processes. Biogenic SOA is an important component of
ambient aerosol, especially in remote areas with large amounts of vegetation. Biogenic SOA
samples were generated in the laboratory from 3 monoterpene precursors and a sesquiterpene
precursor to allow the study of their molecular compositions. In addition, ambient aerosols were
collected at the Storm Peak Laboratory (SPL), a location with substantial biogenic VOC emissions
and daily new particle formation events. The molecular compositions of the aerosol water-
soluble organic carbon (WSOC) and the biogenic SOA were evaluated using multivariate
statistical analysis methods. Finally, cloud samples were collected at the SPL to study the
aqueous processing of atmospheric organic matter. The cloud composition was influenced by
biomass burning and subsequent SOA. A unique molecular formula composition was observed in

the winter cloud samples probably due to the aqueous phase reactions in clouds.

6.1 Biogenic secondary organic aerosol

To study the characterization of biogenic secondary organic aerosol molecular composition and
explore the “tracer compounds” of biogenic secondary organic aerosols, 19 biogenic SOA
samples were generated in an aerosol chamber with varied experimental conditions (the
LANLSOA samples). They are from the ozonolysis of individual monoterpene biogenic
precursors: a-pinene, B-pinene, D-limonene or a sesquiterpene biogenic precursor: 3-
caryophyllene. The ultrahigh resolution ESI FT-ICR MS analysis showed that all of the SOA
samples in this study have quite complex molecular composition with approximately 1000
monoisotopic molecular formulas identified in every SOA sample. The SOA samples have
clusters of peaks in their mass spectra indicating that oligomers are a major component of
biogenic SOA. From m/z 100 to 1000, there are four clusters of peaks referred to as Group | to IV
compounds for monoterpene SOAs and three clusters of peaks referred as Group | to lll
compounds for sesquiterpene SOA. All of the SOA samples in this study have decreasing oxygen-

to-carbon (O/C) ratios and constant or slightly increasing hydrogen-to-carbon (H/C) ratios with
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increasing molecular weight or Group number. Also, the number of double bonds and/or rings in
the compounds increases with molecular weight or Group number. Overall, monoterpene SOA
samples have average O/C ratios of 0.50 and H/C ratios of 1.55. Sesquiterpene SOA samples are
less oxidized than monoterpene SOA and has average O/C ratios of 0.38 and are more saturated

with H/C ratios around 1.60.

The SOA samples share a large number of common molecular formulas. The molecular
composition of the 19 samples was compared using multivariate statistical analysis methods due
to their large datasets. The SOA samples generated with controlled parameters in the chamber
have less complex composition than ambient atmospheric samples, thus they provide an ideal
case for examination of the application of multivariate statistical analysis using ultrahigh
resolution MS data. In this work, several data preparation methods were tested. The relative
abundances (RA) of the molecular formulas used in the statistical analysis provide substantial
information on the sample composition compared to only using presence and absence of the
formulas. This is especially true in cases like these where a high number of common formulas
are observed. Normalization of the RA on a sample basis is necessary in statistical analysis.
Standardization or scaling of the normalized RAs on a variable (or molecular formula) basis
ensures all the molecular formulas contribute more equally in the statistical analysis, so that the
low RA formulas are not masked by the high RA formulas as was shown when only the
normalized RAs were used. The various methods tested in this study show quite similar
multivariate statistical results, i.e., the SOA samples from the same precursor have similar
molecular composition, and this indicates the results and conclusions drawn from the

multivariate statistical analysis are robust.

The multivariate statistical analysis including hierarchical cluster analysis (HCA) and principal
component analysis (PCA) showed that the SOA samples from the same precursor have quite
similar molecular compositions, regardless of the experimental conditions. The monoterpene
SOA samples and sesquiterpene SOA samples are separated in both HCA dendrogrms and PCA
biplots as expected, reflecting larger differences in their molecular composition. Although the
monoterpenes and the sesquiterpene follow the same ozonolysis reaction principles as
described in Section 1.2, the difference in the precursors’ molecular formula and structure
(CyoH1 for monoterpene and CysH,,4 for sesquiterpene) lead to the different molecular

compositions observed for monoterpene SOA and sesquiterpene SOA. Of the monoterpene
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SOA, the samples from a-pinene and B-pinene have more similar composition than the samples
from D-limonene. Thus, tracer compounds for a- and B-pinene SOA, D-limonene SOA and B-
caryophyllene SOA were determined. Beside the first generation ozonolysis products
(monomers) reported in previous studies, tracer compounds of dimers, trimers and tetramers
were also identified. Of them, the dimers are more applicable in practice as biogenic SOA
indicator species due to their higher amount in the atmospheric samples compared to trimers
and tetramers. Example dimer indicator species include C;9H,30; and Cy9H,304 for a- and B-
pinene SOA, C,oH3,049 and Cy9H3,044 for D-limonene SOA and CygHs6011 and CygH45044 for B-
caryophyllene SOA. The comprehensive study of biogenic SOA composition improves our
understanding on molecular characterization of biogenic SOA composition and the indicator
species identified through multivariate statistical analysis may help in source apportionment of

ambient atmospheric samples.

6.2 Ambient aerosol water-soluble organic carbon

Thirty-four daily water-soluble organic carbon (WSOC) samples collected consecutively at the
Storm Peak Laboratory were studied. The molecular composition of the WSOC from ambient
aerosols was analyzed using ultrahigh resolution FT-ICR MS. All of the ambient WSOC samples
have highly complex organic composition with approximately 3000 monoisotopic molecular
formulas with molecular weights ranging from 100 to 800 Da identified in every sample. They
are labeled as CHO, CHNO, CHOS and CHNOS compounds with respect to their elemental
composition. In all of the WSOC samples, CHO and CHNO compounds comprised the largest
number fractions of the identified formulas and generally have higher relative abundances than
the S-containing (CHOS and CHNOS) compounds. The sample average O/C ratios, H/C ratios and
DBE values are mainly influenced by their CHO and CHNO compounds. The WSOC samples over
the sampling period show similar chemical properties with regard to the average elemental
ratios and DBE values. They have relative abundance weighted O/C ratios around 0.47, H/C
ratios around 1.55 and DBE values around 5. The examination of the sample carbon number
trends and comparison of the WSOC samples with LANLSOA samples indicated that the
compositions of these WSOC samples are highly affected by biogenic secondary organic

aerosols.
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Multivariate statistical analysis was applied to the WSOC composition to examine the similarities
and differences of the sample molecular compositions. Similar to the LANLSOA samples, the
methods of data preparation were also tested on the WSOC samples to find the best methods
and accommodate additional variables. In the hierarchical cluster analysis, the sample analysis
replicates show the most similar molecular composition when the normalized RA was used but
not the presence/absence of the formulas or the un-normalized RA, indicating the valuable
information provided by the intensities of the formulas, and the necessity of normalizing the RA
in every sample. Based on the test results, the scaled normalized RAs were used in the
multivariate statistical analysis. The ambient samples showed different groupings when
different parameters were selected in the hierarchical cluster analysis, indicating that there is
not a “natural” grouping characteristic for the ambient aerosol WSOC samples with respect to
their molecular composition alone. However, some WSOC samples always grouped closely in
HCA dendrogram regardless of the parameters used, indicating their similar molecular
composition. The ambient WSOC composition was affected by various meteorological
parameters. None of the meteorological parameters played a clearly dominating role in
determining the WSOC molecular composition. But through principal component analysis, some
of the samples were found to have been strongly affected by a few meteorological parameters
and share similar components. Samples collected on July 16™, July 24™, etc. were strongly
affected by strong UV radiation and high temperature and these samples contain a large
number of molecular formulas consistent with biogenic SOA components. Samples collected on
July 21%, July 22", etc. were influenced by high relative humidity and these samples contain
many CHOS and CHNOS molecular formulas which are expected to be formed in atmospheric
aqueous phases. The study of the molecular compositions of the daily aerosol-derived WSOC
not only provides the characterization of ambient WSOC composition, but also, for the first
time, reveals their molecular level composition changes across one month time period. In
addition, the multivariate statistical analysis of the WSOC molecular composition along with
meteorological parameters helps to understand the relationships between the meteorological

parameters and ambient WSOC molecular composition.
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6.3 Ambient cloud water composition

Approximately 3000 monoisotopic molecular formulas were assigned to two supercooled cloud
water samples collected at the Storm Peak Laboratory. An overall complex organic composition
with the elements of C, H, N, O, and S was observed. As well as a wide range of DBE values
similar to other ambient aerosol water-soluble organic carbon and aqueous AOM samples was
observed. CHO, CHNO, CHOS and CHNOS compounds with molecular weights up to 700 Da were
observed in the cloud samples. Approximately 70% of the identified molecular formulas were
observed in the mass range of 300 to 500 Da. Unique to this observation, the CHNO compounds
had the highest number frequency and relative abundances. The average elemental ratios of
0/C=0.6 and H/C = 1.5 and DBE values of 6.3 were largely influenced by the highly oxygenated
CHNO compounds in the clouds. The numbers of CHNO compounds were slightly higher than
the aerosol WSOC collected in the summer at this site. It should be noted that the composition
differences between the ambient daily aerosol WSOC and the clouds not only stemmed from
the aqueous processing in the cloud droplets, but also from the different sampling seasons.
Though the ambient aerosol and cloud samples were both collected at the SPL, the summer
time aerosols experienced different environmental conditions than the winter time clouds, such
as higher temperature, stronger biogenic VOC emissions and so on. Consistent with the summer
aerosol WSOC composition, the majority of the cloud water CHO compounds matched CHO
compounds assigned to chamber generated biogenic SOA. Furthermore, the S-containing
species observed in the clouds suggest biogenic contributions to the cloud water AOM. Biomass
stored terpenes are likely released during residential wood combustion, yielding significant
biogenic SOA-like composition. Biomass combustion products also influence the cloud water
AOM composition as evidenced by the high number (~1500 unique formulas) of nitrogen
containing compounds. Approximately one-third of the CHOS and approximately three-quarters
of the CHNOS compounds were identified as reduced S-containing compounds. They might be
from diesel fuel combustion or power plant emissions, but further investigation is needed to
determine their origin. More nitrogen atoms were associated with the high RA molecular
formulas assigned to the cloud sample with a nighttime composite than the daytime sample (2
versus 1 nitrogen atom), likely reflecting the nighttime NO, chemistry. The molecular
composition determined from ultrahigh resolution FT-ICR mass spectrometry provides insights

into the organic composition of cloud water AOM in the Rocky Mountain area and indicates
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significant biogenic SOA and residential wood combustion contributions to the overall

composition.

Biogenic SOA

*  Molecular composition
characterization of SOA
from different precursors

* Indicator species for a- and
B-pinene SOA, D-limonene
SOA and B-caryophyllene
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Effect of nighttime NO, chemistry on

aloud composition

Figure 6.1 The achievements of the dissertation and their relationships.

Overall the achievements of this dissertation from the three projects and their relationships are
summarized in Figure 6.1. Biogenic SOA components are commonly observed in the two types
of ambient atmospheric samples (aerosols and clouds), which were collected at a location (SPL)
with significant biogenic emissions. The controlled biogenic SOA samples were also used for
multivariate statistical analysis tests, which were applied to the ambient samples. Conversely,

the study of aerosols and clouds provides real atmospheric samples, which were used to confirm

the biogenic SOA indicator species identified in chamber-generated SOA.
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Chapter 7 Recommendations for future work

From the discussions of the findings in this dissertation, several subtopics are worthy of further

study.

1. Apply other multivariate statistical analysis methods to the ultrahigh resolution MS data of
atmospheric samples. Two types of multivariate statistical analysis including the hierarchical
cluster analysis and principal component analysis were applied to the ultrahigh resolution ESI
FT-ICR MS data. Many studies using Aerosol Mass Spectrometry (AMS) have analyzed the
composition of atmospheric organic matter using Positive Matrix Factorization (PMF) (e.g., Sun
et al., 2011). It would be very interesting to try the PMF on these ultrahigh resolution ESI FT-ICR

MS datasets. The data preparation might be easier than it was for HCA and PCA.

2. Test other RA standardization methods before the HCA and PCA analysis. When standardizing
the normalized RA for statistical analysis, the traditional standardization method, auto-scaling,
was applied. This method treats all the formulas with the same role in statistics. However some
compounds have higher concentrations than others in the samples, which might be a more
important aspect to represent the sample molecular composition. Other standardization
methods might be applied to reflect these aspects. For example, the formulas can be ranked
from 1 to 10. The formulas with RA 90-100 % could have rank 10, while the formulas with RA 0-

10% could have rank 1. In this way the variables are re-scaled to show their differences.

3. Further study is necessary to reveal the effects of RH and the OH scavenger on the biogenic
SOA composition. These effects are very complex, because they are different for different
precursors. More biogenic SOA samples generated with various RH and OH scavenger conditions
are necessary to further study the effects. For example, the SOA samples can be generated
under RH of 10%, 30%, 50%, 70% and so on. Other OH scavengers like 2-butanol or hexane could

also be tested
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