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SUMMARY

This thesis characterizes several properties of ambient secondary organic aerosol
(SOA), an important and abundant component of particulate matter. The research
utilized the fraction of particulate organic carbon that was soluble in water (WSOC,) to
approximate SOA concentrations in two largely different urban environments, Mexico
City and Atlanta. Among the properties investigated were SOA sources, formation,
volatility, and gas/particle partitioning. The findings presented in this thesis are
significant because they represent results from ambient measurements, which are
relatively scarce, and because they report on properties of SOA that, until now, were
highly uncertain.

Measurements of atmospheric gases and fine particle chemistry were made in the
Mexico City Metropolitan Area (MCMA) at a site ~ 30 km down wind of the city center.
Ammonium nitrate (NH4NO3) dominated the inorganic aerosol fraction and showed a
distinct diurnal signature characterized by rapid morning production and a rapid mid-day
concentration decrease. Between the hours of 08:00-12:45, WSOC, concentrations
increased and decreased in a manner consistent with that of NOj3’, and the two were
highly correlated (R* = 0.88) during this time. A box model was used to analyze these
behaviors and showed that, for both NO;™ and WSOC,, the concentration increase was
caused primarily (~75-85%) by secondary formation, with a smaller contribution (~15-
25%) from the entrainment of air from the free troposphere. For NOj3", a majority (~60%)
of the midday concentration decrease was caused by dilution from boundary layer

expansion, though a significant fraction (~40%) of the NO;™ loss was due to particle
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evaporation. The WSOC, concentration decrease was due largely to dilution (~75%), but
volatilization did have a meaningful impact (~25%) on the decrease, as well. The results
provide an estimate of ambient SOA evaporation losses and suggest that a significant
fraction (~35%) of the fresh MCMA secondary organic aerosol measured at the surface
volatilized.

Measurements of WSOC, and gas-phase water-soluble organic carbon (WSOC,)
were made in Atlanta for an entire summer. The WSOC, measurement was the first in
Atlanta, and the measurement showed unique properties of WSOC,, and also similarities
with WSOC,. Concentrations of WSOC, (mean WSOC, concentration = 13.7 ug C m™)
were higher throughout the summer than those of WSOC, (mean WSOC, concentration =
3.3 ug C m™). Both showed mid-day concentration peaks in their diurnal averages that
suggested photochemical formation, however the diurnal profile of WSOC, also
exhibited a nighttime peak, attributed to nighttime biogenic VOC emissions, that was not
present for WSOC,. Gas phase formic and acetic acid together were moderately
correlated with WSOC,, and together accounted for approximately 20% of WSOC, on a
carbon mass basis. WSOC, concentrations in biomass burning (BB) events were
consistent with the highest WSOC, concentrations observed throughout the remainder of
the summer, but concentrations of WSOC, in the same BB events were higher by a factor
of 2-5 than those observed throughout the remainder of the summer. Overall, the fraction
of particle-phase WSOC was significantly higher in the BB events than it was in non-BB
airmasses, which supports previous findings of high BB emissions of WSOC,,.

Fourteen separate events were observed throughout the summer in which WSOC,

and water vapor concentrations were highly correlated (average WSOC,-water vapor r =

xviil



0.92), however, for the entire summer, no well-defined relationship existed between the
two. The correlation events, which lasted an average of 19 hours, were characterized by
a wide range of WSOC, and water vapor concentrations. Several hypotheses for the
correlation are explored, including heterogeneous liquid phase SOA formation and the
co-emission of biogenic VOCs and water vapor. The data provide supporting evidence
for contributions from both, and suggest the possibility of a synergistic effect between the
co-emission of water vapor and VOCs from biogenic sources on SOA formation. Median
WSOC, concentrations were also correlated with elemental carbon (EC), though this
correlation extended over the entire summer. Despite the emission of water vapor from
anthropogenic mobile sources and the WSOC,-EC correlation, mobile sources were not
considered a potential cause for the WSOC,-water vapor correlations due to their low
contribution to the water vapor budget. Meteorology could perhaps have influenced the
WSOC,-EC correlation, but other factors are implicated as well. Overall, the results
suggest that the temperature-dependent co-emission of water vapor and SOA precursor-
VOCs by vegetation may be an important process contributing to SOA in some
environments.

Finally, the gas/particle partitioning of WSOC in Atlanta was investigated. The
parameter, Fp, represented the fraction of total WSOC (WSOC, + WSOC,) in the particle
phase and was used extensively in the partitioning analyses. In a somewhat surprising
result, WSOC partitioning did not show a dependence upon temperature, though the
dynamic temperature range encountered throughout the summer was significant (range >
20 °C). This was likely due to other factors, such as increased photochemistry and the

temperature-dependent emission of biogenic VOCs, that confounded a true determination
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of the temperature effect on WSOC partitioning. There was no observed relationship
between F, and the total organic carbon (OC) aerosol mass, though one was observed
between F, and WSOC, concentrations, suggesting that chemical similarities between the
absorbing organic phase and partitioning compounds are important. During the summer
in Atlanta, WSOC gas/particle partitioning showed a strong RH dependence that was
attributed to particulate liquid water. At elevated RH levels (> ~70%), a significant
increase in WSOC partitioning to the particle phase was observed and followed the
predicted water uptake by fine particles. The enhancement in particle-phase partitioning
translated to increased median particle WSOC concentrations ranging from 0.3-0.9 pg C
m>. Ozone did not have an observable effect on Fp, though NOy concentrations did, as
lower NOy levels were associated with higher values of Fj,. The F, -NO relationship was
not likely related to the gas/particle partitioning process, but was likely a result of the
influence NOy imparts on the product distribution of VOC oxidation. The results provide
a detailed overview of the WSOC partitioning behavior in the summertime in an urban
region dominated by biogenic emissions, and indicate that secondary organic aerosol
formation involving partitioning to liquid water may be a significant aerosol formation
route that is generally not considered. They also suggest a significant role of the WSOC,
concentration in the gas/particle portioning process, possibly due to heterogeneous
chemical reactions occurring within the aerosol aqueous phase, and suggest that NOy is

an important factor in WSOC formation, as well.
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Chapter 1

Introduction

Aerosols, also known as particulate matter (PM), are solid and liquid particles
suspended in a gaseous medium. Ambient aerosols are an important and ubiquitous
component of earth’s atmosphere. Even at relatively low concentrations, they can impart
a significant impact on physical and chemical processes occurring throughout the

atmosphere, from the lower troposphere to the upper stratosphere.

1.1 Importance of Aerosols in the Ambient Atmosphere

Atmospheric particles absorb and scatter light and thus they have a direct impact
on earth’s radiation balance and climate. For example, particles composed of elemental
carbon (EC) absorb light and have a warming effect on the climate [Hansen et al., 2000],
while particles composed of sulfate (SO4>) do not absorb light, but instead scatter it and
thus have a cooling effect on climate [Charlson et al., 1992]. Ambient aerosol
populations are frequently chemically complex and often have both absorptive and
scattering properties. In addition to the direct impact aerosols have on the radiation
balance, they also have a substantial but highly uncertain indirect effect. Particles serve
as the nuclei, or seeds, upon which cloud droplets form. The size and composition of the
aerosol distribution determine the size and number of cloud droplets for a given
supersaturated environment [Lohmann et al., 1999]. These cloud properties then
determine both cloud albedo, which is the degree of incident solar radiation that is

reflected back into space by the cloud, and cloud lifetime [Haywood and Boucher, 2000].



Overall, the net climate forcing by the aerosol indirect effect is highly uncertain [IPCC,
2007].

Another byproduct of the interaction of radiation with aerosols is visibility
reduction. Particles reduce visibility and contribute to the “haze” associated with urban
pollution. Visibility reduction is an important issue in cities [Sloane et al., 1991], and in
rural areas, especially in national parks [Malm et al., 1994].

In addition to impacts on climate and visibility, aerosols have an adverse effect
upon human health. An increase in human mortality has been linked to ambient particles
with diameter smaller than 10 pum (PM,o) [Samet et al., 2000] and 2.5 pum (PM, 5)
[Dockery et al., 1993]. Aerosols have also been linked to acute health effects, especially
in children. Incidences of bronchitis [Dockery et al., 1996], decreased lung function
[Gauderman et al., 2000], and overall hospital admissions for respiratory ailments [Pope,
1991] in children were all linked to PM concentrations. Though studies have shown
strong evidence for negative effects of aerosols on human health, the mechanisms by
which these effects occur are largely unknown.

Due to their deleterious, though somewhat uncertain effects on human health and
their uncertain implication in climate change, a better characterization of their physical
and chemical properties would enable a more complete understanding of atmospheric

aerosols. Such an understanding is a vital step towards mitigating their effects.

1.2 Sources of Secondary Organic Aerosol
Particles that are not directly emitted, but formed in the atmosphere from various

gas-phase and heterogeneous chemical and photolytic reactions, are known as secondary.



Carbonaceous particles, especially those formed from secondary processes, remain
poorly characterized. Though chemically diverse, these particulate organic compounds
formed through secondary processes are collectively known as secondary organic aerosol
(SOA). SOA is important due to its ubiquitous and abundant presence in the atmosphere.
Natural emissions of volatile organic carbon compounds from plants and
vegetation, or biogenic VOC:s, are responsible for the majority of SOA formation on a
global scale [Tsigaridis and Kanakidou, 2003]. Isoprene (2-methyl-1,3-butadiene, CsHg)
is the most abundant biogenic VOC (excluding methane) [Guenther et al., 1995] and it is
thought to contribute significantly to SOA formation [Henze and Seinfeld, 2006]. It used
to be neglected in models as an SOA source due to low particle yields derived from smog
chamber experiments [Liousse et al., 1996], however, recent field observations [Claeys et
al., 2004] presented strong evidence for substantial SOA formation from isoprene. (The
aerosol yield is defined as the total mass of secondary organic aerosol formed divided by
the total mass of VOC reacted.) Subsequent smog chamber studies [e.g., Kroll et al.,
2005] observed significant SOA yields from isoprene and indicate that it is a potentially
important source of SOA, as well. SOA formation from isoprene is initiated by reaction
with the hydroxyl radical (OH), and the aerosol yield and reaction products are both
highly dependent upon the isoprene:NOy concentration ratio [Kroll et al., 2006]. Smog
chamber experiments have observed oligomer (Section 1.4) formation in the
photooxidation of isoprene (i.e., reaction with OH in the presence of NOy) [Dommen et
al., 2006; Surratt et al., 2006] and this process may be enhanced by the presence of acidic

seed aerosol [Limbeck et al., 2003].



In addition to isoprene, the class of biogenic VOCs collectively known as
monoterpenes is also believed to be a major global source of SOA [Kanakidou et al.,
2005]. These CioH ;6 compounds, including a-pinene and B-pinene, have relatively high
emission rates [Guenther et al., 1995] and high aerosol yields in smog chamber studies
[e.g., Griffinetal., 1999]. In the oxidation of monoterpenes to form SOA, reactions
initiated by OH, ozone (Os3), and the nitrate radical (NOs) are all important, with the order
of importance dependent upon the chemical structure of each parent hydrocarbon [Griffin
etal., 1999]. They, in general, have short atmospheric lifetimes due to chemical features
that are conducive to reaction with atmospheric oxidizing agents, including carbon-
carbon double bonds and often cyclic or bicyclic structures [Atkinson and Arey, 2003].
For example, the atmospheric lifetimes of a-pinene, a species with moderate reactivity
among monoterpenes, for reaction with NO3, O3, and OH are 11 min, 4.6 h, and 2.6 h,
respectively [Atkinson and Arey, 2003]. Similar to isoprene, monoterpene SOA yields
are dependent on the relative VOC/NOy ratio, with a higher ratio favoring higher aerosol
yields [Presto et al., 2005]. Though not as abundant as the monoterpenes, other biogenic
VOCs can produce SOA, as well. These include sesquiterpenes, C;sH»4 compounds,
which are less abundant but have much higher SOA yields in smog chamber studies than
monoterpenes [Griffin et al., 1999].

VOCs emitted by anthropogenic sources are believed to produce a minor fraction
(~10%) of global SOA [Tsigaridis and Kanakidou, 2003]. However, recent studies by de
Gouw et al. [2005] and Volkamer et al. [2006] suggest that SOA formed from
anthropogenic VOCs could be far greater than current models predict. On a regional

scale, anthropogenic VOC emissions can be the dominant source of SOA (for example,



Los Angeles in the summertime) [Hildemann et al., 1994; Vutukuru et al., 2006]. The
photooxidation of both diesel exhaust [Weitkamp et al., 2007] and unburned gasoline
[Odum et al., 1997] has produced high SOA concentrations in smog chamber
experiments. Among anthropogenic VOCs, aromatic compounds are responsible for the
majority of ambient SOA formation, followed by alkanes and alkenes [Pandis et al.,
1992; Vutukuru et al.., 2006]. For aromatic compounds, like benzene, toluene, and
xylenes, the oxidation pathway, including that towards SOA formation, is initiated by
reaction with OH [Atkinson, 2000]. Similar to biogenic VOCs, aerosol yields of SOA
from aromatic compounds are highly sensitive to VOC/NOy ratios, with higher ratios
generally favoring higher aerosol yields [Song et al., 2005; Ng et al., 2007]. Alkanes can
comprise 40-50% of total VOCs in certain urban environments [Lim and Ziemann, 2005],
yet experimental studies on SOA formation from alkanes have been limited. In smog
chamber experiments, Wang et al. [1992] found aerosol yields from a cycloalkane,
methlycyclohexane (C;H4), to be significantly higher (~9% for the cycloalkane
compared to <0.001% for the n-alkane) than that of the n-alkane, n-octane (CsH;s). Lim
and Ziemann [2005] also observed a small aerosol yield from n-octane (~0.5%), but
found the aerosol yields for n-alkanes to depend highly upon carbon number and
observed yields of ~50% for C > 13 compounds. In all cases, the SOA formation
pathway begins with the abstraction of an H atom from the VOC by OH [Atkinson,
1997]. Due to their carbon-carbon double bond, linear alkenes can form SOA through
initial reaction with OH, O3 [Forstner et al., 1997], or NO; [Gong et al., 2005].
However, due to their relatively low aerosol yields [e.g., Wang et al., 1992; Forstner et

al., 1997] and abundances [Chamedes et al., 1992], anthropogenic alkenes are thought to



be minor contributors to SOA in urban environments [Pandis et al., 1992] and negligible
on global scales [Tsigaridis and Kanakidou, 2003].

Biomass burning is the largest global source of primary organic carbon aerosol
[Liousse et al., 1996], however global estimates of SOA from biomass burning are highly
uncertain (and, in fact, do not even exist). The emission of VOCs which are known SOA
precursors, like aromatics and monoterpenes, have been observed from prescribed
burning and forest fires [Andreae and Merlet, 2001; Lee et al., 2005]. Lee et al. [2008]
inferred significant SOA formation in one event in which aged biomass burning plumes
were sampled. Despite the lack of model estimates, the emissions profiles [Andreae and
Merlet, 2001; Lee et al., 2005] and the results of Lee et al. [2008] together suggest that

biomass burning could be a significant global source of SOA.

1.3 Formation of Secondary Organic Aerosol

In the classical theory of SOA formation [e.g., Pankow, 1994a], VOCs undergo
oxidative reactions in the gas phase and form a wide range of products with varying
volatilities, from highly volatile to non-volatile. The highly volatile products will remain
exclusively in the gas phase (potentially undergoing further gas-phase reaction), while the
non-volatile products will exist solely in the particle phase. Those products of
intermediate volatility, so-called ‘semi-volatiles’, will establish equilibrium (i.e.,
partition) between the gas and particle phase. The gas/particle partitioning of semi-
volatile compounds is dependent upon multiple factors, including the compound’s
saturation vapor pressure, ambient temperature, and the existing organic + aqueous

aerosol mass into which the semi-volatiles may partition [Pankow, 1994a].



The reaction of organic compounds in cloud and fog droplets (cloud or fog
processing) has also been suggested as a viable and potentially significant source of SOA
[Blando and Turpin, 2000]. Organics (formic and acetic acid) were first identified as
components in precipitation by Galloway et al. [1982]. Chameides and Davis [1983]
first investigated in-cloud organic reactions and identified an aqueous pathway for the
formation and destruction of formic acid. Recent studies suggest increasingly complex
SOA formation mechanisms within clouds [e.g., Lim et al., 2005; Carleton et al., 2007].
It is important to note that for SOA formation mechanisms involving clouds, the major
oxidant initiating reaction may be different from the gas-phase mechanisms. For
example, in the formation of SOA from isoprene through a gas-phase oxidation pathway,
OH is the initiating oxidant (see discussion above). However, O3 and NOjs also react with
isoprene to form water-soluble compounds that can react in the aqueous phase, and these
reactions must be accounted for in the cloud processing mechanism [Lim et al., 2005].
Similar to gas-phase SOA formation, the VOC/NOy ratio may impart a significant impact
on aerosol yields from cloud processing, as well [Ervens et al., 2008].

In addition to aqueous phase reactions in clouds or fog, heterogeneous chemical
reactions may be a significant source of SOA. Heterogeneous reactions are those which
occur in the organic particulate phase or in the liquid water associated with particles. A
number of smog chamber studies have observed enhancements in SOA formation from
the presence of acidic seed particles, supporting the premise that heterogeneous reactions
are an important mechanism in SOA formation. Jang and Kamens [2001] observed
increased aerosol yields from six different aldehydes in the presence of acidic seed

particles, compared to a non-acidic seed. Limbeck et al. [2003] observed a strong



positive (non-linear) correlation between aerosol yields from isoprene and the sulfuric
acid seed concentration, and linuma et al. [2004] observed significantly higher yields
from the ozonolysis of a-pinene in the presence of acidic seed particles compared to
neutral seed. Gao et al. [2004] found the formation of oligomers, high molecular weight
organics that have been frequently observed in ambient aerosol [Graber and Rudich,
2006], to be enhanced by acidic seed. In contrast to the chamber results, ambient studies
by Zhang et al. [2004], Gao et al. [2006], and Peltier et al. [2007a] found no evidence for
acid-catalyzed SOA formation in Pittsburgh, the southeastern US, and Atlanta,
respectively.

Another potential source of SOA is through the oxidation of evaporated primary
organic aerosol (POA) vapors [Robinson et al., 2007]. The theory of Robinson et al.
[2007] is that some fraction of POA, contrary to its traditional treatment by models,
evaporates upon dilution with ambient air. These semi-volatile gases subsequently
undergo oxidation and re-partition to the aerosol phase as SOA. In smog chamber
experiments, Lipsky and Robinson [2006] observed significant evaporation of POA
emissions from diesel exhaust and wood smoke. Robinson et al. [2007] observed
significant smog chamber SOA production from diesel exhaust above that predicted by
models and they attribute the additional SOA to the oxidation of low-volatility VOCs
which evaporated from POA upon dilution. Additionally, their model predictions
indicate that POA, which is emitted predominantly from urban centers, may be a

significant SOA source on regional scales by this pathway.



1.4 Chemical Properties of Secondary Organic Aerosol

Because it consists of likely hundreds to thousands of compounds, the chemical
properties of ambient SOA are highly diverse. Organic compounds with an array of
functional groups, including mono- and di-carboxylic acids, carbonyls, alcohols, and
organic nitrates, have been identified as components of atmospheric SOA [Saxena and
Hildemann, 1996]. SOA consists of compounds that are both hydrophobic and
hydrophilic in nature [Sullivan and Weber, 2006]. The molecular weight (MW) range of
SOA is typically broad, and can vary widely depending on location, season, aerosol
source, and age, among other factors. For example, ambient aerosol samples collected in
Zurich, Switzerland, showed distinctive peaks in the MW range (based on the mass-to
charge ratio in mass spectrometric analysis) of 150-550 which had a highly oligomeric
character [Kalberer et al., 2006]. Oligomers are higher molecular weight compounds, or
macromolecular compounds, that have been frequently observed in both smog chamber
experiments and in ambient aerosol samples [Graber and Rudich, 2006]. Oligomers are
also called ‘Hulis’ for having chemical properties similar to humic acid, which is a
chemically complex mixture of high MW compounds frequently found in natural aquatic
environments [Graber and Rudich, 2006]. It is this vast chemical complexity which has
rendered its comprehensive chemical speciation unattainable, to date.

Once formed, SOA may also undergo substantial transformation, or aging, in the
particle phase. This aging process likely involves oxidation of the organic compounds by
either O; or OH [Rudich et al., 2007]. Studies by Kalberer et al. [2004] and

Baltensperger et al. [2005] observed a decrease in SOA volatility with age in smog



chamber experiments. In addition to volatility, density and hygroscopicity are two
important aerosol properties that may be altered by chemical aging [Rudich et al., 2007].
Chemical aging is not strictly a phenomenon that affects secondary organic compounds,
though, as primary organic compounds and elemental carbon may also undergo similar
processes [Rudich et al., 2007].

There is no direct measurement exclusively of SOA, but currently several
methods are used to infer SOA concentrations. Using known emission factors of organic
carbon (OC) and elemental carbon (EC), the ratio of OC to EC, known as the EC tracer
method, is used to estimate SOA [Gray et al., 1986; Turpin and Huntzicker, 1995]. An
algorithm applied to measurements made with an Aerodyne Aerosol Mass Spectrometer
can distinguish the oxygenated organic aerosol (OOA) fraction of organic aerosol from
the hydrocarbon-like organic aerosol [Zhang et al., 2005a]. Under certain conditions, this
OOA fraction is expected to be comprised almost entirely of secondary organic
compounds [Zhang et al., 2005b]. In the absence of significant biomass burning
emissions, the particulate water-soluble organic carbon (WSOC,) measurement made via
the PILS-WSOC method [Sullivan et al., 2004] provides an approximate measurement of
SOA, although some fraction of the SOA may not be soluble. A study by Miyazaki et al.
[2006] found that SOA estimated by the EC tracer method was highly correlated with
WSOC, (R*=0.70 — 0.79) and observed WSOC,/SOA slopes of 0.67 — 0.75. The same
study also found 90% or more of primary organic aerosol to be insoluble in water. A
study by Kondo et al. [2007] found excellent agreement (R* = 0.86 — 0.93) between OOA
and WSOC, and observed that, across seasons, an average of 88% of OOA in a large

urban center was water soluble.
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This dissertation investigates several critical aspects of secondary organic aerosol:

e In an urban region dominated by anthropogenic emissions, the Mexico City
Metropolitan Area, the formation and volatility of SOA are examined, along
with their link to particle water.

e Inaregion dominated by biogenic VOC emissions, the gas/particle partitioning
of WSOC is examined in Atlanta. This includes:

0 The effect of temperature on WSOC partitioning

0 The effect of organic aerosol mass on WSOC partitioning

0 The effect of relative humidity on WSOC partitioning

0 The effects of NOy, O3, and other meteorological parameters on WSOC
partitioning

e Multiple summertime events were observed in Atlanta in which WSOC,, and
water vapor were highly correlated. The causes of these events are examined,

and evidence about the sources and formation of WSOC, (SOA) are presented.
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Chapter 2

Methods

Many of the analyses presented in this Dissertation are based on ambient measurements.
This Chapter describes the methods and analytical techniques used to measure the major

gaseous and particulate species of interest.

2.1 Particle-into-Liquid Sampler (PILS)

For many of the particle measurements used in the analyses that constitute this
Dissertation data set, a particle-into-liquid sampler (PILS) was used as the particle
collection method. The PILS is a device used to sample water-soluble aerosol species
with fast time resolution [Weber et al., 2001; Orsini et al., 2003]. Figure 2.1 shows a

schematic of the PILS.
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Figure 2.1 Schematic of the particle-into-liquid sampler (PILS), from Orsini et al.
[2003].

The PILS works by mixing ambient air, sampled at 15-17 L min™', with steam
generated from ultra-pure water (> 18.0 MQ) to create an environment within the PILS
body at supersaturated water vapor concentrations. The ambient particles undergo
condensational growth within the PILS body, after which they are accelerated through a
nozzle and impacted onto a quartz or polycarbonate disc. The PILS collects particles in
the 0.03-6 pum size range with near-100% efficiency [Orsini et al., 2003], and is thus an
excellent method to sample PM; 5. The collection of particles smaller than 0.03 um is not
efficient; however, the analyses performed are based on mass concentrations, rendering

this small size range unimportant. A continuous flow of ultra-pure water over the top of
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the impaction disc then transfers the impacted particles into an aqueous phase where they
can then be transported for subsequent analysis in near-real time. Because the analyses
are performed on this aqueous phase, the conversion to ambient air concentrations
requires the following equation

C, *Q *R

Ca = Qa

Equation 2.1

where C, is the ambient air concentration in pg m>, C| is the measured liquid
concentration in pg L™, Q, is the liquid flow rate over the top of the impaction disc in mL
min™', R is the sample dilution ratio, and Q is the flow rate of sample air through the
PILS in L min™'. The dilution ratio, R, is typically measured by spiking the transport
water with a known concentration of an inert species not present in ambient samples
(e.g., LiF).

PILS measurements generally agree quite well in comparisons to traditional filter
sampling techniques [Orsini et al., 2003; Weber et al., 2003a; Sullivan et al., 2004]. The
continuous, near-real time sampling capabilities of the PILS offer substantial
improvements over traditional filter-based techniques. In addition to being less labor-
intensive, measurements with PILS provide greater time resolution and thus, better
temporal characterization of water-soluble species. Due to the enhanced time resolution,
PILS measurements have been used extensively to characterize aerosol chemical
composition on aircraft studies [e.g., Ma et al., 2003; Hennigan et al., 2006; Peltier et al.,

2008], where high temporal resolution is especially critical.

14



2.1.1 PILS Coupled to lon Chromatographs

In the Megacity Initiative: Local and Global Research Objectives (MILAGRO)
study (results provided in Chapter 3), the PILS was coupled to dual ion chromatographs
(ICs) for the determination of the ambient inorganic aerosol chemical composition (PILS-
IC method) [Orsini et al., 2003]. Species measured included the cations sodium (Na"),
ammonium (NHy4"), calcium (Ca2+), and magnesium (Mg2+); the anions chloride (CI),
nitrite (NO,), nitrate (NO3), and sulfate (SO4>); as well as organic acids formic acid
(measured as formate ion, HCOQ"), acetic acid (measured as acetate ion, H;CCOQO"), and
oxalic acid (measured as oxalate ion, C;04>). With an appropriate analytical column, the
number of organic acids analyzed can be increased substantially [Sorooshian et al., 2007]
by this method. To remove gaseous species that may interfere with the particle
measurements, denuders were placed immediately upstream of the PILS in the sample
configuration. Two glass honeycomb denuders were coated with a sodium carbonate
solution for the removal of acidic gases (e.g., HCl, HNOs, SO,) and a citric acid solution
for the removal of ammonia (NHj3).

Depending on field conditions and measurement objectives, a wide range of
analytical columns and sample integration times can be used for the IC analyses. During
the MILAGRO study (described in detail in Chapter 3), a Metrosep A-Supp 5-150
analytical column (Metrohm, Herisau, Switzerland) with 4 mM sodium carbonate
(Na,CO3)/1 mM sodium bicarbonate (NaHCO3) eluent at 0.8 mL min™ flow rate was
used to analyze the above anions. A Metrosep Cation 1-2 analytical column (Metrohm,
Herisau, Switzerland) with 4 mM L-tartaric acid/1 mM dipicolinic acid eluent at 1.2 mL

.- . . . . .
min~ flow rate was used to analyze the above cations. A six-minute sample integration
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time was used, followed by 11 minutes of ‘off-line’ time for sample analysis, resulting in
one six-minute sample every 17 minutes. The uncertainty of the NO3;” measurement

using this technique was approximately 15% [Weber et al., 2003a].

2.1.2 PILS coupled to a Total Organic Carbon Analyzer

In both Mexico City and Atlanta, the water-soluble organic carbon content of
particles (WSOC,) was measured via the PILS coupled to a Sievers 800 Total Organic
Carbon (TOC) Analyzer (GE Analytical, Boulder, CO) [Sullivan et al., 2004]. The PILS-
WSOC method can provide measurements with 3-second time resolution however, for
the ground-based measurements described here, 6-minute sample integration times were
used.

Particle size selection was accomplished through the deployment of either a
cyclone (URG, Chapel Hill, NC) or a non-rotating mirco-orifice impactor [Marple et al.,
1991]. For the WSOC, measurement, the sample air stream was passed through an
activated carbon parallel-plate denuder [Eatough et al., 1993] to remove VOCs that could
interfere with the measurement. Once in the aqueous phase, the sample was passed
through a 0.22 pum liquid filter. The organic carbon content of the sample was then
quantified by the TOC Analyzer. The calibration of the TOC Analyzer occurred in the
factory and was periodically verified with sucrose standards across the full range of
liquid concentrations (50-2000 ppb C) encountered in ambient sampling. Twice daily,
the sample air stream was directed through a HEPA filter to determine the carbon content
of the ultra-pure water and any penetration of interfering VOCs through the denuder.

Data were corrected based on this dynamic blank. The limit of detection for the PILS-
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WSOC method is 0.1 pg C m™ and the uncertainty of the WSOC, measurement was
~10% [Sullivan et al., 2004].

In the absence of significant biomass burning emissions, the particulate water-
soluble organic carbon (WSOC,) measurement provides an approximate measurement of
SOA, although some fraction of the SOA may not be soluble. A study by Miyazaki et al.
[2006] found that SOA estimated by the EC tracer method was highly correlated with
WSOC, (R*=0.70 — 0.79) and observed WSOC,/SOA slopes of 0.67 — 0.75. The same
study also found 90% or more of primary organic aerosol to be insoluble in water. A
study by Kondo et al. [2007] found excellent agreement (R* = 0.86 — 0.93) between
oxygenated organic aerosol (OOA) measured by an Aerodyne Aerosol Mass
Spectrometer and WSOC, and observed that, across seasons, an average of 88% of OOA

in a large urban center was water soluble.

2.2 Organic Carbon and Elemental Carbon Analyzer

Total particulate organic carbon (OC) and elemental carbon (EC) measurements
were made with a Sunset Labs OCEC Field Analyzer (Sunset Laboratory Inc., Tigard,
OR) in accordance with NIOSH method 5040 [NIOSH, 1996]. Ambient particles were
collected onto a quartz filter downstream of an activated carbon parallel plate denuder
[Eatough et al., 1993], in place to prevent semi-volatile organic gases from condensing
onto the filter. After a collection period of 45 minutes, the filter is heated in a stepwise
manner to ~800 °C in a helium atmosphere. OC on the filter volatilizes and is detected
by Flame Ionization Detection (FID). After a brief cooling step, the temperature is

subsequently increased to ~850 °C in a mixture of helium (~98%) and oxygen (~2%).
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The carbon that evolves from the filter during this step is also detected by FID and is
assumed to be EC. During the initial heating step, some fraction of the OC can char and
adhere to the filter instead of volatilizing. This charred material will then volatilize in the
heating step with oxygen and can negatively bias the OC measurement (positively bias
the EC measurement). To correct this problem, the Analyzer uses a thermal optical
transmittance (TOT) method for the determination of OC and EC [Birch and Cary,
1996]. This method uses the transmission of a laser through the filter to monitor the
amount of light-absorbing material on the filter and to determine the delineation between
‘charred’ OC and EC [Birch, 1998]. At a sampling time of 45 minutes, the LOD is
estimated to be 0.5 pg C m™ and the uncertainty is estimated at 20% [Peltier et al.,

2007b].

2.3  Mist Chamber

A mist chamber was used for certain gas-phase measurements in the Atlanta study
and the system schematic is shown in Figure 2.2. Sample air was pulled at approximately
21 L min™ through a Teflon filter for complete removal of particles. The sample then
entered a glass mist chamber (MC) [Cofer and Edahl, 1986] initially filled with 10 mL of
ultra-pure water and fitted with a hydrophobic Teflon filter at the chamber exit. This mist
chamber has been shown to efficiently sample gases with an effective Henry’s Law
constant greater than ~ 10° [Spaulding et al., 2002]. For the present configuration, the
collection efficiency was tested using nitric acid, and was found to be 95.1% + 2.1%
(mean + 16). An automated valve in between the MC and the vacuum pump was

programmed to collect a five-minute batch sample once every ten minutes. In the five-
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minute period between samples, the MC was rinsed with 10 mL ultra-pure water while
the previous sample was being analyzed. With the exception of periodically changing the
Teflon filter upstream of the MC, and filling the water reservoir, the system was

completely automated.
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Figure 2.2 Schematic of the mist chamber sampling system.

An accurate determination of the concentrations measured with the MC depends
on an accurate measure of the volume of water used to collect the sample. Consequently,
one factor that had to be accounted for was water evaporation during sample collection.
Calibrations of water evaporation were performed using gravimetric analysis on three

separate days (n total = 56). It was found that evaporation was approximately constant,
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regardless of ambient temperature and relative humidity (RH) conditions. During the
calibrations, ambient temperature exhibited a range of 18.5-32.4 °C while ambient RH
exhibited a range of 23-66%. With a beginning volume of 10 mL, the ending volume
after five minutes of sampling was 8.75 mL, and the uncertainty was 0.12 mL (1.4%) at
the 95% confidence interval. Because the ambient temperature and RH conditions
encountered during calibrations covered much of the ranges observed during sampling,

the assumption of a constant ending water volume was valid throughout the study period.

2.3.1 MC coupled to a Total Organic Carbon Analyzer

For measurements of bulk water-soluble organic carbon gases (WSOC,), the MC
was coupled to a Sievers 900 Total Organic Carbon Analyzer (GE Analytical, Boulder,
CO) in a method similar to that of Anderson et al. [2008]. Of the 8.75 mL sample, 5 mL
were sent to the TOC analyzer, which was operated in Turbo mode to provide
measurements on a 4-second time interval. In this setup, the average of approximately 60
consecutive TOC measurements was used to quantify each MC sample, since the TOC
liquid sample rate was 1 mL min". While the MC was in sample collection mode, the
TOC Analyzer sampled the ultra-pure water to determine the carbon concentration in the
water used for sample collection. This background was subtracted from the subsequent
aqueous sample concentration in order to calculate the ambient WSOC, concentration.
At an air flow rate of 21 L min™' and a five-minute sample integration time, the LOD for
the WSOC, measurement was 0.9 pg C m™. Based on uncertainties in the airflow (£

5%), ending water volume (+ 1.4%), analyzer sample concentration (+ 2%), and
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background concentration (+ 2%), an overall uncertainty for the WSOC, measurement

was estimated at 7%.

2.3.2 MC coupled to lon Chromatographs

For measurements of gas-phase formic, acetic, and oxalic acids, the MC was
coupled to an Ton Chromatograph (IC) (Metrohm, Herisau, Switzerland) for measurement
of the formate, acetate, and oxalate ions, respectively. An isocratic separation was
performed using an anion Metrosep A Supp 5-100 analytical column (Metrohm, Herisau,
Switzerland) and 3.2 mM Na,CO3;/1 mM NaHCO;j eluent at a flow rate of 0.5 mL min’.
Due to the relatively long retention times of the organic acids, IC sample analysis was
performed on a 20 minute time interval. The LOD’s for formic acid, acetic acid, and
oxalic acid were 40 ng m™, 80 ng m™, and 80 ng m™, respectively. Based on the
uncertainties in the airflow (+ 5%), ending water volume (£ 1.4%), and liquid sample
concentration (+ 10%), the overall uncertainty for the organic acids was approximately

12%.

24 Sampling and Analysis Methodology

The Mexico City study was part of the large, multi-national and multi-agency
field study MILAGARO (Chapter 3). The ground-based measurements were made for
approximately 3.5 weeks, and a three-day period from this data set was chosen for the
analysis presented in Chapter 3. The Atlanta study was not performed in conjunction
with any agency-sponsored field campaigns. Consequently, the measurements were

carried out for approximately 4.5 months. Due to several periods of off-line analyses and
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calibrations, the final data set from Atlanta was equivalent to approximately 3 months of
continuous sampling. As detailed above, the measurements were carried out at a high
time resolution; six minutes for the WSOC, measurement, a five-minute WSOC, sample
every 10 minutes, and hourly for the OC and EC measurements. The high time
resolution and extended length of the measurements resulted in the collection of
extensive data sets (n > 11000 for WSOC, and WSOC,, n > 1400 for OC and EC).
Consequently, the analyses performed have a high statistical strength and the findings are

robust, which enhances their significance.
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Chapter 3

The Sources and Volatility of WSOC, and Nitrate in Mexico City

In this chapter, the semi-volatile nature of SOA measured in the Mexico City
Metropolitan Area (MCMA) is examined through simple box model analyses that involve
a comparison with ammonium nitrate (NH4NOs3), a semi-volatile species whose

thermodynamic properties are well understood.

3.1 Study Overview

Measurements of aerosol and gas-phase species were made in March, 2006 as part
of the Megacity Initiative: Local and Global Research Objectives (MILAGRO) field
campaign. The study was focused on examining the chemical nature and processing of
pollution outflow from the MCMA. Data reported here are from the ground-based
measurement site, T1, located approximately 30 km downwind of the MCMA city center
at the Universidad Tecnologica de Tecamac (lat 19.708, lon -98.982, elevation 2.2 km).
Measurements at T1 were performed from March 7-31, 2006; however the present
analysis focuses only on the period of March 27-29. The selected period was
characterized by consistent diurnal behavior of PM, s mass and the highest daily
maximum NOj" concentrations (Figure 3.1). It was also the period least impacted by
biomass burning [Stone et al., 2008], which along with SOA is a source of fine particle
WSOC [Sullivan et al., 2006]. All concentrations are reported at ambient temperature

and pressure.
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Inlets for aerosol measurements were located approximately 10 m above the
ground and were fitted with cyclones (URG, Chapel Hill, NC) to select particles with
aerodynamic diameters less than 2.5 pm (PM;5). The aerosol measurements, described
in detail in Chapter 2, included WSOC,, and inorganic ionic components (including
nitrate, NO3", and ammonium, NH,"). Aside from the above methods that were detailed
in Chapter 2, supporting measurements were made as part of the study as well. Hydroxyl
(OH) and peroxy (RO,) radical concentrations were measured with a chemical ionization
mass spectrometer (CIMS) [Sjostedt et al., 2007]. Measurements of nitric oxide (NO)
and photolysis rates (J values) were made with a chemiluminescence detector [Ryerson et
al., 2000] and an actinic flux spectroradiometer [Shetter and Muller, 1999], respectively.
Ozone (O3) was measured with a commercial UV photometric O3 analyzer (TECO,
Model 49C). Although no data is presented, ammonia (NHj (g)) was also measured at T1
and was generally found to be plentiful, consistent with an observed neutral aerosol
indicated by the simultaneous presence of significant SO4> and NO;™ concentrations
[Fountoukis et al., 2007].

Data from the National Science Foundation (NSF) C-130 aircraft also involved in
this study are used in the following analysis to assess the impact of dilution due to
boundary layer expansion. This includes PILS-instrumentation for measurements of
inorganic ions and WSOC, using methods similar to the T1 site, but modified for aircraft
operation [Sullivan et al., 2006; Peltier et al., 2008]. In contrast to the T1 surface that
involved aerosol composition measurements restricted to PM, s, the aircraft measured
PM, . Nitric acid (HNOj; (g)) was also measured from the NSF C-130 during this

mission by chemical ionization mass spectrometry [Crounse et al., 2006].
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3.2 Model Description

The ISORROPIA-II [Nenes et al., 1998; Fountoukis and Nenes, 2007]
thermodynamic equilibrium model was used to simulate the thermodynamic partitioning
of NOs". The model uses inputs of ambient temperature, relative humidity, and total
concentrations (gas + particle) of inorganic species to predict the equilibrium state of
each species along with the aerosol water concentration. Application of the model in
Mexico City during the MILAGRO study produced predictions that agreed with
measured concentrations within 20% [Fountoukis et al., 2007].

A box model was constructed to investigate the processes affecting WSOC and
NOj concentrations. From Seinfeld and Pandis [1998], the governing equation for an
Eulerian box model with a well-mixed and expanding boundary layer is

g _ 1 I u 1 dH
i — i+ R - —Si + —(@?-¢) + — ciog Eauation 3.1
dt H(t)Q H(t) AX( ' ) H(t) dt (¢ -ci) quation

where ¢j is the species i concentration, C| is the species i background concentration, ;' is

the species i concentration aloft, Q; is the emission rate, R; is the chemical production
rate, Sj is the loss rate, U is the wind speed (with constant Ax direction), and H(t) is the
boundary layer (BL) height. Direct measurements of BL height data were taken from
Shaw et al. [2007]. Though BL height data were not available on 3/29, consistencies in
meteorological parameters and pollutant profiles (Figure 3.1) suggest that the BL growth
on 3/29 was similar to 3/27 and 3/28. A conservative tracer, water vapor, was used to
estimate dilution from BL growth on 3/29 by using the aloft water vapor mixing ratio
measured by the C-130. The mean uncertainty in the box model results, due to
uncertainty in BL height measurements and in the measured pollutant concentrations, was

estimated to be ~35%.
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33 Results
3.3.1 NH4NO; Formation

NH,;" and NOs™ were highly correlated (R? = 0.82) during the three days
investigated and dominated the inorganic PM, s fraction, accounting for an average of
57% of measured inorganic mass (sum of chloride, nitrite, nitrate, sulfate, sodium,
ammonium, calcium, and magnesium). Concentrations of both species increased rapidly
with increasing solar radiation starting at approximately 07:30 (Central Standard Time,

CST, UTC - 6h) (Figure 3.1), suggesting photochemical aerosol formation.
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Figure 3.1 Time series of measured NO3", WSOC,, solar radiation, temperature, wind
speed, and RH for March 27-29. Concentrations of NO3;" and WSOC, began to rise
shortly after sunrise and model results (not shown) indicate that approximately 75% of
the morning concentration increases were due to secondary aerosol formation.

The NO;™ concentration reached its daily maximum near 11:00 of 18.6 pg m™, an

increase of 13.9 pg m™ over pre-sunrise concentrations. The box model was applied to
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investigate the contribution of secondary nitrate formation to the observed increase. The
model was run for the hours 09:00 to 11:00, when BL data were available, and the results
likely apply to the early morning hours as well. For the purpose of modeling NOs™ in the
morning at T1, a number of assumptions were made to simplify the model. The removal
rate, Sj, was neglected because the dry deposition velocity for 0.1-2.5 pm particles (0.01 —
0.2 cm s™ [Seinfeld and Pandis, 1998]) is not important on the timescale of several hours.
Wind speeds, which generally ranged from 1-2 m s during the period of interest (Figure
3.1), were too low to make advection an important process on the timescale of several
hours, either. Each day before 11:00, ISORROPIA-II predicted that greater than 90% of
total nitrate (NOs™ + HNOs (g)) partitioned into the particle phase (Figure 3.2) due to
thermodynamic conditions that favored the condensed phase, including low T, high RH,
and excess ammonia gas (NH3) [Fountoukis et al., 2007]. Thus all predicted HNO; (g)
produced was assumed to contribute to the observed aerosol nitrate loading. The HNO;
(g) formation rate (ug m™ hr'"), Ri, was calculated as k*[NO,]*[OH], where k is the
temperature-dependent kinetic rate constant [Sander et al., 2006], NO, was calculated
from observations of NO, O3, J values, and RO, assuming photochemical steady state,
and OH was measured. After incorporating the stated assumptions, the simplified form
of the model was

dc. 1 dH
— = k+[NO,]-[OH] + —— —(c?-¢; Equation 3.2
ot [NO;] - [OH] A dt (Ci-ci quation

The model was then solved for ¢, the NO;™ concentration in air entrained by the

expanding BL and the two right hand terms (photochemical production and dilution)

were compared. From 09:00-11:00, the BL expanded from, on average, 510 m to 1100
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m. Model results indicate that approximately 75-80% of the observed nitrate

concentration increase was due to secondary photochemical production (Table 3.1). By

comparison to the observed NO;™ concentration, mass conservation indicated that the

average NO; concentration in the entrained layer was 6.4 ug m™ and was responsible for

approximately 20-25% of the observed NO3" increase.

Table 3.1 Average box model predictions for the effects of secondary formation and

entrainment on NO;™” and WSOC,, increases, and the effects of dilution and evaporation
on NOs3™ and WSOC, losses. The three WSOC, columns represent aloft WSOC,
concentrations of 0, 0.7, and 1.4 pg C m™, respectively (denoted in parentheses).

Nitrate® | WSOC,(0)° | WSOC,(0.7)° | WSOC,(1.4)°
AM concentration increase 13.9 1.9 1.9 1.9
AM aloft concentration 6.4 0 0.7 1.4
AM % increase from entrainment 23% 0% 15% 36%
AM % increase from secondary T7% 100% 85% 64%
formation
Peak concentration 18.6 4.8 4.8 4.8
Noon Observed loss 15.1 2.68 2.68 2.68
Noon Dilution loss 9.1 2.34 1.99 1.65
Noon Volatility loss 6.0 0.34 0.69 1.03
Noon Volatility loss (% of total loss) 40% 13% 26% 38%
Noon Volatility loss (% of AM 43% 18% 36% 54%
increase)
Noon Volatility loss (% of peak 32% 7% 14% 21%

concentration)

“concentrations in units of pg m™
®concentrations in units of ng Cm?

On 3/29, the C-130 flew in the vicinity (0-90 km) of T1 between the hours of

11:00 — 15:00 CST, including a pass directly over the site at 14:00. During this time, the

plane flew primarily within the BL, but did sample out of the BL on several occasions.

Sampling in versus out of the BL was determined by water vapor concentration, which

showed rapid changes with minor altitude changes when the threshold was crossed.
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During this time, the mean concentration of total nitrate (NOs;™ + HNOs (g)) in the 1km
layer above the BL was 1.5 + 1.3 (mean £ 1o) pg m™. Assuming these aloft
measurements are representative of what was entrained into the BL during the morning
nitrate production, they suggest that the predictions of nitrate production were low, and
that the contribution from photochemical production to the NO;™ increase was perhaps as
high as 90-95%.

Overall, the present results qualitatively agree with previous studies [Salcedo et
al., 2006; Volkamer et al., 2006] in the MCMA, which observed a similar morning
production of HNOjs (g) immediately followed by NH4NO; formation. This morning

photochemical NOs™ production appears to be a common phenomenon in the MCMA.

3.3.2 Nitrate Loss

The NOs™ peak was short lived, as concentrations began to drop precipitously at
approximately 11:00 (Figure 3.1). Over the period between ~11:00 and ~12:45, the NO3”
concentration decreased by an average of 15.1 pg m™, an 81% drop from the peak
concentration. This decrease occurred while the HNO; (g) production rate (k [OH]
[NO,]) remained relatively high. Causes of this concentration decrease following the late
morning maximum are hypothesized as a combination of boundary layer dilution and
chemical processes (i.e., particle evaporation). Precipitation data showed that wet
deposition was not important on any of the days in question. We first investigate the role
of chemical processes, followed by the effects of meteorological processes on ambient

concentrations.
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The effect of a thermodynamic phase shift on NO3™ was examined with
ISORROPIA-II and model results are shown in Figure 3.2. Based on rising ambient
temperature and decreasing relative humidity, the model predicted a rapid phase shift of
NOs™ to HNO; (g). NH4NOs is semi-volatile and is sensitive to changes in RH and
temperature (both of which directly impact aerosol water content), with higher
temperature (lower RH) favoring the gas phase and lower temperature (higher RH)
favoring the particle phase. (Recall that NH; (g) was ubiquitous at this site). It is notable
that the predicted equilibrium shift coincided with the large observed decrease in NOs’
concentration (Figure 2). ISORROPIA-II predicted an average morning aerosol water
concentration maximum of 15.4 pg m™, followed by a rapid concentration decrease to 1.2
ug m” that preceded the NO3™ concentration drop by approximately 1 hr. Given
additional time for aerosol evaporation following the water loss, the timescale of this
observed delay is consistent with the analysis of Fountoukis et al. [2007]. The
observational data and model results agree well and suggest that, despite continued
production of HNOs (g) and available NH; (g), changing ambient conditions produced a
rapid shift in the equilibrium of the system towards the gas phase and were responsible

for some fraction of the observed NOj3™ loss.
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Figure 3.2 ISORROPIA-II model output (Percent aerosol nitrate and aerosol water) and
measured NOs” for March 27-29. Based on rising morning temperature and decreasing
RH, a sharp decrease in the predicted aerosol water concentration was followed by a

rapid equilibrium shift in NO;™ from the aerosol to the gas phase. This equilibrium shift
likely produced at least a third of the observed nitrate concentration decrease.

Dilution must also be considered because the boundary layer underwent rapid
expansion during the nitrate decrease. With two assumptions, the box model was also
used to assess the relative contribution of BL dilution on the NO3™ concentration decrease.
The average NOj" loss, if dilution was the sole factor contributing to its decrease, was 9.1
g m” (Table 3.1). Because of the thermodynamic shift predicted by ISORROPIA-II, the
difference between the observed NO;™ decrease (15.1 ug m™) and that predicted by
dilution (9.1 ug m™) was attributed to volatility. Thus 6 pg m™, or 40%, of the
concentration decrease was from particle evaporation while 60% was due to dilution.
This analysis incorporated two major assumptions that set the evaporation estimate as a
lower bound. First, the effect of continued HNO; (g) production and its conversion to
NH4NOj; throughout this time was neglected. The second assumption was that the NOs’

concentration aloft was neglected. Due to ISORROPIA-II predictions, we assume that
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any NOj entrained during this time evaporated and any HNO; (g) formed remained
predominantly in the gas phase. Any NOs™ in the entrained air that did not evaporate or
photochemical NOj;™ formation during this time would translate to volatility losses greater
than the 40% estimated by the above method, thus our estimation method is likely
conservative.

It should also be noted that shortly after the concentration decrease, the NOs3™ (and
WSOC,) concentration increased rapidly (Figure 3.1). This smaller mid-afternoon

increase is not investigated in this analysis.

3.3.3 Photochemical WSOC, Production

For the three-day analysis period, the WSOC, concentration increased an average
of 1.9 pg Carbon m™ (ug C m™) over the three-hour period from 08:00 to 11:00 each day
and had an average peak of 4.8 pg C m™ before noon (Figure 3.1). The box model was
also run to assess the contribution of SOA formation to the WSOC, concentration
increase, though the methodology was different from that used in the NO3™ analysis. In
this case, since the WSOC, (or SOA) chemical production rate (R;) is unknown, the
model used measured concentrations of WSOC, aloft and conservation of mass principles
to predict secondary formation. The C-130 measurements on 3/29 indicate that the
average WSOC, concentration in the 1km layer directly above the BL was 0.7 = 0.7
(mean % 16) pg C m>. Using the mean of measured aloft concentrations, the model
predicted that ~15% of the concentration increase was due to entrainment and roughly
~85% was due to SOA formation (Table 3.1). Similar rapid morning photochemical

production of SOA has been observed previously in the MCMA [Salcedo et al., 2006;
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Volkamer et al., 2006]. Because of the relatively large variability in the aloft WSOC,
concentrations, Table 3.1 also presents box model results for aloft WSOC, concentrations
of 0 and 1.4 ug C m™ (mean + one standard deviation). The results indicate that the
contribution from photochemical production to the morning concentration increase was in
the range of 65-100%.

The WSOC, increase from SOA formation was approximately the same relative
enhancement NOs” experienced due to secondary photochemical formation (Table 3.1).
For the entire three-day period, WSOC, and NOj;™ were highly correlated (R* = 0.80),
however between 08:00 and 12:45, the correlation (R* = 0.88) was even stronger (Figure
3.3). The high correlations suggest that during these periods the sources and atmospheric
processes affecting both species were likely very similar. That is, the similar
contributions of entrainment and secondary formation made to NO3;” and WSOC,
concentrations help explain the high correlations. Because the contributions from
biomass burning were presumed to be small, it is likely that anthropogenic sources were
responsible for the majority of the observed NO3;™” and WSOC,. Furthermore, the strong
WSOC,-NOs’ correlation is also suggestive that OH was the primary oxidation pathway

in the observed SOA formation.
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Figure 3.3 Correlations between NO3™ and WSOC, during the hours of 08:00-12:45 on
the three days of interest. The high correlation suggests similar sources and atmospheric
processing of the two species.

3.3.4 WSOC, Loss

Similar to NO3’, the WSOC, concentration experienced a daily decrease shortly
after the morning maximum. Between ~11:00 and ~12:45, the WSOC, concentration
decreased an average of 2.68 ug C m™, a 56% decrease from the peak concentration.
Using the average aloft WSOC, concentration (0.7 ug C m™) measured on 3/29, the box
model was used to investigate WSOC, losses between 11:00 and 12:45 as well. During
this time, average BL expansion was from 1100 m to 2040 m and the average WSOC,

loss due to dilution was 1.99 ug C m™. WSOC, loss due to evaporation was 0.69 nug C
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m>, on average, and accounted for ~25% of the observed concentration decrease. This
decrease was substantial, as ~15% of WSOC, at its peak concentration (4.8 ng C m™) and
~35% of the newly formed WSOC, (1.9 ng C m”) likely volatilized (Table 3.1). Similar
to the NOs™ analysis, the production of WSOC, during the concentration decrease was
ignored. Any production during this time would produce an under-prediction of the
evaporation contribution to observed WSOC, losses.

Because of the high relative variation in aloft WSOC, concentrations, the box
model was also run with alternate inputs (0 and 1.4 pg C m” aloft WSOC,
concentrations), and the results provide an estimate of the range of WSOC, losses due to
evaporation (Table 3.1). For an aloft WSOC, concentration equal to zero, the average
evaporation loss was only 0.34 ug C m™. This represents less than 20% of the newly
formed WSOC,, and less than 10% of the peak WSOC,. For an aloft WSOC,
concentration = 1.4 pg C m™, the average evaporation loss was 1.03 pug C m™. This
represents greater than 50% of the newly formed WSOC,, and greater than 20% of the

total WSOC at its peak.

3.4  Model Assumptions

Here we attempt to address and justify the major assumptions used for the
modeling analyses. First, in the model assessment of NO;™ formation, NO, was
calculated from measurements of NO, O3, RO, and J values assuming photochemical
steady state. This assumption will impart added uncertainty to the estimated HNO; (g)
formation rates, and will add uncertainty to the predictions of photochemical/entrainment

contributions to concentrations. The model results predicted a higher aloft nitrate
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concentration (6.4 pg m™) than that observed (1.5 pg m™), something which may be due
to an under-prediction of HNOjs (g) formation rates. If HNO; (g) formation rates were
under predicted by this degree, the contribution of photochemical production to the
morning NOj3’ increase would be greater (90-95%) than predicted levels (77%). Overall,
though, both results indicate that the major factor affecting morning NO;3™ concentrations
was its production through photochemical processes.

A second major assumption, necessitated by unavailable BL height, was the use
of water vapor as a conservative tracer to estimate BL dilution on 3/29. Consistencies in
meteorological parameters and pollutant concentrations and profiles (Figure 3.1) suggest
that the BL behaved similarly on 3/27, 3/28, and 3/29. Using 4480 ppm as the aloft
mixing ratio based on the C-130 observations made on 3/29, the water vapor tracer
method predicted dilution values on 3/27 and 3/28 that were within 20% of those
observed. This suggests that the use of water vapor to estimate dilution on 3/29 was
reasonable.

Finally, the modeling of WSOC was based on aircraft measurements above the
BL to determine an aloft WSOC concentration. The major assumptions in this analysis
were 1) that the aircraft measurements were representative of the air entrained during BL
expansion, 2) that measurements on 3/29 were representative of conditions on 3/27 and
3/28, and 3) that the WSOC in the entrained air was not volatile. First, the aloft water
vapor mixing ratio used to estimate dilution on 3/29 came from measurements on the
same flight, and during the same times that the aloft WSOC determinations were made.
As discussed, using these water vapor values, the dilution on 3/27 and 3/28 were

predicted within 20% of observed values. This suggests that the aircraft measurements
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above the BL on 3/29 were representative of air that was entrained due to BL expansion
on all three days. The aircraft measurements were also in fair agreement with the surface
measurements during BL sampling. For approximately 40 minutes in the mid-afternoon
(13:46-14:23, CST), the C-130 made measurements within the BL that included passage
over T1. During this time, the ratio of mean NOj, S0,%, and WSOC concentrations
measured via PILS on the C-130 to mean concentrations on the ground were 0.52, 1.01,
and 0.79, respectively. Additionally, as has been stated previously, the meteorology and
pollutants (magnitude of concentrations and diurnal patterns) were remarkably similar on
all three days (Figure 1). Because of this, the concentrations of species mixing down
with BL expansion were likely similar on each day.

The properties of WSOC in air entrained with BL expansion also add uncertainty
to the model results. Kalberer et al. [2004] found that the volatility of chamber-
generated SOA decreased significantly with time. It is likely that WSOC above the BL
was aged, and thus was less volatile than the WSOC formed in the morning at the
surface. If the entrained WSOC was completely volatile (or if the WSOC concentration
in the entraining air was zero), then the box model results indicate that WSOC losses due
to evaporation (0.34 pg C m™, average) would be roughly half (0.69 ug C m™, average)
of that predicted with aloft (and non-volatile) WSOC concentration of 0.7 pg C m™. This
implies a baseline case of only ~10% loss due to volatility (or only ~ 18% of the morning
WSOC concentration increase), however the likelihood that either the WSOC

concentration aloft was zero or the WSOC aloft was 100% volatile are both very low.
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3.5 Conclusions

These findings provide insight into the semi-volatile nature of ambient SOA, an
area in which knowledge is currently limited. Specifically, the results suggest that, on
average, a meaningful fraction of the observed newly formed (1-3 hrs old) WSOC,, mass
possessed similar semi-volatile properties to NH4NOs at the T and RH recorded here
(Figure 3.1), though NOs™ evaporation losses by this analysis were about 50% greater
(evaporation caused 40% of total NO3" loss, 26% of total WSOC loss) than those of
WSOC, (Table 3.1). This implies that, similar to NH4sNO3, the loss of aerosol water
affected WSOC as well. In contrast, a study by Loeffler et al. [2006] found that when
aqueous particles containing glyoxal and methylglyoxal were evaporated, there was
minimal loss of particulate organic mass due to oligomer formation. However, other
studies report on a fairly volatile SOA or total organic aerosol. Grieshop et al. [2007]
found the partitioning of fresh biogenic SOA generated in a smog chamber to be
reversible when subjected to isothermal dilution, and Wilson et al. [2006] found the semi-
volatile character of a large fraction of the organic aerosol (primary plus secondary) to be
similar to that of NH4NOj in filter sampling performed in both urban and rural locations.
Finally, additional airborne measurements made over the sampling sites during
MILAGRO have been used to investigate the production of SOA and NOj;™ by changes in
concentrations with respect to CO as plumes were advected away from the urban region
[Kleinman et al., 2008]. They found that NOs” and SOA production differed; SOA was
still produced relative to CO when net NO;3™ production had apparently stopped. They
concluded that this was due to the more semi-volatile nature of NOs", compared to SOA.

Overall, the results provide novel insight into the semi-volatile nature of fresh,
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anthropogenic, ground-level SOA, however their translation to other environments

requires further examination.
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Chapter 4

Sources and Formation of WSOC in Atlanta

In the summer of 2007, bulk measurements of water-soluble organic carbon
compounds were made in the gas (WSOC,) and particle (WSOC,) phases. The
measurements were conducted from 11 May — 19 September on the roof of the Ford
Environmental Science & Technology (ES&T) building on the Georgia Institute of
Technology campus in Atlanta, Georgia. In addition to WSOC, and WSOC,,
measurements included gas-phase formic acid, acetic acid, and oxalic acid, particulate
organic carbon (OC), and meteorological parameters. All of the measurement methods
are detailed in Chapter 2. Inlets were approximately 50 m above the ground. This
chapter presents an overview of the WSOC results. During the month of May, intense
wildfires burning in large areas of northern Florida and southern Georgia periodically
influenced the air quality in Atlanta. Four such episodes were recorded from the ES&T
roof, and these results are discussed in Section 4.4. Unless explicitly stated, the data

presented in the remainder of this chapter do not include these biomass burning episodes.

41 WSOC,

For the entire summer, WSOC, was in the range 0of 0.2 - 12.1 pg C m” and had an
average concentration of 3.3 £ 1.8 pg C m™ (mean % 1o, for n = 19051). The median
WSOC, concentration was 2.9 ug C m”, WSOC, was highly correlated with OC (R* =

0.73) and the slope (0.70 pg C/pg C) indicates that a high fraction of the OC was likely
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secondary (Figure 4.1). There was an observed temperature dependence of WSOC,,

which is examined in detail in Chapter 6.
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Figure 4.1 Scatter plot of WSOC, verse OC. The six-minute measurements of WSOC,
were m;rged onto the 45-minute sample times of the OC measurement to make the
comparison.

The data indicate a higher water-soluble fraction of the total OC in Atlanta than in
other urban environments where simultaneous WSOC, and OC measurements were
made. In St. Louis, Sullivan et al. [2004] observed mean WSOC,/OC ratios of 0.61-0.64
during the summer and 0.31 during the fall. Miyazaki et al. [2006] observed mean
WSOC,/OC ratios of 0.35, 0.37, and 0.19 in Tokyo during the summer, fall, and winter,
respectively. In the Po Valley, Italy, mean WSOC,/OC ratios ranged from 0.38 in the

winter to 0.50 in the summer [Decesari et al., 2001]. The higher WSOC,/OC ratios

observed in Atlanta could indicate a source effect (i.e., the high proportion of biogenic
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emissions in Atlanta), or enhanced photochemical processing compared with the other
study areas. Due to the high population in Atlanta, and the extensive use of motor
vehicles in and around the city, it is not likely that this effect was due to lower primary

OC emissions, compared to the other study areas.

42  WSOC,

The range of WSOC, concentrations observed for the entire summer (n = 12299)
was 1.1 —73.1 ug C m”, and mean and median WSOC, concentrations were 13.7 pg C
m™ and 11.8 pg C m™, respectively. While the WSOC, measurement was made for the
entire summer, from September 5-20, the mist chamber samples were also analyzed for
gas-phase formic, acetic, and oxalic acid. Gas phase oxalic acid concentrations were
quite low throughout the two-week period; oxalic acid concentrations were above LOD
(0.08 pg m™) for less than 5% of measurements. On the other hand, formic and acetic
acid were present at measurable concentrations for the entire two weeks. This difference
between oxalic acid and formic/acetic acid has been observed in previous studies [e.g.,
Chebbi and Carlier, 1996] and was expected, given the extreme differences in their vapor
pressures. On a carbon mass basis, acetic acid concentrations were typically higher than
those of formic acid (slope of acetic acid/formic acid = 1.65 pg C/ug C), but the slope of
their mixing ratios was nearly 1:1 (acetic acid/formic acid = 1.08 ppb/ppb). The two

were highly correlated (R* = 0.84, Figure 4.2), indicating similar sources.
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Figure 4.2 Scatter plot of gas-phase acetic acid verse formic acid for the period
September 5-20.

This result is consistent with previous studies which have observed a similar high
correlation between formic and acetic acid [e.g., Khwaja, 1995]. Figure 4.3 shows a time
series of WSOC, and formic + acetic acids and in general, the two tracked relatively well

(R*=0.57, Figure 4.4).
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Figure 4.3 Time series of Formic + Acetic acids (left axis) and WSOC, (right axis) for
the September 5-20 period.

On a carbon mass basis, formic and acetic acid together accounted for a significant
fraction of the WSOC, mass. This fraction varied, but was, on average, 20% for the two-
week measurement period (Figure 4.4). This stands in contrast to the chemical
composition of WSOC,, where identified individual compounds typically make up much
smaller percentages of the total WSOC, mass [e.g., Yang et al., 2005]. It is noteworthy,
however, that ambient studies have found concentrations of formic and acetic acid to be
the highest among all gas-phase carboxylic acids [Chebbi and Carlier, 1996]. In general,
formic and acetic acid both showed a positive correlation with temperature, similar to that

of WSOC, (discussed in detail in Chapter 6).
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Figure 4.4 Scatter plot of gas-phase Formic + Acetic acid verse WSOC, for the
September 5-20 period.
43  WSOC, verse WSOC,

Overall, WSOC, and WSOC, were correlated during the summer, though there
was a large amount of scatter in the data (Figure 4.5). Using a Deming regression
analysis that minimizes the distance between the observed data and the fitted line in both
the x and y directions, a slope of 0.242 and an intercept of 0.266 pg C m™ were observed

in the WSOC, vs. WSOC, plot.
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Figure 4.5 Scatter plot of WSOC, verse WSOC, for the entire summer data set.

Because WSOC, and WSOC, have oxygenated functional groups, it is expected that both
have high contributions from secondary processes. In Atlanta, particle and gas-phase
WSOC may come predominantly from biogenic VOCs, since they dominate the carbon
emissions budget [Environmental Protection Agency, National Emissions Inventory;
Guenther et al., 1994]. Since WSOC, and WSOC, likely share a major source (biogenic
VOCs), and since both are predominantly secondary, the correlation between the two is
not surprising. The large amount of scatter in the data may indicate differences that

include their formation mechanisms and their atmospheric lifetimes.
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The average diurnal trends of WSOC, and WSOC, are shown in Figure 4.6. Each
data point corresponds to the summer-averaged data for the following hour (i.e., the data
point at 05:00 represents the average data between 05:00 and 06:00). WSOC, reached an
average daily maximum of 3.8 pg C m™ at 14:00 (local time). This followed a steady
increase in concentration from a morning minimum of 3.1 pg C m™ at 06:00. Following
the afternoon concentration maximum, the average WSOC, concentration decreased until
it reached an average level of 3.2 pug C m™ at 20:00. Between 20:00 and 06:00, the
WSOC, concentration was relatively flat, as it varied only between 3.1-3.3 pg C m>.
Between the hours of 06:00 and 20:00 the diurnal profiles of WSOC, and WSOC, were
highly similar. The average WSOC, peak concentration also occurred at 14:00 (14.5 g
C m™) in between minima at 06:00 (12.4 pg C m™) and 19:00 (12.3 pg C m™). The mid-
day increases in WSOC, and WSOC, concentrations suggests photochemical formation
but the relatively modest enhancement (~20%) over pre-sunrise concentrations also
suggests a substantial regional WSOC background and a relatively long lifetime of both

bulk species.
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Figure 4.6 Average diurnal profiles for WSOC, and WSOC,. The vertical bars on each
data point represent the standard error (standard deviation/VN).

Unlike WSOC, however, the WSOC, concentration increased at night and had
another maximum (15.4 pg C m™) at 23:00. On a mass basis, the major biogenic
emissions in the Atlanta area are isoprene, emitted primarily by oak, and monoterpenes,
which are emitted primarily by pine [Guenther et al., 1994]. Emissions of isoprene from
oak are positively correlated with photosynthetically active radiation [Tingey et al., 1979;
Loreto and Sharkey, 1993], while emissions of monoterpenes from pine are generally
driven by temperature [Guenther et al., 1993]. There have been, however, multiple field
studies that observed maximum monoterpene emissions from pine to occur in the middle
of the night, with minimum emissions occurring during the day [e.g., Simon et al., 1994;
Hakola et al., 2000; Janson et al., 2001]. Smog chamber experiments have demonstrated
SOA formation from monoterpenes in the absence of UV from reactions initiated by
ozone (O3, called ozonolysis reactions) [e.g., Hoffmann et al., 1997] and the nitrate

radical (NO3) [e.g., Griffin et al., 1999]. Since monoterpenes are not soluble in water
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[Sander, 1999], the midnight peak in WSOC, suggests oxidative reactions were occurring
at night, however, the lack of a nighttime peak in the WSOC, concentration suggests that
these oxidation reactions did not produce appreciable organic aerosol. Smog chamber
studies by Hallquist et al. [1999] observed significantly lower SOA yields from the
reactions of NO3 with o—pinene, compared to reactions of NO3 with either p—pinene, A’-
carene, or limonene. Additionally, nighttime chamber studies by Griffin et al. [1999]
observed significantly lower SOA yields from the ozonolysis of  —pinene than either the
ozonolysis of a—pinene or the photooxidation of § —pinene. All of this suggests that a
nighttime source and reaction mechanism(s) that produces WSOC,, yet little WSOC,, is
plausible. Although the diurnal profile did not show a nighttime peak, there was
evidence for the nighttime production of WSOC,. In Chapter 6, an enhancement in the
partitioning of WSOC to the particle phase at RH greater than 70% is discussed. The
increase in WSOC, concentrations at high RH was significant and was observed both at
night and during the day. Because this phenomenon was RH-dependent, and was not
specific to the time of day, the average diurnal profile of WSOC, did not show a
nighttime peak.

The average diurnal profile of formic + acetic acid was similar to that of WSOC,
(Figure 4.7). The formic + acetic acid concentration reached a maximum (1.2 pg C m>)
near midnight, after which it declined to a minimum (0.6 ug C m™) near 06:00. With the
onset of sunrise, the concentration increased steadily and peaked at 1.3 pg C m™ at 14:00.
Unlike WSOC,, though, the concentration of formic + acetic acid remained at an elevated
level throughout the afternoon and evening. Though the formic + acetic acid data only

constituted a two-week period, the average diurnal profile of WSOC, during those two
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weeks was consistent with that for the entire summer, suggesting that the formic + acetic

acid profile was representative of the summer as well.
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Figure 4.7 Average diurnal profiles for Formic + Acetic Acid and WSOC,. The vertical
bars on each data point represent the standard error (standard deviation/\N).

That the overall correlation between WSOC, and formic + acetic acid (R*=0.57)
was only moderately strong, and given the weak correlation between their average
diurnal profiles (R* = 0.12, not shown), the data suggests that formic and acetic acid are
not representative of the whole WSOC,, though they accounted for 20% of WSOC, on a
carbon mass basis. This also suggests that the partitioning behavior of WSOC may have
been different from that of these light organic acids, though this question should be

investigated in detail in the future.
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4.4 Biomass Burning Events

From April-June, 2007, wildfires burned over 5.5ES5 acres in and around the
Okefenokee Swamp in southern Georgia and northern Florida [Georgia Forestry
Commission, http://www.gfc.state.ga.us/]. Smoke from these fires periodically impacted
Atlanta’s air quality, and four such episodes were recorded on the ES&T roof.
Concentrations of WSOC, in the biomass burning (BB) events were high (up to ~60 pg C
m™) and were approximately equal to the highest WSOC, concentrations observed
throughout the rest of the summer. For all non-BB data, the average of the top 1% of
WSOC, concentrations was 41.6 pg C m”, and the highest single WSOC, concentration
observed was 73.2 pg C m™. By contrast, WSOC, concentrations in the BB events were
significantly higher than any ambient concentrations observed throughout the remainder
of the summer. In all BB events, the WSOC, concentration reached at least 18.4 ug C m’
3 and in one event (5/22/07), the WSOC, concentration exceeded 50 pg C m” (Table
4.1). For non-BB data, the average of the top 1% of WSOC, concentrations was 9.3 ug C

m™, and the highest single WSOC, concentration observed was 12.1 pg C m”,

Table 4.1 Summary of biomass burning events sampled on the roof of the ES&T
Building during summer, 2007.

Duration Maximum WSOC, | Maximum WSOC, | WSOC,/

Event Date (Hr) (pg C m>) (pg C m™) WSOC,
5/16/2007 7 18.4 22.5 1.19
5/22/2007 11 53.9 64.2 0.89
5/27/2007 7.5 28.5 56.5 0.66
5/31/2007 2.5 20.5 61.7 0.90

The average WSOC,/WSOC, ratios within each event (Table 4.1) were significantly

higher than the average ratio (0.27 + 0.12; mean + 1) for the remainder of the summer.
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The BB events ranged from 2.5-11 hours in length (Table 4.1) and were all
marked by a very sharp onset and a much slower dissipation. Figure 4.8A shows the
5/22/2007 event and shows how rapidly WSOC concentrations could rise at the onset of
events. In a period of less than 1 hour (04:06-05:00), the WSOC, concentration increased
from 2.8 to 54.1 ug C m™, while the WSOC, concentration increased from 15.6 to 62.4
g C m™ over approximately the same time. WSOC, and WSOC, had strong correlations
within each BB event (Figure 4.8B), and for the combined BB data (R* = 0.83, not

shown).
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Figure 4.8 Time series of WSOC,, and WSOC, concentrations for the biomass burning
event sampled on 5/22/2007 (A), and WSOC,-WSOC, correlations for all four
biomass burning events (B).

54



Figure 4.8 illustrates another feature unique to the biomass burning events;
relative to the WSOC, concentration, WSOC,, concentrations were much higher than for
non-BB data. The average WSOC,:WSOC, ratio for all non-BB data was 0.27 = 0.12
(mean + 1c6). For the four BB events combined, the average WSOC,: WSOC, ratio was
0.60 £ 0.19 (mean + 15). Biomass burning is a primary source for WSOC, [Novakov and
Corrigan, 1996; Narukawa et al., 1999; Mayol-Bracero et al., 2002; Sullivan et al.,
2006]. In addition to the primary WSOC,, Lee et al. [2008] observed significant
concentrations of secondary WSOC,, that were attributed to biomass burning, based on
chemical mass balance modeling and additional chemical characterization of the WSOC,.
In the summertime in Atlanta, WSOC, not influenced by biomass burning is expected to
be predominantly secondary and from biogenic sources [Weber et al., 2007]. Since
biomass burning can produce high concentrations of primary and secondary WSOC,, the
large discrepancy between the WSOC,:WSOC, ratios of BB events and non-BB data is

thus not surprising.

4.5  Conclusions

Measurements were made in the summertime in Atlanta to characterize particulate
and gas-phase WSOC. WSOC, accounted for, on average, 70% of OC, and the two were
correlated (R* = 0.73). WSOC, was moderately correlated with WSOC,, though WSOC,
concentrations were significantly higher than those of WSOC,. For two weeks in the
summer, gas-phase formic, acetic, and oxalic acid were measured. Oxalic acid

concentrations were rarely above the detection limit, but formic and acetic acid were
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present in detectable quantities throughout the two-week period. They were correlated
(R? = 0.84) and together accounted for ~20% of WSOC, on a carbon mass basis.

The summer average diurnal profiles of WSOC, and WSOC,, were similar
between the hours of 06:00 and 20:00 (local time). Both concentrations were at a
minimum in the morning and evening, and peaked around 14:00. The behavior was
suggestive of photochemical sources, though the mid-day enhancements were modest
(~20%) and suggested either a significant background of both concentrations, a relatively
long lifetime of each species, or both. The average nighttime profiles of WSOC, and
WSOC, were quite different, though. The WSOC, concentration remained relatively flat
throughout the night while the WSOC, concentration peaked at approximately 23:00.
The magnitude of this nighttime WSOC, peak was equal to the mid-day peak, and it
suggests a nighttime biogenic VOC source that is consistent with observations from
multiple ambient studies. Though the nighttime WSOC, enhancement was substantial, a
nighttime peak in WSOC, was not observed. This suggests a reaction pathway that leads
to oxygenated, yet volatile, products. Qualitatively, similar pathways have been observed
in smog chamber experiments.

Finally, wildfires burning in southern Georgia and northern Florida influenced
sampling through four distinct events at the beginning of the summer. These biomass
burning events were characterized by elevated and highly correlated WSOC,, and WSOC,
concentrations. The maximum WSOC, concentrations were on the order of the highest
ambient WSOC, concentrations observed throughout the rest of the summer. The
maximum WSOC, concentrations observed in the biomass burning events were

significantly higher (factor of ~2-5) than the maximum WSOC, concentrations found in
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non-biomass burning air. Additionally, the WSOC,:WSOC, ratios were significantly
higher in the biomass burning events than they were throughout the remainder of the
summer. This was attributed to the high fraction of water-soluble carbon particles
emitted by the wildfires and a potentially high contribution of secondary particles from

the wildfires, as well.
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Chapter 5

Correlations Between Water Vapor and WSOC,: a Synergistic Effect from Biogenic
Emissions?

Several modeling [e.g., Seinfeld et al., 2001; Pun and Seigneur, 2007; Chang and
Pankow, 2008] and smog chamber studies [e.g., Edney et al., 2000; Cocker et al., 2001a,
2001b] have investigated the influence of particle-bound water on SOA formation. In
general, the modeling results predict an increase in SOA formation with increased aerosol
water, though the smog chamber studies did not observe an enhancement in SOA
formation associated with aerosol water. Other studies suggest the enhancement of SOA
by aerosol water through other means, like cloud processing [Lim et al., 2005], or
heterogeneous reactions within fine particles [Volkamer et al., 2007].

In aircraft measurements, Peltier et al. [2008] observed a significant water vapor-
WSOC,, correlation (R? =0.74) in a plume intercepted at 3-5 km a.s.1. in the western US.
This correlation was observed down wind of a region with heavy cloud coverage in an
airmass with significant biogenic and anthropogenic influences. In this chapter, possible
causes for periodic ground-based events in which WSOC,, (SOA) and water vapor
concentration were highly correlated are investigated, and the temperature-driven release

of biogenic VOCs along with water-vapor is suggested as a possible cause.

5.1  The WSOC,-Water Vapor Correlation
A box plot of WSOC, verse water vapor (Figure 5.1) shows that, over the range
of water vapor mixing ratios observed throughout the summer, there was not a clear

relationship between WSOC, and water vapor. The box plot, which was generated by
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separating the data (n = 18031) into 10 equally-spaced bins according to water vapor
concentration, shows median values (thick horizontal bar), 25" and 75" percentiles
(lower and upper box bounds, respectively), and 10™ and 90™ percentiles (lower and
upper whiskers, respectively) for each bin. This analysis method is a useful approach for
such a large data set because it offers a better visualization of central data trends than the
un-binned data, while it presents much of the data spread as well. Despite the unclear
relationship between WSOC, and water vapor, there were 14 events throughout the
summer in which the two were highly correlated (mean WSOC,-water vapor R? during
these events was 0.85, Table 5.1). The events were spaced throughout the summer, and
occurred in four of the five months (none in May) in which measurements were made.
The length of these events ranged from 10.5-45.5 hours (average = 19 h), and they
accounted for ~10-15% of total sampling time (2140 hours). It is probable that even
more, shorter correlation events occurred throughout the summer, but the present analysis
is limited to those events that lasted at least ten hours. Because of their length, the events
spanned day and night, alike, and in several events, the WSOC,-water vapor correlations
remained throughout an airmass change. Their frequency of occurrence and substantial
length suggest that these periods could provide significant insight into ambient SOA

formation in the southeastern US.
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Figure 5.1 WSOC, verse water vapor for the entire summer. Also shown (markers), are
the mean WSOC, concentrations and water vapor mixing ratios for the 14 events where
WSOC, and water vapor where positively correlated. For the entire summer, there does
not appear to be a well-defined relationship between WSOC, and water vapor, yet

significant correlations between the two were observed for short periods throughout the
summer.

The mean WSOC, concentration and water vapor mixing ratio for each event are
also plotted in Figure 5.1. It is notable that these correlation periods were not constrained
to high or low WSOC, concentrations or water vapor mixing ratios. Additionally, though
there was a high correlation between WSOC, and water vapor within each event, there
was no correlation between mean WSOC, concentrations and mean water vapor mixing

ratios across all events. The mean WSOC, concentration in each event ranged from 1.4 —
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7.6 pg C m™ and the mean water vapor mixing ratio ranged from 13.2 —23.7 x 10° ppm
(Table 5.1). There was, likewise, a high variability of both WSOC, and water vapor
concentrations within each event. For example, Figure 5.2 shows WSOC, and water
vapor for the 7/12 event and shows the high variability within individual events that was
routinely observed. In this event, for which the coefficient of determination (R?) between
WSOC, and water vapor was 0.85, the WSOC, concentration ranged from approximately

2 - 7 ug C m™ while the water vapor mixing ratio ranged from approximately 14 - 26 x

103ppm.
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Figure 5.2 Time series of WSOC,, concentration and water vapor mixing ratio for the
correlation event that started on 7/12 and lasted 45.5 hours.

The correlation events were not directly related to precipitation. In the summer of

2007, Atlanta experienced severe draught conditions and had precipitation levels far-
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below average, and the observed correlation events had no temporal relation with the
sparse precipitation that did occur.

Water vapor, through reaction with an excited oxygen atom following ozone (O3)
photolysis, is directly involved in the primary production of the hydroxyl radical (OH)
[Eisele et al., 1997]. Though OH production is more sensitive to the O3 photolysis rate,
the water vapor concentration does affect OH levels as well [Eisele et al., 1997]. OH is
known to initiate SOA formation [e.g., Larsen et al., 2001], however, because it is highly
reactive and because it is photochemically produced, OH concentrations decrease
significantly at night, often to un-detectable levels, (< ~ 10° cm™) [Eisele et al., 1997].
Only two of the 14 correlation events occurred exclusively during daylight hours. If the
water vapor-OH-SOA mechanism was responsible for a WSOC,-water vapor correlation,
it is unlikely that this correlation would begin at night. It is also unlikely that this
correlation would remain constant through daytime and nighttime periods. Seven of the
observed correlation events began at night, and 12 included significant daytime and
nighttime periods, suggesting that SOA formation attributed to OH, itself a product of
water vapor concentrations, did not contribute significantly to the occurrence of the
WSOC,-water vapor correlations. Low wind speeds throughout 10 of the 14 correlation
events (mean of low wind speed events = 1.5 m s, Table 5.1) suggest that processes
upwind of Atlanta did not heavily influence observations in each event either. For the
four correlation events with high mean wind speeds (mean of high wind speed events =
44ms", Table 5.1), it is possible that chemistry upwind of Atlanta had an influence on

observations.
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Table 5.1: Start time, duration, and correlation coefficient (R?) between WSOC, and
water vapor; F, and RH; and WSOC, and water vapor for the correlation events.

Event duration | WSOC,-water WSOC,-water
Start time® (hr) vapor (R?) Fo-RH (r) vapor (R?)
6/24/07 17:30 11.5 0.95 -0.85 0.92
6/30/07 20:30 14.5 0.79 0.39 0.11
7/07/07 02:30 17 0.81 0.43 0.36
7/07/07 20:00 15 0.73 0.92 0.27
7/12/07 20:30 45.5 0.85 0.41 0.01
7/18/07 18:30 16.5 0.81 0.35 0.03
7/21/07 19:30 12.5 0.89 0.96 0.01
7/22/07 13:30° 15.5 0.92 0.54 0.24
8/04/07 12:00 23 0.92 0.01 0.72
8/07/07 08:30 10.5 0.82 0.6 0.02
8/14/07 15:00 16 0.87 -0.86 0.80
8/19/07 01:30° 19.5 0.84 0.77 0.39
9/05/07 06:30° 12 0.81 0.53 0.77
9/15/07 12:00° 35 0.85 0.43 0.09
Average: 19 0.85 0.33 0.34

“Eastern standard time
bHigh wind speed correlation event

5.1.1 WSOC,-H,0(g) Correlation: SOA Formation and Particle Water

One hypothesis for the observed correlations between WSOC,, and water vapor is
that the formation of SOA is related to particle-bound water. Results in Chapter 3 and
Chapter 6 have shown a link between particle-bound water and WSOC,. In Mexico City,
WSOC, exhibited similar behavior to aerosol nitrate, which through a thermodynamic
model was shown to be directly related to aerosol water content (See Chapter 3 for
complete details). The volatilization of a significant fraction (~35%) of newly formed
WSOC, and nitrate shortly followed the evaporation of aerosol water, and the processes
were related. In Atlanta, the partitioning of WSOC from the gas to the particle phase
(WSOC,/WSOC, + WSOC,) was increased at RH > ~70% and was attributed to the
uptake of water by particles (See Chapter 6 for complete details). The RH effect on

partitioning resulted in median WSOC, (i.e., SOA) concentrations above 70% RH that

63



were between 0.3-0.9 pg C m™ higher than those predicted by WSOC partitioning
behavior below 70% RH. These findings suggest that water associated with fine particles
could have an important role in SOA formation that is not usually considered. It could
also help explain the observed periods of high WSOC,-water vapor correlation.

F, represents the fraction of total WSOC in the particulate phase (WSOC, /
WSOC, + WSOC,). Because the findings in Chapters 3 and 6 suggest that aerosol water
can influence WSOC partitioning, it is instructive to look at the relationship between F,
and RH during the correlation events. If the correlation of WSOC, and water vapor is
related to water uptake by particles, then a positive relationship between F, and RH may
at times also be expected (most notably, when RH exceeds 70%). In three of the 14
events, there was a strong positive correlation between F, and RH (Table 1). In 9 of the
14 events, the F, -RH correlation was low (r < 0.6) and in two events, F, and RH were
negatively correlated. The strong correlation between F, and RH in only three events
suggests that a water uptake effect may have contributed to the WSOC,-water vapor
correlations, but that other factors likely contributed as well. Results presented in
Chapter 6 identify WSOC, concentrations and NOy concentrations as two factors that, in
addition to RH, significantly impacted F.

The lack of a correlation between F, and RH in some events could also be due to
SOA formation that occurred sometime earlier and under higher RH conditions than
those observed at the measurement site. If the SOA enhancements due to water uptake
were largely non-reversible (i.e., if a significant fraction of the SOA formed due to water
uptake remained after water evaporation), then WSOC, formed from this effect sometime

prior to the measurement could retain a positive correlation with water vapor, while F,
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and RH retained no relation at all, depending on ambient RH at the time that

measurements were made.

5.1.2 WSOC,-H,0(g) Correlation: Co-Emission of SOA Precursor VOCs and Water
Vapor

An alternative or additional hypothesis to explain the WSOC,-water vapor
correlation events is that water vapor and biogenic SOA precursors were co-emitted.
WSOC, in Atlanta is predominantly secondary and biogenic [Weber et al., 2007]. Water
vapor is primary, and its major sources in the atmosphere are evaporation from oceanic
and from terrestrial sources [Brubaker et al., 2001]. Though evaporation from oceans is
a major source of global water vapor, there did not appear to be a general source region
effect (i.e., Gulf of Mexico or Atlantic Ocean regions) or a general circulation effect
associated with the correlation events. Back trajectories were run for several points in
each event and showed no consistent trends in air mass source region or trajectory shape,
indicating that regional sources near Atlanta likely had the heaviest influence on the
correlation events (Figure 5.3). Another major source of atmospheric water vapor is the
evaporation of water from soils (evaporation) and vegetation (transpiration) [Brubaker et
al., 1993], known collectively as evapotranspiration. Evapotranspiration can be
substantial, even producing the majority of precipitation in many continental areas
[Makarieva and Gorshkov, 2007]. Additionally, the contribution of transpiration to the

water vapor column will be highest near the surface [Bosilovich, 2002].
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Figure 5.3 Five-day back trajectories for the events in which a high correlation between
WSOC, and water vapor was observed.

Many factors influence transpiration, including temperature and solar radiation
[Kuchment et al., 2006]. Temperature and solar radiation are also among the most
important factors that affect biogenic VOC emissions [Tingey et al., 1979; Tingey et al.,
1980]. Thus, the co-emission of water vapor and biogenic SOA precursors in similar
proportions to each other could explain the correlation events. Major biogenic VOCs
(isoprene, terpenes) are not water soluble. Rather, the oxidation of these compounds can
lead to secondary products (gases + particles) that are water-soluble. Thus, if the co-
emission of water vapor and biogenic VOCs was responsible for the correlation events,
then a similar correlation between water vapor and WSOC, may also be expected. In
four of the 14 correlation events, a significant positive correlation between water vapor
and WSOC, was observed (Table 5.1). This may suggest that the co-emission of

biogenic VOCs and water vapor from vegetation was at least partly responsible for the
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observed correlations. The lack of a WSOC,-water vapor correlation does not, however,
disprove the co-emission hypothesis. It is possible that both gas and particle WSOC were
initially correlated with water vapor within an airmass but, through aging processes, only
the correlation with WSOC, was retained.

Temperature was highly correlated with median concentrations of both WSOC,
(R*=0.91) and WSOC, (R* = 0.96), further supporting the link between biogenic
emissions and WSOC formation. Because WSOC, in Atlanta is highly biogenic and
secondary in nature [Weber et al., 2007], the likely reason for the positive correlation
with temperature was some combination of increased photochemistry and increased
biogenic VOC emissions with temperature (See Chapter 6 for more discussion of the
Temperature-WSOC relationship).

Overall, the evidence suggests multiple factors contributed to the correlation
events, and the co-emission of water vapor and biogenic VOCs, and an enhancement in
SOA due to water uptake were the two most probable. The observations presented lead
to the intriguing possibility of a synergistic role of temperature-driven emissions of
biogenic VOCs and water-vapor on SOA production. Biogenic VOCs (e.g., isoprene,
monoterpenes) can be oxidized to compounds that partition to the liquid phase. Higher
water vapor concentrations, co-emitted with biogenic VOCs, can enhance partitioning to
the liquid phase under certain atmospheric conditions (high water vapor concentration

and lower T, producing high RH).
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5.2 WSOC, and Combustion Emissions

Although water is released in stoichiometric proportion to carbon in efficient
fossil fuel combustion, it is not likely that this mechanism had any bearing on the
observed correlation events, either. In Atlanta, even using conservative (high) estimates
of gasoline and diesel fuel consumption, the contribution of mobile sources to the water
vapor budget is negligible (ambient water vapor concentrations are at least 3 orders of
magnitude higher than can be accounted for solely from mobile combustion sources).
This is somewhat paradoxical, though, because there was an observed relationship
between WSOC, and EC. For the entire study, median WSOC, concentrations were

correlated (R* = 0.93) with mean binned EC concentrations (Figure 5.4).
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Figure 5.4 WSOC, verse EC for the entire summer. Despite the secondary nature of
WSOC, and the primary nature of EC, median WSOC,, concentrations show a positive
correlation with EC. The P-value of the ANOVA analysis (0.0047) indicates that the
correlation is statistically significant at the 99% confidence interval.
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This relationship was surprising, given that WSOC,, which is predominantly
secondary, was far more spatially homogeneous in Atlanta than primarily-emitted EC
[Weber et al., 2007]. Part of the explanation for the WSOC,-EC correlation may be
meteorology, but that is not likely the sole explanation. Unlike WSOC,, which did show
a correlation with temperature, EC did not show any relationship with temperature (R* =
0.02, not shown). This behavior was not surprising, given that EC is primary.
Concentrations of both WSOC, and EC showed negative correlations with wind speed
(Figure 5a, b), though their behaviors were quite different. Median WSOC,
concentrations decreased slowly with wind speed across the full wind speed range
observed. From a mean bin wind speed of 0.05 to 1.1 m s, the median WSOC,
concentration decreased by 4% (from 3.20 to 3.08 pg C m™). Median EC concentrations
decreased much more rapidly with wind speed. From a mean bin wind speed of 0.05 to
1.1 ms™", the median EC concentration decreased by 46% (from 1.08 to 0.58 pg C m™).
Consistent with the findings of Weber et al. [2007], these results suggest a regional
source for WSOC, compared to a local source for EC. The contribution of primary
anthropogenic emissions to WSOC, is expected to be small [Miyazaki et al., 2006] and

likely contributed little to the WSOC,-EC correlation.
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Figure 5.5 WSOC, verse wind speed (A) and EC verse wind speed (B), for data
binned according to wind speed. EC concentrations decreased much more rapidly
than WSOC, with increasing wind speed, indicating the heavier local influence on
EC and regional influence on WSOC,,.

70



Although it is likely that their relationships with wind speed were a major cause
of the WSOC,-EC correlation (i.e., they are not independent variables), it is possible that
other factors contributed as well. Chamber studies of biogenic SOA formation by Lee et
al. [2004] observed significantly higher partitioning coefficients for multiple compounds
in the presence of primary diesel particles above that predicted by theory. Ervens et al.
[2008] suggest that biogenic SOA yields from cloud processing are highly influenced by
NOx levels. Sullivan et al. [2006] and Weber et al. [2007] have shown high correlations
between WSOC, and carbon monoxide (CO) in plumes advecting away from urban
regions, typically an indication of anthropogenic mobile emissions (in these studies
biomass burning contributions were negligible, based on acetonitrile concentrations).
They also found similar AWSOC,/ACO ratios in two areas (Atlanta, New York) with
biogenic VOC levels that differed by 1-2 orders of magnitude. These studies all suggest
that biogenic SOA formation can have a link to anthropogenic emissions. Thus, it is
possible that the WSOC,-EC correlation we observed could agree with these previous
findings and suggest that in an urban environment, biogenic SOA is in some way
controlled or affected by anthropogenic emissions. For example, anthropogenic emissions
may be linked to this process by contributing gas or liquid phase oxidants or compounds
(e.g., NOy) that favor the gas phase production of water soluble SVOCs over other
oxidized compounds, thereby enhancing water-soluble SOA production of biogenic
emissions. This may be one factor, along with the temperature-dependent co-emission of
water vapor and SOA precursor-VOCs by vegetation that leads to SOA production in

southeastern United States.
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5.3 Conclusions

Ground-based measurements of meteorological parameters, WSOC,, and WSOC,
were carried out in Atlanta, Georgia, from May — September 2007. Fourteen separate
events were observed throughout the summer in which WSOC, and water vapor
concentrations were highly correlated (average WSOC,-water vapor r = 0.92), however,
for the entire summer, no well-defined relationship existed between the two. The
correlation events, which lasted an average of 19 hours, were characterized by both high
and low WSOC, and water vapor concentrations. Several hypotheses for the correlation
were explored, including heterogeneous liquid phase SOA formation and the co-emission
of biogenic VOCs and water vapor. The data provide supporting evidence for
contributions from both, and suggest the possibility of a synergistic effect between the
co-emission of water vapor and VOCs from biogenic sources on SOA formation. Median
WSOC, concentrations were also correlated with elemental carbon (EC), though this
correlation extended over the entire summer. Despite the emission of water vapor from
anthropogenic mobile sources and the WSOC,-EC correlation, mobile sources were not
considered a potential cause for the WSOC,-water vapor correlations due to their low
contribution to the water vapor budget. Meteorology could perhaps have influenced the
WSOC,-EC correlation, but other factors are implicated as well. Overall, the results
suggest that the temperature-dependent co-emission of water vapor and SOA precursor-
VOCs by vegetation may be an important process contributing to SOA in some

environments.
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Chapter 6

Gas/Particle Partitioning of WSOC in Atlanta

Current models tend to under-predict secondary organic aerosol (SOA)
concentrations by a significant degree [de Gouw et al., 2005]. The source of this negative
model bias is highly uncertain. Explanations include unidentified SOA-producing VOCs
[Goldstein and Galbally, 2007] and differing SOA formation mechanisms such as
heterogeneous chemical reaction in clouds [Lim et al., 2005] or smaller haze particles
[Volkamer et al., 2007].

The gas/particle partitioning of organic compounds is central to the understanding
of secondary organic aerosol formation. A major pathway for SOA formation is through
the oxidation of hydrocarbons in the gas phase to form less volatile products. These semi-
volatile products can condense and establish equilibrium between the gas and particle
phase, even at levels below their saturation vapor pressures [Pankow, 1994a].

The partitioning coefficient, K, is a common parameter used to describe
equilibrium gas/particle partitioning of semi-volatile organic compounds and is

represented by the equation

C./M, 760 RT f .
, = — = — om_ Equation 6.1
C 10 MWom é/ pi

9

where K, has units of m’ ug’, Cp 1s the compound’s particle-phase concentration, Mo 1s
the mass concentration of the absorbing organic phase (including water), and Cg is the

compound’s gas-phase concentration. K, can also be predicted from fundamental
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properties, where R is the ideal gas constant, T is temperature, f,y, is the organic fraction

of total particulate mass, MW,y is the average molecular weight of the absorbing organic
(and aqueous) phase, { is the particle-phase activity coefficient, and p; is the saturation

vapor pressure [Pankow, 1994b]. In the context of this model, Seinfeld et al. [2001]
investigated the influence of water uptake on the terms, MW,, and {. Because the
molecular weight of water is significantly lower than that of any aerosol-phase organic
compounds, MW,, will be decreased (K, increased) with any particulate water uptake.
The impact of water uptake on { depends on the hydrophilic character of each
partitioning compound. Water will decrease C (increase K;) of strongly hydrophilic
compounds while it will increase  (decrease K;) of strongly hydrophobic compounds.
Though water uptake can have competing effects on { and MW,,,,, Seinfeld et al. [2001]
found, for all five SOA systems that were modeled, increasing SOA mass with increasing
RH (for 0 < RH < 80%)).

In smog chamber studies, Cocker et al. [2001a] found no difference in SOA
yields from the photooxidation of m-xylene or 1,3,5-trimethylbenzene with the addition
of aqueous inorganic seed particles, compared to yields in the presence of dry inorganic
seed, or in the absence of seed particles. Cocker et al. [2001b] also found a decrease in
the SOA vyields of a—pinene/Os systems when wet inorganic seed particles were present,
compared to either dry inorganic seed or no seed particles present. Additionally, Edney
et al. [2000] found no enhancement in SOA yields from toluene due to the presence of
liquid water in smog chamber experiments.

Conversely, Pun and Seigneur [2007] showed the extreme sensitivity that certain

modeled SOA systems have to liquid water content. For example, modeled SOA yields
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from benzene were a factor of 3-4 higher when liquid water concentrations were 10 pug
m™ compared to 1 pg m~. Chang and Pankow [2008] propose a modified equilibrium
gas/particle partitioning model that accounts for the RH effect on MW, and {. Their
results indicate that neglecting the RH effect can lead to predicted SOA concentrations
that are a factor of two lower than model predictions that include the effect. Due to this
potentially substantial shortcoming in predicted SOA concentrations, the above modeling
studies suggest that this RH effect should be incorporated into model predictions of SOA
[Chang and Pankow, 2008; Pun and Seigneur, 2007; and Seinfeld et al., 2001].

Water uptake may also affect partitioning through other SOA formation
mechanisms, such as reactions of organic compounds in the aqueous phase. Many recent
studies [e.g., Kroll et al., 2007; Lim et al., 2005] suggest that heterogeneous chemical
reactions could result in significant SOA formation beyond that predicted by models. If
aqueous-phase reactions, like hydration, metal catalysis, or reactions with the hydroxyl
radical, were a significant source of SOA, then under equilibrium conditions adding
liquid water could enhance particle-phase partitioning by increasing the capacity for these
reactions to take place.

Using the same summer, 2007 data set used in Chapters 4 and 5, this analysis
examines the impact of RH, and hence particulate liquid water, on the partitioning of
ambient water soluble organic carbon (WSOC). This analysis also investigates other
factors that may influence WSOC gas/particle partitioning, including temperature,
organic aerosol mass, and NOy and O concentrations. Particulate organic compounds
that are water-soluble (WSOC,) have been established as a relevant and significant

component in the atmosphere (see Chapter 4). The use of a single bulk measurement like
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WSOC to quantify the wide range of chemical complexity comprising the organic aerosol
has disadvantages and advantages. The disadvantage is that all information on properties
and processes relating to specific compounds is lost. The advantage, however, is that a
single (and relatively simple) measurement can be used to comprehensively quantify an
important component of the ambient aerosol. In contrast, comprehensive characterization
of the organic aerosol by single component analysis has not been possible due to
chemical complexity.

This study extends the use of WSOC, to include the measurement of bulk water-
soluble organic gases (WSOC,) and examines the impact of several factors on the
partitioning of ambient water soluble organic carbon. There are limitations with this non-
chemically specific approach. In particular, if the chemical compositions of WSOC, and
WSOC, were largely dissimilar and unrelated, then it is unlikely that any processes
would be revealed and no visible trends in WSOC partitioning observed. However, clear
trends in WSOC partitioning were observed throughout the summertime and these
findings not only help characterize the formation of SOA in Atlanta but provide a means
for simple parameterization of a complex process. Previous studies into the partitioning
behavior of ambient organic compounds have looked at individual compounds or groups
of compounds that comprise a very small fraction of OC mass. In this new approach to
characterize the partitioning of organic aerosol, the trends we observe represent the

behavior of a significant fraction of the ambient OC budget.
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6.1 Partitioning Results

To investigate the partitioning of WSOC, we examine the parameter, F,

WSOC
Fp = : Equation 6.2
WSOC, + WSOC,

which represents the fraction of total WSOC in the particle phase. Note that F; is related

to the particle/gas WSOC concentration ratio by

WSOC, F .
= Equation 6.3
WSOC, 1 - F

and can be related to a generic K, by

WSsocC,
WSOC,

= K, *M, Equation 6.4

where M, is the mass concentration of the absorbing organic + aqueous phase.

6.1.1 The Fp -Temperature Relationship

According to equilibrium gas/particle partitioning theory, temperature (T) imparts

a strong effect on the gas/particle partitioning of organic compounds [Pankow and

Bidleman, 1991]. Equation 6.1 suggests a positive linear relationship between K, and T,

however this relationship is diminished by the substantial temperature dependence of the

saturation vapor pressure term, p, , in the denominator. The vapor pressures of organic
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compounds approximately double for every 10 K temperature increase [Seinfeld et al.,
2001]. Thus, the temperature effect on partitioning in any ambient atmosphere will be
dominated by the temperature effect on the individual compound saturation vapor
pressures, with higher temperature favoring the gas-phase and lower temperature
favoring the particle phase. A strong temperature effect on SOA formation was observed
in chamber studies using anthropogenic (toluene, m-xylene, 1,2,4-trimethylbenzene) and
biogenic (a-pinene) precursor VOCs [Takekawa et al., 2003].

For our ambient measurements, Figure 6.1 shows a box plot of F, verse
temperature and indicates that there was not a well-defined relationship between F, and

temperature, and thus between WSOC,/WSOC, and temperature.
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Figure 6.1 Box plot of particulate WSOC fraction, F,, verse Temperature. The box plot
was generated by segregating the data into ten equally-spaced temperature bins (average
N per bin = 1040), and median values (thick horizontal bar), 25" and 75" percentiles
(lower and upper box bounds, respectively), and 10" and 90™ percentiles (lower and
upper whiskers, respectively) for each bin are plotted.

The ambient temperature range was large enough (greater than 20°C), that any effect of
temperature on WSOC partitioning should have been visible. These results appear to
contradict equilibrium gas/particle partitioning theory, however, it is possible that a
discernable temperature effect on partitioning was obscured by other temperature-
dependent processes affecting WSOC and its precursor emissions.

Overall, median concentrations of WSOC, (R* = 0.91) and WSOC, (R* = 0.97)
were highly correlated with temperature (Figure 6.2). Thus, the central tendency over the
entire summer was for higher WSOC concentrations to be associated with higher

temperatures. The high correlation with median concentrations accompanied with a large
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amount of scatter in the overall data (evident from the spread in IOth, 25th, 75th, and 90"
percentile values) implicates temperature as one of multiple factors that affected WSOC
concentrations. The emissions of biogenic precursors to WSOC [Tingey et al., 1980] and
the photochemical formation of WSOC [Tsigaridis et al., 2005] are both related to
temperature. The positive effect of temperature was likely due to the role of
photochemistry in WSOC formation and/or increased emissions of biogenic precursors

with warmer conditions.
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Figure 6.2 Box plots of WSOC, (A) and WSOC, (B) verse Temperature. The plots show median
values (thick horizontal bar), 25" and 75" percentiles (lower and upper box bounds,
respectively), and 10™ and 90™ percentiles (lower and upper whiskers, respectively) for each bin.
For the WSOC,-T plot (A), the average N per bin = 1803, and for the WSOC,-T plot, the average
N per bin = 1165.

It is possible that a temperature effect on WSOC gas/particle partitioning did exist, but
was not visible due to the relationships WSOC, and WSOC, exhibited with temperature
(Figure 6.2). The slopes of the median WSOC,-T and the median WSOC,-T correlation
lines were 0.199 pg C/m*/°C and 0.821 pg C/m’/°C, respectively. If background

concentrations of WSOC, and WSOC, are both assumed zero, then, using the median
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relationships, a nominal temperature change would produce a constant F, value of 0.195,
which compares closely with the mean F,, for the entire study (0.203). This supports the
view that a temperature-partitioning effect was obscured and highlights the dynamic
nature of the ambient system in which measurements were made. Specifically, an
increase in temperature led to additional inputs of WSOC (particle and gas) into the
system that made a true determination of a specific temperature effect on partitioning
ambiguous. This difficulty with ambient sampling underscores the need to pair ambient
measurements with controlled laboratory experiments that can isolate experimental

variables.

6.1.2 The Fp-Organic Carbon Concentration Relationship

Equation 6.1, along with extensive chamber experimental results [Odum et al.,
1996], also suggests that the mass concentration of the absorbing organic phase, Mo, will
impact equilibrium gas/particle partitioning. The relationship suggests that, at a given
temperature, a higher M, will lead to a higher fraction of a partitioning compound in the
particle phase due to a greater capacity (i.e., surface area or volume) of absorbing
medium for the partitioning of SVOCs. The total OC concentration was used because of
the strong dependence of SOA yields and partitioning on the total concentration (by
mass) of organic aerosol in smog chamber studies [Odum et al., 1996], and the high
predictive capabilities of this method when used for subsequent smog chamber
experiments of SOA formation from complex VOC mixtures [Odum et al., 1997]. For
these reasons, this formulation has been widely applied to air quality models, but these

data suggest this may not be appropriate in all environments. Figure 6.3 shows a box plot
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of F,, verse OC mass and suggests that, for the entire summer, an F,-M, (i.e., F,-OC)

relationship did not exist.
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Figure 6.3 Box plot of particulate WSOC fraction, F,, verse OC concentrations. The
plots show median values (thick horizontal bar), 25" and 75" percentiles (lower and
upper box bounds, respectively), and 10™ and 90™ percentiles (lower and upper whiskers,
respectively) for each bin (average N per bin = 139).

Following the traditional line of thinking on SOA formation, because F, describes the
partitioning of only water-soluble carbon compounds, WSOC, may be a more appropriate
partitioning medium than OC due to the higher chemical similarities between WSOC,
and WSOC, compared to similarities between OC and WSOC,. This greater similarity
arises because WSOC,, and presumably WSOC,, are predominantly secondary, while OC
is comprised of significant fractions of both secondary and primary components.

Alternatively, heterogeneous reactions involving WSOC, would also be expected to
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make investigating F, relative to WSOC, a more appropriate parameter than OC. Figure
6.4 shows F, as a function of the WSOC, concentration, and shows an observable
relationship between F, and WSOC,, compared to no relationship between F, and OC

(Figure 6.3).
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Figure 6.4 Box plot of particulate WSOC fraction, F,, verse WSOC, concentrations.
The plots show median values (thick horizontal bar), 25™ and 75™ percentiles (lower and
upper box bounds, respectively), and 10" and 90™ percentiles (lower and upper whiskers,
respectively) for each bin (average N per bin = 1220).

Using WSOC, concentrations as the mass of the absorbing organic phase, the plot of F,
verse WSOC, (Figure 6.4) does suggest a relationship between gas/particle partitioning
and existing organic aerosol mass. However, a dependence is only seen for WSOC,

concentrations below ~4 ug C m™. In this region, higher WSOC, concentrations are
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associated with a higher fraction of total WSOC partitioned in the particle phase. This
relationship appears to diminish and end at WSOC, above ~4 ng C m”. It is unknown if
this transition at roughly 4 ug C m™ is unique to the Atlanta atmosphere or if it represents
a more general process. Because the magnitude of WSOC, is much larger than WSOC,
(Equation 1), it is likely that the relationship depicted in Figure 8b results from the
partitioning process, and is not an artifact of the F, calculation.

Since F, and WSOC, are related by Equation 6.2, a relationship between the two
is not surprising. There is the possibility that the behavior of Figure 6.4 was an artifact of
the F,-WSOC, dependence. Because WSOC, and WSOC, also had an observed
dependence (Figure 4.5), this relationship is central to determining whether the observed
F, -WSOC, behavior was real or was an artifact. When using the Deming fit for relating
WSOC, and WSOC, (slope = 0.242, intercept = 0.266), plotting F, in this manner results
in a completely different curve from the one that was observed. A similar curve is only
obtained when there is a significant (< ~-0.4 ug C m™) negative y-intercept. The data
does not suggest that this is the case (a positive y-intercept was observed for the Deming
regression and for a standard least-squares linear regression), but the possibility should be
acknowledged. A similar mathematical dependence exists in the Odum et al. [1996]
results, where the Yield, which itself is calculated as the organic aerosol mass (M)
formed divided by the total amount of VOC reacted, is positively related to M,. In the
unlikely event that the curve in Figure 8b was an artifact of a mathematical relationship
(Equation 6.3), though the data suggests an effect of WSOC, on WSOC partitioning, then
it would signify no relationship between WSOC partitioning and organic aerosol mass

concentration (either OC or WSOC,).
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The general trends in data and fit of Figure 6.4 are similar to the smog chamber
SOA Yield-M, relationship found by Odum et al. [1996], where in that case M, was OC
mass formed in the chamber. A key difference between the ambient F, -WSOC, trend
and that of the chamber Yield-OM is that the F,-WSOC, dependence appears to end at
some point, whereas the Yield-OM dependence for chamber data always shows some
OM effect.

The differences between the F,-WSOC, trend and that of F,-OC may be due to
composition differences between the two systems and may suggest that the chemical
nature of the absorbing organic phase is a meaningful parameter to the partitioning
process. Indeed, Seinfeld et al. [2001] found a similar effect with water uptake;
partitioning of hydrophilic compounds to the particle phase was enhanced by particulate
water uptake while that for hydrophobic compounds was diminished by water uptake.
Our results are also in general agreement with that of Bowman and Karamalegos [2002],
who found a compositional effect on SOA mass concentrations in model simulations
based on the affinity between partitioning SVOCs and the absorbing organic phase (i.e.,
due to the effect of the composition-dependent activity coefficient, {, on K;). In a
heterogeneous SOA formation chamber experiment, Volkamer et al. [2008] found a
relationship between the gas/particle partitioning of C,H,-OH products (e.g., glyoxal) and
the existing organic aerosol composition.

It is of note that the differences in F, verse WSOC, and OC were present despite a
high observed correlation between WSOC, and OC (Chapter 4.1), and despite WSOC,
accounting for, on average, 70% of OC. This implies that approximately 30% of OC was

insoluble in water, and similarities between this water-insoluble organic carbon fraction
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and the EC diurnal profiles suggest that these insoluble organic compounds (calculated as
OC-WSOC,) were largely primary (Figure 6.5). These primary compounds are
chemically much different from WSOC,, including significant differences in oxidation,
functional groups, and polarity [Saxena and Hildemann, 1996]. This primary component
of OC, and its highly different chemical character from that of WSOC, may explain the

lack of an F, dependence on OC.

3.0 -
1 < EC N
e ] <+ WIOC, -
E 2.5 _I l i T _ .,._
&) . W
g 1 /;NI" r
= 2.0 aom SR -
C
S . r
S 154 Té\ §
= ] N
GJ - -
5) s -
8 1.0- = f \% F
o :WL - C
05— M:

0 5 10 15 20
Hour (Eastern Daylight Time)

Figure 6.5 Average diurnal profiles of EC and water-insoluble OC. Water-insoluble OC
was not measured directly, but was calculated as OC — WSOC,,.

6.1.3 The F, -Relative Humidity Relationship

The relationship between F, and relative humidity (RH) (Figure 6.6) shows
compelling evidence for a strong RH effect on WSOC partitioning. The data showed
increased particle-phase partitioning when the ambient RH was at or above 70% and, as
will be shown, suggest the uptake of water by particles was responsible for this

enhancement. Below 70% RH, F, showed little variation, with a mean value of 0.190 +
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0.005 (mean =+ 1o for the five median values). At RH greater than or equal to 70%, F,
rose sharply with RH and reached a maximum of 0.305 at RH greater than or equal to
90%. This indicates that the fraction of WSOC in the particle phase increased by more
than 50% at the highest RH levels, compared with that below 70%. To quantify this
impact on increased SOA mass concentration, AF, was calculated for each of the three
bins above 70% RH. AF, was defined as the difference between the bin median F, and
0.190, the mean F, below 70% RH. AF, was multiplied by the median total WSOC
concentration for each bin to provide the additional SOA concentration. Shown in Table
6.1, the partitioning shift resulted in a substantial increase in SOA mass concentrations.
For the RH range of 70-79%, the SOA enhancement was 0.3 ug C m™. For 80-89% RH,
the SOA enhancement was 0.6 pg C m™, and for values above 89% RH, the SOA

enhancement was 0.9 pg C m™.
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Figure 6.6 Particulate WSOC fraction, F,, as a function of RH. The data were binned
according to RH, and median (thick horizontal line), 25™ and 75™ percentiles (lower and

upper box), and 10™ and 90™ percentiles (lower and upper whiskers) are shown for each
bin (average N per bin = 1374).

Table 6.1 also illustrates that the median total WSOC concentration decreased as
RH increased. This phenomenon was a product of the positive relationship WSOC, and
WSOC, each exhibited with temperature (Figure 6.2). Because temperature and RH are
inversely related, the positive correlations between temperature and both WSOC species
translated into negative correlations with RH. Despite decreasing total WSOC
concentrations with RH, the enhanced SOA concentrations at high RH were significant.
The SOA increases at high RH levels represent values on the order of 10-25% of the
mean summer WSOC, concentration. WSOC, accounted for, on average, 70% of OC, so

the added SOA signifies a meaningful contribution to OC as well.
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Table 6.1: Increases in F, for RH >= 70% compared to lower RH (AF;), median total
WSOC (WSOC, + WSOC,), and the resulting estimated SOA enhancement.

Bin mid-point RH AF, Total WSOC* SOA enhancement”
75% 0.021 13.4 0.3
85% 0.063 10.3 0.6
92% 0.115 7.8 0.9

“units of pg C m™

The distinct relationship between F, and RH implicates aerosol water uptake as
the likely cause for the observed enhancement in particle-phase partitioning. Figure 6.7,
which shows the RH dependence of median F, values, modeled aerosol liquid water
concentrations, and an indirect measure of water uptake by ambient aerosol, supports this
assertion. The liquid water concentration was predicted with the ISORROPIA-II
thermodynamic equilibrium model [Fountoukis and Nenes, 2007], using mean sulfate,
nitrate, and ammonium concentrations from the August 1999 Atlanta Supersite data
[Solomon et al., 2003]. Though the model does not consider the effect of organics on
water uptake, the high inorganic concentrations (sum = 14.7 ug m™) and large mass
fraction of PM; s suggest that the model results provide a reasonable estimate of the
hygroscopic behavior of typical aerosol for the Atlanta summertime. The Malm and Day
[2001] data represent a measure of f(RH), the enhancement in light scattering as a
function of RH that is attributed to water uptake. These particular data had an
inorganic/organic mass ratio of ~1, and thus in a relative sense, were compositionally
similar to Atlanta aerosol as well. Their data show a flatter region below ~50% RH,
compared to the model results, and are in better qualitative agreement with our

observations of Fp,.
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Figure 6.7 RH dependence of median particulate WSOC fraction, as well as modeled
(from ISORROPIA-II) and observed (using scattering enhancement, f(RH), from Malm

and Day (2001)) water uptake for aerosol with composition representative of that for the
Atlanta summertime.

The similarities in the RH dependences of Fj,, modeled aerosol water, and ambient
aerosol water uptake above 55% RH in Figure 6.7 are striking. These similarities suggest
that the increase in particulate condensed water with increasing RH was responsible for
the observed increase in F;,. It is possible, however, that the F,-RH relationship was
actually a byproduct of a relationship between F, and some other variable related to RH,
although this seems unlikely. For example, the production of semi-volatile organic
compounds (SVOCs) that partition to the aerosol phase involves the hydroxyl radical
(OH) concentration, which depends on water vapor concentrations (although not RH).
Consistencies in the day/night partitioning behavior of WSOC (Figure 6.10B) and the

strong similarities between F, and modeled and observed water uptake (Figure 6.7)
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suggest that the F, -RH relationship of Figure 6.6 is most directly explained by
partitioning of WSOC, into particulate water. Because water uptake is largely
determined by inorganic salts [Malm and Day, 2001], these findings suggest that
inorganic aerosol have an indirect role in SOA formation. This does not, however,
suggest a correlation between major inorganic components and SOA. Rather, because of
persistent and appreciable inorganic salt concentrations typically present in Atlanta
[Weber et al., 2003b], the seeds for water uptake exist nearly all of the time.

These results are consistent with our previous findings (presented in Chapter 3)
that showed a link between aerosol water and both WSOC, and secondary nitrate
production [Hennigan et al., 2008]. In that study, the formation of relatively fresh (~ 2-3
hours) WSOC,, in a region of predominantly anthropogenic emissions was also likely
related to aerosol water, as was nitrate, in agreement with known nitrate thermodynamic
properties. In Mexico City, we found WSOC, and nitrate production in the morning
during periods of high aerosol liquid water concentrations (~20 pg m™). However,
changes in ambient conditions, which led to the sudden evaporation of most particle-
bound water, were shortly followed by the volatilization of some fraction (~10-20%) of
WSOC, and a more significant fraction of the nitrate (~30%). Though the Chapter 3
findings and the present analysis both show a link between WSOC, and aerosol water,
this present study does not assess the reversibility of the observed partitioning
enhancement. The question of reversible partitioning is a significant one and will be
explored in future studies. Overall, though, the Atlanta and Mexico City results indicate
that WSOC partitioning to liquid water occurs in urban regions dominated by biogenic or

anthropogenic emissions.
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Our results also qualitatively agree with the findings of Seinfeld et al. [2001] and
Pun and Seigneur [2007], which demonstrated through model simulations the positive
impact of particle water on SOA formation. In general, the present results disagree with
the findings of Cocker et al. [2001a, 2001b] and Edney et al. [2000], who found no SOA
enhancements due to particle water in smog chamber experiments. One explanation for
this difference is that heterogeneous chemical reactions could have contributed to the
partitioning effect observed in ambient measurements. It is possible that the enhanced
particle-phase partitioning associated with water uptake in the current study was a
product of additional organic reactions in the particle phase. It is likewise possible that
experimental conditions (i.e., high chemical and water purity, scavenging of gas-phase
OH, high aerosol loadings, O3 concentrations, etc.) used in the smog chamber studies
were not conducive to heterogeneous reactions.

The strong evidence for a WSOC partitioning dependence on liquid-water
suggests a process more consistent with Henry’s law-type partitioning of SVOCs to
particle-water. This alone, however, also fails to describe the observations since the
liquid water concentrations associated with fine particles are likely too small to simply
dissolve the observed WSOC mass partitioned to fine particles. For example, the
increased dissolved aerosol mass of a highly soluble and relatively abundant compound (e.g.,
formic acid at 5 pg m™) at an RH of 90% (~ 35 pg m™ liquid water) compared to that at 40%
(~7 ug m™ liquid water) is ~10° pg m>. Aqueous phase conversion of dissolved SVOCs
leading to further Henry’s law partitioning to the particle phase may better account for
the observed WSOC,/WSOC, enhancements. Alternatively, larger WSOC, species may

partition far more than currently thought.
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6.2 Factors causing Variability in F,

The high variability observed in the graph of F, verse RH (Figure 6.6) also
suggests that a number of additional factors influence the partitioning of WSOC
compounds. Across all of the RH bins, the 10™ to 90™ percentile range was consistent,
and averaged 0.155 + 0.015 (mean + 15). From our data set, two major factors were

found; the WSOC, concentration and NOy concentration.

6.2.1 WSOC, Concentration and F, Variability

As shown above (Figs 6.3 and 6.4), F, was not influenced by OC, but was
affected by WSOC, when concentrations were below ~ 4 ug C m™. Figure 6.8 shows the
relationship between mean F; values and RH for different concentration regimes of OC
(A) and WSOC, (B). When the data were sorted according to OC concentrations, there
was little variation in mean F;, values plotted against RH (Figure 6.8 A) for high OC
concentrations (top 35% of data, average OC = 8.2 ug C m™) compared with low OC
concentrations (bottom 35% of data, average OC = 3.7 ug C m™). Of the five points
plotted, only two (40% RH, and 88% RH) were statistically different at the 95%
confidence interval.

When the data were sorted according to WSOC, concentrations, however, there
was a substantial difference in mean F, values plotted against RH (Figure 6.8 B) for high
WSOC, concentrations (top 35% of data, average WSOC, = 5.3 pg C m™) compared with
low WSOC, concentrations (bottom 35% of data, average WSOC, = 1.7 ng C m?). All

of the eight points plotted were statistically different at the 99.9% confidence interval.
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Note that this high verse low WSOC, range spans the transition at ~ 4 pg C m™ in Figure

6.4 (i.e., the transition from a F, -WSOC, dependence to no dependence).
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Figure 6.8 Mean F, values verse RH for the highest (mean OC =8.2 pg C m™) and
lowest (mean OC = 3.7 pg C m™) 35% of OC concentrations (A), and for the highest
(mean WSOC, =53 ng C m™) and lowest (mean WSOC,=1.7pug C m™) 35% of
WSOC, concentrations (B).
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Although WSOC, and F, were not independent, Figure 6.8b provides strong
support that the WSOC, concentration did have an important effect on WSOC
partitioning.  This assertion is supported by the positive linear relationship between
WSOC, and WSOC, (Figure 4.5). Though the data of Figure 4.5 show a large amount of
scatter (R* = 0.49), in general, higher WSOC, concentrations were associated with higher
WSOC, concentrations. Of the measurements corresponding to the highest 35% of
WSOC, concentrations (n = 4304), approximately 70% of these data also corresponded to
measurements that were within the highest 35% of WSOC, concentrations. Likewise, of
the measurements corresponding to the lowest 35% of WSOC, concentrations (n = 4304),
approximately 70% of these data also corresponded to measurements that were within the
lowest 35% of WSOC, concentrations.

It is interesting to note that the difference in WSOC partitioning at high verses
low WSOC, concentrations was approximately constant across the entire RH range. This
included the highest RH levels, where particle H,O concentrations likely far exceeded
WSOC, concentrations and thus offered greater potential as an absorbing medium for
partitioning gases. That F, values at elevated RH levels remained higher for high
WSOC, concentrations compared to low WSOC,, concentrations provides insight into the
partitioning process and suggests that, though water and organic compounds may both
serve as absorbing media for partitioning SVOC:s, their relative contributions may not be
weighted equally.

It is apparent that both the WSOC, concentration and RH impact the gas/particle
partitioning of ambient WSOC. To view the simultaneous relationship of these two

parameters on F, in a different manner from that depicted in Figure 6.8B, a plot of F,,
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verse WSOC, concentration was generated for high and low RH conditions (Figure 6.9).
The high RH analysis only included data with RH levels above 65% (the average RH for
this analysis was 78.2%) while the low RH analysis only included data with RH levels

below 50% (average RH for this analysis was 38.5%).

| A High RH (mean F_)
1 |® LowRH (meanF)

e "High RH" = RH > 65% "Low RH = RH < 50%
7 (mean =78.2%) (mean = 38.5%)

0 2 4 . 6
WSOC, (g C m”)

Figure 6.9 Mean F;, values as a function WSOC,, segregated for high and low RH levels.

Several important features are evident from the analysis. First, for a given WSOC,
concentration, higher RH levels corresponded to higher F; values, as was discussed in
detail in section 6.1.3. Additionally, the relationships between F, and WSOC, in the high
and low RH regimes were similar, supporting the previous assertions that WSOC,,

concentrations were an important factor in WSOC partitioning. This was even true at the
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highest RH levels, where liquid water concentrations were likely substantially higher than
those of WSOC,. Together, this indicates that WSOC,, and liquid water both be included
as components of M, for purposes of describing WSOC gas/particle partitioning. This
agrees with theory, in which water and organic compounds together make up the mass of
the absorbing organic phase [Seinfeld and Pankow, 2003], though their relative
contributions as absorbing media may not be equal.

The results in Figures 6.8b and 6.9 indicate that the process is similar on wet and
dry particles. This has two implications. First, the role that the particle organic
component (e.g., WSOC,) plays in partitioning is present even when particle H,O
concentrations likely far exceeded WSOC, concentrations. This behavior would not be
expected if partitioning were described solely by the partitioning coefficient, K,,. As the
liquid water content of particles increases, the importance of water in the partitioning
process should increase and the importance of the WSOC, concentration should diminish.
This is due to the significant impact of water on the average molecular weight of the
absorbing organic + aqueous phase, MWy, and on the increase it would bring to the total
mass of the absorbing organic + aqueous phase, M, (Equation 6.1). For example, at RH
levels above 90%, the liquid water concentration may be an order of magnitude higher
than the WSOC,, concentration, and would thus dictate any relationship with Mo. Our
ambient results suggest that this did not occur with WSOC partitioning: at the highest RH
levels, the WSOC, concentration still appears to be important (Figure 6.8b, Figure 6.9).
This indicates that WSOC,, and liquid water both somewhat independently contribute to
WSOC gas/particle partitioning. As an example, the liquid water may affect absorption

of the water-soluble gases, and the WSOC, in the particle may influence the
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heterogeneous production of lower vapor pressure products. The types of heterogeneous
reactions that take place in the liquid particle may account for the F, dependence on
WSOC,. Secondly, because the curve for the much dryer particles (Figure 6.9) is
essentially identical to the wet particles, the overall partitioning mechanism appears to be
similar throughout the RH range measured: the role of water is not just confined to RH>
80% when particles rapidly absorb water and are very wet.

There is an abundance of evidence from both laboratory and ambient studies
suggesting that heterogeneous chemical reactions are important. Limbeck et al. [2003]
observed a significant increase in isoprene SOA yields in the presence of acidic seed
particles compared with yields in the presence of neutral seed particles in smog chamber
studies. Kroll et al. [2007] found systematically higher experimental SOA yields from
aromatic VOCs in the presence of ammonium sulfate seed particles compared to
experiments in which no seed particles were present. In experiments designed to
simulate the chemistry occurring within cloud droplets, Altieri et al. [2008] observed the
formation of oligomers from methylglyoxal. Volkamer et al. [2008] observed SOA
formation from acetylene in smog chamber experiments and attributed this to the
formation of glyoxal and its subsequent uptake and reaction in particles. The results of
Volkamer et al. [2008] included a linear correlation between SOA yields and aerosol
liquid water concentrations, and an apparent effect of the existing organic aerosol
composition on SOA yields as well, both very similar to our findings. These represent a
small sampling of experimental studies in which heterogeneous reactions were observed.
There have been numerous ambient studies which have identified macromolecular

organic compounds, or oligomers, as components of organic aerosol [e.g., Kalberer et al.,
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2006; Denkenberger et al., 2007]. It is highly unlikely that oligomer formation occurs
through gas-phase processes, thus their presence in ambient particles confirms the
occurrence of particle-phase reactions as well.

The combined findings presented in this Chapter make a strong case that the
traditional SOA theory based solely on the K, formulation (Equation 6.1) is not a suitable
predictor of SOA in Atlanta. In traditional SOA partitioning theory, there is a strong
relationship between K, (i.e., F,) and OC [e.g., Odum et al., 1996] that was not seen in
our ambient data. A relationship was observed between F, and WSOC,, though it
differed from the relationships observed in chamber studies. K, theory predicts a strong
effect of water on partitioning, and indeed, a strong F,-RH effect was seen in the ambient
results. However, K, theory also predicts that as H>O is increased to levels significantly
higher than WSOC, (or OC), the importance of WSOC, in the partitioning process should
be diminished. This phenomenon was not observed in the ambient data either, as the
WSOC, concentration remained an important factor for WSOC gas/particle partitioning
even at the highest RH levels. A mechanism that incorporates both the absorption of
SVOC:s to fine particle water and the reaction of organic compounds in the aqueous phase
may better represent the partitioning that occurs in the Atlanta summer. Further ambient
studies are required to investigate whether or not the findings presented here are similar
in other locations. Additional studies are also needed to provide insight into the specific
SVOC:s that are involved and to identify possible heterogeneous chemical mechanisms

that may be prominent in ambient SOA formation.
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6.2.2 NOy Concentration and F, Variability

In addition to the WSOC, concentration and relative humidity, which were shown
in previous sections to influence WSOC gas/particle partitioning, it is likely that the NOy
concentration impacted F, as well. A box plot of F, verse RH was constructed after
sorting the data according to NOy concentrations, and median values are plotted for the
high NOy and low NOy data (Figure 6.10A). The average NOy concentration for the high
NOy data was 0.033 + 0.023 ppm (mean + 1c) while that for the low NOy data was 0.006
+ 0.002 ppm (mean £ 1c). Below 80% RH, low NOy conditions were associated with
higher values of F, (mean = 0.208), while high NO, conditions were associated with
lower values of F, (mean = 0.180). Overall, the mean F, difference (0.028) below 80%
RH was statistically significant at the 99.9% confidence interval (t = 7.793 from student’s
t-test, df = 1046). Multiplying this AF, by the mean total WSOC concentration below
80% RH (18.58 ug C m™) yields a WSOC, enhancement of 0.52 pug C m” from this
difference. The difference in F, values between high NO, and low NOy regimes (0.028)
may appear small, despite its statistical significance. However, in the context of ambient
concentrations, where the mean WSOC, concentration for the entire summer was 3.3 ug
C m”, this difference was significant. It is also worth noting that the absolute difference
in concentrations between the high and low NOy regimes (0.027 ppm) was actually quite
small, especially in relation to the full range of NOy concentrations (0.001 — 0.378 ppm)
observed throughout the summer and in relation to NOy concentrations typically used in
smog chamber studies. Based on these analyses, though, it is likely that a larger variance

in NO, concentrations would produce a larger difference in observations of F,.
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Figure 6.10 Median F, verse RH for data sorted by NOx concentration (A). Data
represent the highest and lowest 35% of NOy concentrations. The data from (A) are
also plotted with daytime and nighttime median F, values (B) and indicate that the
diurnal variability may have been caused by differences in NOy concentrations.
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The difference in WSOC partitioning with NOy concentrations could explain the
F, differences observed between the nighttime and the daytime, where generally more
WSOC was partitioned in the particle phase during the day than at night (Figure 6.10B).
Though the mean Total WSOC concentration was higher at night (17.1 ug C m™) than
during the day (16.8 pg C m™), this phenomenon resulted in a mean daytime WSOC,
concentration (3.5 ug C m™) that was approximately 10% higher than the mean nighttime
concentration (3.2 ug C m™).

Though it is possible that the partitioning differences observed between the day
and night were not caused by differences in NOy concentrations, but by some other factor
with a strong diurnal signature like OH, the evidence for a NOy effect was compelling.
Median F, values had a strong negative linear correlation (r = -0.97) to NOx
concentrations (Figure 6.11) and a comparison between weekend and weekday data
revealed no difference in F, values. OH concentrations are also not expected to vary
significantly on weekdays verse weekends, but mean weekday NOy concentrations were
only marginally higher (0.017 ppm compared to 0.013 ppm) than mean weekend NOy
concentrations, so this analysis was inconclusive. When only daytime data was
considered, the mean F, value corresponding to the top 15% of NO, concentrations was
statistically different at the 99.5% C.I. from the mean F;, value for the bottom 15% of
NOx concentrations (t=3.111 from student’s t-test, df = 264). This was also the case for
nighttime only data (t =4.676 from student’s t-test, df = 335) and it supports the
existence of a NOy effect on F, versus a confounding effect, such as oxidant (OH, O3)

concentration.
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Figure 6.11 Particulate WSOC fraction, F;, as a function of NO, concentrations. The
data were binned according to NOy concentrations and median (thick horizontal line),

25™ and 75™ percentiles (lower and upper box), and 10™ and 90™ percentiles (lower and
upper whiskers) are shown for each bin (average N per bin = 197).

Numerous smog chamber experiments have been conducted to examine the effect
of NOx on SOA formation and the results provide insight into the variations in F,
observed here. In general, SOA yields from the reaction of hydrocarbons with ten or
fewer carbon atoms are significantly higher at low NOy concentrations compared to high
NOxy concentrations [Kroll and Seinfeld, 2008]. These small hydrocarbons include
isoprene [Kroll et al., 2006; Pandis et al., 1991] and monoterpenes [Presto et al., 2005;
Ng et al., 2007], biogenic species with high emission rates in the Southeast [Guenther et
al., 1994]. Conversely, SOA yields from the reaction of larger hydrocarbons are, in

general, highest at high NOy levels [Kroll and Seinfeld, 2008]. The NOy effect on SOA
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yields is due to its substantial influence on the oxidant initiating SOA formation (i.e.,
hydroxyl radical, nitrate radical, or ozone) and on the fate of the RO, and RO radicals
[Kroll and Seinfeld, 2008]. In general, reaction of smaller VOCs in the presence of
higher NOy concentrations leads to the formation of higher volatility products (e.g.,
fragmentation and formation of short aldehydes) compared to smaller VOC reactions in
low NOy conditions that produce lower volatility products (e.g., hydroperoxides and acids
from reaction of RO, + HO,). Because isoprene and monoterpenes are expected to be the
major SOA precursors in the southeastern U.S., the observed relationship between F, and
NOy is qualitatively consistent with the smog chamber studies which observed a similar
phenomenon. For this to be true, though, it implies a physical similarity between aerosol
yield in smog chamber experiments and our measurement of F; in the ambient
atmosphere. SOA yield, Y, is often described by the expression

M

— soa

Equation 6.5
AROG

where Mo, is the mass of secondary organic aerosol formed and AROG is the
total amount of parent VOC reacted. AROG can be considered the sum Mso, + VOC’,
where VOC’ is a gas-phase oxidation product of the parent VOC. In the expression for
F, (Equation 6.2), the numerator is WSOC,, which is predominantly secondary and is
analogous to Msoa, While the denominator is WSOC, + WSOC,, which is analogous to
AROG. An obvious difference between the two parameters is that smog chamber SOA
yields are derived from the reaction of a known, and oftentimes single VOC, while

WSOC, and WSOC, may be formed from multiple and different VOCs.
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The smog chamber results imply that the NOy effect on F, may not be due to its
impact on gas/particle partitioning of WSOC, but rather on the oxidation of VOCs to
form SVOCs and this relationship to SOA yield (see Section 6.3 below). This seems to
be a more plausible explanation, since the gas/particle partitioning process should not
depend on NOy, while yield has been shown in numerous smog chamber studies to
depend highly on yield.

It is noteworthy that a NOy effect on F, was not observed at RH levels above
80%; mean high NOy F, values were not statistically different from mean low NOy F,
values in this RH range (t = 0.357 from student’s t-test, df = 244). The convergence of
the high and low NO F,, data can perhaps be explained with the findings of Ervens et al.
[2008], who found that SOA yields of isoprene oxidation products were significantly
higher at elevated NOy concentrations. This was attributed to the preferential formation
of carbonyl compounds in the gas phase under higher NOy that were then taken up into
cloud droplets and reacted further to form non-volatile organics. Thus it appears as if
competition between the two SOA formation mechanisms, one ‘dry’ and one ‘wet’,
produced this transition regime where both equally impacted WSOC formation.

These results could have important implications for the control strategies of O3
and PM s, criteria pollutants which annually exceed EPA attainment limits in Atlanta
[http://www.epa.gov/oar/oaqps/greenbk/]. Atlanta is a NOy-limited environment, which
suggests NOy reductions may be the most effective means of controlling O3
concentrations. The present results indicate that attempting to mitigate excessive O3

concentrations through NOy reductions could produce the unwanted effect of an increase
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in PM; 5 mass concentrations. This potential feedback to NOy control is significant and

should be examined in more detail.

6.2.3 Other Influences on F,

In contrast to NOy, ozone (O3) concentrations did not appear to impact WSOC
partitioning at all (Figure 6.12). The mean F, at Oz concentrations above 70 ppb (0.211)
was not statistically different from the mean F, at O3 concentrations below 20 ppb

(0.214) (t = 0.454 from student’s t-test, df = 689).

0.30 o -
0.25 bty \ rrrrrrr -
The 11 [ | -
0.20 1 E

P

0.02 0.04 0.06 0.08 0.10
Ozone (ppm)

Figure 6.12 Particulate WSOC fraction, F,, as a function of ozone concentrations. The
data were binned according to ozone concentrations and median (thick horizontal line),
25™ and 75™ percentiles (lower and upper box), and 10™ and 90™ percentiles (lower and
upper whiskers) are shown for each bin (average N per bin = 198).
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Though there was more variability in F, at lower O3 concentrations, overall the central
trend in F, was flat across the entire range of O3 concentrations encountered in the study.
This result was somewhat surprising, given that high aerosol yields from Os reactions
with biogenic VOCs have been observed in smog chamber studies [e.g., Griffin et al.,
1999]. WSOC, and WSOC, both exhibited non-linear relationships with O3 (Figure
6.13) that suggest it was not primarily involved in the formation of either species.
WSOC, and WSOC, concentrations were flat for O3 concentrations below 60 ppb, while
they both increased significantly at O3 concentrations above 60 ppb. The enhancements
in WSOC concentrations at elevated O3 levels were not likely caused by some influence
of O3 on WSOC formation, though. There is not a physical significance to the 60 ppb O3
concentration below which no WSOC would form and above which significant WSOC
would form, as is shown in Figure 6.13. Rather, the enhancements were likely a product
of all three components experiencing afternoon concentration maxima due to
photochemical production that peaked at approximately the same time. It is possible,
though, that O3 was prominently involved in VOC oxidation but that Oz was abundant,
and VOCs limiting, in O3-VOC reactions and thus little dependence was seen between F,,
and Os. In contrast to Atlanta, observations of SOA in Mexico City were highly
correlated to O3 concentrations (and NO,) [Herndon et al., 2008], highlighting
differences between the two locations. When an analysis of F, verse Oz was performed
for daytime only and nighttime only periods (not shown), the result was similar to the

overall analysis (Figure 6.12) in that no F, dependences on O3 were observed.
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Figure 6.13 Concentrations of WSOC, (A) and WSOC, (B) as a function of the O;
concentration.
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6.3 Yield and Gas/Particle Partitioning of SOA

In previous discussions in this chapter, comparisons were made between the
parameter F, and both gas/particle partitioning and SOA yield. For primary organic
aerosol, it is easy to conceptualize gas/particle partitioning as an isolated equilibrium
process that behaves according to thermodynamic principles (Figure 6.14). For example,
after the direct emission of polycyclic aromatic hydrocarbons (PAHs) from combustion
sources, individual PAHs then establish (and maintain) equilibrium between the gas and
particle phases according to a temperature-dependent partitioning coefficient [Liang and
Pankow, 1996]. In the formation of SOA, gas/particle partitioning and aerosol yield are
closely related. VOCs undergo oxidation to form SVOCs, which may then partly
condense (i.e., partition) into the particle phase according to thermodynamic equilibrium
(Figure 6.14). The oxidation step(s) which forms the SVOCs and the subsequent
partitioning of the SVOCs between the gas and particle phases are two separate processes
that both have an enormous impact on SOA yield. For example, the NOy concentration
has been shown through a high number of smog chamber experiments to impart a
significant impact on SOA yields [Kroll and Seinfeld, 2008]. This is due to the role of
NOxy in determining the chemical products of VOC oxidation (hence the volatility of the
product SVOCs), not due to the role of NOy in the partitioning process, itself. Though
the effect is visible in the form of a NOy relationship with F,, our findings are consistent
with experimental smog chamber results. On the other hand, a factor that impacts the
gas/particle partitioning of SVOCs will, by default, impact aerosol yield as well. For

example, compelling evidence for an RH effect on WSOC gas/particle partitioning was
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presented in Section 6.1.3. In Figure 6.14, the aerosol yield from a parent VOC may be
expressed as

Y = ___SOA . Equation 6.6
SOA + SVOCs

since SOA + SVOCs represents the total amount of VOC reacted (equal to AROG in
equation 6.5). Thus, by affecting the gas/particle partitioning towards the particle phase,
RH may also have an increasing effect on yield by increasing SOA and decreasing

SVOCs. In this way, the parameter F;, is related to both Y and gas/particle partitioning, as

well.
PAH(g)
Primary Emissions —— | | partitioning
PAH(p)
VOCs O
oxidation
v - SOA
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P SVOCs
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Figure 6.14 Simple schematic of the emission and gas/particle partitioning of primary
compounds, and the emission of VOCs followed by reaction to form SVOCs and
subsequent gas/particle partitioning of these secondary compounds.
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6.4  Conclusions

Overall, the present results provide a detailed characterization of SOA
partitioning in the summertime in Atlanta, a large urban center with substantial biogenic
VOC emissions. Partitioning, analyzed through the fraction of total WSOC in the
particle phase, F,, was found to have no dependence on temperature, though this was
likely due to the emissions of precursor VOCs and the formation of WSOC (in the gas
and particle phase), which both could have temperature dependences. F, was related to
NOy concentrations, with higher NO, levels corresponding to lower values of F,. This
was not likely related to the partitioning process, though, but could be attributed to the
effect of NO on the product distribution in VOC oxidation. F, was shown to have a very
strong dependence on relative humidity at RH levels above 70% due to the uptake of
liquid water by fine particles. The current chapter also shows a strong partitioning
dependence on the existing WSOC, concentration, but not on the OC concentration,
possibly indicating a necessity or preference in chemical similarity between partitioning
SVOCs and the absorbing aerosol phase, or the role of heterogeneous chemistry in SOA
formation (or both). The relationship between F, and WSOC, was present even at the
highest RH levels, when the liquid water concentration was likely far greater than the
WSOC, concentration. Collectively, the results implicate liquid-phase heterogeneous
chemical reactions as a major SOA formation process in the ambient atmosphere and are
in many ways remarkably similar to the recently reported chamber results of Volkamer et
al. [2008].

The WSOC, results give evidence that the WSOC, measurement incorporated

most, if not all, of the SOA in Atlanta. To our knowledge, this represents the first
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detailed characterization of SOA formation processes based on ambient data. Previous
studies have described the gas/particle partitioning of the total SOA within a smog
chamber, and previous ambient studies have reported on the partitioning of individual
compounds. The results provide important insight into SOA formation and the
gas/particle partitioning process beyond the current scientific understanding.
Specifically, fine-particle water and heterogeneous chemical reactions may be a
significant, and possibly the single most important mechanism for SOA formation in
summertime Atlanta. This mechanism may also play a significant role in other locations
[e.g., Hennigan et al., 2008c], and may explain the systematic and large under-prediction

of SOA by most models.
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Chapter 7

Future Work

The research for this thesis has produced significant findings, though many subsequent

questions have come out of this work, as well.

A significant relationship was observed between the gas/particle partitioning of
WSOC and the ambient relative humidity (RH). WSOC partitioning to the particle phase
was enhanced at elevated (>70%) RH and the evidence very strongly pointed to the
uptake of particle water as the cause for this enhancement. This was suggestive of a
process similar to Henry’s Law partitioning, but calculations showed that the amount of
liquid water associated with fine particles was too small to simply dissolve the amount of
soluble gas-phase species to account for the increase in SOA mass. Partitioning based
strictly on a Henry’s Law process is reversible, and though the calculations suggest that it
was not this process alone that was responsible for the enhancement in partitioning to the
particle phase, the question of reversible partitioning should be examined through
experimental means. Specifically, side-by-side comparisons between two WSOC,
measurements, one with the sample stream un-modified and one passed through a dryer
to evaporate particle water prior to PILS-WSOC analysis, could help to answer this
question.

The enhancement in partitioning to the particle phase at elevated RH was
attributed to the uptake of liquid water by particles. This was due to strong similarities

between the partitioning parameter, F,, and both liquid water concentrations predicted by
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the ISORROPIA-II model [Fountoukis and Nenes, 2007] and a measure of the scattering
enhancement of ambient particles as a function of RH [Malm and Day, 2001]. The
relationship between F, and liquid water could be verified, however, if simultaneous
measurements of F, and particulate inorganic ionic components were conducted. Using
inputs of particulate inorganic ionic concentrations and ambient temperature and RH, the
ISORROPIA-II model calculates the particle liquid water content based on known
thermodynamic properties. This also may help explain some of the variability seen in
WSOC partitioning at a given RH as differing inorganic ionic concentrations will
produce different liquid water concentrations for the same temperature and RH
conditions.

The measurements of F, were conducted in the late spring and throughout the
entire summer, from 11 May — 20 September, 2007. Thus, we have provided a detailed
characterization of WSOC partitioning in the Atlanta summer. The partitioning behavior
of WSOC should also be investigated in the other seasons, when emissions and physical
and chemical processes differ from those of summer. Studies [e.g., Decesari et al., 2001;
Sullivan et al., 2004; Miyazaki et al., 2006] have shown large differences in WSOC,
trends between summer and winter or fall seasons. WSOC partitioning may show
substantial differences between seasons, as well, and could provide additional insight into
the factors controlling the partitioning process. Additionally, any temporal comparison
should include the entire spring season that contains the onset and duration of the leaf-
growing period (i.e., the period of intense biomass production). There were events
throughout the summer in which the correlation of WSOC,, and water vapor

concentrations were quite high. One viable hypothesis to explain the correlations was
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that water vapor and biogenic VOCs were co-emitted in similar proportions, leading to
concentrations that tracked one another for extended periods of time. High rates of
primary production by trees or the production of a dense forest canopy are accompanied
by high rates of water evaporation from trees [Baldocchi and Meyers, 1998]. Thus, it
would be instructive to conduct measurements of WSOC, and water vapor during the
growing season to contrast this period to the summertime.

From September 5-20, measurements of gas-phase formic, acetic, and oxalic acid
were made in addition to the measurements of WSOC, OC, EC, and meteorological
parameters. The results showed that formic and acetic acid together accounted for
approximately 20% of WSOC, on a carbon mass basis. It would be informative to make
measurements of WSOC, and WSOC, concurrently with gas and particle-phase formic
and acetic acid. The characterization of WSOC partitioning was, by definition,
chemically non-specific. In measuring the partitioning of individual compounds known
to be abundant, a comparison can be made to the overall behavior of WSOC. This would
enhance the overall understanding of WSOC partitioning and would provide some clarity
to the question of Henry’s Law partitioning, since formic and acetic acid are highly
soluble, but also relatively volatile species. In addition to simultaneous gas and particle
measurements of the carboxylic acids, gas and particle measurements of a compound like
glyoxal, which may participate in heterogeneous reactions, would add to this analysis.

For the investigation of WSOC partitioning, all measurements were made on the
Georgia Institute of Technology Campus, located near the center of Atlanta. Atlanta is a
large urban area that has heavy influences from anthropogenic and biogenic emission

sources. In Atlanta, WSOC, in the summertime is predominantly biogenic in origin
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[Weber et al., 2007]. It would thus be interesting to investigate WSOC partitioning in an
urban location dominated by anthropogenic emissions (e.g., Los Angeles or Mexico
City). In Atlanta, the NOy concentration appears to impact F,, with lower NOy
concentrations favoring higher values of F,. Comparisons of WSOC partitioning
between central Atlanta and a rural site near Atlanta may also provide insight into the

partitioning behavior WSOC and further our understanding of the F, -NOj relationship.
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Chapter 8

Conclusions

Secondary organic aerosol is an important component of the earth’s atmosphere.
It is ubiquitous and often accounts for a significant fraction of the total aerosol mass
loading. The potential impacts of SOA are related to its impacts on human health, and its
direct and indirect effects on climate. A significant increase in our current understanding
of SOA is required if its full impact on humans and the environment is to be realized.
Recognizing that particulate water-soluble organic carbon is a significant component of
SOA, this thesis examines several important factors of SOA including its sources,
formation, volatility, and partitioning.

This work first investigates the formation and volatility of SOA in the Mexico
City Metropolitan Area. Ambient measurements were made approximately 30 km
downwind of the city center, in an area and three-day time period dominated by
anthropogenic emissions. The mornings of the analysis period were characterized by
intense photochemical formation of SOA, which was similar to photochemical nitrate
formation. The strong similarities observed between nitrate and SOA suggest that SOA
was predominantly from anthropogenic sources and that the hydroxyl radical was
primarily responsible for initiating SOA formation. The morning peaks of both nitrate
and SOA were immediately followed by sharp concentration decreases. Box model
results indicate that dilution from an expanding boundary layer was the major cause
(~60%) for these mid-day concentration decreases, however, other factors likely

contributed as well. Results from the ISORROPIA-II thermodynamic equilibrium model
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suggest that aerosol evaporation also contributed significantly (~40%) to the nitrate
concentration decrease. This was due to changing environmental conditions (increasing
temperature and decreasing relative humidity) that shifted the equilibrium from primarily
in the particle phase (aerosol ammonium nitrate) to the gas phase (nitric acid +
ammonia).

Box model calculations show that dilution alone (~60-90% of SOA decrease due
to dilution) was also insufficient to account for all of the observed SOA decrease and it is
likely that some fraction (~10-40%) volatilized as well. It is thus likely that particle-
bound water played a role in the formation/evaporation of SOA in Mexico City. It was
shown, through the aerosol equilibrium model results, to strongly impact the behavior of
nitrate. In the morning, when photochemical formation occurred, the aerosol water
concentration was high. Shortly (~30-60 min) before the nitrate evaporation occurred,
the changing ambient conditions led to rapid evaporation of most particle-bound water.
The strong similarities between SOA and nitrate behaviors suggest that the physical and
chemical processes affecting them were largely the same, and that the significant
evaporation of liquid water influenced the SOA evaporation, as well.

Through simultaneous measurements of water-soluble organic carbon in the
particle and gas (WSOC,) phases, the partitioning of WSOC was investigated in Atlanta,
an area that stands in contrast to Mexico City by the dominance of biogenic VOC
emissions over those from anthropogenic sources. An extensive data set was collected,
as measurements were conducted from 11 May — 20 September, 2007 at a sampling rate

of ~10 minutes for the WSOC methods, and 1 hour for the OC and EC methods.
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Since the WSOC, measurement has been made only sparingly in urban areas, and
never in Atlanta, a characterization of WSOC, was first performed. For two weeks in
September, measurements of formic acid, acetic acid, and oxalic acid were made in the
gas phase, in addition to the bulk WSOC,. Oxalic acid was rarely present above the
detection limit (0.08 ug m™), but formic and acetic acid were both abundant and were
highly correlated. They were also correlated with WSOC, and together accounted for
approximately 20% of WSOC, on a carbon mass basis. The diurnal signature of WSOC,
was similar to that of WSOC, during the daytime, as they both increased in the morning
and early afternoon, peaked around 14:00, and then decreased in the late afternoon and
early evening. This behavior was strongly suggestive of photochemical production of
WSOC in the gas and particle phases, though the magnitude of each enhancement also
suggests high regional backgrounds for WSOC, and WSOC, as well. Unlike the diurnal
profile of WSOC,, which remained relatively flat throughout the night and early morning,
the diurnal profile of WSOC, also showed a nighttime enhancement with a peak
occurring at approximately midnight. The magnitude of this peak was as large as the
mid-day peak and suggests a significant nighttime source of WSOC,, perhaps from
nighttime monoterpene emissions and subsequent reaction with Os or the nitrate radical.

In five separate events in May, emissions from wildfires burning in southern
Georgia and northern Florida heavily impacted the ground-level air quality in Atlanta.
The highest ambient concentrations for WSOC, and among the highest WSOC,
concentrations were recorded within these events. WSOC, accounted for a lower fraction
of the total WSOC in these events, compared with the remainder of the summer where

the influence from biomass burning was presumably small. The relatively lower
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contribution to total WSOC made by WSOC, was likely due to high concentrations of
primary and secondary WSOC, from the burning emissions.

Two factors were identified as the most important parameters affecting the
partitioning of WSOC; relative humidity, and the WSOC, concentration. The NOy
concentration also impacted the fraction of WSOC in the particle phase (F,), however
this was not likely due to an effect on the physical partitioning process. At relative
humidity levels below 70%, F, was approximately constant. At relative humidity levels
above 70%, the fraction of WSOC in the particle phase increased exponentially with
increasing RH. At the highest RH levels (> 90%), the fraction of WSOC in the particle
phase was approximately 50% higher than that below 70% RH. This enhancement in
particle phase partitioning led to median increases in WSOC, concentrations ranging
from 0.3-0.9 pg C m™, a meaningful enhancement in relation to typical ambient
concentrations. The curve of median aerosol WSOC fraction verse RH showed
remarkable consistencies with two independent measures of aerosol water. First, the
ISORROPIA-II model was used to predict aerosol water concentrations, using the
average inorganic concentrations from the Atlanta Supersite in August, 1999 as the
aerosol composition. Second, water uptake by particles was approximated using a light
scattering enhancement in relation to a “dry” light scattering, with a particle composition
that was typical for the Atlanta summertime. Both measures of water uptake matched the
median F; values as a function of RH, and this provided strong evidence that the
enhanced particle phase partitioning was due to water uptake. The behavior was
observed during the day and night alike, and exists as a potentially significant source of

SOA that is generally not considered.
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The WSOC, concentration was another factor that influenced WSOC partitioning.
Partitioning theory predicts that the mass of the absorbing organic aerosol will impact
partitioning, with higher mass concentrations representing a greater capacity to absorb
partitioning species and leading to more SOA. This theory is supported by multiple smog
chamber experiments which observed higher SOA yields at higher organic aerosol
loadings. This work was in general agreement with theory and with the smog chamber
results, as WSOC partitioning exhibited a dependence on the WSOC, concentration. The
dependence was strongest at the lowest concentrations of WSOC,, but was relatively flat
at WSOC, concentrations above 4 nug C m™. Overall, this was suggestive of a relatively
non-volatile total WSOC. Despite the strong dependence of WSOC partitioning on the
WSOC, concentration, and despite a high correlation (R* =0.73) between WSOC, and
OC, a relationship was not observed between F, and OC. This suggests that chemical
similarities between the partitioning compounds and the absorbing medium are
important.

In addition to RH and WSOC, concentrations, NO concentrations had an
apparent impact on F, as well, though this was not likely due to an effect of NO, on the
gas/particle partitioning of WSOC. Median F, values were negatively correlated (r = -
0.97) with NOy concentrations, as lower NOy concentrations corresponded to a higher
fraction of WSOC in the particle phase. Smog chamber studies have observed higher
aerosol yields at lower NOy concentrations from parent VOCs containing ten or fewer
carbon atoms. Thus, it is likely that the NO, relationship with F, was due to its impact on
SVOC formation rather than its role in WSOC partitioning. This is consistent with the

emissions inventory in the southeastern U.S., where biogenic emissions of isoprene and
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monoterpenes (which contain five and ten C atoms, respectively) far exceed emissions of
other VOCs.

The gas/particle partitioning of WSOC did not appear to be impacted by
temperature. This was particularly surprising since equilibrium theory predicts a strong
temperature effect from the strong temperature dependence of compound saturation vapor
pressures. Over the temperature range encountered throughout the summer (> 20 °C), the
change in saturation vapor pressures of organic components should have produced a
visible effect on WSOC partitioning. This effect may have been masked by the behaviors
of WSOC, and WSOC,, which both showed positive linear correlations with temperature.
This effect was likely due to increased secondary gas and particle production from
increased photochemical activity, and from increased WSOC precursor VOC emissions
(e.g., isoprene) increasing with increasing temperature.

Aerosol liquid water was shown to be an important factor in SOA formation in
both Mexico City and Atlanta. These relationships may have been related to periodic
events in Atlanta in which a high correlation (average R? = 0.85) was observed between
WSOC, and water vapor. The events were routinely observed and lasted an average of
19 hours, indicating their potential importance in inferring SOA sources and/or
formation. The correlation was surprising, given that WSOGC, is in the particle phase and
is predominantly secondary while water vapor is in the gas phase and is primary. Though
combustion of fossil fuels (e.g., by transportation sources) emits both water vapor and
VOC:s that can form SOA, this was not a source of the WSOC,-water vapor correlations,
since the contribution these emissions make to the water vapor budget is negligible. This

was somewhat paradoxical since a correlation between WSOC,, and EC was observed.
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This WSOC,-EC correlation was likely related to previous studies which observed a
relationship between biogenic SOA formation and anthropogenic emissions. Two factors
were identified as the probable causes for the observed WSOC,-H,O(v) correlation
events. First, an enhancement in SOA formation due to aerosol water uptake was one
likely cause. In several of the correlation events, F, was also correlated with RH, likely
due to the water uptake effect on SOA previously discussed. The other likely cause for
the events was the co-emission of VOCs and water vapor from biogenic sources. In
several of the correlation events, water vapor was also correlated with WSOC,. For
many continental areas, water vapor emitted by vegetation (transpiration) is the dominant
source of atmospheric water vapor. Additionally, water vapor from terrestrial sources
will constitute a greater fraction of water vapor near the surface and the factors that
control transpiration and biogenic VOC emissions are highly similar. This all suggests
the potential for a synergistic effect between biogenic emissions of water vapor and
VOCs. The VOCs may undergo oxidation and form secondary gaseous and particle
components while the water vapor co-emitted with the VOCs may enhance the
partitioning of these compounds to the particle phase and may result in a significant

enhancement in SOA concentrations over that if water vapor concentrations were lower.
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Figure 8.1 Schematic detailing some of the major findings from this dissertation.

Overall, this work presents new and significant findings on several important
aspects of SOA, including its volatility, sources, formation, and partitioning. Many of the
findings are summarized in the schematic presented in Figure 8.1. Significant SOA
formation was observed in Mexico City and Atlanta, urban environments dominated by
anthropogenic and biogenic emissions, respectively. In Atlanta, the formation and
partitioning of SOA were influenced by many factors. It is likely that biogenic emissions
were responsible for the majority of SOA formation in Atlanta, and the diurnal signature

showed a mid-day enhancement consistent with photochemical production. But SOA
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concentrations were also positively correlated to the primary anthropogenic pollutant,
EC, which suggests a controlling or limiting effect that was consistent with previous
studies. Confounding this, however, was a negative relationship between NOy
concentrations and the fraction of WSOC (SOA) in the particle phase. These findings
were not necessarily contradictory, though, since the positive correlation with EC was
one of absolute SOA concentrations while the negative correlation with NOy was with the
fraction of total WSOC in the particle phase. Other factors influencing the partitioning of
WSOC included the absolute WSOC, concentration and the ambient RH. In particular,
the enhancement in WSOC partitioning to the particle phase due to water uptake (RH)
was significant because it represents a potentially meaningful source of SOA that is
generally not considered. The evidence of vegetation as a common source of SOA and
water vapor in Atlanta also was also significant. Though different analyses were
performed on the SOA of Mexico City and Atlanta, the importance of particle-bound
water emerged as a common finding between the two locations. In Mexico City,
following rapid morning photochemical SOA production, a significant fraction of the
newly formed SOA volatilized due to changing ambient conditions. This SOA
volatilization occurred shortly after the evaporation of the majority of particle-bound
water, and the two processes were likely related. The results are significant because the
work is a product of ambient measurements, where data and analyses are especially
lacking. Additionally, the measurements, which were made for an extended period of
time with high time resolution, allowed for a robust characterization of the measured

components.
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