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Abstract

Characterizing Air Pollution Sources Through Speciated Measurements of Organic Carbon
Across 15 Orders of Magnitude of Volatility

by
Rebecca A Wernis
Doctor of Philosophy in Civil and Environmental Engineering
University of California, Berkeley
Professor Allen H. Goldstein, Chair

Organic carbon in the atmosphere fuels the formation of ozone and comprises a large
fraction of fine particulate matter, both of which are detrimental to human health. Particulate
matter additionally is a source of uncertainty in radiative forcing predictions, hindering
predictions of climate change impacts. Atmospheric organic carbon is complex, consisting of
thousands of different compounds and covering more than 15 orders of magnitude in volatility
(vapor pressure) and widely varying chemical reactivity. Many of these compounds serve as
specific indicators of pollution sources or atmospheric chemical processes. In this work, two
different advanced custom instruments for measurement of speciated volatile, intermediate
volatility and semivolatile organic compounds (VOCs, IVOCs and SVOCs) are used to elucidate and
profile the sources of pollution in distinct atmospheric environments. One of these instruments
is introduced for the first time along with its design and development details.

Chapter 2 presents a suite of semivolatile markers of fresh biomass burning (BB)
measured at a rural site in Amazonia, Brazil by the Semivolatile Thermal desorption Aerosol Gas
chromatograph (SV-TAG), which specializes in hourly speciated measurements of IVOCs and
SVOCs and their partitioning between the gas and particle phases. These 16 markers are found
to comprise the majority of fresh BB organic aerosol. Despite much greater concentrations in the
dry season versus the wet season, the BB markers comprise about the same fraction of total
organic aerosol in both the dry and wet seasons. Composition of individual BB events and
atmospherically aged air parcels were highly variable but provide a chemical profile of fresh BB
in the Amazon.

By combining traditional speciated VOC measurement instrumentation with the SV-TAG,
the Comprehensive Thermal desorption Aerosol Gas chromatograph (cTAG) is sensitive to a
wider range of volatility of reactive organic carbon. cTAG joins a layered bed of adsorbents for
VOC and IVOC collection and a reusable metal mesh filter for SVOC collection together before a
single mass spectrometer, providing consistent quantification across the volatility range. Chapter
3 presents design and development details for cTAG, including VOC and IVOC collector design
optimization, performance of a custom liquid evaporation system for VOCs and IVOCs, and
verification that ozone removal is effective while not perturbing measured concentrations of
nonreactive compounds. Potential applications of this instrument are presented using a brief
analysis of field data.



Chapter 4 analyzes major sources of pollution in suburban Livermore, California using
measurements of 123 VOCs, IVOCs and SVOCs collected by cTAG. Positive Matrix Factorization
on the generated timelines yields 13 distinct factors representing different sources and processes
in the atmosphere, including gasoline exhaust, consumer products, biomass burning, secondary
oxidation, emissions from evaporative sources and more. Monoterpenoid mass was present in
greater quantities in the consumer product factor than biogenic sources, consistent with recent
observations in other urban contexts. Several factors contained significant mass from
measurements on both channels of cTAG, indicating that the expanded volatility range afforded
by cTAG led to more complete chemical characterization of those sources.

The final chapter notes directions for future research and explores measurement and
analysis opportunities for cTAG.
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1 Introduction

1.1 Scientific background

Atmospheric organic carbon exists in trace quantities but has a complex and
disproportionate impact on human well-being and the environment. Reactive organic carbon
(ROC), including volatile organic compounds (VOCs), lower volatility organic gases and organic
particulate matter (PM) and excluding methane, causes adverse impacts on human health
(Srivastava et al., 2005; Nurmatov et al., 2013; Brunekreef and Holgate, 2002; Nel, 2005; Pope
and Dockery, 2006; Lippmann and Chen, 2009) and significantly impacts the planet’s radiation
balance, a crucial factor in predicting the effects of climate change (Kanakidou et al., 2005; Myhre
et al., 2013; Shrivastava et al., 2017). Gas phase ROC consists of thousands of VOCs, intermediate
volatility organic compounds (IVOCs) and semivolatile organic compounds (SVOCs), with the
diversity of possible species increasing exponentially as the number of carbon atoms increases
(Goldstein and Galbally, 2007). These compounds undergo oxidation reactions and condense to
form secondary organic aerosol (SOA), by mass the largest type of PM in the atmosphere globally
(Zhang et al., 2007; Heald and Kroll, 2020). With thousands of possible precursor compounds and
a single organic compound able to form potentially thousands of oxidation products (Aumont et
al., 2013), SOA is an exceedingly complex mixture, making it especially challenging to characterize
or predict its effects on human health and the environment (Shrivastava et al., 2017).

IVOCs and SVOCs have recently been recognized as a likely source of substantial organic
aerosol (OA) mass (Hodzic et al., 2010; Robinson et al., 2007a; Weitkamp et al., 2007) and have
been demonstrated to have a high potential to form SOA (Chan et al., 2009a; de Gouw et al.,
2011; Lim and Ziemann, 2009; Presto et al., 2010; Zhao et al., 2014). Moreover, they make up a
significant fraction of ROC (Robinson et al., 2007a; Hunter et al., 2017). Due to their propensity
to condense on surfaces inside instruments, measurement of IVOCs and SVOCs in the
atmosphere is especially challenging (Goldstein and Galbally, 2007; Hunter et al., 2017; Isaacman-
VanWertz et al., 2018; Heald and Kroll, 2020), and advancements in instrumentation have only
recently occurred enabling their widespread comprehensive field measurement (Zhao et al.,
2013; Isaacman et al., 2014; Lopez-Hilfiker et al., 2014; Martinez et al., 2016; Cropper et al., 2017;
Ren et al., 2019). Temporally resolved field measurements of speciated IVOCs and SVOCs in a
variety of atmospherically distinct environments are still needed and remain an active area of
current research (Heald and Kroll, 2020).

In addition to advancing predictions of SOA formation, speciated IVOCs and SVOCs can
serve as valuable marker compounds for specific pollution sources and atmospheric processes.
For example, levoglucosan and its isomers are unique markers of biomass burning influence
(Simoneit, 2002), a fact which underpins the analysis and interpretations in Chapter 2. While VOC
markers of biomass burning exist, they are produced during other combustion processes as well
and thus cannot serve as definitive biomass burning indicators without further context (Yokelson
et al., 1997; Schauer et al., 1999a, b, 2001, 2002a; Akagi et al., 2011). Other primary IVOC and
SVOC emissions mark specific sources such as sesquiterpenes from vegetation (Duhl et al., 2008),
bis-(2-ethylhexyl) adipate and other phthalates from plasticizers (Liu and Little, 2012; Bui et al.,
2016; Shi et al., 2018), or palmitic and stearic acids from cooking (Rogge et al., 1991; Nolte et al.,
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1999; Schauer et al., 2002a). Secondary IVOCs and SVOCs serve as tracers for oxidation from
specific precursors, such as phthalic acid for naphthalene oxidation (Wang et al., 2007; Chan et
al., 2009a; Kleindienst et al., 2012) or myriad biogenic VOC oxidation products (Jaoui et al., 2005,
2007; Claeys et al., 2007, 2009; Chan et al., 2010). Quantification of tracer compounds can be
used to assess the impact of different sources and inform the prioritization of pollution mitigation
strategies.

Continuing and improving measurements of VOCs in addition to their lower volatility
counterparts remains crucial to our understanding of pollution sources and SOA formation
potential. VOCs are critical SOA precursors (Seinfeld and Pankow, 2003; Ervens et al., 2011) that
are generally emitted in greater quantities than their less volatile counterparts on a specific
compound basis (Fraser et al., 1997, 1998). Their oxidation governs the formation of tropospheric
ozone (Atkinson and Arey, 2003). Furthermore, their abundance is closely linked with that of
oxygenated IVOCs and SVOCs through atmospheric chemistry, so a complete snapshot of the
atmospheric oxidation process requires measurement of VOCs as well. Additionally, in urban
areas, major sources of VOCs are changing as pollution controls on vehicles increase the relative
importance of non-motor-vehicle ROC (Warneke et al., 2012; McDonald et al., 2013, 2018;
Coggon et al.,, 2021); ongoing measurements are required to assess these newly important
sources. To gain the clearest picture of sources and chemical processes predominant in a given
environment, measurements of ROC across the volatility range from VOCs to SVOCs are needed.

The ROC volatility range spans over 15 orders of magnitude of vapor pressure (Jimenez et
al., 2009; Donahue et al., 2011). This enormous range of volatility combined with the varied
functionality afforded by the chemical complexity contained therein represents an important
research challenge for state-of-the-art detection methodology. Over the past few decades,
substantial progress has been made in atmospheric instrumentation to characterize this
complexity. Sample collection on adsorbent beds (for VOCs) or filters (for PM) followed by offline
analysis by thermal desorption into a gas chromatograph (GC) coupled to a mass spectrometer
(MS) affords high chemical specificity but usually low temporal resolution limited by sample
extraction techniques that demand large sample sizes. Automated in situ field-deployable GC-MS
instruments increase the time resolution to timescales more relevant for atmospheric processes
(i.e. hourly measurement or faster) (Gentner et al., 2012; Goldstein et al., 1995; Goldan et al.,
2004; Hopkins et al., 2003; Lamanna and Goldstein, 1999; Lerner et al., 2017; Millet et al., 2005;
Williams et al., 2006). Particle-phase measurements have been extended to include first low-
polarity gas-phase IVOCs and SVOCs (Zhao et al., 2013) and later more polar species via
implementation of online derivatization (Isaacman et al., 2014). With these advancements,
speciated measurements of ROC across the full volatility range are collected by collocating
multiple instruments at a single site.

1.2 Overview of this work

This work explores speciated ROC to infer and describe their sources in different
environments and expands the instrumentation arsenal used to detect them. Chapter 2 focuses
on a suite of SVOCs that are known markers of fresh biomass burning (BB) emissions. Using
measurements from a Semivolatile Thermal desorption Aerosol Gas chromatograph (SV-TAG),
mean concentrations and partitioning of 16 BB markers are presented from a rural field site in
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Amazonia, Brazil during both the dry and wet seasons. Fresh BB accounts for approximately the
same fraction of OA in both the dry and wet seasons, despite greatly increased BB activity and
BB marker concentrations in the dry season. The particle phase fraction of the quantified BB
markers correlates strongly with and accounts for most of the mass of BB-related portions of OA
as determined by an independent analysis of coincident aerosol mass spectrometer
measurements. No significant differences were found between marker profiles of time periods
experiencing elevated fresh emissions versus suspected periods that have undergone
atmospheric aging, but the reported markers nonetheless represent a relatively complete
chemical profile of fresh BB in the Amazon for modeling purposes. 4-Hydroxybenzoic acid is
inferred to have an additional major source, suggesting its use as a marker of BB may be
inaccurate in some environments.

Achieving the goal of comprehensive measurements of ROC across the relevant volatility
range, Chapter 3 presents the Comprehensive Thermal desorption Aerosol Gas chromatograph
(cTAG), a new field-deployable instrument that provides consistent quantification of VOCs, IVOCs
and SVOCs at hourly time resolution and gas-particle partitioning of SVOCs every other hour.
CcTAG employs two separate collection, thermal desorption and GC analysis channels joined to a
single high-resolution time of flight MS. One channel (the “I/VOC channel”) collects Cs through
Ci6 alkane-equivalent volatility VOCs and IVOCs on a layered bed of adsorbents while the other
channel (the “SVOC channel”) collects Cia through Cs; IVOCs and SVOCs on a reusable high-
surface area metal mesh filter cell, based on SV-TAG. I/VOC channel collector optimization design
details are presented, and calibration curves generated using a newly developed custom liquid
evaporation system for the I/VOC channel are found to agree within 5% of those produced using
a gas cylinder. The addition of an ozone removal filter upstream of the I/VOC collector improves
recovery of highly ozone reactive sesquiterpenes without incurring losses of other compounds.
A quantification comparison for a compound detected on both channels shows agreement within
11% on average. Finally, a brief analysis of field data from Livermore, California demonstrates
some of the analytical capabilities of this instrument.

Chapter 4 applies the advancements described in Chapter 3 to more completely
characterize sources of pollution in a suburban setting. Measurements of 123 VOCs, IVOCs and
SVOCs from cTAG in springtime in Livermore, California are source-separated using positive
matrix factorization, a mathematical technique that apportions measured compound mass into
source profiles based on temporal covariance. The 13 factor solution best resolves the pollution
sources, with major source categories including gasoline exhaust, consumer product emissions,
biomass burning, secondary oxidation and emissions from evaporative sources. Monoterpenoid
compounds were most strongly associated with consumer product emissions rather than
biogenic sources, consistent with recent findings that emissions of monoterpenes from
fragrances in consumer products far exceed those from biogenic sources in urban contexts
(Coggon et al.,, 2021). Several factors contained mass from compounds spanning cTAG's
measured volatility range. For example, the consumer products factor, which predominantly
contains VOCs, also had major contributions from the IVOCs methyl salicylate (from wintergreen
oil) and a-isomethyl ionone (floral compound used in cosmetics and personal care products)
measured on the SVOC channel of cTAG, demonstrating the enhanced source characterization
possible with cTAG.



Finally, future research opportunities are described in Chapter 5, ranging from expanding
the body of literature that supports and aids interpretation of speciated ROC measurements to
specific applications of and analysis techniques for cTAG.



2 Diel and seasonal variability of semivolatile biomass burning markers
in the dry and wet seasons in Amazonia

Abstract

Biomass burning (BB) from deforestation and other human activities in the Amazon basin impacts
precipitation patterns and human air pollution exposure on a regional scale. The BB process emits
semivolatile organic compounds that act as unigque source markers and comprise a significant
fraction of the organic mass emitted from fires. As part of the Green Ocean Amazon (GoAmazon
2014/5) field campaign, we deployed a Semivolatile Thermal desorption Aerosol Gas
Chromatograph (SV-TAG) instrument at the rural T3 site west of Manaus, Brazil in both the dry
and wet seasons to measure hourly concentrations of semivolatile organic compounds in the gas
and particle phases. We quantified 16 markers of BB with mean concentrations between 0.1 and
400 ng m3. The total concentration of these markers is 13 times greater in the dry season than
the wet season. When comparing with positive matrix factorization of the organic aerosol mass
spectra from an aerosol mass spectrometer, we found that the particle phase fraction of the
measured markers explains 86% of the variability in the BB factors related to fresh emissions. In
the dry season, the markers also accounted for 96% of the mass of fresh BB emissions. Diurnal
variability of BB markers is pronounced, with mean concentrations up to 10 times larger at night
than during the day. Relative ratios of these markers varied significantly between periods of high
BB influence as well as during periods identified as having more aged emissions, but the averaged
composition provides a representation of primary biomass burning markers that may be useful
for modeling of Amazonian fire emissions. We explore the factors contributing to the seasonal
and diurnal changes observed. This work enhances our understanding of semivolatile BB marker
contributions to the Amazonian regional burden of particulate matter pollution.

2.1 Introduction

Globally, human activities have complex effects on the amount and composition of
particulate matter (PM) in the atmosphere. Better understanding of the sources, transformation
and fate of PM is needed to improve predictions of the effects of PM on climate change through
changes in radiative forcing (Shrivastava et al., 2017; Myhre et al., 2013; Kanakidou et al., 2005)
and the negative impacts of PM on human health (Brunekreef and Holgate, 2002; Donaldson and
Tran, 2002; Nel, 2005; Lippmann and Chen, 2009; Anderson et al., 2012; Kim et al., 2015). Biomass
burning (BB) is a major direct source of PM, especially submicron PM (PM), a large fraction of
which is organic (Bond et al., 2004; De Gouw and Jimenez, 2009). Additionally, BB can contribute
to PM indirectly through emission of gas phase organic compounds that can react to form
secondary organic aerosol (SOA) (Donahue et al.,, 2009; Akherati et al., 2020), a major sub-
category of PM1 (Murphy et al., 2006; Zhang et al., 2007; Jimenez et al., 2009).

In the Amazon basin, BB is predominantly a result of human activities, in particular, land
clearing for agricultural uses and the burning of wood for fuel (Davidson et al., 2012; van Marle
et al., 2017). Aerosol emissions from these activities impact cloud formation and precipitation
regionally (Andreae et al.,, 2004; Koren et al., 2008). The burning is most frequent in the dry
season (August through October) (Artaxo et al., 2013; Martin et al., 2016) which is characterized
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by greatly reduced precipitation (=75% lower) (INMET, 2022; Carneiro and Fisch, 2020) and on
average 2°C warmer temperatures (Alves et al., 2016; INMET, 2022). Between the wet and dry
seasons a =10-fold increase in PM1 concentration is typically observed and has been commonly
ascribed to the impact of BB (Artaxo et al., 1994, 2002, 2013; Holben et al., 1996).

To enable better predictions of and mitigation strategies for the impact of BB on
particulates, it is necessary to (1) distinguish BB emissions from other pollution sources and (2)
understand their composition. In addition to the emissions of primary combustion products
carbon dioxide and carbon monoxide, BB emits thousands of distinct gas- and particle-phase
organic compounds from incompletely combusted fuels. Smoldering conditions in particular,
which are characterized by a greater fraction of incomplete combustion, produce larger
guantities of semivolatile organics compared to flaming conditions during which more complete
combustion occurs (Akagi et al., 2011; Hosseini et al., 2013; Jen et al., 2019). Among the organic
compounds emitted, many molecular marker species have been identified that are specific to
biomass combustion but which have differing volatility and chemical reactivity under
atmospheric conditions (Rogge et al.,, 1998; Andreae and Merlet, 2001; Nolte et al., 2001a;
Schauer et al., 2001; Simoneit, 2002; linuma et al., 2007; Akagi et al., 2011; Hatch et al., 2015;
Bertrand et al., 2018; Jen et al., 2019). These compounds serve as useful indicators of BB
influence and some are emitted in large enough quantities to affect local and regional PM mass
concentrations.

In this work we characterize a subset of the semivolatile organic carbon emissions from
Amazonian biomass burning over a =1.5-month period in each of the dry and wet seasons. We
report concentrations and gas-particle partitioning of 16 distinct sugar, methoxyphenol,
nitrophenol and carboxylic acid markers of BB on an hourly time basis. The seasonal and diurnal
variability is explored in the context of local meteorology and land use practices, the specific
chemical characteristics of the included markers, and the total organic aerosol (OA) mass
concentration. The total concentration of the markers is compared to the total biomass burning
organic aerosol (BBOA) fraction as determined by positive matrix factorization analysis. Finally,
specific periods of elevated BB influence are compared with possible periods of more aged BB
influence. This work provides a detailed look at the abundance and behavior of the main
semivolatile BB markers measured in a tropical rainforest context in both the dry and wet
seasons.

2.2 Experimental methods

2.2.1 Green Ocean Amazon (GoAmazon 2014/5) field campaign: T3 site description

Measurements were conducted as part of the Green Ocean Amazon (GoAmazon 2014/5)
Experiment at the T3 site, described in detail in Martin et al. (2016). The T3 site (-3.2133°, -
60.5987°) is 70 km downwind (west) of Manaus, a city of over 2 million people centrally located
in the Amazon rainforest. The forest extends over 1000 km in every direction uninterrupted by
other major urban areas. Locally, T3 is surrounded by 1 km of pasture in all directions, is 2 km
north of a minor highway (AM-070), and is 10km upwind (northeast) of Manacapuru, a city of
between 85,000 and 100,000 people at the time measurements were taken (IBGE, 2022).
Measurements were conducted during two Intensive Operating Periods (IOPs) in 2014. IOP1,



during the wet season, began February 1%t and ended March 31%, 2014, while IOP2, during the
dry season, began August 15" and ended October 15, 2014. The measurements reported herein
were taken February 14t — March 25, 2014 (IOP1) and August 27" — October 15, 2014 (IOP2).

2.2.2 Deployment of a Semivolatile Thermal desorption Aerosol Gas Chromatograph (SV-TAG)

We deployed a Semivolatile Thermal desorption Aerosol Gas Chromatograph (SV-TAG) at
the T3 site. SV-TAG is described elsewhere in detail (Williams et al., 2006; Isaacman et al., 2011;
Zhao et al., 2013; Kreisberg et al., 2014; Isaacman et al., 2014); a brief overview in the context of
this deployment is provided here. Approximately 5 m above ground level, ambient air was pulled
into a duct with an inner diameter (ID) of 15.24 cm at a fast (=100 L m™) laminar flow rate to
minimize loss of semivolatile compounds to adsorption onto the wall of the duct. 20 L m* was
subsampled for 22 min out of every hour and passed through a sharp-cut cyclone (SCC BGI Inc.,
Waltham, MA; Kenny et al., 2000) removing particles greater than 1 um in diameter (PM1). The
air was then split into two 10 L m™ flows, each of which is optionally passed through a
multichannel carbon denuder (MAST Carbon) to remove gas-phase organics before passing
through a stainless-steel filter collection cell held at 32°C that traps the semivolatile organics
remaining in the air stream. The collection cell quantitatively traps gas- and particle-phase
organic compounds including a range of volatility from n-tetradecane (Ci4) to n-dotriacontane
(Cs2). In normal operation, one cell collects gas- and particle-phase semivolatile organics while
the other cell collects either the particle phase only or both gas and particle phases, the latter
choice serving to compare and correct for response differences between cells.

After collection, the internal volume around the cell is purged with helium and the cell is
heated to 320°C to release the collected compounds. The delivered helium is saturated with the
derivatization agent N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA, Sigma-Aldrich, >
98% purity, synthesis grade), which replaces hydroxyl groups with trimethylsilyl groups, making
polar compounds amenable to elution on a nonpolar gas chromatography (GC) column (Isaacman
et al., 2014). The desorbed and derivatized sample is reconcentrated onto 1 m of a metal, thick-
phase gas chromatography column (MXT-5, 0.53 mm ID, 5 um phase thickness; Restek) held at
30°C while excess MSTFA, which is too volatile to be retained on the column, is discarded. The
reconcentrated sample is subsequently transferred onto another gas chromatography column
(Rtx-5Sil MS; 20 m, 0.18 mm ID, 0.18 um phase thickness; Restek) via a valveless injector
(Kreisberg et al., 2014). The Agilent 7890A GC oven containing this column is programmed with
a constant helium flow of 1 standard mL min? and a temperature ramp from 50°C to 330°C
(23.6°C min), with a hold at 330°C for 2.2 min while the helium flow ramps to 3 standard mL
min'. Eluted compounds are detected by an Agilent 5975 quadrupole mass spectrometer.

2.2.2.1 Compound identification and quantification

All compounds reported in this work are identified and quantified using authentic
standards. To ensure a clean signal and mitigate coelutions with other compounds, a single mass-
to-charge ratio is chosen as the quantification ion in lieu of using the total ion chromatogram
peak. The integrated area of the chromatographic peak associated with the chosen quantification
ion is the raw response of the target compound.



Calibration of the raw response is a multi-step process. Best practices are explained in
greater detail in Isaacman et al. (2014) and are summarized here in the context of the GoAmazon
deployment. In every sample throughout the field campaign, a suite of isotopically labeled
compounds was automatically injected (lsaacman et al.,, 2011) onto the collection cell
immediately after the conclusion of sampling and before desorption and purging with MSTFA-
saturated helium. These compounds were analyzed along with the ambient sample and, because
the same mass is injected on every sample, serve to track variations in instrument performance
such as detector response, transfer efficiency during the desorption process and derivatization
efficiency. Their isotopic labels give them unique mass spectra and retention indices compared
to isotopologues found in the ambient atmosphere. They are identified and their raw response
is determined in the same manner as an ambient compound. Ambient compound raw response
is then normalized by the raw response of the isotopically labeled standard compound that most
closely matches it in volatility and functionality.

Approximately every 6-7 h, in lieu of ambient sampling, a standard mixture of compounds
was injected onto the collection cell and analyzed at one of six mass levels, creating a full six-
point calibration curve approximately every 40 h. Additionally, calibration curves using another
standard mixture containing more BB-related compounds were made after the end of the field
deployment. The isotopically labeled compound mixture was also injected, and the raw response
of the calibration compounds is normalized in the same manner as ambient compounds. The
normalized response is plotted against injected mass and the slope and intercept of the linear
calibration curve are determined via least squares regression. The normalized response of
ambient compounds is converted to concentration using the linear fit of the calibration curve of
its corresponding authentic standard.

Normalization and calibration are applied separately for measurements on each of the
two collection cells. While ideally simultaneous ambient measurements on the two cells would
yield identical normalized (and therefore calibrated) responses, in practice there is a small
difference. Since neither cell is known to be more accurate than the other, their mean is the final
reported value. More specifically, a linear regression is applied to all calibrated samples where
both cells measured both gas and particle phases (approximately every 2-3 h during the field
campaign), with the intercept forced through 0. An equalization factor is applied to each data
point such that the best fit slope of the equalized simultaneous gas and particle measurements
is 1.

2.2.2.2 Calculation of F,

The fraction of a compound in the particle phase, Fp, is the normalized response from a
particle phase only measurement divided by the normalized response from the simultaneous gas
plus particle phase measurement, after applying the correction for response differences between
cells. It is not necessary to use fully calibrated data to calculate Fp, as Fp is a ratio and the
correction for response differences between cells can be determined using normalized signals
instead of calibrated signals. Due to the uncertainty arising from the independent measurements
involved in the calculation of Fy, it is possible for F, to be greater than 1, though in practice it is
within uncertainty of 1. If either measurement involved in the F, calculation is below the
detection limit, Fp is not calculated.



2.2.3 Supporting measurements

Total non-refractory PM; (NR-PM1) mass concentration and composition (organic, sulfate,
nitrate, ammonium, and chloride) were measured by a High Resolution Aerosol Mass
Spectrometer (AMS; Aerodyne, Inc., Billerica, Massachusetts, USA), whose operational details
are described in the literature (DeCarlo et al., 2006; Canagaratna et al., 2007; Aiken et al., 2008;
Canagaratna et al., 2015). Operational and analysis procedures specific to deployment at
GoAmazon are presented in de Sa et al. (2017).

2.3 Results and discussion

2.3.1 Biomass burning markers measured and quantified with SV-TAG

The BB markers quantified with SV-TAG during GoAmazon IOP1 and IOP2 are presented
in Table 2.1. Levoglucosan, mannosan and galactosan are products of pyrolysis (thermal
degradation above 300°C) of cellulose (levoglucosan) and hemicellulose (mannosan and
galactosan) (Simoneit, 2002; Bhattarai et al., 2019). As such, they represent generic markers of
burning from any type of vegetation. Levoglucosan alone accounts for approximately half of the
mean loading from the measured BB markers in both the wet and dry seasons, consistent with
its higher measured emission rates compared to other semivolatile markers, particularly from
angiosperms (Simoneit et al., 1999), and consistent with other observational studies (e.g. Graham
et al., 2002; Schkolnik et al., 2005; Hoffer et al., 2006; Fuzzi et al., 2007; Claeys et al., 2010).

Vanillin, vanillic acid, guaiacol, 4-hydroxybenzoic acid, syringol, syringic acid,
syringaldehyde and sinapaldehyde are pyrolysis products of lignin, a biopolymer of woody tissue
(Simoneit, 2002). While none of these compounds represent unique tracers of a specific
vegetation type, vanillin and vanillic acid are generally found in greater quantities in smoke from
conifers, syringol, syringic acid, syringaldehyde and sinapaldehyde are more prominent in
flowering plant burns, and 4-hydroxybenzoic acid is predominantly formed from burning of
grasses (Simoneit, 2002; Schauer et al., 2001; Simoneit et al., 1993; Li et al., 2021).

The n-alkanoic acids eicosanoic, docosanoic, tricosanoic and tetracosanoic acid are found
in plant waxes (Rogge et al., 1993b; Simoneit, 2002) and may be emitted directly from plants, in
addition to contributing substantially to burning emissions from plants. They are found in all plant
types and thus represent a generic BB marker (Oros and Simoneit, 2001a, b; Oros et al., 2006).

4-Nitrocatechol is a secondary compound produced from the reaction of catechol,
another lignin pyrolysis product (Simoneit, 1999), with nitrate radical in burning plumes. In this
data set, the temporal variability of 4-nitrocatechol tracks that of the primary markers closely (r
> 0.5 when paired with any other BB marker, and typically > 0.7). This is consistent with the
finding in the literature that the formation reaction is rapid, with most formation occurring within
the first 1-2 h of burning (Finewax et al., 2018; Bertrand et al., 2018; Lin et al., 2016b).
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Figure 2.1. Stacked timeline of (a) dry and (b) wet season gas + particle measurements of the 16
reported biomass burning markers measured by SV-TAG. The greater overall mass in the dry
season is evident, as is the dominance of levoglucosan by mass. The strong diurnal variability is
also apparent, particularly in the dry season, with nighttime peaks and daytime valleys in
concentration.

2.3.2 Seasonality

The concentrations of BB markers in the dry season are much higher than during the wet season
(Table 2.1 and Figure 2.1). This is commonly observed in the Amazon region (Holben et al., 1996;
Artaxo et al., 2013; Brito et al., 2014; de Oliveira Alves et al., 2015) due to the practice of burning
cleared forest or crops in preparation for agricultural use, which is easier in the dry season when
precipitation rates are relatively low (Hoeve et al., 2012; Artaxo et al., 2013). The sum of the
measured markers is approximately 13 times larger in the dry season. However the median
fractional contribution of the BB markers to organic NR-PM; (hereafter organic aerosol or OA) is
3.3% in the wet season and 4.5% in the dry season (Figure 2.2), an increase of only 1.4 times.
Thus while BB contributes a greater fraction of OA, it is not the only source of the increased
particle loading in the dry season. OA from other sources (e.g. biogenic, urban, secondary
production) also increased in concentration between the wet and dry seasons (de S et al., 2019;
Yee et al., 2020), leading to an overall increase of 6.5 times between measurement periods (Table
2.1). Possible reasons for the increased OA loading are discussed in de Sa et al. (2019) and include
reduced convection, increased SOA formation potential due to less frequent wet deposition, and
increased oxidant levels leading to more oxidized, lower vapor pressure products and thus more
PM1 mass, which extends lifetimes against dry deposition (Knote et al., 2015).
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Figure 2.2. (a) The particle phase only sum of the BB markers plotted against total OA measured
by the AMS in the dry season (orange) and wet season (blue). OA was reported by de S3 et al.
(2018, 2019). (b) The histogram of fractional contributions of the BB markers to total OA. While
in absolute terms the concentration of BB markers is much greater in the dry season, the total
OA increased by roughly the same ratio. The median contribution of the BB markers to total OA
is slightly greater in the dry season, but fresh BB emissions alone cannot account for the larger
total OA loading in the dry season vs the wet season.

2.3.3 Strong agreement with AMS PMF BBOA factors

de S3 et al. (2018, 2019) used Positive Matrix Factorization (PMF) to source-separate OA
measured by the AMS based on the time series of organic mass spectra in each IOP. They found
6 factors in each I0P, with a single Biomass Burning Organic Aerosol (BBOA) factor in the wet
season and two BB-related factors in IOP2: Less Oxidized BBOA (LO-BBOA) and More Oxidized
BBOA (MO-BBOA). They interpret the LO-BBOA factor as representing fresh, relatively low
oxygen-to-carbon (O:C) ratio BB emissions and the MO-BBOA factor as including higher O:C fresh
emissions and slightly aged secondary compounds from fresh BB precursors.

The correlation of the sum of the particle-phase measured markers included in this
analysis with the BB-related AMS PMF factors is shown in Figure 2.3. As these are known markers
of fresh emissions, the much stronger correlation with the LO-BBOA factor vs the MO-BBOA
factorin the dry season is expected. The BB markers explain 86% of the variability of the LO-BBOA
factor and nearly all of its mass as indicated by the near unity slope, suggesting the measured
markers comprise the great majority of the mass of fresh BB emissions during the dry season. In

12



the wet season, the BB markers explain 86% of the variability but only about half of the mass of
the BBOA factor. The AMS PMF analysis did not separate less oxidized versus more oxidized BBOA
contributions in the wet season, so the BBOA factor represents the total mass attributed to BB.
Thus, the difference in the mass of measured tracers vs the BBOA factor likely consists mainly of
secondary chemicals which we did not quantify, or possibly non-BB related organic mass with
similar variability and an imperfect separation of PMF source categories.

2.3.4 Diurnal variability

The BB markers exhibit strong diurnal variability, with maximum concentrations in the
nighttime hours for all compounds except 4-hydroxybenzoic acid (Figure 2.2). This general
pattern has been observed in previous studies (Schkolnik et al., 2005; Hoffer et al., 2006; Decesari
et al., 2006; Claeys et al., 2010). Multiple processes likely contribute to the observed variability.
First, because fires in Amazonia in the dry season are purposefully set by humans for agricultural
land clearing, they are started in the daytime. Initially, flaming conditions dominate but by
nightfall smoldering takes over, increasing the emissions of the BB markers included in this
analysis (Schkolnik et al., 2005; Decesari et al., 2006; Fuzzi et al., 2007; Claeys et al., 2012).
Second, concentrations are modulated by the height of the planetary boundary layer (PBL), which
is shallow at night, allowing for buildup of emitted pollutants, and =5 times higher and more well-
mixed during the daytime, diluting the measured compounds (Fisch et al., 2004; Rissler et al.,
2006; Decesari et al., 2006; Fuzzi et al., 2007; Claeys et al., 2010; Fuentes et al., 2016; Carneiro
and Fisch, 2020). Third, photochemical reactions deplete the concentrations of some of the
markers during the daytime hours. Levoglucosan can react with OH radical ([OH] = 106 molec cm"
3 for all lifetime estimates) as a gas and in particles with a lifetime of 1 to 4 days (Hoffmann et al.,
2010; Hennigan et al., 2010; Lai et al., 2014). Gas-phase guaiacol and syringol react with OH in 3
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Figure 2.3. The particle phase only sum of the BB markers vs (a) the AMS LO-BBOA PMF factor
from the dry season, (b) the AMS MO-BBOA PMF factor from the dry season and (c) the AMS
BBOA PMF factor from the wet season. The marker sum correlates very strongly with the dry
season LO-BBOA factor and the wet season BBOA factor, indicating that nearly all the variability
of these factors is explained by fresh BB emissions. The BB marker variability does not match that
of the MO-BBOA factor, which is interpreted by de Sa et al. (2019) to represent more oxidized
fresh emissions as well as early secondary BB products.

13



2000 ¢ oo 300 — [ Lo
= H P Poel P 7
2 ! L c 7 [ L €120 — —
g Jooo ] g
21000 . - = 1 i P G 80 5
3 ; i 5100 | ? w0 3
1 = _V‘\Y/"\ ot V)
kel H H H H H
< i | 1 | P 25—
2 60 —| i . - e
g £ | s 2
g = 40— ; P 2 15 o
g c i i £ 104 =
5 > 20— & 5 S
o - S
2 0 i L s 0 et e 0 : -
< Data Points (ng m3)
_§\ ] %120_ "q’; 40 | §250_ —o— Median 1QR
5 80| 2 $ 30 £200
ke i S 80 g 0 5150
o = —
g 40 £ 40 g 10 %128,
V>{ . ‘*—\/\\Nﬁﬁ@ O_M\\‘_‘H—O—‘-‘&t{:ﬁ 0 - 0 =
T 100 : | 100 T 2250
< 80 < 80— < 60— <€ 200 —
9 9 Y o
‘5 60— S 60 S 404 3150 —
f=s c c =
2 40+ 5 40+ g £100
‘Ic QO*WQ:N?O* AT A < 20+ :<q50* i
U R iy b ! 2 jarib

| | !
0 4 8 12 16 20 0 4 8 12 18 20 0 4 8 12 16 20 0 4 8 12 16 20
Hour of Day {Local Time)

Figure 2.4. Diel plots of gas + particle concentrations in ng m3 of the 16 BB markers in the dry
season. IQR = interquartile range. In order to show detail around the median and IQR, the highest
values are excluded. Because of much lower concentrations and much more sporadic BB activity,
the wet season diel data are not shown. All compounds show nighttime enhancements except 4-
hydroxybenzoic acid. The nighttime enhancements can be explained by a combination of a
shallow nighttime boundary layer, increased emissions at night as flaming fires started in the
daytime transition to smoldering, and daytime photochemistry.

to 4 h under similar conditions (Coeur-Tourneur et al., 2010; Lauraguais et al., 2012) while vanillin
and vanillic acid have estimated OH lifetimes of approximately 2 days (Sun et al., 2022). Little
information is available for the photochemical oxidation of the other cellulose, hemicellulose and
lignin pyrolysis products reported in this study, but given their structural similarity to the more
well-studied markers, it is likely photochemical reactions play a role in daytime depletion of these
compounds. However photochemistry is unlikely to be an important sink for the n-alkanoic acids
due to their low volatility and thus low gas-phase concentrations as well as their lack of reactive
functional groups (Chebbi and Carlier, 1996). 4-Nitrocatechol is also relatively stable with respect
to OH radical, with a lifetime of 9 days (Roman et al., 2022).

Curiously, 4-hydroxybenzoic acid is not elevated at night like the other compounds
reported here, but instead has a very mild enhancement in the daytime hours. Hoffer et al. (2006)
do not observe a daytime enhancement of 4-hydroxybenzoic acid but do observe a weaker
nighttime enhancement compared to the anhydrosugars and vanillic and syringic acids. They
attribute the reduced diurnal variability to less reactivity compared to vanillic and syringic acid,
whose methoxy groups contribute a radical stabilizing effect that lowers the energy required for
formation of phenoxy radicals (Kjallstrand and Petersson, 2001a, b). While this could explain the
lack of a decrease in concentration of 4-hydroxybenzoic acid during the daytime, it cannot explain
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the observed increase. Our observations clearly imply the existence of another significant, non-
BB source of 4-hydroxybenzoic acid. Secondary production via photooxidation could be
responsible for the daytime increase, e.g. from benzoic acid (Zhang et al.,, 2019), a widely
prevalent pollutant from primary vehicle exhaust (Kawamura et al., 1985, 2000; Rogge et al.,
1993a) and secondary oxidation of toluene (Suh et al., 2003).

2.3.5 Variability in composition during BB events

We hypothesized that, due to the differing chemical lifetimes of the BB markers (Sect. 2.3.4), a
characteristic compositional profile for fresh BB emissions could be gleaned from the data and
contrasted with an analogous profile for periods dominated by slightly more aged and oxidized
emissions, as identified by the MO-BBOA PMF factor. Based on the diurnal profiles of the BB
markers (Figure 2.4), typically concentrations begin to rise around 7 PM local time and by 9 AM
are no longer substantially elevated. Therefore nights with an average 7 PM to 9 AM LO-BBOA
PMF factor concentration above 2 pg m=3 were considered to be heavily impacted by fresh
emissions for the purposes of this analysis. Aged emissions were identified by 8 h or longer
periods of elevated MO-BBOA factor concentration (> 2 pg m?3) and low LO-BBOA factor
concentration (< 1 pg m3), where at least 2/3rds of data points in the 8 h period must meet the
concentration criteria and only those points were included in this analysis. 4-Hydroxybenzoic acid
was excluded from the analysis due to its apparent additional daytime source (Sect. 2.3.4).

There were 7 fresh emission nights and 4 aged emission time periods identified (Figure
2.5). All 11 periods had highly variable composition. The mean fresh and aged profiles are
contrasted in Figure 2.5 (a). While the generally observed reduction in the mean concentration
of guaiacol and syringol between the fresh and aged profiles and lack of a reduction for vanillin
and vanillic acid is consistent with the reported atmospheric lifetimes of these compounds (Sect.
2.3.4), because of the large variability in individual data points this observation is not statistically
significant. In fact no significant difference between the two mean profiles was found for any of
the 15 considered compounds. We conclude that the variability in emission of traditional BB
markers between different BB plumes is too great to clearly differentiate fresh and aged BB
composition profiles at this site.

BB marker emissions are known to depend on the fuel composition and burning
conditions and remain highly variable even when these factors are controlled for (linuma et al.,
2007; Jenetal., 2019), which they were not for this analysis. Variability in atmospheric conditions,
particularly photochemistry, likely contributed to differences between the aged profiles. An
expanded analysis including more oxidized compounds and secondary BB markers might
nonetheless yield significant differences in a comparison of mean fresh and aged profiles. Despite
the variability, the averaged composition across all BB events provides a representation of
primary BB markers that may be useful for modeling Amazonian fire emissions.

2.4 Conclusion

In this work, hourly concentrations and gas-particle partitioning were reported for 16
semivolatile BB marker compounds for representative periods of the dry and wet seasons in
central Amazonia. Their diurnal and seasonal profiles were described and compared to the total
OA measured at the site as well as the PMF-derived BBOA factor concentrations previously

15



(a) o Mean Fresh and Aged Composition Fractions (b)
5] Fresh Events
] Fresh Sep02-03 Sep13-14 Sep21-22
4_ - (2160 ng m?) (3550) (2340)
¥4 Aged
24 -
- _
S
= 014 A4
(%) = .
© 8 £
C 6~ . . ” Sep22-23 Sep29-30 Sep30-Oct01  Oct01-02
c ] 77 (1600) (4210) (4350) (7620)
S 4 L . - 7
= § Al %
a s 7 77| 7/ 77 %7
: ’/ ? BL A LA W
=] 7
© 0.01 Z . g Z Z g
= Wz A 4
6 Z g é Aged Events N
4: ? / 7 7 / Aug 30-31 Sep 04 - 05 Sep 14-15 Sep 15- 16
] é 7 Z % 20:00-07:00  22:00-08:00 12:00-03:00  18:00-09:30
< % Z j % (543) (862) (427) (759)
2 Zi =
7 7 “
Z
cl ezl ol ol clolcloplolaglalmlol o1 41
@ ) o c o< g < < 5 & g g . Q
3 3 ¥ 8 2 5 2 3 3 B 5 2 8 8 3§
=1 3 =} [ = a = @ @ 3 ] a @ @ o i
f= (7] o = [e] 3 N
s 8 g 8 ° ¢ 3 &2 5 88 3 8 5 ¢
g > 5 & 2 5 3 8 & 3% & 3
3 a8 3 2 9% 505 &
[=] N n —_—
=~ B & B
Z 2z x =
a = a z
2

Figure 2.5. (a) Mean composition of the 7 periods of fresh emissions vs that of the 4 periods of
slightly aged and/or more oxidized BB emissions. (b) Composition of individual periods of fresh
and aged emissions. The periods of fresh burning are always from 19:00 to 09:00 the next day.
The concentration in parentheses is the sum of the mean of the 15 included BB markers during
each period in ng m3 (4-hydroxybenzoic acid is excluded). Significant variability exists between
fresh and aged emissions as well as between the individual periods of fresh emissions and of aged
emissions, but the mean composition across all these events provides a representative mix of
biomass burning tracers observed.

reported for both seasons. Consistent with previous studies, we observed much higher
concentrations of BB markers in the dry season than the wet season. However we find that
increased burning is not the only factor leading to elevated PM; in the dry season, as has
previously been assumed. Our results agree with those of de Sa et al. (2019) in demonstrating
that relative to total OA, fresh BB emissions account for only a slightly larger fraction in the dry
season than the wet season, and thus that other sources must be contributing substantially to
the increased OA loading in the dry season. Comparisons with PMF results of the AMS OA mass
spectra indicate that the 16 BB marker compounds comprise nearly all of the fresh BB emissions
(LO-BBOA) in the dry season and likely also in the wet season when the factor analysis only
resolved a single BBOA factor. We conclude that the 16 reported markers thus represent a
relatively complete chemical profile of fresh BB in the Amazon in terms of total mass for modeling
purposes.

The fresh BB markers presented here exhibit strong diurnal variability, with up to 10 times
higher concentrations at night versus during the day on average. We note that 4-hydroxybenzoic
acid, which is commonly assumed to be a specific BB marker, apparently has an additional source
in our dataset leading to slightly higher concentrations in the daytime. Oxidation studies of many
of the observed markers are recommended to obtain currently lacking information on their
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reaction kinetics with common atmospheric oxidants to better constrain the impact of
atmospheric chemistry on their concentration and their potential role in SOA formation.
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3 Development of an in situ dual-channel thermal desorption gas
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Abstract

Aerosols are a source of great uncertainty in radiative forcing predictions and have poorly
understood health impacts. Most aerosol mass is formed in the atmosphere from reactive gas
phase organic precursors, forming secondary organic aerosol (SOA). Semivolatile organic
compounds (SVOCs) (effective saturation concentration, C*, of 10'=103 ug m-3) comprise a large
fraction of organic aerosol, while intermediate volatility organic compounds (IVOCs) (C* of 103-
10° ug m3) and volatile organic compounds (VOCs) (C* > 10° ug m3) are gas phase precursors to
SOA and ozone.

The Comprehensive Thermal Desorption Aerosol Gas Chromatograph (cTAG) is the first
single instrument simultaneously quantitative for a broad range of compound-specific VOCs,
IVOCs and SVOCs. cTAG is a two-channel instrument which measures concentrations of Cs—
Cis alkane equivalent volatility VOCs and IVOCs on one channel and C14—Cz; SVOCs on the other
coupled to a single High Resolution Time of Flight Mass Spectrometer, achieving consistent
guantification across 15 orders of magnitude of vapor pressure. cTAG obtains concentrations
hourly and gas—particle partitioning for SVOCs every other hour, enabling observation of the
evolution of these species through oxidation and partitioning into the particle phase. Online
derivatization for the SVOC channel enables detection of more polar and oxidized species.

In this work we present design details and data evaluating key parameters of instrument
performance such as I/VOC collector design optimization, linearity and reproducibility of
calibration curves obtained using a custom liquid evaporation system for 1/VOCs and the effect
of an ozone removal filter on instrument performance. Example timelines of precursors with
secondary products are shown and analysis of a subset of compounds detectable by cTAG
demonstrates some of the analytical possibilities with this instrument.

3.1 Introduction

In recent years, understanding of organic aerosol (OA) sources has changed substantially.
Globally, the burden of secondary organic constituents, i.e. those formed via atmospheric
transformation processes, is much larger than that of directly emitted primary organic particulate
matter. This is observed in both rural and urban areas (Docherty et al., 2008; Jimenez et al., 2009;
Williams et al.,, 2010; Zhang et al., 2007). Volatile organic compounds (VOCs) are critical
precursors to OA. VOC oxidation controls the cycling of hydroxyl and nitrogen oxide radicals and
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the formation of tropospheric ozone (Atkinson and Arey, 2003). The oxidation of VOCs produces
lower vapor pressure compounds that form secondary organic aerosol (SOA) through
condensation onto preexisting particles, through new particle formation and growth (Seinfeld
and Pankow, 2003) and through aqueous oxidation processes in aerosol or cloud water (Ervens
et al., 2011). The fate of approximately half the VOC emissions entering the atmosphere cannot
be observationally accounted for, and this discrepancy is likely at least partially due to a lack of
comprehensive measurements of speciated organic constituents in a variety of atmospherically
distinct environments (Goldstein and Galbally, 2007; Hallquist et al., 2009; Heald and Kroll,
2020).

Recent work has demonstrated that a large fraction of organic aerosol (OA) is semivolatile
(Robinson et al., 2007a). Intermediate volatility organic compounds (IVOCs, defined as having an
effective saturation concentration C* of 103 to 10° ug m3) and semivolatile organic compounds
(SVOCs, C* of 107! to 103 pg m3) have been proposed as a substantial unaccounted for source of
SOA in urban areas (Robinson et al., 2007a; Weitkamp et al., 2007) but are notoriously hard to
measure (Goldstein and Galbally, 2007; Hunter et al., 2017; Isaacman-VanWertz et al., 2018). This
hypothesis is supported by estimates of intermediate volatility and semivolatile organic
compound (I/SVOC) abundances in the atmosphere that are an order of magnitude larger than
primary organic aerosol (Robinson et al., 2007a), and direct evidence that oxidation of
compounds in the IVOC range efficiently produces SOA (Chan et al., 2009a; de Gouw et al., 2011;
Lim and Ziemann, 2009; Presto et al., 2010).

There is a need for simultaneous measurement of VOCs, IVOCs and gas- and particle-
phase SVOCs with sufficient temporal resolution to track the rapidly changing chemical
composition and atmospheric conditions that directly affect SOA formation reactions. Owing to
the enormous range of volatility encompassed by VOCs and 1/SVOCs, this has typically been
achieved through collocation of at least two separate instruments — one to measure VOCs (C* >
10° ug m3) and IVOCs and another to measure SVOCs. VOCs have traditionally been measured
using one of two methods. One way is to collect onto a bed of adsorbent materials and desorb
and analyze into a gas chromatograph (GC) coupled to a flame ionization detector (FID) or a
quadrupole mass spectrometer (MS) (e.g. Gentner et al., 2012; Goldan et al., 2004; Goldstein et
al., 1995; Hopkins et al., 2003; Lamanna and Goldstein, 1999; Lerner et al., 2017; Millet et al.,
2005). This method offers excellent chemical specificity as isomers are detected separately and
low detection limits as samples are usually collected for many minutes before analysis. However
due to the GC temperature ramp and sample collection time GC-based methods have a temporal
resolution of 20 min to 1 h. Additionally, typically primary pollutants such as alkanes and
aromatics and early generation secondary products such as carbonyls and alcohols are
measurable but multifunctional or fully aged species are too thermally unstable or polar to
measure by GC-MS. For example, Chung et al. (2003) were able to speciate 55-85% of total VOCs
in urban sites in the Los Angeles Basin, with the lower end of the range corresponding to greater
photochemical processing and more of the VOC mass present in oxidized species. Another
widespread method is chemical ionization mass spectrometry (CIMS), e.g. the Proton Transfer
Reaction Mass Spectrometer (lonicon Analytik) and related technologies, which compared to GC-
based methods offers far greater temporal resolution but less specificity as isomers cannot be
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separated, and detection is limited to compounds for which the ionization reaction with the
chosen reagent is energetically favorable.

Particle-phase SVOCs and lower volatility organics have traditionally been collected on
disposable filters and analyzed offline via GCMS (Turpin et al., 2000). Field measurement
techniques for gas- and particle-phase SVOCs have been developed relatively more recently. The
FIGAERO-CIMS utilizes automated quartz filter collection for aerosol particles and controlled
thermal desorption into a CIMS instrument (Lopez-Hilfiker et al., 2014), offering similar
advantages and tradeoffs of CIMS applied to gas-phase measurements. The Volatility And Polarity
Separator (VAPS) sacrifices detailed speciation in order to functionally characterize a larger
fraction of the organic aerosol mass (Martinez et al., 2016). The Thermal desorption Aerosol Gas
chromatograph (TAG) family of instruments, consisting of a reusable filter-based collection cell
or impactor cell coupled to a GCMS, maximizes chemical speciation of gas and particle SVOCs,
including separation of isomers, at hourly time resolution. The first TAG was developed by
Williams et al. (2006) with the impactor cell, sensitive to particle-phase SVOCs only. Later versions
incorporated an automatic liquid injection system for calibrations (Isaacman et al., 2011), a filter
cell and denuder for measurement of gas-phase SVOCs and gas—particle partitioning of SVOCs
(the SV-TAG; Zhao et al., 2013), a valveless injector for transferring the sample onto the GC
column with minimal losses (Kreisberg et al., 2014) and online derivatization to enable detection
of polar SVOCs including alkanoic acids, polyols, diacids, sugars and other multifunctional
compounds in addition to nonpolar ones (Isaacman et al.,, 2014). A version of TAG using the
impactor cell, valveless injector and online derivatization is commercially available from
Aerodyne Research, Inc. Recently, automated quartz filter collection with thermal desorption and
GCMS for chemical speciation of particle-phase SVOCs has also been developed (Cropper et al.,
2017; Ren et al., 2019). Using TAG with an impactor cell, Williams et al. (2010) were able to
guantify an estimated 20% of fine (PM1) organic aerosol mass as measured by an aerosol mass
spectrometer at an urban site. While this statistic has not been estimated directly for the SV-TAG
and likely varies with the measurement location and conditions, the use of online derivatization
on that instrument would increase the analyzable fraction of OA mass.

In recent years both I/VOC instruments and SVOC instruments have benefitted from field-
deployable High Resolution Time of Flight Mass Spectrometry (HRToFMS, e.g. TOFWERK and
IONICON Analytik). This technology affords two main advantages over quadrupole mass
spectrometers. First, the high resolution (m/Am = 4000 or more) allows for identification of
chemical formulas of ions detected due to the unique mass defects of the different elements.
Second, whereas the quadruple MS scans over a user-specified range of atomic mass units,
presenting an implicit tradeoff between sensitivity and the range of possible ions detected
(because a smaller range or set of discreet masses to detect allows for increased dwell times),
the HRToFMS has no such limitation and allows the user to detect the entire useful range of ion
masses with no compromise in sensitivity and indeed overall enhanced sensitivity.

The Comprehensive Thermal desorption Aerosol Gas chromatograph (cTAG) combines an
I/VOC collector based upon the design of Gentner et al. (2012) and one channel of the SV-TAG
joined together before a HRToFMS to access a broader volatility range of speciated organic
compounds in a single instrument than previously achieved. Nonpolar and some polar VOCs and
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IVOCs as well as nonpolar and derivatization amenable polar SVOCs are quantitatively collected,
including many primary and secondary organics that lend insight into important sources and
oxidation processes in atmospheric chemistry.

3.2 Description of instrument

Utilizing reusable adsorbent and stainless steel filter collection, thermal desorption, online
derivatization, GC and HRToFMS in a dual-channel setup the cTAG measures concentrations of
speciated organic compounds from Cs through Cs; alkane equivalent volatility. The instrument
operates in an automated fashion with hourly time resolution for concentrations and gas-particle
partitioning measurements of SVOCs every other hour. Derivatization of SVOCs allows for
detection and analysis of polar compounds with hydroxyl groups in addition to nonpolar species.
In this section, we describe the key components of the system, the sample collection, separation
and detection pathways, calibration methods, timing, and data processing procedures.

Figure 3.1 shows a schematic of the instrument.

3.2.1 Inlet and I/VOC channel

Ambient air enters the instrument through either a sharp cut PM; s cyclone or a sharp cut
PM; cyclone depending on application-specific criteria (SCC BGI Inc., Waltham, MA) (Kenny et al.,
2000). The flow is then split to collect I/VOCs and SVOCs in parallel.

On the 1I/VOC channel, 50 sccm of ambient air is pulled from downstream of the cyclone
through a stack of three quarter-inch diameter punches of sodium thiosulfate (Na3S;03)
impregnated glass fiber filters to remove ozone, followed by a six-port valve (6PV, Valco
Instruments Co. Inc.) and the 1/VOC collector for I/VOC pre-concentration. The 1/VOC collector
consists of a layered bed of adsorbents based on the design of Gentner et al. (2012) whose types
and quantities were chosen in order to efficiently collect I/VOCs with volatilities between those
of n-pentane and n-hexadecane in a 1 L total sample volume when the collector is held at 30 °C.
Adsorbents are layered from least to most adsorptive strength, with the IVOCs adsorbing on the
least adsorptive material and the most volatile VOCs passing through and adsorbing onto the
most adsorptive material. Figure 3.2 is a diagram of the collector. In order along the sample flow
path are 60 mg glass beads (Alltech, 60/80 mesh, DCMS-treated), 10 mg Tenax TA (Supelco, 60/80
mesh), 10 mg glass beads, 20 mg Carbopack B (Supelco, 60/80 mesh), 10 mg glass beads, 20 mg
Carbopack X (Supelco, 60/80 mesh) and 10 mg glass beads. The glass beads do not efficiently trap
VOCs or IVOCs and serve solely as separators for the adsorbents. Once assembled and before
installation on the instrument, the collector is conditioned at 325 °C with 50 sccm nitrogen for 3
h. Breakthrough volume measurements described in Sect. 3.3.1 were performed to ensure that
this bed composition would fully collect and transfer all VOCs and IVOCs in the range of interest.
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Figure 3.1. Schematic of cTAG. VOCs and IVOCs are collected on the I/VOC collector while SVOCs
are collected on the collection and thermal desorption cell. The I/VOC and SVOC channels are
independent until the GC column outputs from each channel meet and enter the HRToFMS.
Optionally, the SVOC channel can collect only particle-phase SVOCs by first passing sampled air
through a denuder that removes all gas-phase compounds. A derivatization agent introduced
upon desorption of the SVOCs from the collection cell enables detection of polar SVOCs in
addition to nonpolar ones. Sample collection happens in parallel, for 23 min, followed by analysis
of the I/VOC collector contents, then analysis of the semivolatile collection cell contents, for a
total turnaround time of 1 h. Calibration is done for VOCs and IVOCs by manually disconnecting
the ambient inlet and connecting and sampling the output of the calibration gas delivery system
(Figure 3.3) and for SVOCs via liquid standard injections onto the semivolatile collection cell.

Adsorbents are packed in a custom, pure stainless-steel housing consisting of a 3.18 mm
outer diameter (OD) thin-walled (0.13 mm) tube brazed to a 1.59 mm OD, 0.51 mm ID tube
(Figure 3.2). A section of the 3.18 mm portion that contains the adsorbents is flattened to 1.59
mm OD to reduce swept volume in the collector and improve heat transfer to enable sharper
injections of highly volatile compounds. Brazing to the 1.59 mm tube eliminates the need for a
union and the associated internal volume, again aiding the rapid injection of the most volatile
species. A stainless steel microfiber mesh screen (Bekaert) installed at the braze point keeps out
particles and retains the adsorbents on the upstream sampling end, while a glass wool plug
retains the adsorbents on the downstream end. The entire housing is chemically passivated
(Inertium® treatment, AMCX, PA, USA) to prevent active compounds from reacting with the
stainless steel.

During sampling the 1/VOC collector is held at a temperature at least several degrees
above the dew point to avoid water condensation in the system; this is typically around 30 °C.
After sampling the I/VOC collector is briefly purged with helium to reduce the amount of air and
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Figure 3.2. Schematic of 1/VOC collector. Semivolatile and lower volatility species, including
particles, are captured on the metal filter. IVOCs are captured on the Tenax TA, while the most
volatile analytes including isoprene are retained by the more aggressive adsorbents. Flow is
reversed for desorption so that the less volatile compounds never interact with the more
aggressive adsorbents.

water sent to the detector. Then the 6PV actuates and helium flows through the collector in the
reverse direction as the collector heats from ambient temperature to 260 °C to desorb the
analytes onto the GC column (metal MXT-624, 30 m, 0.32 mm ID, 1.8 um phase). Two 100 W
cartridge heaters mounted in an aluminum block clamped to the collector housing ensure a rapid
initial heating time of 35 s, producing sharp chromatography peaks even for the unretained, most
volatile species. Total desorption time is 4 min. GC analysis time is 25 min, with an initial hold for
1 min at 40 °C followed by a 10 °C min* ramp to 250 °C and a 3 min hold at 250 °C.

3.2.2 SVOC channel

After splitting off from the combined ambient air flow through the cyclone, 10 L min! of ambient
air passes through a stainless steel filter collection and thermal desorption cell (F-CTD)
maintained at 30 °C. The F-CTD quantitatively collects compounds with volatilities as high as n-
tetradecane (Ci4) and as low as n-dotriacontane (Csz) in the gas and particle phases.

Directly upstream of the F-CTD, an optional 500-channel activated carbon denuder (MAST
Carbon) efficiently removes gas-phase species, allowing for gas-particle partitioning
measurements by difference with and without the denuder in line. F-CTD and denuder
characteristics are described in further detail in Zhao et al. (2013).

After collection, the F-CTD is heated to 315 °C and flushed with 20-150 sccm helium
during a two-stage desorption process as described in Zhao et al. (2013). Upstream of the F-CTD
the helium may optionally be bubbled through a liquid reservoir of N-methyl-N-(trimethylsilyl)
trifluoroacetamide (MSTFA, Sigma-Aldrich, > 98 % purity, synthesis grade) for online
derivatization of species containing hydroxyl groups. Evaluation of online derivatization for TAG
is discussed in Isaacman et al. (2014). The sample is re-concentrated onto a focusing trap held at
30 °C made of a 1 m metal, thick phase chromatography column (MXT-5, 0.53 mm ID, 5 um phase
thickness; Restek). This step allows for faster transfer of low volatility species and efficient
purging of excess derivatization agent and by-products. Flow is reversed on the trap to about 2
sccm for transfer of the sample onto the GC column (metal MXT-5, 20 m, 0.18 mm ID, 2 um phase
thickness; Restek) via the restrictive section of a valveless interface (VLI), described by Kreisberg
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et al. (2014). GC analysis time is 19 min, with an initial hold for 1 min at 50 °C followed by a 20 °C
min~ ramp to 330 °C and a 4 min hold at 330 °C.

3.2.3 Miniature gas chromatographs

CTAG requires two separate GC columns each optimized for the separation of target
species on a given channel and whose temperatures are controlled independently. In order to
achieve this while preserving the instrument’s compactness and time resolution we developed
miniature gas chromatographs. Each chromatograph consists of a custom machined aluminum
hub around which the metal column is wrapped in a single layer so that it is in thermal contact
with the hub along its entire length. On the inside surface of the hub, an expanding split-band
150 W heater heats the hub evenly around its circumference. A thermocouple inserted into a
bored hole in the hub body tracks its temperature. Proportional-integral-derivative (PID) heating
control allows for programmable, reproducible temperature ramping for GC analysis. When the
temperature program completes, a fan blows ambient air onto the hub to bring it back to its
initial temperature in time for the next sample injection. As with traditional GC systems, the front
of the column may be trimmed (at the expense of one full winding on the aluminum hub) to
extend column life. Design schematics, photos and temperature ramp reproducibility data can
be found in Appendix A.

The use of miniature gas chromatographs has obvious benefits for instrument
compactness and field portability. Additionally, the independent temperature control allows
analysis on one channel to start while the column from the other channel is cooling down,
increasing the maximum possible time resolution as compared with the traditional approach of
using a single oven for dual column GC methods. While commercial miniature GC systems are
available, e.g. from Valco Instruments Company Inc. (Column/Fan Modules for Fast GC, 2020),
we chose to design our own for greater flexibility and the ability to use off-the-shelf columns.

3.2.4 High resolution time of flight mass spectrometer

The two chromatography columns are joined in a passivated tee connected to an
approximately 18 cm passivated stainless steel 794 mm OD, 125 um ID tube that serves as the
mass spectrometer transfer line, held at a constant 275 °C. While one column progresses through
its temperature program, the other is held at its initial temperature with constant flow and the
analytes and carrier gas are pulled through the transfer line into the vacuum chamber of the mass
spectrometer.

Chromatographically separated analytes are detected by a field portable HRToFMS
(TOFWERK). The HRToFMS is operated at 70 eV electron impact ionization over a user-selected
mass-to-charge ratio range, typically from 15 to 450 on cTAG. This allows for matching to
compounds found in mass spectral databases. For compounds not identifiable by database
matching or authentic standard calibration, the mass to charge resolution of m/Am = 4000
enables determination of the molecular formula of the ions, lending insight to molecular
structure and ultimately compound identity, a critical capability for studying the complex
interactions of organic molecules in the atmosphere.
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3.2.5 Calibration

Calibration on both channels relies on injection and analysis of a suite of authentic
standards in varying amounts. On the I/VOC channel, a mixture in either liquid or gas form is
introduced into a custom dynamic dilution system for fine control of the output concentration.
The dynamic dilution system uses a heated platinum catalyst to generate zero air at ambient
relative humidity and a series of mass flow controllers (0—20 and 0—1000 sccm MFCs, Bronkhorst
EL-FLOW) and valves to choose and dilute the input mixture for sampling (Figure 3.3). Dilution
ratios ranging from 50:1 to 1000:1 ensure near ambient relative humidity for diluted mixtures.
From the point of mixing to the collector, all plumbing is heated to at least 55 °C. A specialty gas
cylinder with multiple components at parts-per-million levels is introduced in one port of the
system.

Calibration using custom compressed gas cylinders limits the user to compounds
amenable to storage in cylinders over years and does not allow significant flexibility after
standard cylinders are produced. We developed a liquid evaporation system modeled after
Jardine et al. (2010) to circumvent these limitations by allowing the user to purchase individual
pure standards and prepare liquid solutions for evaporation and sampling. The liquid mixture is
drawn into a syringe pump (TECAN Cavro Centris Pump, 250 pL glass syringe) and dispensed into
another port of the dynamic dilution system at a rate of 1.6 uL min'! into a dedicated evaporation
chamber. From one end of the chamber a dedicated MFC flows 1000 sccm zero air over the
emerging liquid feed. Most of the resulting evaporated mixture in zero air is exhausted while 0—
20 sccm is subsampled for subsequent dilution in the same manner as a gas cylinder. Once
diluted, the gas or liquid calibration mixture is collected on the 1/VOC collector, then desorbed
and analyzed exactly like ambient air samples.

On the SVOC channel, liquid calibration mixtures are held in reservoirs pressurized under
helium. A multiport selector (Rheodyne MHP7970-500-4) selects a reservoir to fill a 5 uL sample
loop. A 6-port valve (Rheodyne MHP9900-500-1) actuates to allow pressurized helium to push
the liquid out of the loop and inject it directly onto the F-CTD via a dedicated port in the cell
housing. A detailed description of the SVOC liquid calibration injection system may be found in
Isaacman et al. (2011).

Prior to applying calibrations from analysis of authentic standards, ambient data are
normalized by an internal standard introduced onto the sampling medium of each channel on
every ambient sample. For the 1/VOC channel, several ambient long-lived and therefore
atmospherically well-mixed anthropogenic compounds with no significant current emission
sources serve as suitable internal standards to control for run-to-run variability. Carbon
tetrachloride is commonly used for this purpose (Lerner et al.,, 2017) and CFC-113 and 1,1,1-
trichloroethane are also adequate for cTAG on the timescale of a typical field campaign (Engel et
al., 2018; Karbiwnyk et al., 2003). The compound with the clearest signal and fewest coelutions
among these is generally preferred. On the SVOC channel, a single 5 uL loop of a calibration
mixture of isotopically labeled compounds spanning a variety of volatilities and functional groups
is injected onto the F-CTD after collection of every ambient sample. These compounds are
desorbed and analyzed with the sample and serve to track variability of derivatization efficiency
and instrument response.
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Figure 3.3. Schematic of dynamic dilution system for VOC and IVOC calibration. Gas cylinders or
liguid mixtures can be used for calibration. Liquid mixtures are introduced into an evaporation
cell using a syringe pump. The liquid is evaporated into 1 L min of zero air to reach parts-per-
million or lower concentrations. The resulting gaseous mixture (or, by user choice, the output of
a calibration gas cylinder) is subsampled with a 2-20 sccm MFC and further diluted up to 500
times with more zero air before being sampled by the 1/VOC collector. Zero air for the dilution
system is generated by passing ambient air through a heated platinum catalyst.

3.2.6 Instrument operation

CTAG is fully automated. All valves, fans, temperature-regulated zones and electronic
pneumatic controllers are controlled by a microprocessor-based control box developed by
Aerodyne Research, Inc. for commercially available TAG systems and adapted and upgraded for
our system. A Microsoft Visual Basic .NET software program operating on a PC platform interfaces
between the user and the control box, using serial communication to send commands and load
sequences for unattended field operation and receive, display, plot and record temperature and
voltage readings.

Total turnaround time for a single instrument cycle is exactly 1 h. A typical operation
sequence begins with 23 min of concurrent sampling on the I/VOC and SVOC channels with the
SVOC channel optionally sampling through the denuder to remove gas phase species. During
sampling the SVOC chromatographic analysis of the previous hour’s sample finishes. Once
sampling is completed, the 1/VOC collector is purged with helium for 1 min. Then the 6PV
actuates, at which point the 25 min 1I/VOC GC temperature program and HRToFMS data
acquisition begin and the I/VOC collector is rapidly heated to 280 °C and held at that temperature
for 4 min while 1.5 sccm of helium carries the analytes to the head of the GC column.
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While the I/VOC sample is being analyzed, the SVOC liquid calibration system injects 5 pL
of the internal standard mixture onto the F-CTD. The F-CTD is then heated to 315 °C under 20
sccm of helium. Total helium purge flow is controlled by a mass flow controller (MFC). The flow
is split downstream of the MFC, with 80 % bubbling through the reservoir of liquid derivatization
agent before rejoining the other 20 % and purging the F-CTD. This flow ratio was determined to
be sufficient for complete derivatization of all compound classes of interest in Isaacman et al.
(2014). After 8 min, the total flow is increased to 150 sccm for 4 min to aid the transfer of the
least volatile compounds. During this process analytes are refocused on the focusing trap, held
at 30 °C. Flow is then reversed and the trap heats to 315 °C as the I/VOC GC analysis finishes.
Continued purge flow from the MFC raises the pressure in the F-CTD and forces the analytes
through the restrictive portion of the VLI and onto the head of the GC column over the course of
the 4 min trap desorption period. The SVOC GC analysis begins, followed by sampling for the next
cycle.

A typical field campaign day sees round-the-clock sampling and analysis as previously
described, alternating sampling with and without the denuder inline on the SVOC channel.
Approximately every 2 weeks, calibrations are performed on both channels of the instrument
simultaneously lasting 10 to 12 h to generate multiple data points per compound for a range of
loadings. The stack of sodium thiosulfate filters is replaced every 2 weeks to avoid ozone
breakthrough by a safe margin (Sect. 3.3.4). At least once per field campaign a tank of nitrogen
or zero air is plumbed into the inlet and sampled on both channels in order to quantify
contaminants in the system.

3.2.7 Data processing

Chromatogram integrations are performed in TERN, software developed in Igor Pro 7
(Wavemetrics) by Isaacman-VanWertz et al. (2017). TERN enables automatic batch integration of
single compounds on hundreds of chromatograms at a time for rapid generation of compound
concentration timelines. Compounds are organized in templates and the ability to search
commercial or custom mass spectral libraries for compound identification is built in.

3.3 System evaluation

The focus of development and system evaluation was on the 1/VOC channel, as the SVOC
channel is identical to a single channel of the previously developed SV-TAG instrument
extensively documented elsewhere (Isaacman et al., 2011, 2014; Kreisberg et al., 2014; Zhao et
al., 2013). Development for the cTAG focused on optimizing the design of the I/VOC collector,
developing a calibration system for the I/VOC channel capable of using custom liquid mixtures,
ensuring removal of ozone for accurate collection of ozone-reactive VOCs and IVOCs, and field
deployment in a polluted urban area.

3.3.1 1/VOC collector breakthrough tests

The target collection range for the 1/VOC channel was chosen to include isoprene, a key
biogenic Cs hydrocarbon, on the high volatility end. The low volatility end was chosen to overlap
with the SVOC channel range (which starts at Cisa) by several carbon numbers and to include
sesquiterpenes, a class of Cis compounds also of biogenic origin but with greatly varying
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structures and reactivity and which are far less well documented and understood (Bouvier-Brown
et al., 2009; Chan et al., 2016; Yee et al., 2018).

In order to decide the final quantities of adsorbents in the I/VOC collector, three different
collector compositions were tested for breakthrough of the most volatile species. Briefly,
breakthrough volume is defined as the volume of carrier gas required to purge an analyte through
the adsorbent bed, dependent on adsorbent quantity, temperature and analyte volatility
(Definition of Breakthrough Volumes, 2020). The breakthrough volume must be larger than the
volume of air sampled for the most volatile analyte of interest to ensure complete collection of
all analytes.

Breakthrough volumes were measured using a real-time VOC instrument, a Proton
Transfer Reaction Mass Spectrometer (PTR-MS, IONICON Analytik). The output of a specialty gas
cylinder of biogenic VOCs was diluted using the custom dynamic dilution system to deliver ppb-
level concentrations of analytes to the collector, held via PID temperature control at 30 °C. The
PTR-MS inlet was connected downstream of the prototype collector while sampling from the
controlled gas mixture at 100 sccm. For each analyte, the PTR-MS measured zero concentration
until the breakthrough volume was reached, after which the downstream measured
concentration rapidly rose and plateaued. The beginning of the rapid rise in concentration was
taken to be the point of breakthrough.

Breakthrough volume measurement results for isoprene and the sum of methyl vinyl
ketone and methacrolein (MVK+MACR) for several collector prototypes are shown in Table 3.1.
For compactness and to reduce thermal mass to ensure rapid desorption, we targeted a final
design containing the minimum quantity of adsorbents that would safely and robustly meet our
requirements for breakthrough volume. Collector #3, which had the lowest quantities of
adsorbents of the three different prototype collectors tested, had a breakthrough volume of
twice our usual 1 L sample volume for MVK+MACR. We therefore settled on a fourth prototype
with quantities intermediate between collectors #2 and #3 of the most aggressive adsorbents to
ensure a safe margin. We also reduced the quantity of Tenax TA, as the 10 mg final quantity
provides more than sufficient breakthrough volumes for the lower volatility compounds that it
collects (Tenax® TA Breakthrough Volume Data, 2020).

3.3.2 Dynamic dilution system testing

The dynamic dilution system for evaporation of liquid I/VOC mixtures and dilution and
delivery of liquid and gas calibration mixtures was evaluated for linearity and reproducibility of
delivered concentrations. In addition, for compounds present in both gas cylinders and liquid
solutions calibration curves were compared for agreement. Calibrant compounds from liquid
(prepared in lab) and gas cylinder (Custom mixture prepared by Apel-Riemer Environmental, Inc.,
2019) mixtures were introduced at 0, 1, 2, 4, 8 and 12 ppb (10 times lower concentration for -
caryophyllene) with a total volume of air sampled of 280 cm? with 6 (0, 1, 2, 4, 8 ppb) or 3 (12
ppb) replicates at each level. From a separate gas cylinder, 1 ppm neohexane was simultaneously
sampled at a constant flow rate of 1 sccm and used to normalize the responses from the calibrant
compounds. This step served to account for variations in sample volume and instrument
sensitivity between samples.
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Table 3.1. Composition of different I/VOC collectors and corresponding breakthrough volumes
for some of the most volatile target compounds. Collector #4 is a compromise between collectors
#2 and #3 with reduced Tenax TA.

Collector No: 1 2 3 4
Bed Material (mg of sorbent)
Glass beads 40 40 40 40
Tenax TA 20 20 20 10
Carbopack B 30 20 10 20
Carbopack X 40 30 15 20

Breakthrough volume at 30 °C (L)
MVK+MACR 13.2 8.7 20 >2
Isoprene 18.3 19.9 3.6 >2

Figure 3.4 shows calibration curves for benzene, o-xylene, a-pinene and B-caryophyllene
from both the standard gas cylinder and the custom liquid solution evaporated and delivered via
the dynamic dilution system. Normalized detector response on the y-axis is the integrated area
of the chromatographic peak divided by that of neohexane on the same chromatogram.
Additionally, for benzene all data points had the mean of the 0 ppb values subtracted from them
to account for a small persistent benzene contaminant likely due to the presence of Tenax TA in
our adsorbent bed (Cao and Hewitt, 1994). Points are mean values of the six individual samples
at each level (three samples at the highest level) with error bars representing plus or minus one
standard deviation. To evaluate performance against our theoretical model of linear response
with zero response at zero concentration, dotted curves are best fit lines forced through the
origin.

These compounds show excellent linearity with R > 0.93. Agreement between gas and
liguid is within 5 %, as measured by the difference in the slopes of the best fit lines. The
compounds span a range of volatility from that of a Cs alkane to a Cis alkane, demonstrating the
dynamic dilution system’s suitability for evaporating and diluting IVOCs as well as VOCs.

Isoprene and methyl vinyl ketone were also analyzed and found to be linear, with R? >
0.92. However, we found consistently and significantly lower responses using the liquid mixtures,
likely indicating issues during preparation and storage of the liquid solution related to the high
volatility and reactivity of these compounds. For Cs to Cs alkane-equivalent volatility compounds,
we thus plan to continue to rely on gas cylinder standards until and unless our liquid preparation
process can be modified to remove this source of error.

Octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane also had excellent linearity (R?
>0.91) but were found to have about 30 % higher responses using the liquid solution than using
the gas cylinder. This could suggest depletion of these compounds in the gas cylinder, but we
were not able to test this hypothesis.
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Figure 3.4. Calibration curves with R? values for (a) benzene, (b) o-xylene, (c) a-pinene and (d) B-
caryophyllene in a gas cylinder (red) and in a custom liquid mixture (blue), delivered by the
dynamic dilution system (Figure 3.3). Normalized detector response on the y-axis is the
integrated area of the chromatographic peak divided by that of neohexane, our internal
standard, on the same chromatogram. Maximum normalized detector response for a given
compound ranged from 0.030 (B-caryophyllene, max concentration delivered 1.2 ppb) to 3.0 (o-
Xylene, max concentration delivered 12 ppb). Additionally, for benzene all data points had the
mean of the 0 ppb values subtracted. Points are mean values of the individual samples at each
level with error bars representing plus or minus one standard deviation. Dotted lines are best fit
lines forced through the origin, while R? values are from best fits not forced through the origin.
Compounds show excellent linearity and agreement within 5 % between the gas cylinder and
liguid solution.
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3.3.3 Limits of detection

Limits of detection (LOD) are species dependent. On the I/VOC channel, limits of detection
were estimated using the following formula:

LOD = 3 * Oplank /m (Equ)

where opiank is the standard deviation of the integrated area of the chromatographic blank
signal (12 replicates) of the quantification ion at the retention time of the analyte in question in
units of counts and m is the instrument sensitivity for that analyte, i.e., the slope of the best fit
to the calibration curve, in units of counts pptv! (Foley and Dorsey, 1984).

Limits of detection were estimated for the 44 compounds present in the Photochemical
Assessment Monitoring Stations 57-component commercial standard (Scott-Specialty) that are
within the volatility range collected on cTAG’s I/VOC channel, including linear, branched and
aromatic hydrocarbons (Table 3.2). The LODs range from 0.5 to 8 pptv except for benzene and
toluene which have known contamination issues from the Tenax used in the collector (Cao and
Hewitt, 1994).

The SVOC channel is equivalent to one channel of the SV-TAG as described in Isaacman et
al. (2014). The average limit of detection reported for that instrument is 1 to 2 ng m (~0.1 ppt)
for a 20 min sample collected at 10 L min'l. We determined that the LOD for the SVOC channel
on cTAG determined according to equation (1) is consistent with that reported previously for SV-
TAG.

3.3.4 Evaluation of ozone removal on the 1/VOC channel

Ozone has been shown to be able to penetrate standard VOC sampling inlets and react
with certain analytes collected on adsorbent beds like ours (Calogirou et al., 1996; Helmig, 1997;
Pollmann et al., 2005a). A common practice for ozone removal is to pass the sample flow through
a sodium thiosulfate impregnated filter upstream of the adsorbent bed (Helmig, 1997). Pollmann
et al. (2005) demonstrated that this technique is effective at preventing ozone reaction artifacts
for some sesquiterpenes as well as the previously studied monoterpenes and other
hydrocarbons. We explored the effects of ozone on the recovery of a suite of compounds of
interest known to have short lifetimes with respect to reaction with ozone, including
monoterpenes and sesquiterpenes, and tested how placement of sodium thiosulfate (Na2S:03)
impregnated filters upstream of the collector altered the recovery of these compounds. The
Na,S,0s filters were obtained from the Barsanti research group at UC Riverside (Hatch et al.,
2017).

To quantify the effects of the presence of ozone in sampled air, we diluted air from the
output of an ozone generator (Model 1008-RS, Dasibi Environmental Corp) with humidified zero
air to achieve an ozone concentration of 100 ppb ozone. We then verified that the ozone was
completely removed by three inline filters by measuring the ozone concentration downstream
(Model 202, 2B Technologies). At 1 L min? (20 times our ambient sampling rate), ozone
breakthrough through a stack of three Na,S,0s filters occurred after 8 h, indicating a single filter
stack can be used without breakthrough for 9,600 min, or about 20 days of continuous operation.
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Table 3.2. Limits of detection (LOD) for a selection of linear, branched and aromatic hydrocarbons
on the I/VOC channel of cTAG. Compounds are presented in order of volatility from isopentane
(5 carbon atoms) to dodecane (12 carbon atoms). “Contamination from the adsorbent materials
used in the collector leads to elevated limits of detection for benzene and toluene, consistent
with previous reports (Cao and Hewitt, 1994).

Compound LOD | Compound LOD | Compound LOD
(pptv) (pptv) (pptv)

Isopentane 2.0 | 2,3-Methylpentane 3.8 | o-Xylene 3.7
1-Pentene 0.5 | 3-Methylhexane 0.6 | Styrene 71
Pentane 2.2 | Cyclohexane 0.9 | Cumene 1.1
trans-2-Pentene 2,2,4- n-Propylbenzene

8.0 | Trimethylpentane 0.9 2.5
cis-2-Pentene 1.3 | Benzene 90" | Decane 2.7
Isoprene Heptane m- and p-

6.7 1.1 | Ethyltoluene 0.7
2,3-Dimethylbutane Methylcyclohexane 1,3,5-

2.3 1.1 | Trimethylbenzene 1.5
2-Methylpentane 2,3,4- o-Ethyltoluene

7.7 | Trimethylpentane 1.3 1.1
Cyclopentane 2-Methylheptane 1,2,4-

24 1.2 | Trimethylbenzene 0.6
3-Methylpentane 3-Methylheptane 1,2,3-

21 0.9 | Trimethylbenzene 0.9
1-Hexene Octane m-

7.2 3.1 | Diethylbenzene 0.6
Hexane 1.3 | Toluene 60" | Undecane 2.6
2,4- Nonane p-Diethylbenzene
Dimethylpentane 1.1 2.8 0.6
Methylcyclopentane 0.8 | Ethylbenzene 3.9 | Dodecane 24
2-Methylhexane 1.1 | m- and p-Xylene 3.5

After verifying the efficient removal of ozone by the filter stack, we combined 9 L min™! of
100 ppb ozone with the 1 L min output from our dynamic dilution calibration system described
in Sect. 3.2.5. Using that calibration system, we evaporated a liquid mixture of sesquiterpenes
and other compounds to achieve a concentration of 5.60 ppb, which once combined with the 9
L min! zero air was reduced to 560 ppt for sampling.

We sampled this liquid mixture onto the I/VOC channel under four different conditions:
without ozone and without a Na,S,0:s filter, without ozone and with the filter, with 100 ppb ozone
and without the filter, and with 100 ppb ozone with the filter. This allowed us to establish (1)
whether an ozone removal method is needed in our instrument for accurate quantification of
ozone-reactive species such as some sesquiterpenes and (2) whether the presence of the filter
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altered the concentrations of nhon-ozone-reactive VOCs and IVOCs or of reactive VOCs and IVOCs
in the absence of ozone.

Figure 3.5 shows the effects of the Na,S,0s filter on several analytes of interest with and
without ozone. In the absence of ozone, VOC and IVOC concentrations were unperturbed by the
presence of the filter except for manageable losses of lower volatility compounds when the filter
was present (Figure 3.5 (a)). In the presence of ozone, placement of the Na;S,03; impregnated
filters in the sampling flow upstream of the collector prevented degradation (Figure 3.5 (b)). In
general, losses of analytes in the absence of the filter were greater for compounds with lower
atmospheric lifetimes with respect to reaction with ozone.
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Figure 3.5. Results of evaluation of effectiveness of sodium thiosulfate filter in mitigating the
effects of ozone on reactive analytes during collection of VOCs and IVOCs. Error bars represent
plus or minus one standard deviation of six replicate measurements. Panel (a) confirms that in
the absence of ozone, the filter does not affect the detected quantities of each compound, except
for slight (< 15 %) losses of IVOCs with the filter present leading to response ratios greater than
1. Panel (b) demonstrates that the filter prevents substantial losses of reactive species in the
presence of ozone, confirming that without preventive measures ozone can significantly deplete
certain analytes. Values are compared with published lifetimes with respect to reaction with
ozone, with overall qualitative agreement. Published lifetimes are from Atkinson and Arey (2003)
unless above 10,000 min or otherwise indicated. Pollmann et al., 2005; ®No published
experimental value; assumed reactivity equal to that of the sterecisomer aromadendrene; ‘Ham,
2013.
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The results imply having a Na,S;03 impregnated filter inline improves quantification of
ozone-reactive species without significant downsides. However, prior literature suggests some
very polar compounds, not tested in this experiment, may become trapped on the filter,
hindering their measurement (Hatch et al., 2017). Such compounds are unlikely to elute on our
GC column, which is optimized for less-polar species. During normal operation of the instrument
we thus include a filter inline.

3.3.5 Region of sensitivity overlap

Some of the chemical compounds with alkane equivalent volatility between that of n-
tetradecane and n-hexadecane can be detected and quantified on both the I/VOC and the SVOC
channels. Comparing quantifications of such compounds between channels can serve as a useful
check of instrument performance. However in practice the number of compounds suitable for
such an analysis is small, and for any given ambient data set there may be none. One reason for
this is the 200 times larger sample volume collected on the SVOC channel, so that some
compounds that are easily quantifiable on the SVOC channel are below detection limit on the
I/VOC channel. Compounds which are reactive with ozone on timescales of under an hour or so,
including many sesquiterpenes (Figure 3.5), must be quantified on the I/VOC channel where
ozone is removed at the inlet. Highly polar species may not elute on the I/VOC column; the SVOC
channel with its online derivatization is more appropriate in this case. Thus there is usually reason
to choose one channel over the other for quantification purposes.

A survey of compounds from the ambient data set from the cTAG deployment in McCall,
Idaho for the 2019 Fire Influence on Regional to Global Environments and Air Quality (FIREX-AQ)
field campaign was conducted to test cross-channel agreement for compounds in the volatility
overlap region. Of the compounds found, all but one, bornyl acetate, was subject to one of the
restrictions listed above.

Bornyl acetate (C12H2003) is found in essential oils from pine trees (Garneau et al., 2012).
Though it elutes close to tridecane, which is outside the reliably quantifiable range on the SVOC
channel, we were able to quantify it on both the I/VOC and SVOC channels in McCall, Idaho during
the 2019 FIREX-AQ field campaign. The concentration ranges from 0.1 to 16.5 ppt as measured
on the SVOC channel. The correlation of concurrent sampling points on both channels is shown
in Figure 3.6. The I/VOC and SVOC channels agree on average within 11 %, with R = 0.79 and 96
% of the data points agreeing within +4.8 ppt (3 times the 1/VOC channel limit of detection for
bornyl acetate). We consider this excellent agreement between the two channels given that the
sample sizes differ by more than 2 orders of magnitude, they are calibrated independently, and
all data points are within a factor of 10 of the detection limit on the I/VOC channel.
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Figure 3.6. Bornyl acetate measured on the |/VOC and SVOC channels of cTAG during FIREX-AQ.
Dashed lines represent +4.8 ppt (3 times the I/VOC channel limit of detection for bornyl acetate).
A total of 96 % of data points fall within the region bounded by the dashed lines. R? is 0.79.

3.3.6 Measurements of ambient air

The cTAG was deployed in Livermore, CA in April 2018 for its first field test. This test was
undertaken to evaluate the stability of instrument performance during round-the-clock
automated operation and demonstrate the capability to measure concentrations of a variety of
compound classes from Cs to Cs; alkane-equivalent volatility. The instrument was deployed
approximately 100 m from a Bay Area Air Quality Management District monitoring site to make
use of their air quality measurements for comparison (specifically, ozone and ambient
temperature reported here). Livermore is a valley city on the eastern and downwind edge of the
San Francisco Bay Area, where pollution outflow from the region combined with optimal
conditions for secondary photochemical smog formation frequently leads to the highest ozone
levels in the Bay Area (Knoderer et al., 2018). In addition, Livermore has substantial wood burning
for heat during winter. An analysis of a subset of VOCs, IVOCs and SVOCs measured in Livermore
by cTAG is presented to demonstrate some of the analytical capabilities of this instrument.

CTAG is sensitive to a wide variety of organic compound classes. Figure 3.7 shows some
sample chromatograms from Berkeley, California ambient air sampled from outside the lab
window, the Livermore 2018 deployment and McCall, Idaho for the 2019 FIREX-AQ field
campaign highlighting compounds of interest. The total ion chromatograms and selected ion
chromatograms with mass-to-charge ratio of 57, the dominant ion in most alkanes, show the
volatility range detected as well as the overlap region of both channels between Ci4 and Cis
alkane-equivalent volatility. Common air toxics such as benzene, toluene, ethylbenzene, xylene,
polycyclic aromatic hydrocarbons and quinones are readily visible, as well as biogenic terpenes
and aldehydes, organic acids and polar biomass burning markers. Compounds as polar as glucose
(five hydroxy groups) can be detected on the SVOC channel.
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CTAG can observe gas-phase chemicals and many of their oxidation products in gas and
particle phases. Naphthalene is a gas phase product of incomplete combustion of fossil fuels
(Baek et al., 1991) and in urban areas has been observed to primarily originate from vehicle
emissions (Howsam and Jones, 1998; Lim et al., 1999). Phthalic anhydride is a major gas-phase
photooxidation product of naphthalene and phthalic acid has been found in secondary organic
aerosol formed from naphthalene photooxidation (Chan et al., 2009a; Kleindienst et al., 2012;
Wang et al., 2007). cTAG is sensitive to naphthalene on the I/VOC channel and the sum of phthalic
anhydride and phthalic acid on the SVOC channel. (We have found through laboratory testing of
an authentic phthalic acid standard that phthalic acid converts to and is detected as phthalic
anhydride in cTAG.) As Figure 3.8 shows, the precursor and products have extremely distinct
temporal profiles, with naphthalene concentrations elevated at night and in the early morning
hours while the phthalic anhydride plus phthalic acid signal rises in the early to mid-afternoon,
consistent with secondary formation and in agreement with observations at other field sites
(Williams et al., 2010).
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Figure 3.7. Example chromatograms from cTAG. Panels (a) and (b) from FIREX-AQ 2019 in McCall,
Idaho demonstrate the range of volatility covered by the two channels, including their overlap
region. Single ion chromatograms (panels (c), (d) and (f) from Berkeley, California and (e) from
Livermore, California) show examples of the compound classes observable by cTAG, including
aromatics, polycyclic aromatic hydrocarbons, organic acids and anhydrosugars.
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Figure 3.8. Concentration timelines for naphthalene, a primary emission from vehicle exhaust
measured on cTAG’s I/VOC channel, and the sum of phthalic anhydride and phthalic acid,
secondary photooxidation products of naphthalene detected on cTAG’s SVOC channel. Another
secondary compound, ozone, measured at a nearby Bay Area Air Quality Management District
monitoring site, provides an independent indication of photochemical activity.

An analysis of straight-chain alkanes along with some aromatics, alkenes and branched
alkanes demonstrates cTAG’s volatility range and highlights the different source categories for
sub-groups of this set of compounds. The cross-correlation matrix (Figure 3.9) indicates three
distinct groupings of compounds. The first group is characteristic of gasoline emissions, spanning
a volatility range from below Cs alkane-equivalent volatility to about C11 (Gentner et al., 2013a)
and including linear, branched and cyclic alkanes as well as aromatics. It shows short periods of
elevated levels in the early morning consistent with a morning rush hour traffic pattern (Figure
3.10). The lack of a similar peak near the end of the day could point to the outsized contribution
of cold start emissions to total VOC emissions from gasoline vehicles (Drozd et al., 2016, 2019),
as the sampling site was located in a primarily residential area. There is also a well-defined group
from Cyo to Cy6 alkanes with a smooth diurnal variability and daily maximum concentration in the
late afternoon (Figure 3.10), consistent with a petroleum-based evaporative source such as
asphalt (Khare et al., 2020). The afternoon peaks in concentration result in a clear anti-correlation
with the rest of the alkanes in Figure 3.9 (blue and dark red areas). The third group is less
pronounced but follows a roughly similar pattern to the high-volatility source category and likely
corresponds to diesel fuel emissions, which typically span a volatility range from about Cioto Cy,
with minor contributions from C;3—Cys alkanes (Drozd et al., 2021; Gentner et al., 20133;
Isaacman et al., 2012b). Our data suggest that overlapping contributions from gasoline and the
petroleum-based evaporative sources make this source group less well-defined in the correlation
matrix, but semivolatile compounds that have no other major source still correlate well with each
other.
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Figure 3.9. Pearson’s R correlation matrix for a suite of petroleum-derived compounds observed
by cTAG in Livermore, California between 11 April and 21 April 2018, ordered by volatility. Two
distinct groupings emerge from Cs alkane-equivalent volatility to about C11 and Cyo to Czs, with a
third less distinct but still prominent grouping from approximately C11 to Cio.
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Figure 3.10. Timelines for characteristic species from each of the three main groupings of
compounds evident in the correlation matrix (Figure 3.9). The two more volatile groups,
represented by octane and heptadecane, tend to peak in the early morning, consistent with
morning rush hour cold start emissions. The least volatile group, which includes tricosane,
appears to have an evaporative source as it tracks closely, but slightly delayed, with ambient
temperature.

3.4 Summary and concluding remarks

The Comprehensive Thermal Desorption Aerosol Gas Chromatograph is a novel
instrument capable of measuring nonpolar and some polar organic compounds as well as some
more oxidized semivolatile organics from Cs through Cs; alkane-equivalent volatility on two
separate channels connected to a single HRToFMS. This set of quantifiable compounds
encompasses many key VOC pollutants, reactive intermediates, and secondary products, all
captured at hourly time resolution. The expanded range of measurable compounds allows for
more robust source categorization, with detailed chemical specificity of each identified source
category.

Building off development of previous TAG family instruments, development for cTAG
focused on the I/VOC channel as well as miniature gas chromatographs to enhance field
portability of the instrument. The I/VOC collector is optimized for collection of Cs through Cis
alkane-equivalent volatility organics to capture major biogenic VOC and IVOC emissions and
ensure overlap with the SVOC channel collection range. The dynamic dilution system with
controlled liquid evaporation developed in house is shown to produce stable, linear calibration
curves and allows for maximum flexibility in calibration of the I/VOC channel, including
guantification of commercially available VOCs and IVOCs not commonly available in calibration
gas cylinders or which are difficult or prohibitively expensive to put in such cylinders. Placement
of a NaS$,03 impregnated filter in the sampling path for the I/VOC channel is shown to
effectively remove ozone without removing appreciable amounts of analytes of interest.
Example chromatograms, timelines and correlations for a suite of compounds at a polluted
urban field site demonstrate some of the potential for analysis of the data sets produced by this
instrument.

Comprehensive, speciated measurements of reactive organic carbon across the full
range of volatility are required to fully understand the atmospheric processes that lead to
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secondary aerosol formation and dictate the atmospheric lifetimes of key atmospheric oxidants
(Heald and Kroll, 2020; Hunter et al., 2017). Moreover, the organic composition and thus the
dominant atmospheric processes are likely to vary greatly in different environments (e.g.
remote, forested, rural/agricultural, urban), and current science lacks such comprehensive
measurements across these different types of sites (Heald and Kroll, 2020). The cTAG is
designed for field portability and speciated measurement of a significant fraction of the total
reactive organic carbon, making it an ideal choice for helping to close this gap in our current
scientific understanding.
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4 Source apportionment of VOCs, IVOCs and SVOCs by positive matrix
factorization in suburban Livermore, California

Abstract

Gas- and particle-phase molecular markers provide highly specific information about the
sources and atmospheric processes that contribute to air pollution. In urban areas, major sources
of pollution are changing as regulation selectively mitigates some pollution sources and climate
change impacts the surrounding environment. In this study, a Comprehensive Thermal
Desorption Aerosol Gas Chromatograph (cTAG) was used to measure volatile, intermediate
volatility, and semi-volatile molecular markers every other hour over a 10-day period from 11
April to 21 April 2018 in suburban Livermore, California. Source apportionment via Positive
Matrix Factorization (PMF) was performed to identify major sources of pollution. The PMF
analysis identified 13 components, including emissions from gasoline, consumer products,
biomass burning, secondary oxidation, aged regional transport, and several factors associated
with single compounds or specific events with unique compositions. The gasoline factor had a
distinct morning peak in concentration but lacked a corresponding evening peak, suggesting
commute-related traffic emissions are dominated by cold starts in residential areas. More
monoterpene and monoterpenoid mass was assigned to consumer product emissions than
biogenic sources, underscoring the increasing importance of volatile chemical products to urban
emissions. Daytime isoprene concentrations were controlled by biogenic sunlight- and
temperature-dependent processes, mediated by strong midday mixing, but gasoline was found
to be the dominant and likely only source of isoprene at night. Biomass burning markers indicated
residential wood burning activity remained an important pollution source even in the springtime.
This study demonstrates the utility of specific high-time-resolution molecular marker
measurements across a wide range of volatility in more comprehensively describing pollution
source profiles than a narrower volatility range would allow.

4.1 Introduction

Organic carbon in the atmosphere spans more than 15 orders of magnitude of volatility
(Jimenez et al., 2009; Donahue et al., 2011). Some of the organic carbon is emitted directly as
primary organic aerosol (POA), but most organic carbon is emitted in the gas phase as thousands
of distinct compounds (Goldstein and Galbally, 2007). The most volatile class, volatile organic
compounds (VOCs), exist exclusively in the gas phase. Many VOCs are toxic or contribute to
respiratory illness (Srivastava et al., 2005; Nurmatov et al., 2013). They play a critical role in urban
and regional ozone formation (National Research Council, 1992; Atkinson, 2000) and produce
lower vapor pressure compounds via atmospheric oxidation reactions (Seinfeld and Pankow,
2003) which form secondary organic aerosol (SOA). Intermediate volatility organic compounds
(IVOCs, defined as having an effective saturation concentration C* of 103 to 10° ug m3) and semi-
volatile organic compounds (SVOCs, C* of 10! to 103 ug m3), can partition between gas and
particle phases in the atmosphere and can account for a large fraction of total organic aerosol
(OA) (Robinson et al., 2007b; Weitkamp et al., 2007; Chan et al., 2009b; de Gouw et al., 2011; Lim
and Ziemann, 2009; Presto et al., 2010). OA is a major source of uncertainty for radiative forcing
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predictions (Myhre et al., 2013) and negatively impacts human health (Brunekreef and Holgate,
2002; Nel, 2005; Lippmann and Chen, 2009). In the United States, it comprises 30-80% of annually
averaged particulate matter with a diameter of less than 2.5 um (PMzs; Hand et al., 2013). PM3s
is regulated by the U.S. Environmental Protection Agency due to its adverse impacts on human
health (Ridley et al., 2018).

Sources of VOCs, IVOCs and SVOCs in urban areas are changing. Historically, vehicle
exhaust has been responsible for the bulk of VOC emissions in polluted urban areas such as Los
Angeles, but VOC emissions from gasoline vehicles have decreased by almost two orders of
magnitude between 1960 and 2010 (Warneke et al., 2012). Diesel emissions have also decreased,
though to a lesser extent (McDonald et al., 2013). As a result, sources of non-motor-vehicle
organic carbon in urban areas have increased in relative importance. McDonald et al. (2018)
recently showed that volatile chemical products, including fragrances, solvents, pesticides,
coatings, inks, adhesives and cleaning agents, were responsible for more VOC emissions by mass
than vehicle and upstream petrochemical emissions combined in Los Angeles. Coggon et al.
(2021) demonstrated the same for New York City and showed that monoterpene emissions from
fragrances in Manhattan rivaled those of a comparably sized U.S. forest. Furthermore, global
climate change directly affects biogenic emissions of reactive organic carbon (Heald et al., 2008;
Lin et al., 2016a) and, in the American West, has led to increased emissions from forest fires
(Hurteau et al., 2014; Westerling, 2016); indirectly, climate change may affect pollution patterns
related to heating and cooling indoor spaces. Given the changing urban and regional
environments, sources of pollution in urban and suburban areas need to be continually
reevaluated to improve predictions of ozone and SOA formation and inform policy decision
making around emission reductions and mitigation of pollution impacts.

Many organic compounds have more than one source category contributing to their
abundance in the atmosphere. Source apportionment models may be used to identify the
underlying sources behind the measured concentrations of speciated organics based on the
variation of individual concentration timelines. Positive Matrix Factorization (PMF; Paatero and
Tapper, 1994; Hopke, 2016) is a technique often used to apportion VOCs (e.g. Brown et al., 2007;
Yuan et al., 2009; Yuan et al., 2012) and compositionally resolved particulate matter (e.g. Wang
etal., 2019a; Li et al., 2020) into different factors contributing to their measured abundance. PMF
does not require pollution source profiles as inputs, making it an attractive approach to analyzing
contributions to ambient atmospheric abundances when not all possible sources are known.

In this work PMF was applied to concentration timelines of a suite of VOCs, IVOCs and
SVOCs in the gas and particle phases measured every other hour by the Comprehensive Thermal
Desorption Aerosol Gas Chromatograph (cTAG) over a 10-day period in Livermore, CA. Our aim
was to identify and understand the major sources of pollution in a suburban setting in the context
of changing emission controls and dominant sources observed in other urban and suburban areas
nationwide. With compounds encompassing such a wide range in volatility and degree of
oxidation, we sought to more comprehensively describe the composition of the identified
pollution sources. We examine the detailed temporal patterns of the different factors and
provide possible explanations for their variability based on likely activity patterns, atmospheric
chemistry and the meteorology of the region.
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4.2 Methods
4.2.1 Sampling site

Livermore, California is a suburban city located on the eastern edge of the San Francisco
Bay Area in the Livermore Valley. It is subject to prevailing winds from the larger Bay Area region
to the west, bringing primary pollutants that, combined with optimal conditions in the city itself
for photochemical smog formation, often lead to the highest ozone levels in the Bay Area (Flagg
et al., 2020). Regional transport is also possible from the neighboring San Joaquin Valley to the
east. In wintertime, temperature inversions and low wind speeds can lead to elevated particulate
matter concentrations.

Speciated VOC, IVOC and SVOC concentration measurements were collected at the May
Nissen Swim Center, 685 Rincon Avenue in Livermore (37.687°N, 121.784°W). The Swim Center
is approximately 60 m west of Rincon Avenue, the closest road, and 1.4 km south of Interstate
580. An uncovered outdoor swimming pool, closed to public access for the season, was 10 m to
the northeast of the sampling site. Approximately 100 m to the north at 793 Rincon Ave, the
Livermore Bay Area Air Quality Management District Monitoring Site obtained hourly
measurements of ozone, temperature, black carbon and wind direction and speed used in this
analysis.

4.2.2 cTAG measurements of VOCs, IVOCs and SVOCs

Hourly VOC, IVOC and SVOC speciated concentration measurements were collected and
analyzed by cTAG between 9 April and 11 May 2018. This work analyzes data from a 10-day focus
period between 11 April and 21 April when the cTAG instrument was operating optimally.
Ambient air from approximately 5 m above ground was pulled through a 25 cm diameter duct to
the inlet of cTAG at 1000 Lpm. This high flow rate ensured small residence times for semivolatile
analytes of interest in the ducting and thus negligible partitioning to the walls of the duct. cTAG
is described in detail in Chapter 3. Briefly, 10.1 Lpm of ambient air is pulled from the duct through
a cyclone (PMys cut point) and split. To measure gas-particle partitioning, on every other sample
10.0 Lpm is passed through a denuder to remove gas phase compounds, resulting in alternating
hourly measurements of total gas plus particle concentration versus particle phase only
concentration. This 10.0 Lpm is then pulled through a coated metal mesh filter cell held at 30°C
which collects IVOCs and SVOCs between Ci4 and Cs; alkane equivalent volatility. The remaining
100 sccm is pulled through a bed of adsorbent materials also held at 30°C designed to efficiently
collect VOCs and IVOCs between Cs and Cis alkane equivalent volatility. After the 22 minute
sampling period, the collected samples are analyzed in series. The |/VOC collector is desorbed in
helium onto the I/VOC channel GC column, which is designed for separation of volatile organics
(Restek metal MXT-624, 30 m, 0.32 mm inner diameter, 1.8 um phase). Column effluent enters
the high-resolution time-of-flight mass spectrometer (HRToFMS, TOFWERK), operated at 70 eV
electron impact ionization energy to generate individual mass spectra for the separated
compounds. GC analysis time is 25 min, with an initial hold for 1 min at 40°C followed by a 10°C
min-! ramp to 250°C and a 3 min hold at 250°C.

During GC and HRToFMS analysis of the I/VOC sample, desorption begins for the SVOC
sample in helium saturated with the derivatization agent N-methyl-N-(trimethylsilyl)
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trifluoroacetamide (MSTFA). The MSTFA reacts with OH groups on polar SVOCs to make them
less polar and thus more amenable to measurement on the SVOC channel GC column, which is
optimized for nonpolar organics. After a reconcentration step which removes excess MSTFA and
allows for faster transfer of low volatility species from the collection filter cell, the sample is
transferred to the GC column (Restek metal MXT-5, 20 m, 0.18 mm inner diameter, 2 um phase)
for separation and detection by the HRToFMS. GC analysis time is 19 min, with an initial hold for
1 min at 50°C followed by a 20°C min* ramp to 330°C and a 4 min hold at 330°C.

4.2.2.1 Compound identification

Two chromatograms with mass spectral information are generated every hour — one for
I/VOCs and one for SVOCs. Typical total ion chromatograms (TICs) can contain hundreds to
thousands of compounds, often leading to overlapping peaks. Single ion chromatograms (SICs)
have far fewer overlaps; thus integrated peaks on the SIC corresponding to a prominent mass-
to-charge ratio in the target compound’s mass spectrum are used as the basis for quantification.
Background subtraction isolates the mass spectral fingerprint of the target compound for better
matching with searches against the 2020 National Institute of Standards and Technology (NIST)
mass spectral library (NIST Standard Reference Database 1A, 2022) and authentic standards
analyzed on cTAG or similar instruments. The retention index (RI) describes the relative location
of a compound in a chromatogram to a series of reference compounds. The n-alkane retention
index for a compound i is defined as:

i — 1ty

RI =100 x [n +—] (Eg. 4.1)
n+1 — tn

where n is the number of carbon atoms of the n-alkane that elutes immediately prior to

compound i and t is the retention time. N-alkane Rl comparisons between the target compound

and candidate matches aid in conclusively identifying the target compound.

4.2.2.2 Compound quantification

The integrated peak area calculated for a given compound on a given chromatogram
depends on a number of variable factors including but not limited to drift in the response of the
detector, ion source cleanliness, transfer efficiency between the collectors and the GC columns
and derivatization efficiency (SVOC channel only). Furthermore, these variables can affect the
integrated peak area in a compound-dependent way. To account for these variables, compound
qguantification involves a multistep process. On the SVOC channel:

(1) A constant quantity of a suite of isotopically labeled compounds with a variety of
volatilities and functional groups comprising an internal standard mixture was
automatically injected (Isaacman et al., 2011) onto the filter cell after every sample
collection and before thermal desorption. These compounds were analyzed along with
the ambient sample. Variations in integrated peak area for these compounds capture the
instrument response variability described above, improving measurement precision.
Ambient compound peak areas are normalized by the SIC peak area of the internal
standard that most closely matches it in volatility and functionality.

(2) In the laboratory after the field campaign, an external standard mixture consisting of 218
compounds was injected onto the filter cell in varying concentrations to obtain a 6-point
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calibration curve for those compounds. The same internal standard mixture used during
ambient sampling was injected during calibration runs, and peak-integrated ion signals of
the calibrant compounds were normalized by the most suitable internal standard.

(3) External standard calibration curves are fit with a least-squares regression. Ambient
compounds with exact matches in the external standard mixture have the slope b and y-
intercept a from this fit applied directly to convert peak area Sa to mass Ma. For ambient
compounds without exact external standard matches the final mass Ma is adjusted by the
ratio of the fraction of signal represented by each SIC in each TIC:

M, = (SAb_ a) (;-j) (Eq. 4.2)

f= SSIC/Z Si (Eq. 4.3)
=2

where f is the fraction of TIC signal represented by the signal at the SIC used for
guantification (fa is for the analyte and fc is for the external standard calibration
compound), ssic is the quantification SIC signal, and the denominator is the sum of all SIC
signals (i.e. the TIC signal). i is a mass to charge ratio, which ranges from 4 to 400 for this
campaign and analysis.

(4) The final mass Ma is divided by the sample volume to get the concentration of each
compound at each time, which is input into the PMF model.

I/VOC channel calibration is functionally equivalent to SVOC channel calibration with a
couple important differences. (1) A single gas-phase internal standard, neohexane, was
introduced at the inlet at a constant 100 parts-per-trillion throughout every sampling period for
run-to-run normalization. All analytes are normalized by neohexane. (2) External standard
compounds originated from a Photochemical Assessment Monitoring Stations 57-component
commercial standard gas cylinder (Scott-Specialty), a gas cylinder with a custom mixture (Apel-
Riemer Environmental, Inc., 2019), and two custom liquid mixtures. Standards were delivered
with the dynamic dilution system developed for cTAG (Section 3.3.2), generating 6-point
calibrations. Neohexane could not be sampled during calibrations, so was sampled before and
after each set of calibration runs and the average was used to normalize all calibration points.

4.2.2.3 Uncertainty in reported concentration

There are two distinct types of uncertainty affecting reported concentrations for
compounds measured by cTAG. The first, uncertainty around accuracy, arises from calibration,
which affects all ambient data points of a given compound identically. Uncertainty on the least
squares fit of the calibration data and uncertainty arising from the lack of an authentic external
standard are uncertainties of this type. The second, uncertainty of precision, arises from run-to-
run variability (Section 4.2.2.2), which we assume to be independent between samples. Internal
standard normalization greatly mitigates this source of uncertainty but does not eliminate it. The
uncertainty that remains depends on the choice of internal standard. The total uncertainty in the
reported concentration of a given compound is all of these sources of uncertainty added together
in quadrature.
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4.2.2.3.1 Accuracy uncertainty

Accuracy uncertainty from the least squares fit is generally limited to the uncertainty of
the slope, A,, as the y-intercept is kept fixed at 0 for compounds without background
contamination, which is the great majority of them. The percent uncertainty from calibration fit
UGy is thus:

Ap
UC, = 100 x (7) (Eq. 4.4)
In practice, this adds less than 5% uncertainty to the total for a given compound.

Compounds without an authentic external standard have an additional source of accuracy
uncertainty arising from the use of a surrogate standard. This source is much greater than that
from the calibration fit, and impossible to quantify individually for each compound in the absence
of an authentic standard to serve as the control. Jaoui et al. (2005) report approximately 30%
error from this step; we conservatively estimate 50% uncertainty for surrogate standard use.

4.2.2.3.2 Precision uncertainty

Precision uncertainty is based on choice of internal standard. To estimate this source of
uncertainty, all possible pairs of internal standards were ratioed for all ambient data points and
each distribution of ratios analyzed, a technique used with previous TAG instruments (Isaacman
et al., 2014). Ideally, all internal standards would vary proportionally and the ratio between two
standards would remain constant, implying no error from internal standard choice. In practice
the ratio varies between samples and the relative standard deviation (RSD, standard deviation
divided by mean) of the ratios provides an estimate of the precision uncertainty.

Figure B.1 shows the relative standard deviations of the internal standard ratios for all internal
standards used for normalization in this analysis and Figure B.2 shows examples of the
distributions of ratios. Overall, hydrocarbons paired with hydrocarbons have the lowest RSDs,
especially for compounds with similar Rls. An exception is made for compounds with a Rl below
1400, where occasional losses during the refocusing step due to high ambient temperature
increase the variability. Ambient compounds in this category are normalized by deuterated n-
tetradecane. Oxygenated internal standards exhibit the greatest RSD values whether they are
paired with hydrocarbons or other oxygenates. Ambient oxygenated compounds are thus
assigned the highest uncertainty and are normalized by the nearest deuterated oxygenate if their
RIs are within 200 and the nearest hydrocarbon otherwise. Table B.1 summarizes the categories
of precision uncertainty assigned to ambient compounds for this analysis.

4.2.3 Positive matrix factorization

Positive matrix factorization is a mathematical source apportionment technique that
groups measured ambient compounds based on their covariance in time, taking into account
their measurement uncertainty (Paatero and Tapper, 1994). PMF is a receptor-only model that
requires no a priori information about pollution sources, instead inferring source composition
from the compound groupings in the solution. The solution is constrained to non-negative values
and assumes source profiles do not vary with time. It takes the form of three matrices G, F and E
such that
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p
Xij = z Jinfrj + €ij (Eq. 4.5)
=1

where xjjis an element of the m x n matrix X of input data. As applied to this cTAG dataset, the m
rows of X are the individual compounds and the n columns of X are the sample times. Element
gik of G represents the source contribution of the it" compound to the k™ factor, and element fi;
of F represents the k" factor at sample j. E is the m x n matrix of residual values. Crucially, the
total number of factors p is an input to the model, requiring the model user to use PMF solution
diagnostics and outside information to determine the most meaningful number of factors. The
solution is determined by minimizing the sum of squares of error-weighted residuals, known as
the quality of fit parameter Q, given by

m n 2
_ Cij
Q= — (Eqg. 4.6)
b L \ O} j
i=1 j=1
where gj is the uncertainty in concentration units for compound i at sample j and ej is the
corresponding element of matrix E.

This analysis is performed on 2 hour time resolution data aligning with the gas plus
particle phase concentration measurements on the SVOC channel. For the PMF, 1/VOC channel
data that coincides with particle only measurements on the SVOC channel are not used, though
the full hourly resolution 1/VOC data are used for other data analysis (e.g., correlations) and in
figures. Similarly, particle only data on the SVOC channel are not used in the PMF analysis but
partitioning information does inform some of the interpretation of factor results.

In this analysis the precision uncertainty (Section 4.2.2.3.2) is the only uncertainty
assigned to each compound for use in the PMF model, since the model assumes uncertainty
between samples is independent, which is not true of the accuracy uncertainties described above
(section 4.2.2.3.1). In the final PMF solution, accuracy uncertainty increases the uncertainty of
the factor timelines (while preserving ratios between individual data points) but not the source
contributions. PMF modelling was carried out with the United States Environmental Protection
Agency PMF 5.0 program (Norris et al., 2014). The program automatically handles uncertainty for
concentrations near the detection limit by applying a smooth function to the uncertainty
between the input percent uncertainty (applies to concentrations > the detection limit) and a
large fixed fraction of the detection limit (applies to concentrations at or below the detection
limit). We use the “robust” mode of the PMF algorithm, which limits the weight of outliers
(|el-j/al-j| > 4) by increasing the uncertainty of those outliers. We also explore the stability of the
most plausible solutions by varying FPEAK, a parameter which applies rotations by adding G
columns to each other and subtracting F rows from each other or vice versa (Paatero and Hopke,
2009).

4.3 Results and discussion

Of 163 ambient compounds processed in the dataset, 123 were used in the PMF analysis.
The remaining 40 were excluded for one of the following reasons: the compound’s concentration
was below the detection limit more than 90% of the time (27 compounds), the compound was
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determined to have too much instrument contamination to be quantifiable (7 compounds), the
compound could not be definitively identified (3 compounds), the compound’s transfer losses
were not well characterized due to being outside cTAG’s designed optimal volatility range (2
compounds), or the compound is nonreactive in the atmosphere (1 compound).

Of the 123 compounds used in the PMF analysis, 58 compounds were measured on the
I/VOC channel and the remaining 65 were measured on the SVOC channel. Table 4.1 shows the
compounds included in the PMF analysis. Major compound categories represented include
branched and linear alkanes and aromatics important for photochemical smog formation,
monoterpenes and other biogenic compounds, polycyclic aromatic hydrocarbons, biomass
burning markers, alkanoic acids, chlorobenzenes, and plasticizers and other industrial chemicals.

4.3.1 Positive matrix factorization solution

We find the 13 factor PMF solution to best resolve the pollution sources in Livermore in
Spring 2018. Solutions between 3 and 16 factors were considered and are contrasted in Section
B.2. In summary, solutions with additional factors have less uniqueness between factors and the
source profiles of the additional factors are either not physically meaningful or are too similar to
factors present in the 13 factor solution. Solutions with fewer factors fail to separate factors with
meaningful physical interpretations and do not incorporate one of the largest reductions in

Q/Qexp-

The 13 factor solution has a Q/Q.p value of 0.79, which is close to 1, implying the data
are neither overfitted nor underfitted (Ulbrich et al., 2009). Positive FPEAK rotations increase
factor cross correlations and Q/Q.y, and were therefore not considered (Figure B.4 and Figure
B.5). Negative FPEAK rotations slightly decrease factor cross correlations but increase Q/Qxp-
We chose to proceed with the unrotated solution because the improvement in factor cross
correlations for negative FPEAK rotations was minor and because the unrotated solution

minimizes Q /Qexp-

Table 4.1. Compounds measured by cTAG and included in the PMF analysis. The compound index
is used in Figure 4.2 and throughout the text for ease of reference. PAH = Polycyclic Aromatic
Hydrocarbons; Ox. = Oxidation; Alk. Acids = Alkanoic Acids; HCs = Hydrocarbons; BB = Biomass
Burning; THM = Trihalomethanes; DCB = Dichlorobenzenes; DEHA = Bis(2-ethylhexyl) adipate;
DEHP = Bis(2-ethylhexyl) phthalate; D4 = Octamethylcyclotetrasiloxane; D5 =
Decamethylcyclopentasiloxane; PCBTF = Parachlorobenzotrifluoride.

Highest
Meas. Mean £ S. Mean £ S. Mass

Compound Chan- Deviation (ng  Deviation Fraction &
Class Compound Index and Name CAS # nel m3) (ppt) Factor
Saturated HCs (1) Methylcyclopentane 96-37-7 1/vOC 290 + 320 85193 0.33 3
Saturated HCs  (2) 2-Methylhexane 591-76-4 1/vOC 140+ 170 33+40 0.45 3
Saturated HCs (3) 3-Methylhexane 589-34-4 1/vOC 360 + 190 87 +47 0.19 1
Saturated HCs (4) 2,3-Dimethylpentane 565-59-3 1/VOC 130+ 180 33+44 0.31 3

49



Highest

Meas. Mean £S. Mean £ S. Mass
Compound Chan- Deviation (ng  Deviation Fraction &
Class Compound Index and Name CAS # nel m-3) (ppt) Factor
Saturated HCs (5) Cyclohexane 110-82-7 1/vOC 120 + 140 35+42 0.44 3
Saturated HCs (6) 2,2,4-Trimethylpentane 540-84-1 1/VOC 400 + 503 86 + 108 0.29 3
Saturated HCs  (7) Benzene 71-43-2 1/vOoC 610 £ 310 190 + 100 0.23 3
Saturated HCs  (8) Heptane (C7) 142-82-5 1/vOoC 170 + 180 42 +43 0.31 3
Saturated HCs  (9) Methylcyclohexane 108-87-2 1/VOC 120 + 140 30+34 0.35 3
Saturated HCs (10) 2,3,4-Trimethylpentane 565-75-3 1/VOC 140 £ 190 2940 0.29 3
Saturated HCs  (11) 2-Methylheptane 592-27-8 1/VOC 370+ 470 79+ 102 0.32 3
Saturated HCs  (12) 3-Methylheptane 589-81-1 1/vOoC 84 + 100 18+21 0.36 3
Saturated HCs  (13) Octane (Cs) 111-65-9 1/vOoC 86 + 88 18+ 19 0.26 3
Saturated HCs (14) Toluene 108-88-3 1/VOC 930+ 960 250 + 250 0.30 3
Saturated HCs (15) Nonane (Co) 111-84-2 1/VOC 64 + 68 12 +£13 0.20 3
Saturated HCs (16) Ethylbenzene 100-41-4 1/vOC 190 + 220 43 +51 0.36 3
108-38-3,
Saturated HCs  (17) m-Xylene + p-Xylene 106-42-3 1/VOC 670 + 840 150 £ 190 0.36 3
Saturated HCs  (18) o-xylene 95-47-6 1/vOoC 290 + 360 66 + 83 0.37 3
Saturated HCs  (19) Styrene 100-42-5 1/vOoC 52+61 12+14 0.36 3
Saturated HCs (20) Cumene 98-82-8 1/vOC 10+12 21+24 0.23 3
Saturated HCs  (21) n-Propylbenzene 103-65-1 1/VOC 39+47 8.0+9.6 0.36 3
Saturated HCs (22) Decane (Cio) 124-18-5 1/VOC 6372 11+12 0.18 5
Saturated HCs  (23) m-Ethyltoluene 620-14-4 1/vOoC 110 + 150 23+31 0.41 3
Saturated HCs (24) 1,3,5-Trimethylbenzene 108-67-8 1/VOC 68 +99 14+ 20 0.44 3
Saturated HCs (25) o-Ethyltoluene 611-14-3 1/vOC 55+73 11+15 0.41 3
Saturated HCs (26) 1,2,4-Trimethylbenzene 95-63-6 1/VOC 290 + 410 60 + 84 0.41 3
Saturated HCs (27) 1,2,3-Trimethylbenzene 526-73-8 1/VOC 55+78 11+16 0.42 3
Saturated HCs  (28) m-Diethylbenzene 141-93-5 1/vOoC 9.4+14.3 1.7+2.6 0.43 3
Saturated HCs  (29) p-Diethylbenzene 105-05-5 1/vOoC 63 +98 12+18 0.41 3
Saturated HCs  (30) Undecane (Cy1) 1120-21-4 1/VOC 53+92 8.3+14.4 0.18 5
Saturated HCs (31) Dodecane (C12) 112-40-3 1/VOC 31+67 45+9.6 0.22 11
Saturated HCs (32) Tridecane (Ci3) 629-50-5 1/VOC 56 +123 7.4+16.4 0.25 11
Saturated HCs  (33) Tetradecane (C4) 629-59-4 1/VOC 49+71 6.1+8.8 0.32 5
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Highest

Meas. Mean £S. Mean £ S. Mass
Compound Chan- Deviation (ng  Deviation Fraction &
Class Compound Index and Name CAS # nel m-3) (ppt) Factor
Saturated HCs (34) Pentadecane (C;s) 629-62-9 SvOoC 15+11 1.7+13 0.26 5
Saturated HCs (35) Hexadecane (Cig) 544-76-3 SvOoC 10+ 10 1.1+11 0.22 11
Saturated HCs  (36) Heptadecane (Cy7) 629-78-7 NYele 11+10 1.1+1.0 0.21 6
Saturated HCs  (37) Pristane 1921-70-6 SvVoC 5347 0.48 £0.43 0.24 11
Saturated HCs (38) Octadecane (Cis) 593-45-3 SvOoC 6.8+6.1 0.66 +0.59 0.26 6
Saturated HCs (39) Phytane 638-36-8 SvOoC 2823 0.24+0.20 0.24 6
Saturated HCs (40) Nonadecane (Cio) 629-92-5 SvOoC 3.90+2.2 0.36+0.20 0.22 10
Saturated HCs  (41) Eicosane (Cy) 112-95-8 NYele 4019 0.34+0.17 0.26 4
Saturated HCs  (42) Heneicosane (Cz1) 629-94-7 NYele 8.50+4.9 0.70+0.41 0.31 4
Saturated HCs (43) Docosane (Cz2) 629-97-0 SvOoC 9.0+6.5 0.71+0.51 0.37 2
Saturated HCs (44) Tricosane (Ca3) 638-67-5 SvOoC 6.3+5.40 0.47+0.41 0.49 2
Saturated HCs (45) Tetracosane (Cy4) 646-31-1 SvVoC 23+2.0 0.16£0.14 0.54 4
Saturated HCs  (46) Pentacosane (Cys) 629-99-2 NYele 4028 0.28+0.19 0.43 4
Saturated HCs  (47) Hexacosane (Cas) 630-01-3 NYele 2117 0.14+0.11 0.50 4
Saturated HCs  (48) Heptacosane (Cy7) 593-49-7 NYele 15+1.2 0.09 £0.08 0.31 4
Alk. Acids (49) Octanoic (Cs) Acid 124-07-2 SvOoC 11+5 19+0.8 0.20 4
Alk. Acids (50) Nonanoic (Cs) Acid 112-05-0 SvOoC 41+16 6.3+25 0.22 4
Alk. Acids (51) Decanoic (Cio) Acid 334-48-5 svoc 17+7 24+1.0 024 4
Alk. Acids (52) Undecanoic (C11) Acid 112-37-8 NYele 7.8+3.7 1.0+ 0.5 0.32 4
Alk. Acids (53) Dodecanoic (C12) Acid 143-07-7 NYele 1216 1.5+0.7 0.29 4
Alk. Acids (54) Tridecanoic (C3) Acid 638-53-9 SvOoC 58+33 0.66 +0.38 0.40 4
Alk. Acids (55) Tetradecanoic (Ci14) Acid 544-63-8 SvOoC 15+8 1.6+0.9 0.31 4
Alk. Acids (56) Pentadecanoic (Cis) Acid ~ 1002-84-2 NYYele 9.5+6.7 0.96 + 0.68 0.46 4
Alk. Acids (57) Palmitic (Csg) Acid 57-10-3 SVOoC 66 + 63 6.4+6.1 026 4
Alk. Acids (58) Heptadecanoic (C17) Acid ~ 506-12-7 NYele 24 +27 2125 0.42 4
Alk. Acids (59) Stearic (Cig) Acid 57-11-4 SvOoC 1100 + 1300 93+116 0.31 4
Alk. Acids (60) Azelaic (Co) Acid 123-99-9 SvOoC 96 + 115 12 +15 0.33 4
Other (61) C46 acid methyl ester 112-39-0 SvOoC 20+ 14 1.8+1.3 0.20 10
Other (62) Nonanal 124-19-6 1/VOC 890 + 1260 150 + 220 0.25 11
Terpenoid (63) Isoprene 78-79-5 1/vOoC 190 + 220 68 +79 0.73 12
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Highest

Meas. Mean £S. Mean £ S. Mass
Compound Chan- Deviation (ng  Deviation Fraction &
Class Compound Index and Name CAS # nel m-3) (ppt) Factor
Terpenoid (64) Camphene 79-92-5 1/VOC 19122 3.5+3.9 0.29 6
Terpenoid (65) Camphor 76-22-2 1/VOC 74 + 60 12+10 0.29 8
Terpenoid (66) alpha-Pinene 80-56-8 1/vOoC 480+ 1370 87 + 246 0.35 5
Terpenoid (67) beta-Pinene 127-91-3 1/vOoC 49 £ 54 8.8+9.7 0.25 6
Terpenoid (68) Limonene 138-86-3 1/vOC 160 + 300 28 £53 0.66 5
Terpenoid (69) 3-Carene 13466-78-9 1/VOC 18 £25 3.3+4.4 0.35 5
Terpenoid (70) Eucalyptol 470-82-6 1/VOC 310 + 250 49 + 40 0.28 8
Terpenoid (71) Aromadendrene 109119-91-7 SVOC 0.9+0.6 0.10£0.08 0.37 4
Terpene Ox. (72) Pinic Acid 473-73-4 Yele 2517 0.32+0.22 0.37 8
Terpene Ox. (73) Pinonic Acid 473-72-3 SvOoC 21+15 2819 0.52 8
Other (74) Methyl Salicylate 119-36-8 SvOoC 33+18 0.52+0.29 0.22 8
Other (75) alpha-lsomethyl ionone 127-51-5 NYele 0.70+0.99 0.08+0.12 0.45 5
Other (76) Dibenzofuran 132-64-9 Yele 1.6+0.9 0.23+0.13 0.21 8
Other (77) Benzophenone 119-61-9 Yele 29+1.8 0.38+0.24 0.24 8
Other (78) Phthalic Anhydride 85-44-9 Yele 0.72 £0.53 0.12 £0.09 0.42 4
Plasticizer (79) Dibutyl Phthalate 84-74-2 SvOoC 1.2+0.8 0.11 +0.07 0.26 4
Plasticizer (80) Diethyl Phthalate 84-66-2 SvOoC 3.7+2.0 0.41+0.22 0.20 10
Plasticizer (81) Dimethyl Phthalate 131-11-3 Yele 0.61+0.31 0.08 £ 0.04 0.23 8
Plasticizer (82) Benzyl butyl phthalate 85-68-7 Yele 26%1.5 0.20%0.12 0.28 10
Plasticizer (83) DEHA 103-23-1 svoc 500 + 600 33+40 062 4
Plasticizer (84) DEHP 117-81-7 SvOoC 10+ 10 0.7+0.6 0.46 4
BB (85) Furfural 98-01-1 1/VOC 160 + 130 41 +33 0.29 9
BB (86) Levoglucosan 498-07-7 Yele 18 £ 27 2741 0.67 9
BB (87) Galactosan 644-76-8 svoc 0.6+1.1 0.09 £0.17 068 9
BB (88) Mannosan 14168-65-1 Yele 5.3%8.5 0.81+1.3 0.62 9
BB (89) Catechol 120-80-9 SvOoC 0.7+0.3 0.16 + 0.07 0.22 4
BB (90) p-Anisic Acid 100-09-4 SvOoC 25+1.2 0.41+0.20 0.26 10
BB (91) 4-Hydroxybenzoic Acid 99-96-7 SvOoC 31+1.2 0.56+0.21 0.35 1
BB (92) Vanillin 121-33-5 svoc 8.2+6.7 13+1.1 021 9
BB (93) Vanillic Acid 121-34-6 svoc 1.0+1.0 0.14+0.14 046 9
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Highest

Meas. Mean £S. Mean £ S. Mass
Compound Chan- Deviation (ng  Deviation Fraction &
Class Compound Index and Name CAS # nel m-3) (ppt) Factor
BB (94) Syringaldehyde 134-96-3 SvOoC 0.9+1.8 0.13+0.24 0.66 9
BB (95) Syringic Acid 530-57-4 SvOoC 0.8+1.0 0.10+0.13 0.59 9
BB (96) 4-Nitrocatechol 3316-09-4 svoc 1.7+23 0.27 £0.37 041 9
Other (97) 2-Nitrophenol 88-75-5 SvVoC 1.3+1.2 0.23+0.22 0.25 8
Other (98) 4-Nitrophenol 100-02-7 SvOoC 3.1+26 0.54 +0.45 0.38 4
Other (99) Palmitoleic Acid 373-49-9 SvOoC 2.8+10.6 0.24 +0.93 0.50 3
Other (100) Phthalimide 85-41-6 SvOoC 7.1+25 1.2+0.42 0.37 1
Other (101) 1-Octadecanol 112-92-5 Yele 6.3+4.3 0.57£0.39 0.31 2
Other (102) 1-Tridecene 2437-56-1 svoc 0.6 +0.6 0.08 £ 0.08 027 11
Other (103) 2-Tridecanone 593-08-8 SvOoC 20+1.2 0.25+0.15 0.20 5
Other (104) Acetone 67-64-1 1/VOC 430+ 190 180 + 80 0.23 10
Other (105) 2-Cyclopenten-1-one 930-30-3 1/VOC 71122 217 0.32 1
Other (106) Methyl Ethyl Ketone 78-93-3 1/vOoC 1700 = 700 580 + 250 0.26 4
PAH (107) Naphthalene 91-20-3 1/vOC 130+130 25+25 032 3
PAH (108) 1-Methylnaphthalene 90-12-0 1/vOoC 25+22 43+3.8 0.25 3
PAH (109) 2-Methylnaphthalene 91-57-6 1/VOC 39+44 6.8+7.6 0.30 3
PAH (110) 2-Methoxynaphthalene  93-04-9 SvOoC 1.0+0.9 0.16 +0.13 0.33 1
PAH (111) Acenaphthylene 208-96-8 Yele 0.7+1.7 0.11+0.27 0.61 3
PAH (112) Fluorene 86-73-7 svoc 16+13 0.24+0.18 021 8
PAH (113) Phenanthrene 85-01-8 Yele 2421 0.33+0.29 0.17 1
PAH (114) Pyrene 129-00-0 SvOoC 0.7+0.9 0.09+0.11 0.32 10
THM (115) Chloroform 67-66-3 1/VOC 1900 + 700 380 + 150 0.33 1
THM (116) Bromoform 75-25-2 1/vOoC 9.0+2.9 0.87 £0.28 0.28 1
THM (117) Dibromochloromethane  124-48-1 1/vOoC 6.3+7.5 0.74 £0.88 0.45 5
DCB (118) p-Dichlorobenzene 106-46-7 1/vOoC 38+41 6.3+6.8 0.27 5
DCB (119) o-Dichlorobenzene 95-50-1 1/VOC 11+3.0 19+0.5 0.36 10
Siloxanes (120) D4 556-57-2 1/VOC 89+ 64 7.4+53 0.29 8
Siloxanes (121) D5 541-02-6 1/VOC 370 £ 550 24 + 36 0.32 8
Solvents (122) Isophorone 78-59-1 1/vOoC 11%35 2.0%+6.2 0.21 11
Solvents (123) PCBTF 98-56-6 1/vOC 590 + 1490 80 + 200 0.68 7
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Figure 4.1 shows the timelines for the 13 factor solution and Figure 4.2 shows the
corresponding factor profiles. Specific compounds mentioned in the text have the corresponding
compound index (ClI) used in Table 4.1 and Figure 4.2 included in parentheses for ease of
reference. The diurnal profiles of each of the factor timelines are plotted in Figure 4.3, and
relevant meteorological data and stacked factor timelines are plotted in Figure 4.4. Rose plots
for periods of elevated concentration for each factor are presented in Figure 4.5. The factors are
presented in the order that they first appear in the PMF solution for increasing number of factor
solutions, e.g., factor 9 in the 13 factor solution is approximately equivalent to the 9t factor in
the 9 factor solution. The factors are (1) long-lived and continuously emitted compounds, (2)
episodic petrochemical source, (3) gasoline, (4) oxidized urban and temperature-driven
emissions, (5) consumer products, (6) primary biogenic and diesel, (7) Parachlorobenzotrifluoride
(PCBTF), (8) secondary oxidation and persistent personal care product emissions, (9) biomass
burning, (10) industrial and/or agricultural background and continuous combustion source, (11)
early morning cooking/diesel event, (12) isoprene, and (13) possible jet fuel event.

Compounds measured on the I/VOC channel dominate by mass, representing 87% of the
total mass of the 123 included compounds. No factor had less than 50% of its mass in VOCs and
IVOCs (Figure B.6 (a)), reflecting the fact that even a small fractional contribution from a VOC or
IVOC is significant compared to large fractional SVOC contributions due to the generally greater
concentrations involved. SVOC mass was less evenly distributed between factors than 1/VOC

(ug m’®)

(1) Continuous 2_:‘,_{\I/l\,\ '/\I ,I/‘/\I_/\I/T‘VI\JI\ M ‘7/\|f\ ."{\
(2) Episodic S~~~
0 T T T T T ’T’k—r T T 7 ., [

I ! I ' I !
(3) Gasoline $§ 3 A A - o N A~ AN
8 . r 1 - T Tr *t T1 T 1 T T
(4) Oxidized gﬂ_ .

I T T T T 1 *T T "™ [ ™ T T T°
(5) Consumer 15j
o e B I L A
(6) Primary Bio. 1
S I Ry S B A B B S IR B RN E—

(7) PCBTF 15j

(8) 2ndary Ox., g A
PCP a V. /"\/\I_/—\ /\r’//\.

(9) Biomass gj ! ! r !
Burning g — 0 T— T T

9 T T o T T T
(10) Background %q /:\"\r"/\.’\j/\’.\ ,_I_\/I\ "'-’“TMW\‘\

(11) Cooking/ 15 ,/L,__,\ !
Diesel Event 0 i . —

[ L

e st S

2 | T | T | T 1 T T T
(12) Isoprene
I e

(13) Fuel E tzj
uel Event

I ! | ! [ ! | ! I ! | ! | ! | ! | ! |
12 13 14 15 16 17 18 19 20 21
Day in April 2018

Figure 4.1. 13 factor solution factor timelines. Bio. = Biogenic; PCBTF =
Parachlorobenzotrifluoride; 2ndary Ox., PCP = Secondary Oxidation and Personal Care Products.
Full factor names are in the main text (Section 4.3.1). Date labels are at midnight.
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mass (Figure B.6 (b)), controlled in part by stearic acid (Cl 59) and bis(2-ethylhexyl) adipate
(hereafter DEHA; ClI 83) contributions (Table B.1).

4.3.2 Factor 1: Long-lived and continuously emitted compounds

Factor 1 is mainly long-lived, well-mixed species and species with continuous emissions.
Chloroform (Cl 115) and bromoform (CI 116) have their highest mass fraction in this factor (33%
and 28% respectively). Other well-represented compounds include 4-hydroxybenzoic acid (35%;
Cl 91), p-anisic acid (26%; ClI 90), phthalimide (37%; Cl 100), 2-cyclopenten-1-one (32%; Cl 105),
and 2-methoxynaphthalene (33%; Cl 109). This factor is mildly elevated at night, but with high
uncertainty, and compounds with a slightly opposite diurnal profile (e.g. 4-hydroxybenzoic acid,
phthalimide) can also be found in this factor. When Factor 1 is elevated winds come from all
directions, with a mild southwest preference (Figure 4.5). This factor contains high fractional
contributions from VOCs, IVOCs and SVOCs, representing a source profile that could not
previously be obtained in a single instrument without the expanded volatility range afforded by
CTAG.

Both chloroform and bromoform have atmospheric lifetimes of weeks or more (World
Meteorological Organization et al., 2019), allowing them to be well-mixed in the troposphere and
to therefore have stable concentrations unaffected by meteorological phenomena such as
boundary layer height changes. Chloroform accounts for about 40% of the total mass of Factor
1.
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Figure 4.2. 13 factor solution factor profiles. Compounds are ordered as in Table 4.1 using the
compound indices assigned. Unlabeled groups are labeled “other” in Table 4.1.
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The other compounds present in this factor have the common characteristics of (1) being
constantly present and (2) having a weak to nonexistent diurnal variation, but their known
sources are distinct and they are much more reactive than chloroform and bromoform. 4-
hydroxybenzoic acid and p-anisic acid have been identified as tracers for burning of grasses
(Simoneit, 2002) and have an estimated atmospheric lifetime with respect to OH ([OH] = 2 x 10°
molecules cm3 for this and every atmospheric lifetime estimate hereafter) of about a day (U.S.
EPA, 2022). Phthalimide is a fungicide and insecticide degradation product produced in the
processing of crops. It may also be formed from phthalic anhydride and primary amino groups in
the high temperature desorption process just before chromatographic separation, a possibility
that we cannot rule out (Gao et al., 2019). Phthalimide has an estimated OH lifetime of a few
hours (U.S. EPA, 2022). Atmospheric studies of 2-cyclopenten-1-one, which is naturally occurring
and biologically significant (PubChem, 2022), and of 2-methoxynaphthalene, which has industrial
sources and uses (European Chemicals Agency, 2022), are lacking. The latter has an estimated
lifetime with respect to reaction with OH of a few hours (U.S. EPA, 2022).

These relatively reactive compounds must have constant emission sources to produce
timelines with so little variability. Because Factor 1 is associated with winds from all directions,
the sources would need to be either hyper local or ubiquitous in the surrounding area.
Agricultural activity may be able to account for 4-hydroxybenzoic acid, p-anisic acid, phthalimide,
and 2-cyclopenten-1-one.
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56



4.3.3 Factor 2: Episodic petrochemical source

Factor 2 is a transient source, elevated during the first few days of the measurement
period and nearly nonexistent after that. It contains minor contributions from Cy0—Czs n-alkanes
(mass fraction 20-50%; Cls 41-46), 1-octadecanol (31%; Cl 101) and some semivolatile phthalates
(~25% each; Cls 79, 82). Winds tend to originate from the west when this factor is high (Figure
4.5).

The heavy n-alkanes are split between Factors 2 and 4 (oxidized urban and temperature-
driven emissions), with slightly different distributions; the Factor 2 n-alkanes skew slightly lighter,
while Factor 4 includes contributions from Cz6 and Cy7 alkanes (Cls 47, 48). C20—C>7 n-alkanes are
associated with petroleum-based products (Simoneit, 1999). (Biogenic sources of heavy alkanes
exhibit a preference for alkanes with an odd number of carbon atoms over those with an even
number (Simoneit, 1989), which is not observed in this dataset, confirming the fossil fuel origin
of the n-alkanes.) Two possible sources in this study are motor oil (Caravaggio et al., 2007; Mao
et al., 2009; Isaacman et al., 2012a) and asphalt (Rogge et al., 1997; Khare et al., 2020), both of
which exhibit temperature-dependent evaporation of alkanes in this carbon number range. Since
the alkane distribution is different between the two factors, it is reasonable to assume the
elevated levels of some of these alkanes at the beginning of the campaign represent a different
source than the regular afternoon maxima characteristic of Factor 4. The center of the n-alkane
mass distribution in motor oil is typically at Czs or greater, though Isaacman et al. (2012) observed
a peak at Cy4 for motor oil aerosol particles due to preferential evaporation of lighter alkanes at
low temperatures. Maximum fresh asphalt alkane emissions occur at Ci4, though after 2 to 3 days
emission is approximately constant across Ci14 — C3; alkanes (Khare et al., 2020). Since the alkane
distribution of asphalt emissions skews lighter, one possibility is that the elevated concentration
of Factor 2 in the first few days is in part due to fresh paving nearby. However, the composition
of motor oil is highly variable (Mao et al., 2009); the sources of alkanes in Factors 2 and 4 could
be two different motor oils, for example, or could represent fresh vs older asphalt.
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Figure 4.4. (a) Time series of wind speed and direction, (b) time series of temperature (left axis)
and ozone (right axis) measured at the Bay Area Air Quality Management District monitoring site,
and (c) all factor timelines stacked. Date labels are at midnight.
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The semivolatile phthalates in this factor, dibutyl phthalate (Cl 79) and benzyl butyl
phthalate (Cl 82), are plasticizers used as coatings in manufactured goods and in building
materials (Zota et al., 2014). Their emission exhibits temperature dependence (Fuijii et al., 2003).
In this study, their concentrations are moderately correlated with temperature (r = 0.59 for
dibutyl phthalate and r =0.42 for benzyl butyl phthalate), unlike the less volatile plasticizers bis(2-
ethylhexyl) adipate (Cl 83) and bis(2-ethylhexyl) phthalate (Cl 84), which correlate very strongly
with temperature and mostly show up in Factor 4, and the more volatile phthalates associated
with personal care products (see discussion for Factor 5). Again we may speculate a unique and
temporary source for these two compounds at the beginning of this field campaign, plausibly
related to construction activity that could also be responsible for n-alkane emissions from fresh
asphalt.

1-octadecanol has vegetation/microbial (Nolte et al., 2002; Simoneit, 2006), biomass
burning (Nolte et al., 2001b), and anthropogenic (as detergent; Mudge et al., 2012) origins. 1-
octadecanol does not appear in Factor 9 (biomass burning), though two short elevated
concentration periods on the evening of 16 April and the early morning of 17 April coincide with
one of the biomass burning episodes. Given the non-persistent nature of Factor 2 and 1-
octadecanol, an intermittent anthropogenic detergent source seems more likely than a biogenic
source, which would likely emit continuously or at least regularly throughout the sampling
period.

..............................

Figure 4.5. Rose plots, showing the correlation of emissions and wind direction, of each factor
using only data points where the concentration was elevated, defined as > 1 standard deviation
above the mean factor concentration. Frequency of observations are represented by the length
of each wedge, where each ring corresponds to one observation. Shading corresponds to
guartiles of factor concentration (darker = greater concentration).
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4.3.4 Factor 3: Gasoline

Factor 3 is designated as primary gasoline exhaust. Compounds with the highest mass
fraction in this factor include linear, branched and aromatic hydrocarbons with 6 to 10 carbon
atoms (Cls 1-29) and polycyclic aromatic hydrocarbons (PAHs), especially naphthalene and
methylnaphthalenes (Cls 107-109). These are the main organic components of gasoline exhaust
(Schauer et al., 2002b; Gentner et al., 2013b). Palmitoleic acid (Cl 99) also has a high mass fraction
contribution, and octamethylcyclotetrasiloxane (D4; Cl 120) and decamethylcyclopentasiloxane
(D5; Cl 121) are present. In periods of high concentration for this factor, wind speeds were low
(about 1 m s or lower) and wind directions were variable, with a slight preference for
northeastern origin (Figure 4.5).

This factor exhibits a strong diurnal pattern with sharp peaks in concentration in the early
morning (between 5 and 7AM local standard time) and near zero loading at other times of day.
This factor strongly correlates with NOx (Pearson’s r = 0.88) and anti-correlates with ozone (r = -
0.66). With over 80% of Livermore workers commuting by private vehicle or carpool (United
States Census Data, 2022), the early morning elevated concentration is likely commute-related.
Our hypothesis for the exhibited diurnal profile is as follows. First, emissions of both
hydrocarbons and NOx from automobile tailpipes are low overnight but increase in the early
morning hours as morning commutes begin with cold engine starts. Drozd et al. (2016) found
that emissions from cold starts dominate non-methane organic gas emissions from light duty
vehicles, with over 45 km of driving required to match the initial cold start emissions for over
97% of light duty vehicles in use in the United States today. The morning peaks are correlated
with, and enhanced by, cooler temperatures and generally slower wind speeds (Figure 4.4). The
shallow planetary boundary layer overnight and absence of sunlight allow NOx and hydrocarbons
to build up, raising measured concentrations. As the day progresses, the boundary layer rises and
wind speeds increase, diluting species near ground level, and photochemistry begins, reacting
away hydrocarbons and NOx and producing ozone. Late afternoon and evening return commutes
have greatly reduced emissions because vehicle catalytic converters are already hot by the time
drivers return to the predominantly residential area surrounding the sampling site. Higher
ambient temperatures in the afternoon also contribute to reduced cold start emissions and
greater wind speeds and more rapid oxidative loss prevent what emissions are still produced
from building up. In the late evening and night, emissions remain low and thus concentrations
also remain low despite the low boundary layer and lack of photochemistry.

Factors 5 and 6 and many marker compounds share this general pattern of elevated
concentrations exclusively in the early morning hours. They are governed by the same large-scale
atmospheric processes. Thus while differences exist which allow them to be separated by the
PMF model, which will be discussed in the descriptions for those factors, their overarching
similarity means the sources are not separated perfectly. For example, palmitoleic acid is
primarily a tracer of cooking (Rogge et al., 1996; Robinson et al., 2006), yet has its highest mass
fraction in this factor, while other cooking tracers appear in other factors. Together with the
overall similarity in variability between gasoline and cooking markers, palmitoleic acid’s low and
noisy signal may have caused it to be placed in this factor primarily by the model, even though it
does not originate from the same pollution source.
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D4 and D5 siloxanes have substantial fractions of their mass in this factor (23% and 27%
respectively). D5 has been established as a tracer compound for personal care product emissions
(Horii and Kannan, 2008; Wang et al., 2009; Coggon et al., 2018). It is also prominent (mass
fraction of 28%) in Factors 5 and 8, which both contain fragrance compounds commonly found
in consumer products, including personal care products. The fact that D5 is present in Factors 3,
5 and 8 while the fragrance compounds are only present in Factors 5 and 8 could be reflective of
different emission rates from those products. D5 is found in the greatest concentrations in
antiperspirants (Wang et al., 2009); once applied, while emissions are highest immediately after
application, it evaporates over the course of several hours (Montemayor et al., 2013) and has
even been directly measured in an engineering classroom in the afternoon (Tang et al., 2015) and
outside an automobile in cabin fan exhaust from human occupants who had applied D5-
containing personal care products earlier that day (Coggon et al., 2018). Evaporation of
monoterpenes and monoterpenoids, which comprise the vast majority of the mass of fragrance
compounds measured in this study, is likely to happen much faster due to their greater volatility
(Hazardous Substances Data Bank, 2022). A study of evaporation of 300 pL of essential oils
indoors found that most VOC mass, including most monoterpene mass, was emitted during the
first 30 minutes (Su et al., 2007).

D4 is mainly indicative of adhesive and pesticide use (Gkatzelis et al., 2021) but is also
found in consumer products (Horii and Kannan, 2008; Wang et al., 2009), though it is not present
in Factor 5, the consumer product factor. If the D4 measured in Livermore is from consumer
products, it is not clear why the peak concentration coincides with the gasoline markers, later in
the day than the peak of the other consumer product compounds.

It is likely that some mass from the diesel emission source is in this factor. Black carbon,
which originates almost entirely from diesel emissions (Gentner et al., 2013b), correlates best
with this factor (r = 0.84), suggesting some of the variability in this factor is driven by diesel
exhaust emissions of compounds found in both gasoline and diesel exhaust.

4.3.5 Factor 4: Oxidized urban and temperature-driven emissions

Factor 4 represents aged urban emissions and temperature-driven emissions. This factor
includes heavy n-alkanes (C20—Cz7; Cls 41-48) as well as the n-alkanoic acid series (Cs—Cis; Cls 49-
59), with approximately 30-50% of the mass of each compound in these two classes included in
this factor. Several other compounds are also present, including DEHA (62%; Cl 83), bis(2-
ethylhexyl) phthalate (hereafter DEHP; 46%; Cl 84), phthalic anhydride (42%; 78), 4-nitrophenol
(38%; Cl 98), aromadendrene (37%; Cl 71) and azelaic acid (33%; Cl 60). This factor contains the
largest fraction of semivolatile mass of any of the factors (Figure B.6 (a)), largely due to the
presence of DEHA and the fatty acid series. Factor 4 correlates strongly with temperature
(Pearson’s r =0.82), peaking in the mid to late afternoon. Winds are moderately strong and from
the west when this factor is elevated (Figure 4.5). The smooth variation in concentration of Factor
4 suggests a regional source rather than a local one, which would likely display greater inter-
hourly variability in concentration and greater sensitivity to small changes in wind direction.

DEHA and DEHP are both semivolatile plasticizers found in polyvinyl chloride, commonly
found in building materials (Liu and Little, 2012; Shi et al., 2018; Bui et al., 2016). Like Factor 4,
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these two compounds correlate strongly with temperature (r = 0.83 for DEHA and r = 0.73 for
DEHP), consistent with temperature-dependent emission which has been observed in controlled
studies (Clausen et al., 2012; Fujii et al., 2003; Liang and Xu, 2014). The heavy alkanes are
discussed in detail in the Factor 2 (episodic petrochemical source) section. They are known to
originate from evaporative, temperature-dependent sources such as motor oil and asphalt,
consistent with the temporal profile of Factor 4.

The remaining compounds represented in this factor are not likely to originate from
evaporative sources, but given the consistent winds from the west could represent oxidized
emissions transported from the east and south Bay Area. Phthalic anhydride is a secondary
product of the photooxidation of naphthalene and phthalic acid has been found in secondary
organic aerosol formed from naphthalene photooxidation (Chan et al., 2009b; Kleindienst et al.,
2012; Wang et al., 2007). During the study period, conditions for optimal photooxidation (i.e.,
high solar flux) coincided with periods of high temperature, causing these distinct source
categories to appear in the same PMF factor.

In urban and suburban areas, the n-alkanoic acid homologous series is most often
ascribed to cooking emissions (Schauer et al., 2002a; Robinson et al., 2006; Allan et al., 2010;
Mohr et al., 2012; Yao et al., 2021), but biomass burning, motor vehicle exhaust and road dust
can all contribute (Schauer et al., 1996; Rogge et al., 1996). The fatty acids also originate from
terrestrial microbial activity (Simoneit and Mazurek, 1982) and marine phytoplankton
(Kawamura et al., 2003), sources that tend to dominate in remote areas (Kawamura et al., 2003;
Cahill et al., 2006; Fu et al., 2014; Boreddy et al., 2018). Alkanoic acids from cooking exhibit a
distinct diurnal profile, with elevated concentrations around dinner time and occasionally
another similar peak around lunchtime (Allan et al., 2010; Mohr et al., 2012; Dall’Osto et al., 2015;
Yao et al., 2021). In this study, palmitic (C1s; Cl 57) and stearic (Cis; Cl 59) acids, which are emitted
from meat cooking (Rogge et al., 1991), do show occasional evening elevated concentrations (not
captured in the Factor 4 profile), but the other alkanoic acids do not. The defining feature that
likely caused the fatty acids to be grouped in this factor is the period of sustained elevated
concentrations between the evenings of 13 April and 15 April, with almost no diurnal sensitivity
(Figure 4.6). This temporal profile is inconsistent with local emissions from the sources
mentioned above, but an elevated regional background transported from urban areas to the west
could explain the variability. Azelaic acid, the Cs dicarboxylic acid, has similar sources to the n-
alkanoic acids (Kawamura and Bikkina, 2016) and a similar temporal profile to palmitic and stearic
acids, including brief evening spikes in concentration likely from cooking and the two-day period
of elevated concentration.
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period.
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The timeline of the sesquiterpene aromadendrene exhibits the same period of sustained
elevated concentration as the alkanoic acids and azelaic acid. Sesquiterpene emissions from
plants are temperature dependent (Duhl et al., 2008; Bouvier-Brown et al., 2009). Emission
outpaces loss on some days despite aromadendrene’s very high reactivity with ozone (Pollmann
et al., 2005b) and the hydroxyl radical (Ng et al., 2007).

4-nitrophenol is strongly represented in this factor (38% mass fraction), while its isomer
2-nitrophenol (Cl 97) does not contribute at all. Both nitrophenols are emitted during motor
vehicle combustion (Nojima et al., 1983; Tremp et al., 1993) and in some industrial manufacturing
(Harrison et al., 2005b). Biomass burning also leads to production of 4-nitrophenol and possibly
2-nitrophenol (see Factor 9 discussion). Secondary formation of nitrophenols occurs from
photooxidation of aromatic hydrocarbons such as benzene, toluene, phenol and cresol (Harrison
et al., 2005b). Primary emissions from vehicles and secondary formation are thought to be the
most important sources of nitrophenols in polluted urban environments (Inomata et al., 2013; Lu
et al,, 2019).

4-nitrophenol is observed in greater concentrations than 2-nitrophenol in this study both
on average and at each data point except for about 10 nighttime samples (Figure 4.7), even in
the gas phase. This is in contrast to other studies (Littke et al., 1999; Cecinato et al., 2005),
though most modern studies did not distinguish between the two isomers (Yuan et al., 2016;
Cheng et al., 2021; Wang et al., 2020; Salvador et al., 2021) or did not quantify 2-nitrophenol
(Kitanovski et al., 2012; Wang et al., 2017, 2018, 2019b). Nitrophenols from vehicle exhaust show
a mild preference for the ortho isomer (Nojima et al., 1983; Tremp et al., 1993), and gas-phase
secondary formation favors 2-nitrophenol as well (Harrison et al., 2005a). Liquid-phase secondary
formation is likely to be an important production mechanism for nitrophenols, but the ratio of
isomer production for this process is unknown (Harrison et al., 2005a). Observations of particle-
phase nitrophenol show a strong preference for the para isomer (Luttke et al., 1999; Harrison et
al., 2005b), likely due to its much lower vapor pressure and much higher Henry’s law constant
(Sander, 2015; U.S. EPA, 2022), but 4-nitrophenol is observed predominantly in the gas phase in
this study, consistent with other studies (Yuan et al., 2016; Cheng et al., 2021). There are several
loss processes of gas-phase nitrophenol, with photolysis thought to be the most important (Vione
et al., 2009; Yuan et al., 2016), though comparison of gas-phase photolysis between 2NP and 4NP
is not currently feasible (Chen et al., 2011; Sangwan and Zhu, 2018).
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Figure 4.7. Timelines of nitrophenol isomers (left axis) and temperature (right axis) for the study
period.

62



Our data suggest 2-nitrophenol is emitted and concentrated in the nighttime hours and
lost in the daytime, while 4-nitrophenol is either not lost during the daytime or has an additional
daytime source that 2-nitrophenol lacks, such as regional transport from the Bay Area to the
west. The state of the existing literature leaves both possibilities open, and without more
information it is not possible to determine what is causing the difference in profiles between
these two isomers.

4.3.6 Factor 5: Consumer products

Factor 5 is designated as consumer product emissions. It consists of limonene (Cl 68) and
other biogenic compounds, D5 siloxane (Cl 121), brominated and chlorinated hydrocarbons and
small contributions from volatile diesel markers. Of the biogenic compounds present,
monoterpenes (Cls 64, 66-69), methyl salicylate (Cl 74) and a-isomethyl ionone (CI 75) are well
represented while isoprene (Cl 63), the monoterpenoids camphor (Cl 65) and eucalyptol (Cl 70),
the sesquiterpene aromadendrene (Cl 71), and a-pinene oxidation products pinic and pinonic
acid (ClIs 72, 73) are not. When the concentration of this factor is high, winds come exclusively
from the northeast, though wind speeds are low (< 1 m s) (Figure 4.5). The diurnal profile of this
factor qualitatively resembles that of Factor 3 (gasoline), with strongly elevated concentrations
in the early morning hours exclusively. Peak consumer products emissions occur slightly earlier
than gasoline emissions on average, from about 04:00 to 06:00 LT (Figure 4.3).

As a monoterpene, limonene is often considered to originate from biogenic sources, but
limonene is also used ubiquitously in personal care products and cleaning products as a fragrance
(Logue et al., 2011; Steinemann et al., 2011). Coggon et al. (2021) showed that fragranced
products are the dominant source of limonene in some urban areas. While limonene is the
monoterpene typically found in the highest concentrations in fragranced consumer products, the
other monoterpenes included in this PMF analysis (a-pinene, B-pinene, camphene and 3-carene)
are also common components of consumer products (Steinemann et al., 2011; Steinemann,
2015). The early morning spikes in concentration just before gasoline markers become elevated
is consistent with consumer product use by individuals preparing for their day before starting
their cars to drive to work. In contrast, studies reporting monoterpene concentrations in rural or
remote locations, where biogenic emissions likely dominate, show sustained elevated
concentrations throughout the night (Bouvier-Brown et al., 2009), not just early morning.

D5 is also prominent in this factor and, as stated in the discussion of Factor 3, is a tracer
for personal care product emissions. Methyl salicylate, as the primary component of wintergreen
oil, is also used as a fragrance compound (Lapczynski et al., 2007). a-isomethyl ionone is naturally
found in Brewer’s yeast and emitted during fermentation (Loscos et al., 2007), but is also
commonly produced synthetically and found in cosmetics and personal care products (del Nogal
Sanchez et al., 2010). There are three breweries about 1.1 km to the southeast of the sampling
site and one about 3.5 km to the northeast; given their distance, the low northeastern winds and
the presence of other personal care product fragrance compounds in this factor it is most likely
a-isomethyl ionone measured at the sampling site also originates from personal care products.
Methyl salicylate and a-isomethyl ionone are low-volatility IVOCs, measured on the SVOC
channel of cTAG. Their presence in this factor contributes to a more comprehensive source
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profile for consumer product emissions than could be obtained with a VOC-only measurement
focus.

p-Dichlorobenzene (Cl 118) is an industrial chemical used as a deodorant and insect
repellent, especially in mothballs (ATSDR, 2011), that persists for weeks in the atmosphere
(Atkinson and Arey, 1993). It is widely available as a consumer product and is typically placed in
enclosed spaces with clothes vulnerable to moth damage (Chin et al., 2013). Its inclusion in this
factor and Factor 8 could be explained by morning occupant activity that disturbs and ventilates
spaces where p-dichlorobenzene is placed, temporarily increasing their emission to the rest of
the indoor environment and, in turn, outdoors. It is also possible that general household activity
correlates with VOC exchange from indoor residences to outdoors, independent of whether
occupants are interacting with p-dichlorobenzene-containing substances. Further highly time
resolved studies are needed to assess time-of-day exposure and transport to the outdoors.

Dibromochloromethane (Cl 117) is a disinfection byproduct found in chlorinated tap
water (Krasner et al., 1989). It is also produced from marine macroalgae (Manley et al., 1992;
Sturges et al., 1992; Carpenter and Liss, 2000), the more important source globally (World
Meteorological Organization et al., 2019), and is well-mixed in the troposphere, with a lifetime
of 70 days (World Meteorological Organization et al., 2019). One likely source of this compound
above the regional background is the outdoor swimming pool 10 m to the northeast, which was
closed to the public for the season but was nonetheless kept filled. Trihalomethane emissions
from commercial pools have been extensively documented (Fantuzzi et al., 2001; Zwiener et al.,
2007; Richardson et al., 2010; Righi et al., 2014; Westerlund et al., 2019). While pool emissions
may be responsible for elevated concentrations throughout the nighttime when dilution is low,
the spikes in concentration in the early morning hours are more likely related to human activity.
Residential showering has been shown to increase the concentration of dibromochloromethane
in the bathroom air by 10 ug m or more, depending on its initial concentration in the tap water
(Kerger et al., 2000). Once ventilated outside, it is plausible that with enough temporally
coincident showers in nearby residences the concentration measured at the sampling site would
increase by the observed 5-10 ng m™3 in the early morning hours.

The C10—Cis n-alkanes (Cls 22, 30-35) contribute between 15 and 32% of their mass to this
factor. These compounds come chiefly from gasoline and diesel exhaust or fuel evaporation
(Schauer et al., 1999b, 2002b; Gentner et al., 2013b; Drozd et al., 2021), but use of petroleum
distillates in some consumer products is another contributor (McDonald et al., 2018). A consumer
product source would be the most consistent with the temporal variability and composition of
this factor.

4.3.7 Factor 6: Primary biogenic and diesel

Factor 6 is designated primary biogenic and diesel. Three out of the five monoterpenes
measured are shared between this factor and the consumer products factor (camphene, mass
fraction 29%, Cl 64, a-pinene, 32%, Cl 66, and B-pinene, 25%, Cl 67). The only other major
constituents of Factor 6 are a narrow range of semivolatile n-alkanes (C16—Ci9) and pristane and
phytane (Cls 35-40), contributing about 20 to 30% of their mass. Like Factors 3 (gasoline) and 5
(consumer products), Factor 6 is elevated exclusively in the early morning hours. However unlike
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those two factors, the majority of the signal from Factor 6 is confined to one event in the early
morning hours of 17 April. Winds were calm (<1 m s) and from the northeast during this event
(Figure 4.5).

While most of the measured monoterpene mass is likely due to consumer product
emissions (see Factor 5 discussion), the personal care product tracer D5 (Cl 121) contributes no
mass to Factor 6. The peak of the early morning event on 17 April is at 3AM, two hours earlier
than the typical diurnal maximum for Factor 5. Therefore this factor is more likely to represent
concentrated local biogenic emissions.

The C10—Ci9 alkanes (Cls 22, 30-40) are mainly split between this factor, Factor 5 and
Factor 11 (early morning cooking/diesel event). While Factor 11 contains contributions from Cio—
Cio alkanes as well as pristane and phytane, which are expected from diesel exhaust or
evaporative emissions (Schauer et al.,, 1999b; Gentner et al., 2013b), Factor 5 only contains
contributions from the lighter alkanes in this range (C10—Cis) and Factor 6 from the heavier ones
(C16—Cig, pristane, phytane). The event on 17 April that defines Factor 6 is relatively enriched in
the heavier alkanes within this carbon number range, leading to splitting between factors. The
Factor 5 lighter alkane group could come from consumer product use as mentioned in the Factor
5 discussion.

4.3.8 Factor 7: Parachlorobenzotrifluoride (PCBTF)

Factor 7 consists nearly exclusively of p-chlorobenzotrifluoride (PCBTF; Cl 123), with 68%
of that compound’s mass present in this factor. No other compound has more than 10% of its
mass in this factor. The timeline is extremely episodic, with brief (single data point, or < 3.5-hour
duration) concentration spikes on some days around noon. Winds are exclusively from the west
when this factor’s concentration is high (Figure 4.5).

PCBTF is a volatile chemical product used exclusively in solvent-based coatings (Stockwell
et al., 2021; Gkatzelis et al., 2021). Coatings are defined in emission inventories as paints,
varnishes, primers, stains, sealers, lacquers, and any solvents associated with coatings (Stockwell
et al., 2021). They tend to be associated with construction projects (McDonald et al., 2018) and
Gkatzelis et al. (2021) found that concentrations of PCBTF specifically correlated poorly with
population density, which is consistent with industrial rather than individual consumer use.

The specific source of PCBTF in this study is unknown. Though the direction of the source
is well-defined, winds originated from the west for the entire morning and afternoon on the days
when PCBTF was detected, not just during periods of elevated concentration of PCBTF (Figure
4.4), suggesting the emissions themselves are intermittent rather than being continuous but only
sampled intermittently. The lifetime of PCBTF in the atmosphere with respect to reaction with
OH is over 20 days (Gkatzelis et al., 2021), so reactive loss is not expected to affect the measured
concentration.

4.3.9 Factor 8: Secondary oxidation and persistent personal care product emissions

Factor 8 is designated as secondary oxidation products and semivolatile personal care
product emissions. This factor contains moderate (=25% mass fraction or greater) contributions
from 11 different compounds, with 1t generation a- and B-pinene oxidation products pinonic
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acid (Cl 73) and pinic acid (Cl 72) contributing the highest mass fractions (52% and 36%
respectively). The factor concentration is elevated throughout the nighttime hours when ozone
is present and lower at night when ozone is low as well as midday. Winds come from all directions
when this factor’s concentration is high, with a slight preference for the northwest and northeast
(Figure 4.5), but wind speeds are low (< 1.8 m s! for all but one data point).

Pinic and pinonic acids match the variability of Factor 8 the most closely. Both compounds
are both secondary oxidation products and precursors of further oxidized species, with gas phase
lifetimes of only a few hours under typical conditions but with low enough volatility to partition
into the aerosol phase, which extends and adds uncertainty to their atmospheric lifetimes
(Donahue et al., 2012). In general, concentrations are highest at night and mid-morning, and low
in the middle to late afternoon. In the afternoon, even though ozone and a- and B-pinene are
present, the concentrations of pinic and pinonic acid dip, likely due to the combined effects of
continued oxidation and physical dilution. At night, one of two scenarios occurs. When ozone
remains high throughout the night (12, 15 and 16 April in this data set), these two acids build up
under the shallow boundary layer. When ozone is low at night or early morning, local minima in
pinic and pinonic acid concentrations are observed, leading to a bimodal diurnal trend. This trend
is noisier and less obvious (though still present) in the Factor 8 timeline due to the contributions
of other compounds not driven by the same chemistry.

In addition to pinic and pinonic acids, several compounds used in personal care products
are either split between this factor and Factor 5 (consumer products) or are predominantly
present in this factor. D5 siloxane’s (Cl 121) mass is approximately equally split between Factors
3 (gasoline), 5 and 8. Other compounds present in this factor that are used in personal care
products include camphor (Cl 65) (Drugsite Trust, 2021), eucalyptol (Cl 70) (Medcraft and Schnell,
2016), benzophenone (Cl 77) (Anderson and Castle, 2003; Downs et al., 2021; U.S. EPA, 2022),
dimethyl and diethyl phthalates (Cls 81, 80) (Zota et al., 2014) and methyl salicylate (Cl 74)
(Lapczynski et al., 2007), with the latter having approximately equal mass in Factors 5 and 8. p-
Dichlorobenzene (Cl 118) and dibromochloromethane (Cl 117), which are not from personal care
products but are linked to morning indoor residential activity, also share mass between Factors
5and 8.

When comparing compounds predominantly present in one factor or the other, more
volatile, less oxygenated compounds are represented in Factor 5, while oxygen-containing IVOCs
and larger, semivolatile compounds, many of them oxygen-containing, are found in Factor 8.
Factor 8 species tend to have longer atmospheric lifetimes as well, with camphor (Reissell et al.,
2001), eucalyptol (Corchnoy and Atkinson, 1990), methyl salicylate (Ren et al., 2020),
benzophenone (U.S. EPA, 2022), dimethyl phthalate (Han et al., 2014), p-dichlorobenzene
(Atkinson and Arey, 1993), dibromochloromethane (World Meteorological Organization et al.,
2019) and D5 siloxane (Navea et al., 2011) all having lifetimes of over 1 day when exposed to
typical hydroxyl radical concentrations ([OH] = 2 * 10® molecules cm3), and likely even longer
lifetimes in practice when the gas-particle partitioning of the semivolatile organics is taken into
account (Kroll and Seinfeld, 2008; Cousins and Mackay, 2001). In contrast, the compounds in
Factor 5 associated with personal care product emissions that are not also present in this factor
(the monoterpenes) have atmospheric lifetimes of a few hours at most (Atkinson and Arey,
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2003). This is consistent with the diurnal profiles of the two factors: long-lived personal care
product compounds, while they may be emitted in the early morning, are not fully reacted away
during the day and get reconcentrated under the boundary layer in the evening, leading to
elevated concentrations throughout the night. Short-lived compounds are only observed during
and shortly after their morning emission.

D4 siloxane (Cl 120) has a somewhat greater mass fraction in Factor 8 (29%) than in Factor
3 (23%). Like the compounds split between factors 5 and 8, D4 has a long atmospheric lifetime
(11 days; Navea et al., 2011), likely leading to elevated concentrations outside of typical emission
times, unlike the gasoline markers that make up the bulk of the mass of Factor 3.

2-Nitrophenol (Cl 97) contributes moderately to Factor 8 (mass fraction 24.8%). Possible
sources are discussed in the Factor 4 and Factor 9 descriptions.

4.3.10 Factor 9: Biomass burning

Factor 9 represents primary biomass burning emissions. The top mass fraction
contributors, in order, are galactosan (Cl 87), levoglucosan (Cl 86), syringaldehyde (ClI 94),
mannosan (ClI 88), syringic acid (Cl 95), vanillic acid (Cl 93), 4-nitrocatechol (Cl 96), and furfural
(CI 85), all tracers of biomass burning (Simoneit et al., 1999; Simoneit, 2002; Bertrand et al., 2018;
Finewax et al., 2018). This factor is consistently elevated exclusively in the nighttime hours. Winds
are light (< 1.5 m s'* except for one data point) and come from all directions, with a mild northeast
preference, when Factor 9 is elevated (Figure 4.5).

Despite a recent local ban on wood burning stoves in new construction and renovations
(Bay Area Air Quality Management District, 2022), wood burning in residences for heat or
recreation continues to be a significant source of pollution in the Bay Area, with 25% of primary
PM_.s emissions attributed to residential wood burning annually (Kniss et al., 2017). That fraction
rises to 33% or more between November and April (Bay Area Air Quality Management District,
2012; Bhattacharyya, 2022). With average evening temperatures (19:00 to 21:00 LT) of 10.4°C
during the sampling period, some residential wood burning activity is anticipated. While we
expect wood burning to occur only early in the nighttime hours before residents go to sleep, the
lower boundary layer throughout the night traps emissions, keeping concentrations elevated.

Some biomass burning markers included in this analysis did not show up in Factor 9. 4-
hydroxybenzoic acid (Cl 91) and p-anisic acid (Cl 90) are tracers for burning of grasses (Simoneit,
2002), an unlikely fuel source for residential fireplaces. 4-nitrophenol (Cl 98) has been observed
in biomass burning plumes or otherwise attributed to biomass burning (Hoffmann et al., 2007;
Mohr et al., 2013; Wang et al., 2017, 2020) and is likely formed secondarily within hours inside
the biomass burning plume (Mason et al., 2001). 2-nitrophenol (Cl 97), to our knowledge, has
either not been detected in biomass burning plumes (Hoffmann et al., 2007), or was simply not
measured or not distinguished from the other isomer (Mohr et al., 2013; Wang et al., 2017; Wang
et al., 2020). However, biomass burning is thought to be a minor source for 4-nitrophenol in
urban areas (Harrison et al., 2005b; Li et al.,, 2016), where motor vehicle combustion is
responsible for primary emissions of nitrophenols as well as precursors to their secondary
formation (Tremp et al., 1993; Harrison et al., 2005b), which also plays a major role in their
formation (Luttke et al., 1997, 1999; Harrison et al., 2005b; Yuan et al., 2016; Cheng et al., 2021).
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Further discussion on the sources and timelines of the nitrophenol isomers can be found in the
Factor 4 description.

4.3.11 Factor 10: Industrial and/or agricultural background and continuous combustion source

Factor 10 is elevated in the latter half of the campaign (17 April late morning onwards)
with maximum concentrations in the late morning and early afternoon hours but weak diurnal
variability. Its main constituents include o-dichlorobenzene (mass fraction 36%; Cl 119), phthalic
anhydride (36%; Cl 78), the PAH pyrene (32%; Cl 114), high volatility phthalates (15-30%; Cls 79-
82) and grass burning tracers 4-hydroxybenzoic acid (22%; Cl 91) and p-anisic acid (26%; CI 90),
with a small contribution from C15—C,1 alkanes, pristane and phytane (14-22%; Cls 34-42). Winds
come from all directions when this factor is elevated, but mostly from the west (Figure 4.5). This
factor appears to be part of the regional background.

o-Dichlorobenzene is used in the production of herbicides and dyes and as a solvent
(Meek et al., 1994; ATSDR, 2006) and lasts for weeks in the atmosphere (ATSDR, 2006). It
contributes to Factor 1 (long-lived and continuously emitted compounds) as well; as such, it is
likely part of the regional background that could include industrial and/or agricultural sources. It
is not found in consumer products like its isomer p-dichlorobenzene.

PAHs would be expected to contribute to this combustion-related factor, because they
are formed from incomplete combustion (Ravindra et al., 2008). Unlike the other PAHs
measured, which exhibit nighttime enhancement and are mostly split between Factors 3, 8 and
9, pyrene shows only minor nighttime enhancement even though it has an atmospheric lifetime
with respect to reaction with OH of only a few hours (Atkinson and Arey, 1994), suggesting a
continuous source. It is unclear why pyrene’s diurnal profile differs from the other PAHs.

Factor 10 and Factor 1 have several compounds in common, such as the grass burning
tracers, trihalomethanes (Cls 115-117), phthalimide (Cl 100), o-dichlorobenzene and to a lesser
extent phthalates. They also share weak diurnal variability, though the variability they do have is
opposite. However, Factor 1 completely lacks any contribution from pyrene and the diesel
markers. It seems likely that both Factor 1 and Factor 10 represent some stable background level
of long-lived or continuously emitted compounds spanning the volatility range from VOCs to
SVOCs, but that Factor 10 includes an additional continuous combustion related source that was
absent in the beginning of the campaign.

4.3.12 Factor 11: Early morning cooking/diesel event

Factor 11 consists nearly exclusively of a 14 April 03:00 spike in concentration of some
cooking and diesel tracers as well as a few other compounds. It includes 20—30% of the mass of
cooking tracers palmitic acid (Cl 57), stearic acid (Cl 59), azelaic acid (Cl 60) and nonanal (Cl 62)
and 10-25% of the mass of the diesel tracers C10—Ci9 alkanes, pristane and phytane (Cls 22, 30-
40). 1-Tridecene (Cl 102) and isophorone (Cl 122) have their highest mass fraction in this factor
(27% and 21% respectively). Winds were calm (< 1 m s!) and from the northeast during this event
(Figure 4.5).

Palmitic acid, stearic acid and azelaic acid are cooking tracers as discussed in the Factor 4
description, though the concentration variations captured in that factor are more likely to come
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from a difference source. Nonanal has biogenic (Kirstine et al., 1998) and secondary (Atkinson,
2000; Fruekilde et al., 1998; Moise and Rudich, 2002) sources, but is also emitted in significant
guantities from cooking (Rogge et al., 1991; Schauer et al., 1999a, 2002a), the likely source for
this event. With northeast winds, one or more of the restaurants in the shopping center 100 m
to the north could be the source of the cooking and diesel activity.

Isophorone is a solvent for resins, polymers, wax, oil, pesticides, paints and printing inks
(International Programme on Chemical Safety, 1995; Samimi, 1982). While it has been detected
at low levels in foods (Sasaki et al., 2005; Kataoka et al., 2007), it is not detected in food cooking
emissions (Rogge et al., 1991; Schauer et al., 1999a, 2002a), so isophorone likely arises from a
separate and temporally coincident source.

While little information is available about sources of 1-tridecene specifically, lower
molecular weight alkenes come from mostly anthropogenic origin in urban areas, specifically
mobile sources (Luecken et al., 2012). In this data set, 1-tridecene correlates better with diesel
tracers (r = 0.7) than gasoline tracers (r = 0.55), though it is not specifically mentioned in speciated
diesel composition studies (Rogge et al., 1993a; Schauer et al., 1999b; Gentner et al., 2013b).
Even at its peak, the 1-tridecene concentration is less than 4 ng m=3 (0.5 ppt).

4.3.13 Factor 12: Isoprene

Factor 12 contains 73% of the mass of isoprene (Cl 63), and no more than 10% of the mass
of any other compound. The concentration is elevated between the early morning hours and late
evening hours, with a peak in the early evening (18:00 LT) and a much smaller peak in the morning
(04:00 to 06:00 LT). When the concentration of this factor is high, wind speeds are typically
elevated and from the west (Figure 4.5).

Isoprene is predominantly of biogenic origin and its emission is light- and temperature-
dependent (Guenther, 1997). Seasonal output varies greatly, with maximum emission in the
summer months (Palmer et al., 2006; Liakakou et al., 2007). Summertime diurnal concentration
profiles of isoprene typically increase from morning to a midday maximum, declining again by
nightfall, in accordance with its sensitivity to light and temperature. In wintertime when biogenic
production is low, isoprene has been observed to correlate with pollutants of known vehicle
traffic origin in urban areas and is inferred to originate from that source (Reimann et al., 2000;
Borbon et al., 2001; Lee and Wang, 2006; Hellén et al., 2012; Kaltsonoudis et al., 2016).

As spring represents a transition from winter to summer conditions, evidence of both
anthropogenic and biogenic isoprene is present in Livermore. The small early morning peak is
unlikely to be of biogenic origin since it occurs when temperatures are coldest and before the
sun rises. The peak coincides with those of the traffic markers; restricted to the hours of 22:00 to
05:30 LT, isoprene correlates with benzene and several other gasoline markers
(methylcyclopentane through p-diethylbenzene in Table 4.1 and Figure 4.4). The correlation
between benzene and isoprene is shown in Figure 4.8. A linear regression of the data puts the
intercept within error of the origin, suggesting no additional sources for isoprene or benzene
overnight. The slope, which represents an average ratio, is 0.22. Analysis of vehicle emissions
measured during dynamometer tests performed in 2014 (Drozd et al., 2016) show a median

69



isoprene to benzene ratio of 0.18 with 50% of the data between 0.14 — 0.34 (Figure B.7), providing
independent support for attributing these isoprene emissions to anthropogenic sources.

In contrast, the late afternoon or early evening peaks roughly correlate with the maximum
afternoon temperature, though the peaks occur a few hours after the temperature maximum.
Midday concentrations may be depressed by reaction with the hydroxyl radical as well as dilution
from the heightened boundary layer and high winds. In the early evening there is a narrow
window of time when the sun has set (and therefore hydroxyl radical production has ceased),
but isoprene emission continues. The lowering boundary layer and lower wind speeds may also
contribute to the heightened isoprene concentrations. Later in the evening, emission ceases and
isoprene is rapidly lost to reaction with nitrate radical and ozone (Steinbacher et al., 2005).
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Figure 4.8. Correlation of isoprene and benzene between 22:00 and 05:30 LT, when biogenic
production of isoprene is expected to be negligible.

4.3.14 Factor 13: Possible jet fuel event

Factor 13 captures a short episode of heightened gasoline tracer concentrations at 23:00
on 13 April. It is not associated with a sudden shift in wind patterns, but more likely represents a
transient source. Around 20% of the mass of Ce—Cip linear, branched and aromatic hydrocarbons
(CIs 1-29) is included in this factor, with smaller contributions out to Cis (Cls 30-33).
Compositionally, Factor 13 differs from Factor 3 (gasoline) in its lack of other compound classes;
Factor 3 additionally contains contributions from PAHs, palmitoleic acid and D4 and D5 siloxanes.
Since D5 originates from personal care products likely applied in the morning hours, its absence
in Factor 13 is not surprising. Similarly, as mentioned in the Factor 3 discussion, palmitoleic acid
and D4 coincide temporally with regular morning gasoline emissions but do not come from
gasoline, so are not expected in Factor 13 either. The PAH presence in Factor 3 was ascribed to
gasoline exhaust, so its absence in this factor is inconsistent with a gasoline source. One
possibility is that Factor 13 captures a low jet aircraft flyover, since the carbon number range of
jet fuel approximately matches the factor’s chemical profile (Masiol and Harrison, 2014) but jet
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fuel is depleted in PAHs compared to gasoline (Shumway, 2000). The likely origin or destination
of the aircraft is Livermore Municipal Airport, located approximately 3 km away from the
sampling site.

4.4 Conclusion

For the first time on a single instrument, hourly measurements were successfully carried
out of over 160 organic compounds in the ambient air ranging from Cs to C;7 alkane equivalent
volatility in both gas and particle phases. Measurements took place in Livermore, California
between 11 April and 21 April 2018 with the cTAG. PMF was applied to a subset of the measured
compounds to elucidate the major sources of pollution in Livermore in the springtime.

Major factors observed to contribute significantly included gasoline emissions, consumer
product emissions, emissions from evaporative (temperature-dependent) sources, biomass
burning, secondary oxidation, background emissions from continuously emitting sources or long-
lived pollutants, and several factors associated with single compounds or specific events during
the campaign described by a unique compositional profile. The gasoline factor had a morning
maximum, but lacked the evening enhancement observed in other studies, likely due to the
residential area of our sampling location and emissions from modern vehicles being concentrated
in cold starts, in addition to afternoon meteorological conditions that favor dilution and oxidation
of emitted pollutants. Monoterpenoid compounds were associated with the personal care
product factor more than any other factor, highlighting the dominance in urbanized areas of
anthropogenic sources for some compounds normally from biogenic sources. No clear diesel
factor emerged; rather, diesel tracers were split between three different factors primarily
associated with distinct single events. Isoprene’s dual biogenic and vehicle exhaust sources
combined with atmospheric chemistry suppressing midday concentrations forced it into its own
factor. While PCBTF and isophorone are both industrial chemicals associated with solvents, they
exhibit extremely distinct temporal profiles and are present in different factors, suggesting
distinct sources. The clearly separated biomass burning factor demonstrates that residential
wood burning is still an important source of organic emissions even in the springtime.

This analysis underscores the increasing importance of anthropogenic petroleum-derived
VOCs from non-mobile sources in a suburban environment, an emerging topic of interest in
recent years (McDonald et al., 2018). The ability to resolve individual isomers at high time
resolution proved crucial, as it allowed for (1) the separation of the monoterpenes between
consumer product emissions and a suspected biogenic source, and (2) the distinct categorization
and interpretation of the nitrophenol and dichlorobenzene isomers. Including VOCs, IVOCs and
SVOCs together in a single analysis expanded the profiles of some sources dominated by VOCs,
such as the IVOCs methyl salicylate and a-isomethyl ionone being included in the consumer
product factor. Similarly, the secondary oxidation/persistent personal care product emissions
factor included a mix of SVOCs, stable VOCs and oxygenated VOCs, constituting a unique profile
distinct from fresh personal care product emissions. Measurement of compounds over a wide
range of volatilities and oxidation states can allow for more detailed source characterization and
tracking of atmospheric processes than focusing on VOCs or particulate matter alone.
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5 Future work

This work advances our understanding of complex atmospheric organic mixtures and our
ability to measure them. The ideas discussed below range from instrument development
opportunities to gaps in the scientific literature and future research directions to maximize the
potential of cTAG.

While cTAG has expanded the range of organic carbon that can be detected in a single
instrument, there are still compound classes that it cannot measure. Like its cousin and
predecessor SV-TAG, cTAG circumvents the tradeoff of nonpolar vs polar chromatography
column optimization on the SVOC channel by using a derivatization agent to convert polar species
into nonpolar ones, allowing a nonpolar GC column to elute both nonpolar and polar analytes.
With some laboratory development this should be possible on the 1I/VOC channel as well,
expanding the observable compound range to include highly oxygenated VOCs in addition to low-
polarity ones. This was attempted during the development of cTAG. The main obstacle we ran
into was the lack of a derivatization agent we could introduce that did not interfere with the
volatility range of ambient compounds we sought to observe, since excess derivatization agent
needs to be discarded before the sample reaches the GC column to avoid rapid GC column and
MS ion source degradation.

While the analysis in Chapter 4 contained some secondary species and at least one
secondary source category, most of the compounds included in the analysis were primary,
reflecting their greater abundances, availability in commercial standard mixtures and more
extensive prior research. Future deployments of cTAG should aim to characterize more of the
oxygenated (and therefore likely secondary) mass on the SVOC channel, coupled with candidate
precursors on the I/VOC channel to track the oxidation process and possibly connect newly
identified secondary product tracers to likely precursor compounds.

To aid in the process of characterizing more oxygenated compounds found in ambient
data sets, some recent tools developed by my colleagues in the Goldstein group could be of use.
For compound identification, mass spectral libraries of compounds present in laboratory biomass
burning and terpene oxidation experiments (UCB GLOBES Mass Spectral Libraries
(https://nature.berkeley.edu/ahg/data/MSLibrary/): Jen et al, 2019; Yee et al, 2018)
complement the NIST Mass Spectral Database (NIST Standard Reference Database 1A, 2022) with
more atmospherically relevant sets of compounds. Where identification is not possible and to
more accurately calibrate compounds without authentic standards, future data sets could benefit
from application of the model described in Franklin et al. (2022), which uses machine learning on
a test set of data to predict the chemical properties of observed compounds based on GC
retention time and mass spectral information.

As discussed in Chapter 1 and Section 3.4, recent review literature underscores the need
for more speciated IVOC and SVOC measurements in atmospherically diverse contexts to
improve our understanding of SOA formation and of the importance of different pollution
sources locally and globally (Shrivastava et al., 2017; Heald and Kroll, 2020). Climate change and
changing policy and land use patterns will continue to alter the dominant sources of pollution on
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all spatial scales, making ongoing measurements crucial. cTAG is well-suited to make meaningful
contributions in this area, with deployment in urban, suburban, agricultural/rural and remote
contexts likely to yield new insights.

Measurement of speciated VOCs, IVOCs and SVOCs would be far less powerful without
the enormous existing body of research on the sources, atmospheric behavior and physical and
chemical properties of specific compounds. However, gaps in this crucial research area remain.
Chemical isomers can have different physical and chemical characteristics or sources,
underscoring the need for widespread use of measurement techniques capable of distinguishing
between them. The nitrophenol isomers discussed in sections 4.3.5 and 4.3.10 are a striking
example of this, with one isomer having a lower vapor pressure by about 2 orders of magnitude
(U.S.EPA, 2022); other examples included in or adjacent to this work include the dichlorobenzene
isomers (different sources), mono-, sesqui- and diterpenes (highly species-dependent isomer
emission), and levoglucosan and its isomers mannosan and galactosan (emitted from BB in
different ratios depending on the source fuel and burning conditions) (Suciu et al., 2019). The
lack of prior studies distinguishing nitrophenol isomers, for example, limited the interpretation
of the nitrophenol observations in Chapter 4.

Similarly, many known marker compounds, particularly IVOCs and SVOCs, lack studies on
their atmospheric reaction kinetics. Among BB markers, mannosan, galactosan, 4-
hydroxybenzoic acid, syringaldehyde and syringic acid are all expected to have appreciable mass
that could contribute to SOA from BB (Error! Reference source not found.). No gas-phase
reaction rate estimate for 4-nitrophenol with OH radical exists despite it being observed
overwhelmingly in the gas-phase in this study (Section 4.3.5) and others (Yuan et al., 2016; Wang
et al., 2020). Studies on the reaction kinetics of these and other important tracers with common
atmospheric oxidants would enhance SOA formation estimates and inform interpretations of
concentration measurements such as those gathered using cTAG.

Finally, the advancement of low-cost sensors for air pollution monitoring over the past
decade has been exciting, with huge potential still for this emerging field. Existing low-cost
sensors measure small gases (e.g. CO,, CO) or bulk properties of particulate matter (e.g. black
carbon, fine particulate matter), but measurement of most speciated organics remains the
domain of more complex and expensive instrumentation. While there are technological hurdles
to overcome, the combined power of a ubiquitous, distributed low-cost sensor network with
targeted measurement of important SVOC tracer compounds is compelling to imagine. Such a
network could allow researchers and monitoring organizations to definitively apportion
measured black carbon between biomass burning and diesel emissions on a citywide scale, for
example, since tracer compounds can separately capture the extreme variability of each source
on seasonal, weekly, daily and hourly timescales. Personal use could allow consumers to identify
volatile toxic chemicals in residences or other indoor environments in which they spend the
majority of their time. The potential applications and areas of future research described here are
just a limited subset of the possibilities for speciated measurement of atmospheric reactive
organic carbon.
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Appendix A: Miniature gas chromatograph development

CTAG uses dual miniature gas chromatographs (GCs) to preserve compactness and
independent temperature control. Figure A.1 shows a schematic of the final design and a photo
of a GC hub on the instrument. Having reproducible temperature ramps is critical for batch
chromatogram analysis, since the exact elution time of each compound is dependent upon the
column temperature. Figure A.2 shows that we can run a consistent, repeatable temperature
program using PID control on the mini-GCs.

(a)

E

Band heater

e

Aluminum hub

Figure A.1. Schematic and photo of miniature gas chromatographs. Clamps on the edges of the
rim of the hub hold the chromatography column in place at each end. An aluminium sheet is
wrapped around the outside of the hub over the column to further ensure even heating of the
column itself.
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Figure A.2. Demonstration of reproducibility of temperature ramps on the miniature gas
chromatographs. This leads to consistent elution times of compounds of interest, streamlining
batch peak integration.
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Appendix B: Supporting information for source apportionment of VOCs,
IVOCs and SVOCs in Livermore

B.1 Precision uncertainty histograms
Precision uncertainty is discussed in Section 4.2.2.3.2.

Figure B.1 shows the relative standard deviations of the internal standard ratios for all
internal standards used for normalization in this analysis. Hydrocarbons between n-tetradecane
(C14) and pyrene (elutes just before n-docosane (Cz2)) all correlate closely. Additionally, the
distribution of internal standard ratios across samples is approximately normal (e.g., Figure B.2
(a)). We thus infer that any ambient hydrocarbon observed in this volatility range could be
normalized by any of the internal standards in this range with 10% or less precision uncertainty
introduced. Though transfer efficiency suffers for hydrocarbons with lower volatility than n-
docosane, leading to greater sensitivity of internal standard choice, 10% is still a satisfactory
precision uncertainty for ambient compounds in this volatility range provided the analyte and
internal standard retention indices differ by less than about 200. (In later deployments of cTAG,
transfer efficiency remains high up to n-triacontane.) The best hydrocarbon pairings have a
relative standard deviation of less than 5%. From this observation we conservatively estimate
that compounds normalized by an isotopologue incur 5% precision uncertainty.

On the high volatility side, deuterated tridecane was lost in the refocusing step during
occasional periods of high ambient temperature, causing its measured signal to drop near zero.
Ambient compounds in this volatility range are therefore normalized by tetradecane with an
assigned precision uncertainty of 25% based on the RSD of the tridecane-tetradecane ratio. The
distribution of ratios is somewhat skewed (Figure B.2 (b)); a few data points should likely be
assigned a higher uncertainty and many could be assigned a lower uncertainty, but 25%
represents an appropriate overall estimate for the most volatile compounds.

Oxygenated compounds exhibit greater RSD values regardless of whether they are paired
with hydrocarbons or other oxygenates. Deuterated syringic acid, which elutes just before
eicosane (Czo), produces an RSD of about 30% when paired with most other compounds,
oxygenated or not, and an approximately normally distributed set of ratios (Figure B.2 (c)).
Ambient oxygenates are normalized by the nearest deuterated oxygenate in volatility if their
retention indices are within 200 and the nearest hydrocarbon otherwise; in both cases the
assigned precision uncertainty is 30%. Table B.1 summarizes the categories of precision
uncertainty assigned to ambient compounds for this analysis.
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Figure B.1. Relative standard deviations of all internal standard ratios used in this study. Green =
0; red = 0.7 or greater.
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Figure B.2. Example distribution of relative ratios of internal standards for (a) two hydrocarbons
with a retention index difference of 200, (b) tridecane and tetradecane and (c) two oxygenated
compounds.
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Table B.1. Summary of internal standard assignments for normalization of ambient compounds
in this analysis and the precision uncertainty incurred from each assignment. Because the
precision uncertainty is the only source of uncertainty that varies from sample to sample, it is the
only uncertainty assigned to individual compounds as input to the PMF model.

Ambient Compound Category Precision
Uncertainty
Assigned
Compounds with isotopologue internal standards 5%
Hydrocarbons with retention index at or above 1400 (no isotopologue) 10%
Compounds with retention index below 1400 (no isotopologue) 25%
Compounds that do not fall into any of the above categories, including most 30%
oxygenates
B.2 PMF evaluation of different factor solutions
B2.1 QQexyp

A common consideration for deciding which solution best explains the data is to compare
Q/Qexp for solutions with different numbers of factors (Ulbrich et al., 2009). The expected value
of Q, or Q.xp, is calculated for m compounds, n sample times and p factors as:

Qexp =mn—p(m+n) (B1)
Q/Qexp is expected to decrease as the number of factors increases, as more of the data is able
to be fit. A relatively large decrease in Q/Q.y, between successive solutions suggests the
additional factor explains more of the data than would be expected and thus should be included.
This effectively sets a minimum number of factors for the final chosen solution.

Q/Qexp and the percent reduction in Q/Q.y, between successive solutions is shown in
Figure B.3. Unusually large percent reductions are present with the addition of the 8t factor and,
especially, with the addition of the 13% factor. This is one reason the 13 factor solution was
chosen.
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Figure B.3. (a) Q/Q.xpfor different numbers of factors. (b) % reduction in Q /Q.x, as the number
of factors is increased.
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B.2.2 Beyond 13 factors: bootstrapping results

The 14 factor solution and beyond were ultimately rejected because the new factors
contained low fractions of compounds from many factors, taking mass away from the other
factors. Additionally, the factor timelines for 14%, 15% and 16%™ factors were not very distinct
from existing factors, as reflected in the decreasing average bootstrapping self-mapping fraction
(89.77% for 13 factors, 88.21% for 14 factors, 86.07% for 15 factors and 87.19% for 16 factors).
Finally, the additional factors had no clear physical interpretations that were distinct from factors
present in the 13 factor solution.

B.2.3 FPEAK rotation
FPEAK exploration is discussed in Section 4.3.1.
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Figure B.4. Q/Q.xp for different values of the FPEAK parameter. The minimum value is at FPEAK
=0.
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Figure B.5. Pearson’s r for the cross correlation between every pair of factors in the 13 factor
solution, along with the mean r for each FPEAK value. Since there are a total of 78 pairings, only
outliers are included in the legend. Negative values of FPEAK provide modest improvements (i.e.
decreases) in r values, including the mean r, but not enough to outweigh the optimization of
Q/Qexp at FPEAK = 0 (Figure B.4).
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B.3 Factor apportionment of VOCs, IVOCs and SVOCs
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Figure B.6. (a) Fraction of average mass from each cTAG measurement channel in each factor. (b)
Fraction of the average total mass of compounds measured on each channel found in each factor.
The numbers at the top represent the average total mass for (a) that factor or (b) that class of

compounds in ug m3,
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B.4 Isoprene to benzene emission factors in gasoline exhaust
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Figure B.7. The ratio of isoprene to benzene emission factors (EF) (mg (kg Fuel)?) for cold-start
emissions for a wide range of vehicle classes, showing a mean value of 0.18. Observed ratios
are sorted by the E/N (electric field density ratio) used in measurements made by a quadrupole
proton transfer reaction mass spectrometer. Vehicles span model year 1990 - 2014 and Pre-LEV
to SULEV emissions categories. There is no trend with E/N, suggesting a minimal effect of
substituted cyclohexanes on isoprene measurements (Gueneron et al., 2015).
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