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ABSTRACT

WINTERTIME AEROSOL IN LAS VEGAS, NEVADA

Numerous studies have found adverse health effestghjects who live next to major
roadways due to air pollution; in particular, theesn be severe impacts on lung function and
development in children living and/or attending@alnext to major roadways due to their
exposure to air pollutants, including particulatetter (PM) or aerosol. The composition of
aerosol at an elementary school next to a majenag in Las Vegas, Nevada during winter
2008 was measured using a suite of measurememnt®efodyne High Resolution Aerosol Mass
Spectrometer (HR-AMS) was used to quantify the aositppn of non-refractory PMaerosol,
including organic matter (OM); an Aethalometer wasd to quantify black carbon (BC); a
Sunset OCEC analyzer was used to measure orgathel@mental carbon (OC, EC); and a
particle-into-liquid system (PILS) coupled to twamichromatographs (IC) was used to measure
fine particle ions. Hi-volume Pp4 samplers were used to collect aerosol on qudréx filters
at between 2 and 24 hour intervals during the stadybset of which were analyzed for PAHs
and the biomass burning tracer levoglucosan. @ata analyzed by positive matrix
factorization (PMF) to determine the amount of lfirgsydrocarbon-like organic aerosol (HOA),
more oxidized OA (low-volatility and semi-volati®A [LV-OOA, SV-OOA]) and biomass
burning OA (BBOA).

PM; aerosol was predominantly carbonaceous, with QM BIC accounting for 74% of
the overall average 6.9 pgfmf PM measured. BC had a diurnal pattern sinddraffic
volume, while OM was higher in the evening compdcethe morning. OM was a mixture of
fresh HOA, urban- and regional-scale OOA, and BB@®Ahe evening, SV-OOA and BBOA

peaked, while HOA concentrations were on average#me in the morning and evening,



similar to BC. OM/OC ratios were low (1.52 +0.14 average) during the morning rush hour
(average OM = 2.4 pgffhwhen vehicular emissions dominate this near-roadsurement site,
and even lower (1.46 + 0.10) in the evening (aver@y!=6.3 pg/n), when a combination of
vehicular and fresh residential biomass burningssions was typically present during a period
characterized by strong atmospheric stability. /hitrate and sulfate had size distributions
typical of secondary species with a sharp pealaitigle diameter between 400 nm and 500 nm,
OM had a broader distribution between 100 nm ardr) diameter particles, reflecting its
combination of fresh, smaller particles and agaxdydr particles. OM concentrations were on
average similar between periods when the sampiiegvas upwind and downwind of the
freeway, though during the morning OM concentraiamre higher under downwind

conditions, as was the fraction of HOA.
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Executive Summary

Background

The composition of aerosol next to a major freewalyas Vegas, Nevada during winter
2008 was examined using a suite of measurementaraigses. Prior studies have found
adverse health effects in subjects who live nexhégor roadways, and in particular, have found
severe impact on lung function and developmenhildieen living and/or attending school next
to major roadways. Concentrations of some pollsgtanch as ultrafine particles and black
carbon (BC) can be up to three times higher neatrmadway compared to urban levels, though
particulate matter (PM) concentrations are typycafily slightly higher next to a roadway
compared to an urban area. However the compoxfi®M next to a roadway may vary from
PM composition elsewhere in the urban area, astoextoadway fresh vehicular emissions mix
with urban PM. In particular, organic aerosol (Q&pf interest as it contains known
carcinogens, such as polycyclic aromatic hydroaasl{® AHs), and oxidative species that can
adversely impact lung and cell function. Charaz&gion of OA is important and challenging, as
it varies dynamically compared to other aerosgbetheling on temperature, meteorology, PM
concentrations and PM compositioBection 1, Introduction, provides additional details of and
discussion on prior published work on near-roadaiayollution and organic aerosol, as well as

prior air pollution studies in Las Vegas.

Measurements
In our study, we conducted high time resolution sse@aments at Fyfe Elementary
School, 18 meters from the US 95 freeway soundwati. Aerodyne High Resolution Aerosol

Mass Spectrometer (HR-AMS) was used to quantifyctiraposition of non-refractory aerosol



with a vacuum aerodynamic diameteg\of 1 um (PM). These 4-minute measurements
included ammonium, nitrate, sulfate and organictendOM) concentrations. In addition,
individual mass spectrometer fragments were quadtify mass to chargen(? ratio, including
markers of primary, hydrocarbon-like and oxidizedamic aerosol (HOA and OOA,
respectively) as well as of biomass burning OA (BBOElemental ratios of the OA, e.g., H/C,
O/C and OM/OC, and patrticle size distributions miaonium, nitrate, sulfate and OM were also
determined.

In addition to the HR-AMS measurements, 5-minuteraged BC was measured with an
Aethalometer. Semi-continuous measurements ofRivjanic and elemental carbon (OC, EC)
by thermal optical analysis (TOA) were completeshga Sunset OCEC instrument. Semi-
continuous measurements of PMK”, sulfate, nitrate, ammonium and other major ioesew
made using a particle-into-liquid system (PILS) gled to two ion chromatographs (IC). Hi-
volume PM s samplers were used to collect aerosol on qudéz filters at between 2 and 24
hour intervals during the study, a subset of whielne later analyzed for PAHs and the BBOA
tracer levoglucosan. Wind speed and direction wezasured at 2 meters above ground level
(AGL) at Fyfe. Section 2, M easurements, provides additional details on the measurememds a

associated data processing.

Hypotheses and Results

The overall goal of this work was to characteriegeogaol in the near-road environment,
how its composition changes with variations in metégy and by time of day (with the
associated changes in traffic patterns and emisgiand the sources of OA. Specific

hypotheses included:



1. Near-road aerosol is predominantly from emissiaosifvehicles on the freeway, and is
carbonaceous and relatively unoxidized.

OA plus BC accounted for 74% of the overall averdgepg/mi of PM measured. Fresh,
unoxidized hydrocarbon-like OA (HOA) accounted dmly a quarter of the OA, indicating
that fresh vehicular emissions may not be the dantisource of OA next to the freeway.
Instead, the OA is a combination of HOA, regiomalvolatility, heavily oxidized OA (LV-
0OO0A), and somewhat aged semi-volatile oxidized GX-OA), which can be from
vehicular and other urban-scale emissions. Sumgts considering the proximity to the
freeway, biomass burning was also a contribut@Ag on average 12% of the OA, despite
being present in the evenings only. Analysis ofaaesol composition is shown Section

3, Aerosol Composition and Factor Analysis.

2. Near-road OA and BC patterns will follow the tygdideurnal pattern of traffic, i.e., with

peaks of similar magnitude during the morning awdreng rush hours.
Traffic patterns were typical of an urban areahwitorning and evening rush hour peaks.

BC and CO both peaked in the morning and evenmigcaent with the rush hour. OA
concentrations peaked in the morning and evenivgetishowever, concentrations were
twice as high, on average, in the evening comptrdéide morning. The OM/OC ratio was
relatively low in both morning and evening, but iaser in the evening (averages of 1.52
and 1.46). These results suggest that while BCCdre predominantly influenced by
primary vehicular emissions, OA is sensitive tmanbination of emissions and atmospheric
phenomena. During the evening, in addition tolfréshicle emissions, residential biomass

burning contributes to OM; as OM increases, atmesplstability increases, and



temperature decreases in the evening, more orgampounds can partition to the aerosol
phase, further increasing OM and decreasing the@Vatio. Thus, while traffic patterns
may be a good predictor of BC and CO variations,c@A be sensitive to a larger
combination of influences. Details of diurnal patts and changing OA composition are

shown inSection 3 and Section 4 Elemental Analyses of Organic Aerosol.

. OA next to the freeway will be similar to vehickhaust, as characterized by the OM/OC

ratio.

The OM/OC ratio averaged 1.54, higher than fresticudar exhaust (typically 1.2-1.4)
and fresh urban aerosol (1.4), but lower than olese©M/OC ratios in other areas (ranging
between 1.5-2.2). Day-to-day variability in thediparticle OM/OC ratio was quite large,
between 1.44 and 1.73, while daily concentraticerages of OM were between 1.1 and 6.6
Hg/nt. OM/OC ratios were low (1.52 +0.14, on averagajrdy the morning rush hour
(average OM = 2.4 pgfiyn when vehicular emissions dominate this near-roadsurement
site, and even slightly lower (1.46 + 0.10) in thening (average OM = 6.3 pg)ywhen a
combination of vehicular and fresh residential ba@s1burning emissions was typically
present during times with atmospheric stabilityetéils of OM/OC ratios are discussed in

Section 4, Elemental Analyses of Organic Aerosol.

. Concentrations will be higher when the monitoriitg & downwind of the freeway
compared to when it is upwind.
As reported in other work, BC concentrations were to three times higher during

downwind conditions compared to upwind conditios.contrast, OA concentrations were



not significantly different between downwind anduipd conditions. During the January
study, downwind conditions occurred most frequedtlying the midday, when
concentrations were lowest, wind speeds were highed traffic low compared to rush hour
traffic. Upwind conditions occurred most frequgrduring the evening, when
concentrations were highest, and when vehiculavigcand biomass burning emissions
peaked. Separating the data by time of day beltierdates the difference between upwind
and downwind conditions. In the morning and middhg downwind concentrations are
slightly higher, with higher amounts of primarys$eoxidized fragments lika/z43 and 55.

In the evening, concentrations during upwind caodg are actually higher for all fragments,
as the upwind direction is the direction of arterteads plus areas of residential biomass

burning. Further directionality analyses are shaw&ections 3 and 4.

. More OA will be contained in smaller particles chgidownwind conditions and during
times of peak traffic compared to upwind conditiand midday/overnight, reflecting the
contribution of primary, small particles.

Fresh vehicular particulate emissions are predamiypamall, e.g., a diameter of less
than 100 nm, as shown in other studies where coratems of ultrafine particles, those less
than 40 nm in diameter, are much higher downwind fseeway. While ultrafine particles
were not measured in this study, HR-AMS measuresngart quantify particles down to 40
nm in diameter. There were only modest differenc&3A size distribution by time of day
or by upwind/downwind/stagnant conditions, thoulgh karger particles (i.e., aerodynamic
diameters greater than 200 nm) were enhanced inlyeaidized fragments liken/z44.

The size distribution of OA was very broad, withshof the OA in particles of 100 — 400



nm diameter, and was quite different comparedacsthe distribution of inorganic species
such as nitrate, which had a sharp peak in the-Z8ID nm diameter range. This suggests
that while there were only modest differences em@A size distribution between
upwind/downwind conditions and time of day, thexailarge contribution from primary and
less oxidized particles, compared to the secondimined inorganic species. Variations in
the size distribution of OA and inorganic speciesfarther discussed f&ection 5, Particle

Size Analyses.

. At the monitoring site next to the freeway, OA tdlcomprised of a combination of
vehicular emissions, urban-scale OA and regionaidiaed OA.

During the morning and midday, OA was a combinatblocal fresh HOA, somewhat
oxidized SV-OOA, and more regional, LV-OOA. In tbeening, another source was
evident, BBOA. A combination of HR-AMS, levoglu@s Aethalometer BC and PILS
potassium ion measurements all confirmed the poesehsubstantial BBOA. On average,
12% of the OM was apportioned to biomass burnidgring the nighttime (5 pm to 5 am),
between 25% and 33% of the OM was attributed tobi&s burning, depending on the
method and data used. The evening occurrence ofAB8W@ the lack of regional wildfires in
this winter period clearly point to local residehtivood combustion as the BBOA source.
The influence of BBOA is discussed$actions 3 through 5, and the apportionment of
BBOA by different measurements and techniquesribién explored irSection 6

Residential Biomass Burning.



Conclusions

With multiple high-time resolution measurementshage investigated the variability
and sources of fine particles next to a major fiegeduring winter in Las Vegas, Nevada. PM
aerosol was predominantly carbonaceous, composaedanic matter and BC. BC had a diurnal
pattern similar to traffic volume, while OM was hgy in the evening compared to the morning.
OM was a mixture of fresh HOA, urban- and regioszdde OOA, and BBOA, in the evening,
SV-OOA and BBOA peaked, while HOA concentrationgeven average the same in the
morning and evening, similar to BC. Variation€arC, H/C and OM/OC indicated the variable
nature of OM day-to-day and hour-to-hour. Whilate and sulfate had size distributions
typical of secondary species with a sharp pealaitigle diameter between 400 nm and 500 nm,
OM had a broader distribution between 100 nm arrt diameter particles, reflecting its
combination of fresh, smaller particles and agaxdydr particles. OM concentrations were on
average similar between upwind and downwind coowl#tj though during the morning OM
concentrations were higher under downwind cond#ti@s was the fraction of HOA. These
analyses demonstrate the complicated and variaigenof OM, and the influences of
meteorology and atmospheric processes on OM thataras important for other aerosol, such

as BC.



1. Introduction

1.1 Near-Roadway Aerosol

A number of epidemiological studies have demonstiaevere health impacts that arise
from exposure to particulate matter less than 2dsans in aerodynamic diameter (R
PM, s is comprised of crustal material, trace metalsrganic species such as sulfate, nitrate and
ammonium, plus carbonaceous material. The carleaadraction is composed of black or
elemental carbon (BC, EC), which is emitted asimany emission from combustion and is
rather unreactive in the atmosphere, and organitem@M). Health effects include increased
asthma rates, detrimental fetal development duyrmegnancy, and decreased lung capacity
(Brunekreef et al., 1997; McDonald et al., 2004ckary et al., 1993; Dockery and Stone, 2007).
Mobile sources, i.e., gasoline and diesel vehi@desa major source of By particularly in the
western U.S. (Kim et al., 2003; Fine et al., 20040 adverse health effects have been strongly
associated with proximity to major roadways (Edvgagtial., 1994; Nitta et al., 1993; Kim et al.,
2004; Finkelstein et al., 2004; Kunzli et al., 20B@ek et al., 2002). In additional studies,
diesel particulate matter (DPM) was found to bedaa lung tissue (Mauderly, 1994,
Weingartner et al., 1997; Seagrave et al., 2006rdHet al., 2000), and both diesel and gasoline
vehicle emissions contain polycyclic aromatic hydntons (PAH), which are carcinogenic
(Larsen and Baker, 2003; Lobscheid and McKone, 28d4nis et al., 2003; Flowers et al.,
2002).

Schools heavy in minority or low-income populateme disproportionately located near
busy freeways (Wu and Batterman, 2006; Reynol@s. €2004; Green et al., 2004; Schweitzer

and Valenzuela, 2004), potentially resulting inf@grates of exposure to near-roadway air



pollution. The causal biological mechanisms of hwar-roadway pollution impacts human
health are still being examined, but as part ofefhert to understand these health effects the
near-roadway environment needs to be characterizbib characterization includes
understanding the size distribution and compositibnear-roadway aerosol, how pollutant
concentrations change throughout the day, andaineass of the pollutants.

In previous studies of near-roadway air pollutisignificant differences in concentration
and relative abundance among species within teeféw hundred meters of freeways were
observed. In many studies a strong decrease teatnation was observed with increasing
distance from the freeway, showing elevated comagans in the first 50 to 100 meters of black
carbon (BC), particle number, and concentrationgaskeous species such as CO ang (¥Gu
et al., 2002a; Zhu et al., 2002b). Zhu et al. stwbthat ambient BC concentrations near
Interstate 405 in Los Angeles can be approximdtele times higher at 30 meters from the
roadway compared to 300 meters downwind, whereeartnations are similar to urban
background levels. BC, along with elemental car@@), is typically used as a surrogate for
DPM, which cannot be measured directly. Ultrafiagticles, which toxicological studies have
associated with health effects (Li et al., 20089 &how a similar pattern to that of BC in near-
roadway environments. The extent of elevated futigzeand EC concentrations near the freeway
also depends on fleet mix (Phuleria et al., 20@Rgre EC concentrations varied near different
freeways, commensurate with the level of diesdlittaNear-roadway concentrations of BC,
NO and PAHs generally follow typical traffic patte; with peaks in the morning and evening
rush hour (Fruin et al., 2008), but can vary dependn vehicle speeds, fraction of truck

volume, and meteorology.



Concentrations of species also vary by meteoroédgiendition. In Los Angeles, BC,
CO and particle number changed with time of daytdushanges in source strength and
meteorology (Ntziachristos et al., 2007). Thene loa a large variability in ambient near-
roadway pollutant concentrations as wind speeéction, temperature and relative humidity
change (Sardar et al., 2004). In Raleigh, Norttoliea, the near-road environment was quite
complex and elevated concentrations were founa@¢arowithin the first 50 meters from the
roadway even when winds did not come directly ftberoadway (Baldauf et al., 2008). Many
of these near-roadway studies were under persisiads (i.e., wind speeds often greater than 2
meters/second) or only had measurements during ddgs of a week or few hours during the
day. We hope to build on these studies and addmss of the issues raised by them by
examining the near-roadway environment at a scapptoximately 20 meters from the
roadway, throughout the diurnal cycle and unddedht meteorological conditions during the

winter.

1.2 Organic Aerosol

Organic aerosol (OA) can often be the largest corapbof PM in urban areas, and is
typically measured as organic matter (OM) or orgaairbon (OC). OM is a complicated
mixture of thousands of different molecules, ardudes not only particulate OC, but also the
hydrogen, oxygen, nitrogen and sulfur that areragfaghe thousands of molecules making up
OM. OM is a combination of both primary particéamissions and secondary aerosol formed
from gaseous precursors. Combustion is an impostaunice of emissions of OM and its gaseous
precursors, while there can also be significanssians of gaseous precursors from biogenic
sources (Kleindienst et al., 2007). Emissions fommbustion include fossil fuel combustion
such as vehicle exhaust as well as biomass buBiaf which includes both anthropogenic BB

10



from wood stoves and fireplaces plus emissions fralaland fires. Combustion emissions
include direct emissions of OM and of gaseous pssra that oxidize in the atmosphere to form
secondary organic aerosol (Donahue et al., 201Q] Kral., 2011).

Jimenez et al. provide an overview of studies thhmut the world characterizing fine
PM via Aerosol Mass Spectrometers (AMS) (Jimened.e2009), while Hand et al. show
composition for fine PM across the U.S. based oasmements from the Interagency
Monitoring of Protected Visual Environments (IMPREB)V network and Chemical Speciation
Network (CSN) (Hand et al., 2011). Both show tB#t often accounts for at least half of the
fine PM at multiple locations the western U.S. tigatarly in urban areas, with an increasing
fraction of secondary organic aerosol in rurahareompared to urban areas. In a review of
numerous studies, Zhang et al. summarized thabianuareas typically 40% of the OM is
primary, while in rural and remote areas only 100842s typically primary(Zhang et al., 2011).

OM is typically high in near-road environments (Rnia et al., 2007; Riddle et al., 2008;
Minguillon et al., 2008; Canagaratna et al., 2080) is a major component of vehicular exhaust
emissions and also includes PAHSs, which are cagenic (Larsen and Baker, 2003; Lobscheid
and McKone, 2004; Adonis et al., 2003; Flowerslet2®02). As described below, studies using
filters have generally focused on characterizing (@@ amount of carbon contained in OM),
with typically a time resolution of 2 to 24 houvghile other studies have relied on high
resolution aerosol mass spectrometer (HR-AMS) nreasents to directly measure OM at high
time resolution. Both approaches offer differeatieoffs, and can be used to better understand
the near-roadway environment.

Robinson et al and others provide an overviewos¥ kiehicular emissions act in the

atmosphere (Robinson et al., 2010). Vehicular sions include a combination of hot gaseous
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organic compounds plus patrticles, such as BC amd/édatility organics, though the majority of
the emissions are gaseous and semi-volatile (Vadkanal., 2006; Schauer et al., 1999a;
Gundel et al., 1999; Fraser et al., 2000). Aftetirgg the tailpipe into the atmosphere, the
vapors rapidly cool and are exposed to sunlightaadants, meaning they can quickly oxidize
and become less volatile. Depending on the viiatf the resulting secondary aerosol, as well
at ambient temperature and aerosol concentrabiesetsecondary products can partition into the
particulate phase. Chamber experiments in reaarsyhave shown that the secondary aerosol
produced by (predominantly gas phase) combustiaastons can be similar to the amount of
primary aerosol generated in combustion (Chirical 22010; Tkacik et al., 2012; Hennigan et
al., 2011). This means that OM next to a roadvsagni evolving parameter, dependent on not
only emissions along the roadway but how these®aris age and interact with the atmosphere
as well as with particles and gases from othercgsuin the area.

1.2.1 Near-roadway Organic Carbon Studies

A number of studies have characterized the compasiind sources of organic aerosol,
but few have been conducted at schools and on@ndfhl near a roadway. Most studies
focusing on organic aerosol have used the chemriaak balance (CMB) receptor model
approach to apportion sources of OC using molecutakers (Fraser et al., 2000; Schauer and
Cass, 2000; Schauer et al., 2002a; Schauer 986, Sheesley et al., 2007; Zheng et al., 2007,
Zheng et al., 2002). These studies were perfoimbédth urban and rural environments and
have shown that mobile sources and wood burningrgrertant sources of OC, but that
secondary OC can also be important and is oftdiculifto characterize. This approach
typically only apportions OC, not including the @,and N associated with the OC, which

together make up OM.
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In near-roadway environments, molecular marker oressents and CMB analysis have
been used to demonstrate that while mobile sowmeisibute a large fraction of the OC, this
can vary with time of day and meteorological coodit In Los Angeles, OC concentrations did
not correlate with traffic volume or EC concentas (Ntziachristos et al., 2007), indicating the
complex nature of OC near major freeways. PAHEB@doncentrations differed at locations
near different freeways, dependent on the relameunt of diesel traffic on the nearby freeway
(Phuleria et al., 2007). This work was consisteith previous analyses that showed gasoline
vehicles emit higher molecular weight PAHs and eli@ghicles emit lighter PAHs (Miguel et
al., 1998; Zielinska et al., 20044a; Zielinska et 2004b); these differences in emissions are
important both for relating exposure of PAHs tdficaon freeways as well as for conducting
receptor modeling. Riddle et al. calculated cdmitions of gasoline and diesel vehicles to
various size fractions smaller than PdIshowing these sources were most important btithiea
origin of a significant amount of OC was still urdam (Riddle et al., 2008).

Emissions from mobile sources can vary with seaswhmeteorology, and since mobile
sources are an important contributor to OC, thesmtrons can complicate attribution of OC
sources. Fine particle EC/OC ratios fell betwe@6 @&nd 1.0 in Pittsburgh in summer and
winter (Grieshop et al., 2006), potentially indiogtvariations in emissions or atmospheric
processing of carbonaceous aerosol. Changes ss@ms$ depending on fleet mix and speed
have also been shown (Kirchstetter et al., 1998lji8ka et al., 2004b; Abu-Allaban et al.,
2003). Overall, OC in the near-road environmemoiiplex, and understanding its sources
under different atmospheric conditions and in défé areas is important.

Many of these monitoring campaigns collected aradyaied daily 24-hour samples,

analyzed daily filters that were composited intdtirday aggregates, or had samples collected
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under persistent winds. Daily samples are extrgmsdful, since over a 24-hour period
sufficient mass is collected to typically ensure ldetection limits, and this period complements
existing national networks and air quality standaxdhich are reliant on 24-hour data.
However, concentrations of near-roadway carbonacaetnsol can vary widely throughout the
day, dependent on meteorology as well as sourergttrs (Roberts et al., 2008). In addition,
the traditional methods only characterize primafy, @ot OM, and have difficulty in
apportioning the amount of secondary organic a¢(&0A) at a monitoring site. Many more
recent studies have demonstrated that SOA spargya of volatility and composition (in terms
of oxygen-to-carbon [O/C] ratio), can be quite alte, and is a large fraction of OM (Donahue
et al., 2012; Jimenez et al., 2009; Kroll et @012, Robinson et al., 2007). Therefore, it is
useful to characterize organic aerosol with highme resolution than 24-hour filter samples
allow, and to understand the nature of OM, not@G&t Characterization of OM rather than OC
provides greater information about the total masgrdoution of organic matter in fine particles
and mass is the most relevant health parametierasttas assessed in current regulatory
schemes.

1.2.2 Aerosol Mass Spectrometer Measurements of Orgaaitei

In the past decade, the Aerosol Mass Spectrom&kéE), and more recently the high
resolution AMS (HR-AMS), have been deployed in numas studies to characterize OM and
other particulate species at high time resolutgg,, at 2-minute resolution (Jimenez et al.,
2009; Drewnick et al., 2005; Lanz et al., 2010;é@l., 2010; Docherty et al., 2008; DeCarlo et
al., 2006; Allan et al., 2003b; Allan et al., 200Sain et al., 2009; Canagaratna et al., 2007,
Jimenez et al., 2003; Jayne et al., 2000). TheANFS provides measurements of OM, sulfate,

nitrate and ammonium, as well as particle size omeasents of these species. In contrast to
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filter samples analyzed for molecular markers by-l@E or other approaches, with the HR-
AMS, individual molecular marker compounds sucleasglucosan or hopanes are not
guantified, but with this loss of molecular speaitff we gain high time resolution and a more
complete representation of the full organic aerésmition. GC/MS, by contrast, typically
speciates less than 20% of ambient OC (Williarmed.eR010; Schauer et al., 2002b; Hays et al.,
2004). Rather than individual molecules, spedfisups of mass-to-charge ratio fragmemsz(
can be measured to characterize fine particle @klyond the unit mass resolution (UMR) data
where eaclm/zis quantified, individual fragments that compresech UMRm/zcan be
determined. For exampley/z43 is predominantly composed of the iogHg, but also has
some contribution from £4;0" and other minor ions. Where a single ion typicaiakes up a
large fraction of a UMRN/z both them/zand the ion will be referenced, exgz43 (GH7"),
m/z44 (COQ), m/z57 (GHg"). In addition to identifying individual ions iraehm/z the
elemental composition of the OM can be determia#dwing for direct measure of H/C, O/C

and OM/OC ratios.

Jimenez et al, Zhang et al, and Ng et al, amongrstiprovide summaries of ambient
studies using AMS data and how OA evolves in theoaphere (Jimenez et al., 2009; Zhang et
al., 2011; Ng et al., 2010). AMS data are oftealeated with positive matrix factorization
(PMF) or other mathematical methods (Zhang eR@D4a; Zhang et al., 2005a; Zhang et al.,
2005b) to decompose the mass spectra and iderftiyeshces between fresh, hydrocarbon-like
organic aerosol (HOA), and more aged, oxygenatgdroc aerosol (OOA), as well as biomass
burning OA (BBOA). A pattern of saturated hydrdaam fragments such as'z43 (GH-;") and
m/z57 (i.e., GHg") were found to be typical of HOA. Two types of @Gpectra are often

observed (Docherty et al., 2008; Huffman et alg@2Q@imenez et al., 2009), one typical of low
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volatility OOA comprised ofm/z44 (i.e., CQ"), LV-OOA, and one that represents less
processed and less oxidized OOA. This spectrunalsasbeen observed in chamber
experiments with diesel exhaust and termed senati®IOOA (SV-OOA). Figure 1-1 shows
example HOA, LV-OOA and SV-OOA spectra, compile@iomultiple studies as reported in Ng
et al, 2011. The HOA spectra is typical of longichhydrocarbons, such as those emitted in
vehicle exhaust or in lubricating oils, and is $anthroughout many ambient studies. The LV-
OOA spectra has a high fraction of the total sidrah m/z44, while SV-OOA is less aged and
is somewhere between LV-OOA and HOA spectra, withoalest fraction of its spectra from

bothm/z44 andm/z43.
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Figure 1-1. Example spectra compiled over multiple studies by Ng et al., (Ng et al., 2011), for a) HOA; b)
SV-0O0A; ¢) LV-OO0A. Grey error bars represent the standard deviation across the data sets used.

Ambient studies across the world have found thiaamiisites have higher amounts of
HOA(characterized by hyrdrocarbon fragments) reéato downwind, rural and remote sites,
consistent with the conceptual model of fresh H@A associated gaseous emissions in urban
areas aging to OOA at sites further away from eamssources (de Gouw et al., 2005; de Gouw
et al., 2008; Jimenez et al., 2009). On averagartman sites reported in Zhang et al, 45% of the
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AMS PM; was OM, of which 42% was determined to be of prinmigin, i.e., HOA, BBOA
and/or cooking OA(Zhang et al., 2011). In contrdstvnwind and rural sites had on average
82%-90% of the OM as OOA, even though the fractbRM; that was OM was similar to
urban sites (43%-52%).

Next to a roadway, Canagaratna et al used an AbdSrd a mobile laboratory for a
short period of time (less than an hour) at locetinext to a roadway in Somerville, MA
(Canagaratna et al., 2010). They found that HOA kaiighest next to the roadway and decreased
by a factor of four 300 meters downwind, similaid@,, while OOA concentrations were
comparable next to the freeway and 300 m downwandgesting rapid dilution or reaction of
HOA next to the roadway, while OOA is likely moreban-scale. Vehicle chase experiments
have also been done with the AMS and other instrngatien in New York (Canagaratna et al.,
2004). Measuring individual plumes from trucks &ngdes, they found a bimodal size
distribution of OM, with maxima at 80-110 nm aeradynic diameterd and in the 500 nm,g
range, consistent with other studies showing atvedlsmaller particles in fresh vehicular
emissions (Kittelson et al., 2004); the presencano®M peak in this smaller size range was also
observed to vary with traffic activity near the gdimg site (Drewnick et al., 2004a). The
chemical composition of the average diesel exhglushes sampled in Canagaratna et al. was
more similar to lubricating oil than with pure deésuel.

1.2.3 Elemental Analysis and OM/OC Ratio Measurements

A significant advantage of the HR-AMS is that ihdadirectly determine (with some
assumptions) OM and H/C, O/C and OM/OC ratios giadtof simply OC. National-scale,
routine PM s networks such as the Interagency Monitoring otéuted Visual Environments

(IMPROVE) and CSN programs typically measure OQ,rimt OM. OM must be inferred from
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these OC measurements using an assumed OM/OC kaiwever, the OM/OC ratio can vary
widely depending on source influences, monitormgation, season, and meteorology (Turpin
and Lim, 2001; Bae et al., 2004a; Aiken et al.,&0Dhan et al., 2010; Simon et al., 2011).
Aerosol containing more aliphatic hydrocarbons tetadhave a lower OM/OC ratio (Russell,
2003; Turpin and Lim, 2001; Maria et al., 2003) ielaerosol dominated by secondary
formation is typically more oxygenated and thus ad&sgher OM/OC ratio (Aiken et al., 2008).
Even with high-resolution molecular speciation,itgtly only 10% of the OM can be quantified
(Rogge et al., 1993; Volkamer et al., 2006). Aoumate OM/OC ratio is necessary to achieve
mass closure between gravimetric PM measuremedtsalocated measurements of PM
constituents; to properly reflect the role of OMr@gional and local air quality management
plans; and to improve model predictions of OM (Bati et al., 2004; 2008). The OM/OC ratio
has also been used to characterize the relatied ¢éwxidation of the organic material in the
atmospheric aerosol as an estimate of the degreleeafical processing in the atmosphere (de
Gouw et al., 2005; 2008; Aiken et al., 2009).

The OM/OC ratio in ambient air has been measunexttly using high-resolution aerosol
mass spectrometer (HR-AMS) measurements, as welfexrsed via calculations using OC and
other data. Chan et al. (2010) provided a revieley studies of OM/OC. For southern
California, White and Roberts (1977) estimated &/QC ratio of 1.4, based on calculations of
missing particulate mass that could not be expthbheother measurements. This ratio of 1.4
has historically been used as a default OM/OC valioe example, in the IMPROVE program
(Malm et al., 1994). Turpin and Lim (2001) estiethOM/OC to be between 1.6 for urban
aerosol and 2.1 for rural/aged aerosol, basedsamay of published speciated organic

molecular marker data from multiple sites in th&URussell (2003) used Fourier Transform
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Infrared (FTIR) spectroscopy analysis of partioeabn quartz fiber filters (QFF) and
determined OM/OC to be on average 1.4, with a rafige2 to 1.6. Using 3 years of QFF
analysis of organic molecular markers at an urlmahraral site in the Midwest, Bae et al. (2006)
estimated that OM/OC was between 1.5 and 1.9 autiaésite and between 1.3 and 1.6 at the
urban site. Recently, Simon et al. (2011) devalapealculation of OM/OC by applying multi-
linear regression techniques and using many yddiigeo data collected from over 100 sites in
the U.S., predominantly in rural areas, as pathefiIMPROVE program. They estimated
OM/OC ratios to be on average between 1.37 and Wi lower ratios in the western U.S. and
during winter. Together, these studies providerssistent range of estimates for OM/OC,
though they are based on indirect measurement®/oa@l typically use 24-hour averaged

samples.

With the development of the high-resolution AMS {ARIS) instrument (DeCarlo et al.,
2006; Jayne et al., 2000; Jimenez et al., 2003pandciated data analysis techniques (Aiken et
al., 2007), direct, high-time-resolution measureta@f the elemental composition of non-
refractory aerosol are possible. This means HeatH/C, O/C, and N/C ratios of OM can be
directly quantified, so a total OM concentratiomdam OM/OC ratio is obtained at high time

resolution, e.g., at 2-minute intervals. The OM/@@o is calculated from AMS data

H «(2 «(N
[69,83,84] as [12+1-(g)r16-(g) 14 (C)] The OM/OC ratio is largely driven by the exteft

12

oxygenation in the organic aerosol, i.e., the nmxygens associated with carbon in the aerosol
the higher the OM/OC ratio. For example, a PAK lyrene (GH10) has a very low OM/OC

of 1.05, and a long chain alkane such as triacenf@aHs2) has an OM/OC ratio of 1.17. More
oxidized species have higher OM/OC ratios. A caybo acid like azealic acid

((CH2)7(COxH),) has a ratio of 1.75, and a compound with multipldroxyl groups such as
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levoglucosan (gH100s) has an OM/OC of 2.25. Contributions from othleneents occasionally
included in organic molecules, such as sulfurnatencluded. Based on OM/OC and OM
values, AMS-inferred OC concentrations can alsddiermined. Gilardoni et al. (2009) and
Aiken et al. (2009) found that OM/OC ratios in exico City area were between 1.6 and 1.8
in the urban area and between 1.8 and 2.1 alofRiVerside (eastern Los Angeles area) during
the winter, Williams et al. (2010) determined OM/@Cbe on average 1.8. At a remote site in
British Columbia, Sun et al. (2009) determined OK3/@ be 2.28 (+/- 0.23). Chan et al. (2010)

determined that OM/OC ratio values at a rural isit®ntario, Canada, were between 1.9 and 2.5.

OM/OC ratios have also been determined for a nurmbsgpecific sources, and in
particular for vehicular emissions. Using an HR-8MChirico et al. (2010) found that the
OM/OC ratio from vehicular emissions can vary betwé&.26 at warm idle and 1.40 at cold idle,
with other variations depending on the type of eagind operating condition. After 5 hours of
photochemical aging in a chamber, warm-idle and-atle OM/OC ratios increased to 1.45 and
1.63, respectively. Using a bottom-up approadhéndevelopment of a national-scale emission
inventory, Reff et al. (2009) estimated OM/OC ratio be about 1.25 for vehicle exhaust. The
OM/OC ratio of general laboratory-generated secondaganic aerosol (SOA) ranges from 1.4

to 2.7 (e.g., Kleindienst et al., 2007).

OM/OC is directly related to the hydrogen-to-carl§aiiC) and oxygen-to-carbon (O/C)
ratios of organic aerosol; higher O/C translatesigher OM/OC (Aiken et al., 2008). The
ambient OM/OC depends not only on the emission @&tOM sources and subsequent aging,
but also on the volatility of the OM and how it paons between the gas and particle phases
(Kroll et al., 2011; Donahue et al., 2012). Higkvl concentrations lead to increased SOA

yields from gaseous precursors (Donahue et al2)20%age et al. (2008) noted that under high
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OM conditions, semi-volatile and relatively unoxed species can quickly contribute to OM
concentrations via partitioning from the gas phablee semi-volatile material can also move
into the particle phase via oxidation, leadingawér vapor pressures and subsequent
partitioning; decreases in temperature and highdrcOncentrations can also lead to increased

gas-to-particle conversion of less oxidized spe@zppa and Jimenez, 2010).

Many of the ambient experiments described in tfeedture occurred at locations where a
significant portion of the organic aerosol is tamged some distance from emission sources to
the monitoring location, resulting in more agedrenoxidized organic aerosol and a higher
observed OM/OC. Extensive work has also been doakemical aging chambers to
understand the initial OM/OC ratio of vehicular asttler emissions and the process by which
they may change over time in a controlled enviromtnigut little work has been done to
characterize the OM/OC ratio of vehicular emissionthe ambient near-roadway environment.
In the short time from the emission of organic aet@nd semi-volatile vapors from the tailpipe
to their impact at a nearby receptor, nucleatidntidn, condensation, evaporation, and
oxidation can all affect the gas/aerosol organixtane and its phase partitioning.

1.2.4 Residential Biomass Burning: A Source of Winterti@igl

Though the focus of this work was on characterizirggnear-roadway environment,
biomass burning can be a significant source of GM/@ll. Biomass burning can include both
residential, home heating biomass burning duriegitntertime, as well as transport from
wildfires or prescribed burns. In the winter, Viitd and prescribed burns in the Las Vegas area
are minimal, so the main biomass burning influeisdeom residential burning. Understanding
the impact of residential biomass burning on,Blebncentrations in urban areas is of particular

interest, since emissions are potentially contbddlahrough burn-prevention or fireplace
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change-out programs (Bergauff et al., 2009; Wartioonan, 2008), and because of specific
health effects associated with inhalation of biosriasrning PM (Freeman et al., 1992; Seagrave
et al., 2006; Travis et al., 1985; Naeher et @I07). Residential biomass burning can lead to
high concentrations during the evening and ovetnighen emissions are trapped in a shallow
boundary layer (Allen et al., 2011; Wang et al.1 20 and these short, high concentration events
can have acute health impacts (Lighty et al., 2@820regard et al., 2007). Biomass burning
emissions include not just BC and OM, but alsoicagens including benzene and polycyclic

aromatic hydrocarbons (PAHS).

Levoglucosan and potassium are commonly used sg&oeapportioning biomass
burning. Levoglucosan is an anhydrous sugar predlutthe combustion of cellulose (Simoneit
et al., 1999; Simoneit, 2002; Engling et al., 2086hauer et al., 2001; Sullivan et al., 2008). It
is typically quantified from extractions of aerosollected on quartz fiber filters and subsequent
chemical analysis by GC-MS or other analytical teghes. While levoglucosan is a good tracer
for biomass burning, Sullivan et al and othersehfaund that the relationship of levoglucosan
with organic aerosol in biomass burning emissiars\ary widely by fuel type and burning
conditions(Sullivan et al., 2008). Levoglucosan esso be quantified on a semi-continuous
basis using the HR-AMS, where the iogHgO," atm/z60 is a commonly used indicator for
biomass burning and is proportional to the amoditeviglucosan in the sampled aerosol
(Alfarra et al., 2007; Weimer et al., 2008; Scheeiet al., 2006; Lee et al., 2010), though
levoglucosan is not the only source of this iong®er organic species, such as other

anhydrosugars and organic acids, also contributs toass.

While levoglucosan is unique to biomass burningkin@it a good tracer, its

atmospheric lifetime can vary from ~ 1 to 10 daysl{iSon et al., 2011), meaning that it may not
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be fully conserved between source and receptoaddlition, as emissions age, gas/patrticle
partitioning of semivolatile material may mean ttieg relationship of levoglucosan to OM
emitted changes over time, as organic materiatherecondensed into the particle phase or
partitioned in the vapor phase (Hennigan et allJl2Cubison et al., 2011; Oja and Suuberg,
1999). In laboratory experiments, Heringa et ahid OM from woodstoves could increase by a
factor of 3 to 4 due to SOA formation, and depemnd@nthe type of burning apparatus and
flaming/smoldering conditions(Heringa et al., 201They also found that the@,0," fragment
atm/z60 increased in concentration due to SOA contioingtand possibly increased gas-to-
particle partitioning, which can overcompensatetiier degradation of primary levoglucosan,
thus potentially leading to an overestimation afrbass burning based on source emissions
measurements of the)ld4O," fragment. In Spain, Minguillon et al found thielr
levoglucosan-apportioned biomass burning was less from AMS-based apportionment,
possibly due to the contribution of SOA capturedh®y AMS measurements (Minguillon et al.,
2011). Based on data from seven field studiesSthA formation averages 25% of the primary
OA (Cubison et al., 2011), so based on emissiongs@rofiles alone, OA from biomass
burning could be underestimated. Mohr et al., Takeget al. and others have found that the
additional signal atn/z 60 is likely from long chain alkanoic acids ohet acid
compounds(Mohr et al., 2009; Takegawa et al., 20€CQbison et al 2011 further demonstrated
that without biomass burning influence, in ambiaatosol there is a background levehgkz 60

of ~ 0.3% of OM, likely due to acids and other compads (Cubison et al., 2011). Lee et al 2010
suggest that increases/decreases in levoglucoskhityibiomass burning smoke may be offset
to some extent by corresponding decreases/incr@aséiser molecules that also yieldHZO,"

ions, resulting in a fairly stable OAJB,40," ratio across fuel and burn types (Lee et al., 2010
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Thus, a combination of filter-based levoglucosarsgligher time resolution AMS,8,0,"

measurements should effectively bound the coniohuif biomass burning to OA.

Potassium is also produced from the combustionaafdaignin. Elemental potassium
(K) and soluble potassium {Kare commonly used as tracers when using dataXi@mand IC
analysis of Teflon and nylon filters, respectivéiym et al., 2003; Poirot, 1998; Liu et al., 2005;
Brown et al., 2007). There are other prevalentaaiof potassium, such as dust, sea salt or
cooking aerosol, which can confound use of thiseirgAiken et al., 2010; Zhang et al., 2010;
Schauer et al., 1999b). In experiments of diffeleomass fuels Sullivan et al found poor
correlation between Kand levoglucosan among the fuel types, while Lesd.ethowed that
emissions of K were higher under flaming conditions comparediolsiering conditions; AMS
C,H40," emissions were comparable between conditions bd#nd AMS GH,0," were
reported in terms of ratio to total PM) (Lee et 2010; Sullivan et al., 2008). These results are
consistent with other studies suggesting thatri&y have only a modest correlation at best with
organic tracers of biomass burning. during Zheingl 2010 found arf=0.59 using 24-hour
filter data during wintertime in the Southeaster$ Jbut a much lower correlation in summer,
and that K had a lower spatial variability compat@tevoglucosan(Zhang et al., 2010). In
Mexico City, Aiken et al. found levoglucosan hathadest correlation with PM K (r*=0.67),
and that non-biomass burning sources accountegdmally two-thirds of K
concentrations(Aiken et al., 2010). In source ipesf the ratio between K and levoglucosan can
be quite variable, ranging between 0.03-0.16 (Etred., 2004a, 2002b, 2002a; Fine et al., 2001;
Lee et al., 2010). In part because of this valitgtand confounding alternative potassium

sources, Minguillon et al suggested that, baseld &6com 24-hr filter measurements compared
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to AMS, levoglucosan, and other measurements, Kamasmreliable tracer for their sites in

Barcelona and rural Spain due to the influencetloéosources (Minguillon et al., 2011).

1.3 Study Area: Las Vegas

1.3.1 Prior Studies

Las Vegas is the focus of our study, and in a shallowl! area, with mountains to the
west and north, and is a relatively isolated, larden area with a 2010 population of over 1.9
million in the greater metropolitan area of Clarku@ty

(http://quickfacts.census.gov/qfd/states/32/32003)ht For a city of its large size, there have

been relatively few detailed studies to assesxeswf PM in the area. A key study, Green et al
(Green et al., 2002), focused on about 50 24-htiar samples collected in 2000-2001. The
major components of PM were BC, OM and crustal elements, with carbonaseocaterial
contributing over 50% of the total mass at an urkig(East Charleston). Ammonium sulfate
and nitrate concentrations were generally quite Evout 12% of the total PM mass. Though

no formal apportionment was done, based on extemgta analysis they surmised that gasoline
and diesel vehicle emissions are likely an impdrsairce, but that other sources such as
residential biomass burning may also be a sigmificantributor. Another study, the Southern
Nevada Air Quality Study (SNAQS) (Watson et al.02)) used 10-12 filter samples at 4 sites
from January 2003 to apportion RM 80% of the mass was from carbonaceous aerasbl, a
38%-49% of the PMs was attributed to mobile sources. Biomass burnorgributed 11%-21%
of the mass. Dust, ammonium sulfate and ammonitnait@ comprised the remainder of the
mass. These apportionments were based on a siaswdte of filter analyses, and included OC
and EC by thermal optical reflectance (TOR), selfad nitrate by IC, and metals by XRF. No
continuous data were used, nor were specific tsdoebiomass burning available, other than K,
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which has additional, significant non-BB sourc®¥ithout more specific tracers or higher time
resolution data, the apportionment of OC has a uigiertainty. In addition, the temporal
pattern of OC could not be examined, since only@dk filters on a handful of days were
collected.

1.3.2 Study area specifics

Measurements were made next to a classroom angrplayd in Las Vegas, Nevada,
during January 2008 at Fyfe Elementary Schoolctlyadjacent to and 18 meters from the US
95 highway soundwall (Figure 1-2 and 1-3); it istB@rom the middle of the first set of lanes,
and 90 m to the middle of the farthest set of laridse US 95 freeway has six lanes in each
direction, with an annual average daily traffic (BA&) volume of 203,000 vehicles a day
(http://www.nevadadot.com/reports_pubs/traffic_mtpoThough US 95 is a north/south
freeway, it is oriented east/west next to Fyfesuxaing half the medium size vehicles (21-40
feet in length) and all the large (greater tharie# in length) are diesel trucks, diesel truck
traffic is 6% of the traffic on average (Brown &t 2012). The monitoring site is on the north
side of the freeway, so the site is directly dowmvof the freeway when winds blow from the
south. North of the site is a residential area;itbmes in the immediate neighborhood were
built starting in the 1960s, and many have woodimng fireplaces. There is little heavy
industry in Las Vegas, with most Bi¥emissions coming from dust, miscellaneous souares,

off-road vehicle emissions (e.titp://www.epa.gov/air/emissions/pm.htm#pmtanobile

sources comprise 9% of the emissions, but theyuatdor 36% of the emissions if dust is
excluded. A major electricity generation sourséekd in the most recent (2005) national
emission inventory (NEI) has since closed. Invirgertime, nighttime low temperatures are

usually between 0 — 5 degrees C, with shallow sieerlayers occurring in the evenings.
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Figure 1-2. Map of Las ega area, with monitoring location at Fyfe Elementary School. '
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Figure 1-3. Close-up view of Fyfe Elementary, outlined in orange. The monitoring site, indicated by the
red circle, is 18 m from the soundwall, 60 m from the middle of the first set of lanes, and 90 m to the
middle of the farthest set of lanes.

1.4 Document Overview and Study Objectives

This document presents analyses focused on aenessurements taken at the Fyfe

Elementary School in January 2008. ObjectivesHisrstudy were:

a) Complete high quality measurements of aerosoljmpdrticular, of organic aerosol,

during a month-long intensive measurement campaign;

b) Characterize aerosol concentrations and composiganto a roadway, and how
concentration levels and composition vary with cemin meteorology and traffic

patterns;
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c) Assess sources of organic aerosol, and how thegewth time of day and meteorology;

d) Utilize HR-AMS measurements to describe the OM/@@ elemental ratios of organic
aerosol and to characterize the size distributfamoa-refractory aerosol next to a

roadway.

Specific hypotheses tested include:

1. Near-road aerosol is predominantly from emissioasifvehicles on the freeway, and is
carbonaceous and relatively unoxidized.

2. Near-road OA and BC patterns will follow the tydidaurnal pattern of traffic, i.e., with
peaks of similar magnitude during the morning anehang rush hours.

3. OA next to the freeway will be similar to vehickehaust, as characterized by the
OM/OC ratio.

4. Concentrations will be higher when the monitoriitg & downwind of the freeway
compared to when it is upwind.

5. More OA will be contained in smaller particles cigidownwind conditions and during
times of peak traffic compared to upwind conditiamsl midday/overnight, reflecting the
contribution of primary, small particles.

6. At the monitoring site next to the freeway, OA vk comprised of a combination of

vehicular emissions, urban-scale OA and regionatlized OA.

Section 1, this section, provides introductory material @arroad air pollution, organic
aerosol and its sources, and the Las Vegas &eetion 2 describes the instruments and

methodologies usedsection 3 presents an overview of the measured aerosol csitigpyg a
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comparison between collocated aerosol measurenamsan in-depth view of the organic
aerosol measurements using the receptor modelyzosittrix factorization.Section 4

discusses elemental analyses of the organic agfosaking on how the OM/OC varies by time
of day and meteorologySection 5 presents size distribution analyses, to betteergtdnd how
the aerosol size distribution varies diurnally anth changes in meteorologysection 6 covers
additional apportionment of the fraction of orgaaerosol from residential biomass burning,

using multiple techniques.
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2. Methods and Data

2.1 Summary of Measurements

The focus of this work is on measurements takéfyfet Elementary School in Las
Vegas, Nevada during January 2008. A summary asomements used in these analyses is
shown in Table 2-1. An Aerodyne High Resolution@s®l Mass Spectrometer (HR-AMS) was
used to quantify PMaerosol at 2 minute averages: OM, sulfate, niattammonium
concentrations and particle size distribution, afl as elemental ratios (OM/OC, H/C, O/C) of
the OM and OM composition by/z Total particulate black carbon (BC) was deteediwith
5-minute averages using a Magee Scientific Aethatem A Sunset Labs OCEC instrument
provided hourly measurements of PMDC and EC. 20-minute averaged 2Nbn
concentrations (sulfate, nitrate, potassium, pthgmions) were found using a patrticle-into-
liquid sampler (PILS). Gaseous measurements ofNE, NO and NQ were also made, at 5-
minute resolution. Hi-volume PM samplers were used to collect PM on 8 x 10 indrtgu
fiber filters at varying intervals (24-hours, margirush hour, late morning, midday/afternoon,
and overnight). Wind speed and direction data weten at 1-minute resolution, and vector-
averaged to 2-minute, 5-minute and hourly averagesnperature was measured at 2 m and 10

m.
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Table 2-1. Summary of Measurements at Fyfe Elementary.

Instrument Frequency Details

OM, SO4, NO3, NH4; OM composition by m/z; elemental

HR-AMS 2-minute ratios (O/C, H/C, OM/OC); particle size distribution of
OM, SO,, NO3, NH, and individual m/z

Magee Scientific . Black carbon at 880 nm and 370 nm (termed “BC” and

5-minute W Ay ;

Aethalometer UV” respectively)

Th_ermo Scientific 5-minute co

48i

gpcrmo Selentiic. | 5 mine NO, NO,, NO,

Sunset OCEC 1-hour OC, EC; detection limit ~ 0.3 pug/m®

Hi-volume PM, 5
sampler

Multiple intervals:
0500-0900; 0900-
1100; 1100-1700
1700-0500 LST

Quartz fiber filters extracted for levoglucosan
quantification via GC-MS; 17 selected filters analyzed,
12 during 1700-0500 LST

20-minute,

2- - + + - 2+ + .
PILS averaged to 1-hour SO,7, NOs, NH, , K', CI, Ca®’, Na’ ions
Traffic speed, volume by three vehicle sizes: small (less
Wavetronix 1-hour than 21 feet in length), medium (21-40 feet) and large
(greater than 40 feet); located 0.5 km west of Fyfe
Elementary on US 95
RM Young AQ . . . .
5305-L 1-minute Wind speed, direction
Campbell
Scientific 1-minute Temperature at 2 m and 10 m
41382VC

2.2 High Resolution Aerosol Mass Spectrometer Desanipéind Operation

The Aerodyne HR-AMS was operated in the CSU mdbaberatory at Fyfe Elementary
during January 5 — 28, 2008. Details can be fanrbde very thorough introduction of the
instrument of DeCarlo et al., 2006. Earlier versiofthe instrument had a quadrupole mass
spectrometer (Q-AMS), instead of a time-of-fligha$s spectrometer (ToF MS), and are
described in earlier manuscripts (Jayne et al.020nenez et al., 2003), and a review of the
instruments can be found in Canagaratna et alreldre three main sections in the HR-AMS
(Figure 2-1): aerosol inlet and aerodynamic lemstigle flight and sizing region; and the time-

of-flight mass spectrometer (ToF MS). In the fpstt, ambient air is drawn through a URG
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cyclone (Bo = 2.5 um, 3 Ipm) followed by a critical orificepjaroximately 0.1 lpm flow) and a
series of apertures and vacuum chambers, focusengdrosol into a narrow beam under high
vacuum (approximately 10Pa). Canagaratna et al, Sun et al. and TakegaaVareport that
there is 100% transmission of particles with aenaalyic diameter (g) of 70-500 nm, with
approximately 50% transmission at 1 pyg anplying that the AMS measures R(@anagaratna
et al., 2007; Sun et al., 2009; Takegawa et ab920Since the particles are under vacuum, the
term dais used. Larger particles may have too muchieméstbe consistently focused in the
beam (Zhang et al., 2004b), so the transmissiombeg decline with 500 nm,gparticles,

reaching 50% at 1 pm.4
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Figure 2-1. Schematic of the HR-AMS, from http://cires.colorado.edu/jimenez-
group/wiki/index.php/File:WToF.jpg.

Next particles enter the particle time of flighiT@F) region. Here a mechanical chopper
regulates the aerosol introduced into the PToForegiperating at ~ 100 Hz. The chopper
operates among three positions: “closed”, wherbtden is blocked; “open” with full

transmission of the beam; and “chop”, where thes®rmbeam is modulated with a 1% duty
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cycle via a slit in the chopper. The open modevasl for mass spectra of the aerosol in the beam
to be found. The closed mode is used to tracklin@seoncentrations of residual gases, such as
oxygen and nitrogen, when no aerosol are predaum;the difference in the mass spectra
between the open and closed mode yields the massaf the aerosol in the beam. During
chop mode, the aerosol beam is chopped, so thapackets of individual particles are
transmitted through the PToF region. The timakes to travel through the PToF region is
dependent on the,gof a given patrticle; larger particles take lontiemn smaller particles. A

mass spectra is then found for the continuum diglarsizes that travel through the PToF

region, enabling for quantification of individual/’zby d; range.

Once patrticles are transmitted through the PToloneghey are vaporized and ionized
for analysis by mass spectrometry. The AMS isgie=d so that under a range of aerosol
compositions concentrations of specific compongkésorganic matter and sulfate can be
guantified. Thus a vaporization/ionization scheseeeded that introduces the aerosol in the
MS region in a characteristic pattern. Canagaratr@., DeCarlo et al. and others have
reviewed the numerous schemes available (Canagagtaal., 2007; DeCarlo et al., 2006). Here,
particles are flash vaporized on a resistively égatingsten surface at 600 degrees C coupled
with a 70 eV electron impaction (EI) ionizer. Whthis setup means that molecules are ionized
in a reproducible and characteristic manner, itrsdhat only non-refractory species such as
sulfate, nitrate and OM are quantified. Crust&csps, metals, sea salt and elemental carbon
cannot be quantified, since they do not evapoesednough at this temperature under high
vacuum conditions. Using this standard ionizatexhnique means that spectra are generally
comparable to standards developed by Nationaltinstof Standards and Technology (NIST)

(Canagaratna et al., 2007; Dzepina et al., 200@igiwmay use other mass spectrometry
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techniques such as GC-MS. Differences between Nif#&€Ctra and AMS spectra may arise
since species are vaporized at a high temperatuheiAMS before ionization, resulting in more
fragmentation compared to NIST spectra (Alfarralgt2006). Dzepina et al., report that this is

particularly true for species with strong structyreuch as PAHs (Dzepina et al., 2007).

Particles may bounce, meaning that the collectibaency (CE) of particles is not
necessarily 100%. Prior studies have used a Gietofeen 0.5 and 1 (Drewnick et al., 2004b;
Drewnick et al., 2005; Takegawa et al., 2005; Zhetngl., 2005b; Drewnick et al., 2004a).
Matthew et al. and Middlebrook et al. report thret CE approaches 1 for aerosol with low
sulfate content and with higher nitrate conteet, nitrate higher than sulfate (Matthew et al.,
2008; Middlebrook et al., 2012). Matthew et apa# that with higher organic content CE
approaches 1, though in areas dominated by segoadganic aerosol, where LV-OOA is the
majority of the OA, the CE is lower than 1, as fdun Middlebrook et al. when they reviewed 3
field campaigns (Middlebrook et al., 2012). CEtil an area of ongoing research, and the
validity of this assumed CE can be assessed by aongpthe AMS measurements to collocated
PILS measurements for sulfate, nitrate and ammonauna collocated Sunset OC measurements
for OM. The correlations between these collocatedsurements are very high, and are detailed

in Section 3.

After vaporization and ionization, ions enter iatd oF MS. In a ToF MS, ions are
accelerated by a pulse extractor from the sougiemento a field free drift region where ions
are separated by time of flight. After ionizati@ti,ions ideally have the same nominal kinetic
energy, so ions of different m/z will obtain diféet velocities before reaching a detector. Low
m/zions achieve higher velocities and therefore reheldetector first, while larger m/z ions

achieve lower velocities and impact the detectimrlaThe time it takes for a given ion to reach
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the detector is proportional to m/z and the tulbgtle, and inversely proportional to the applied
acceleration voltage from the pulse extractor.c&itmere is no scanning involved, an entire
mass spectrum can be obtained very quickly. THeNI8 is operated in two modes, “V” and
“W”. These modes refer to the geometry of the iagght paths (see Fig. 2-1) V mode, with its
shorter flight path, is best used for quantificatiand enables quantification of ions with a
resolution better than than 0.01 m/z. W mode Hasger path length than V mode, thus
increasing the resolution but decreasing the seitgitor quantification due to ion loss. V mode
is used in this work to quantify the concentratodreach individuaim/zand therefore the total
sulfate, nitrate, ammonium and OM, while W modaged to determine elemental ratios of the
OM. V and W mode were set to alternate every 2ues) resulting in a V mode spectra and

corresponding W mode spectra every 4 minutes.

Jimenez et al., Alfarra et al., Canagaratna eDaCarlo et al., and others have laid out
the details behind converting ion signals fromTl& MS into mass concentrations (Jimenez et
al., 2003; Canagaratna et al., 2007; Alfarra e28l04; DeCarlo et al., 2006). For a giverz,
the concentration can be found as detailed in emuatfrom Jimenez et al, assuming a CE of 1

(Jimenez et al., 2003):

_ 1021 MW

c=1-120 (1)

IE Q Ng

where IE is the ionization efficiency, *0s used to convert units to ugnQ is the
volumetric flow rate (crhs™), MW is the molecular weight for the fragment bé& tgivenm/z Na
is Avogadro’s number, and | is the detected ioa fabunts per second). IE is a dimensionless
guantity that represents the number of ions dadgoée parent molecule, and is dependent on the

efficiency of the vaporization and ionization oétparent molecule, as well as the detection
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efficiency of the daughter ions in the MS. Laborgtstudies have shown that IE is different for
organic and inorganic species (Jimenez et al., 2Al&rra et al., 2004), but for inorganic or
organic species IE varies linearly with MW. Simiate particles are used to calibrate the HR-
AMS, as described later, the mass generated fraaten 1 is in nitrate-equivalent
concentration. To convert this to actual concéianathe species-specific relative IE (RIE) is
used, as documented in Jimenez et al, where Ré&Es.4ifor OM and 1.15 for sulfate. This then

modifies equation 1 to the following for a giveresfess, relative to nitrate:

1012 1 MWpyos

CS - Is (2)

T RIEJIEN0s Q Na

To calculate total mass concentrations of “bulké@ps such as sulfate, nitrate,
ammonium and OM, the concentrations ovendlioriginating from the parent molecules is
summed. Equation 2 may be further modified if¢bection efficiency (CE) differs from 1.
Often a CE of 0.5 is used, in sulfate-rich or gef@lominated environments. CE may be less
than 1 because of inefficient focusing in the aerbsam if sampled aerosol particles are not
very close to spherical, particle bounce off of Wheorizer, or transmission losses through the
inlet. In addition, Allan et al showed that thee be some temperature dependence of the CE
when the inlet temperature is close to the amldentpoint (Allan et al., 2004). CE can be
assessed by comparing HR-AMS measurements to BL&Her independent) measurements of
nitrate. As shown in Section 3, the agreement éetvithe instruments was extremely high
(r>=0.95, PILS/AMS ratio =1.3) with only a small bia@me of which may be due to the
different size ranges effectively measured by #heinstruments (PMs for PILS, PM for the

AMS) so a CE of 1 was used.
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2.2.1 HR-AMS calibration

Nitrate particles are used for AMS calibration gitlsey are vaporized in the AMS with
nearly 100% efficiency, are commonly found in th@@sphere, and are relatively
straightforward to generate. Ammonium nitrate ipbes were generated by a particle generator
and size-selected via a differential mobility azaly(DMA) for 350 nm aerodynamic diameter
particles, for three different mass concentrat@rels: approximately 2 ugfng ug/ms, and 15
ug/m>. Particles are also fed to a condensation particlinter (CPC), so that calculated mass
between the HR-AMS and CPC can be compared. AsrshoFigure 2-2, the HR-AMS and

CPC measurements agreed quite well for the caldmsduring the field study.

20

V-mode
15 - a=-0.18408 + 0.0886
b = 1.0348 + 0.00914

10

Mass Nitrate from AMS

| T T | T T | | T |
0 2 4 6 8 10 12 14 16 18
Mass Nitrate from CPC
Figure 2-2. Comparison of HR-AMS and CPC nitrate mass measurements as part of calibration during
Las Vegas field operations set up. The “a” value is the intercept of the red linear regression line, and the

“b” value indicates the slope of the line. For a good comparison, a should be close to zero and b close to
1.

2.2.2 Particle Size Calibrations

For calibration of the particle size measurememiystyrene spheres (PSLs) were used

and four different ¢, were fed to the HR-AMS via a size selecting DMA0Inm, 200 nm, 350
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nm and 500 nm. In addition, ammonium nitrate pkas were generated as described above and
fed to the HR-AMS via the DMA for the following,& 50 nm, 60 nm, 70 nm, 80 nm, 90 nm,

100 nm, 150 nm, 250 nm, 350 nm, 500 nm and 600 Tine. particle velocity for each of these
calibration ¢, is then found and the relationship between velaid ¢, determined via the

equation:
Velocity = Vgasns + [Vgasyi— Vgasnd / [1 + (Daero/D*¥] 3)

where Vgagnsis the velocity of the gas in the lens, Vgass the gas velocity at the lens
exit, D* is an effective scaling diameter and Ibhis power dependence. The Vgas terms provide
limits to the particle velocity for small and largge particles. A small particle cannot travel
faster than the expanding gas (Vgasand a very large particle cannot go slower tlen t
velocity of the gas in the lens (Vgag. Figure 2-3 summarizes the calibration with the

combined PSL and ammonium nitrate datasets.

250+

Vgas(exity =600+0
D_star =14992+143
2 b =0.47523 £0.0872
Vgas(Lens) =-0.18292 £ 33

200+

150 —

Yelocity (mfs)

@ \Velocity NO3
— fit_Velocity
M Velocity PSL

100 —

50—

I : I 1 & d mial
100 1000
Asrodynamic Diamster (nm)

T T T T T T T T
2 3 4 5 B 7 8§ 9

Figure 2-3. Relationship of particle velocity (y axis, m/s) with vacuum aerodynamic diameter (nm, x-
axis) using PSL and ammonium nitrate particles. PSL (red dots) and ammonium nitrate (blue dots)
particles of known d,, were sampled by the AMS, and the velocity of each particle type was measured by
the AMS; the line is the non-linear least squares fit to determine the relationship between the velocity
measured by the AMS and d,,. Vgassis the velocity of gases (e.g., N,) in the lens, Vgas.y; is the gas
velocity at the lens exit, D* is an effective scaling diameter and b is the power dependence.
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DecCarlo et al, Jimenez et al, and others havesstibat a particle’s\d can be different
than its volume equivalent diametgg,dvhich is the particle diameter if it was “meltadto a
sphere, or mobility diameteg,dwhich is the diameter determined by instrumenthsas the
DMA (Jimenez et al., 2003; DeCarlo et al., 200Ax described in DeCarlo et al 2004 , the
relationship between,gland . is dependent on a particle’s density as well apslii.e., the

degree of deviation from a sphere):

Pp dye
dyg = P_ZX_V (4)

Wherep, is the particle density, is standard density (1 g/&mnandX, is the shape
factor, or the ratio of the drag experienced bya-spherical particle compared to a spherical
particle.

2.2.3 Summary of HR-AMS Field Operations

Diagnostics during set up are described above inDdield operations, diagnostic
parameters were continuously logged. This incluthesking for consistent flowrate, ionization
efficiency, voltages for the heater, duty cycle amdcalibration peak position. Figure 2-4
summarizes these diagnostics during the studygriostics were within acceptable ranges. The
three instances of sudden changes of flowrate esskided from analysis (i.e., these samples
were “blacklisted” within Squirrel); these occurrédring set up of calibrations. The airbeam
signal intensity and IE may change if the ionizatmd transmission efficiency changes during
the field study; a slow decrease over weeks caggieal, and large, sudden aberrations can
indicate an issue with the instrument (Takegawa.e2005). Both of these, as well as the heater
bias, were relatively constant throughout the cagimpaOther diagnostics were also relatively

constant throughout the field study.
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Operations began at 2300 LST on January 5, aftempsealibrations described earlier.
Additional calibrations with ammonium nitrate pal#is were done weekly, on January 8,
January 15, and January 23. The air beam andréltes were consistent throughout the study
period. Daily, a filter was placed on the inlettkat particle free air was sampled for 10
minutes, to ensure the baseline is fairly constantto check for leaks so that there is no false
particle signal (i.e., the spectra when samplitigred air should reflect only gaseous species).
At the end of the study, size calibrations weresedpd, and showed that there was little change

since the beginning of the study.
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Figure 2-4. AMS diagnostic values during the Las Vegas field study.

42



2.3 HR-AMS Data Processing

Data were acquired via the standard HR-AMS dataiaitipn (DAQ) software available

from http://cires.colorado.edu/jimenez-group/ToOFAMSReases/ToFSoftware/index.htmIThe

m/zrange was 0-600, though in data analysis (desttdier) onlym/zless than 300 were
utilized. Data were processed using the ToF-AM&lgsis Toolkit version 1.51 (termed
“Squirrel”) and the ToF-AMS HR Analyais Toolkit va&on 1.10 (termed “Pika”), available from
the Colorado.edu AMS wiki page (Figure 2-5). Btublkits are implemented in Igor Pro
software; here Igor version 6.22A was used. H¥sfacquired via the DAQ were imported
into an Igor experiment via Squirrel. This impaatsd processes raw data and diagnostic data.

Details are provided in Appendix A.
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Figure 2-5. Squirrel and Pika dashboards in Igor.

Mass calibrations were done using fragments froomdant background gases such as

Ar, O, and N, plus fragments from tungsten (atomic symbol Wplathalates which are found
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in the AMS, providing a stable set of backgrounakito use to ensure that the peaks from the
mass spectrometer are assigned to the carmctUsing fragments from these background
species in the “closed” mode, i.e., when no patiere present, the relationship between
individual m/zions’ time of flight and their exach/zare determined, and a curve describing this
relationship determined, which is then used tordatee allm/zfor the “open” mode, when

particles are present.

For unit mass resolution (UMR) data, the standeagrhentation table described in Allen
et al. was used, to correct for interferences fgameous species and to correctly allocate
individual m/zamong different aerosol types, i.e., organic angty sulfate, etc (Allan et al.,
2004). For example, the signalnatz64 could be from S© ion (from a sulfate aerosol) or from
organic fragments (e.g.s84"). At thism/zthe organic fraction is calculated based on theai
at them/z where an alkyl group (GH) is subtracted or added to thi#z64 ion (in this casen/z
50 and 78), since organic aerosol are usually cs@gbiof long chain hydrocarbons and the
vaporization/ionization scheme used in the AMS Iteso a series of (H2,+1 fragments. Since
inorganic species like sulfate, nitrate and ammmnnave characteristic fragmentation patterns,
and only occur at a handful offz, these patterns can be taken into account anadlse at each
m/fz from other species, namely organic aerosol, eagettermined for then/z values that have
both an inorganic and organic component. Othimay have only organic signals, so the full

signal is assigned to organics.

Particle size distributions were determined wittoPode data. When in PToF mode,
the aerosol beam is chopped, and particles thae makrough the chopper enter a particle time
of flight (PToF) region, where larger particlese¢dinger to travel through than smaller

particles. The time it takes to travel through B¥eF region for selected size particles is
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determined with particles of known diameter, asdbed earlier. As part of the post-
processing, a baseline of the time it takes bgfarécles make it through the PToF region needs
to be determined. To do this we examine individuak to find the time it takes before aerosol
signal is found, and the time at which there arenooe particles being transmitted through the

AMS.

High resolution (HR) data were determined using‘BI&A” module of the AMS
software, using standard practices. Via PIKA,wudlial unit mass resolution (UMR)/zcan be
deconvolved into ions of higher resolution, e.onfm/z43 to the ions ¢H;" (mass 43.05478)
and GH3O" (mass 43.01839), using a Gaussian fit for eachiddeak width and shape. In
PIKA, m/zcalibration and baseline from Squirrel were usew, were well fit, as described
above. Next, peak width and shape were determiauilar tom/zcalibration, the Gaussian
fits for selected calibration ions were generateddvelop a relationship between peak width and
m/z CH', OH', H,O", CGH', No', O, Ar', SO, CH,", SO, and GHs™ gave the best fitting
statistics for peak width. Peak shape was deteunising @" and CH. The goal is to use the
fitting ions to develop a smooth peak shape, wRit0A will then use as the shape for all ion

peaks. Details are provided in Appendix A.

2.4 Aethalometer Black Carbon Measurements

2-channel black carbon (BC) data were collectedgiaiMagee Scientific Aethalometer
model AE-22 with a PMisinlet at 5 L/min. Flow was monitored with a NISft¢eable flow
meter; if flows were outside of 10% of the targeter a flow calibration using the instrument’s

firmware was done to regain target flow. Flow dtseewere done every one to three months; the
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instrument passed an audit by an outside firm coteduin April 2008. The Aethalometer has a
manufacturer-specified lower quantifiable limit (Ljof 0.05 pg/m and precision of 4%.
Aerosol is collected on a quartz fiber filter taypmtinuously for 5 minutes, and then the amount
of optical attenuation through the filter is anagiaising LED light sources at 880 nm and 370
nm (Park et al., 2010; Hansen, 2002; Hansen, 1988gry 5 minutes, the amount of light
transmitted through a 0.95 érspot on the filter where aerosol is collected easured. A beam
also measures the transmission through a portitmedilter where aerosol is not collected, in
order to correct variations in lamp brightness ema@nges in the electronic response of the

sensor. The attenuation (ATN) of light through todlecting part of the filter is defined as:

ATN =100 * In (b/ 1) (5)

where } is the intensity through the part of the filteit sollecting aerosol, and | is the
intensity through the collecting part of the filteFherefore, a value of 1 would be from a blank,
while a value of 100 would be extremely dark. Tdamn the attenuation for the 5 minute
interval, the attenuation of a reading is subtétem the previous reading, yielding the amount
of attenuation due to the increase in aerosol degubm the last 5 minute sampling period.
From this attenuation value, the Aethalometer tteoulates the amount of black carbon present
based on the manufacturer’s calibration curvesingldlack carbon concentration and optical

attenuation.

Time-stamp and filter tape spot saturation coromsiwere done using the Washington
University Air Quality Lab AethDataMasher Versiordé. With the Aethalometer, optical
absorption at 880 nm (BC channel) and 370 nm (UW&haoel) are obtained. There is enhanced

absorption from biomass burning-associated orgasnepounds in the UVC channel compared
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to the BC channel (Kirchstetter et al., 2004; Saddwi J. et al., 2008; Jeong et al., 2004); in
contrast, there is little difference in absorptadrdiesel exhaust between the two channels. Thus,
the difference between the UVC and BC channeldbeamsed as an indicator of the presence of

biomass burning BC.

2.5 Sunset Organic and Elemental Carbon (OC, EC) Measemts

A Sunset OCEC instrument (Bae et al., 2004b; Jetad, 2004; Bauer et al., 2009;
Rattigan et al., 2010) measured organic and eleaheatbon on an hourly basis. The Sunset
OCEC instrument uses a thermal optical method amml NIOSH 5040 (Chow et al., 2001; Sin
et al., 2004) and has a limit of detection of Ogn’ for OC and 0.01 pg/irfor EC (Bauer et
al., 2009). Aerosol is drawn through a Pdyclone inlet with a mass flow controller and a
carbon denuder at 8 L/min, and deposited on a zjfidr filter for 47 minutes. Aerosol is then
analyzed during an 8-minute cycle by heating therfto 840°C for 5 minutes to quantify OC,
and then by introducing an oxidizing carrier gag (kth 10% Q) at 850°C for 3 minutes to
guantify EC. The remaining 5 minutes is used fwling down the oven. During the filter
heating, carbonaceous material evolves off therfds CQ, which is quantified using a non-
dispersive infrared (NDIR) detector. EC is deterad as any carbon evolved off the filter after
the introduction of He/@once the laser-monitored filter absorbance mattdresmitial
absorbance measured when the filter was first deaidter each hourly analytical cycle,
calibration gas of 5% CHwith He flushes the system. Instrument respossalibrated using a
99.9% reagent grade sucrose solution and a 5¢HeHtalibration standard. Filters were

changed nominally every five days, and indepentlewtchecks every two weeks.
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2.6 Levoglucosan Measurements

Quartz fiber filters (8"x10”, Pall Life Sciences|SSUQUARTZ 2500QAT-UP) in Tisch
231 PM s plates were used in hi-volume samplers (nomimaV flate 68 riyhr) to collect aerosol
for later chemical analysis. Filters were pre-libge550 degrees C for at least 12 hours in order
to remove any organic material. After bakinggefift were individually wrapped in aluminum
foil and kept in a freezer when not in use. Samspheere run on automated timers for five
samples daily: 1) 0500-0900 (local time), to captunorning rush hour conditions; 2) 0900-
1100, to have measurements in parallel with gas€@S and carbonyl measurements, reported
elsewhere (McCarthy et al., 2013); 3) 1100-170@aoture midday conditions; 4) 1700-0500, to
capture overnight conditions; and 5) 24-hr filtdrem 0900-0900. The 24-hour filters were
operated 0900-0900 in order to fully capture thghttime period when concentrations are
highest, instead of the more typical operationtisigistopping at midnight. The midnight to
midnight schedule would have resulted in a givéarfcapturing parts of two nighttime periods,
even though the concentrations may be quite diftetbus making that sample difficult to
interpret. In addition, the same sampler was @isedll 24-hour measurements, so a time when
site operators were on site (0900) was requirdddiitate filter changes. In addition to the
collected filters, a trip or field blank filter wamminally collected daily. Flow checks were done
in the morning and evening (e.g., 0900 and 1700).

Filters were stored at the Colorado State Univeisitnospheric Science chemistry lab
until use. Half of 17 selected filters was cut ardpped in aluminum foil for extraction and
chemical analysis by EPA ORD labs. Only a limitesnber of samples could be analyzed, so
12 overnight samples were selected since thieipdniod of highest OM concentrations. In

addition, morning and midday filter samples weroadxtracted for comparison (Olson et al.,
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2012). Quartz filters were extracted in a solvantture of hexane, methanol, and
dichloromethane (1:1:1) (GC2 grade, Burdick andksaw) using a Dionex ASE 200
Accelerated Solvent Extractor. Chromatographicgnaitrogen was used to concentrate
samples to a final volume of 300 mL. A gas chragedph (GC, Hewlett-Packard 6890N) and
inert mass selective detector (MSD, HP5973N) wasl asid chromatographic separation was
completed using a 30-m, 0.25-mm i.d. with 0.25-nim thickness capillary column (DB-5MS,
Part No. 122-5532, J&W Scientific). The GC was aped as follows: injector temperature of
315 degree C; column flow of 1 mL/min; pressurespwf 25 psi for 0.5 min; initial GC oven
temperature initially set at 35 C, ramped at 20 i€ /mtil reaching 160 C, ramped at 2 C/min
until reaching 315 C. The MSD was operated undectee ion monitoring (SIM) mode.
Recovery, precision, limits of detection and quatiton, blank levels, calibration linearity, and
agreement with certified reference materials fanpounds analyzed in this study are given
elsewhere (Turlington et al., 2010). Externallmaiion curves (5-500 pg/mL) using authentic
standards (Absolute Standards, Accustandards, aimdry were determined for all analytes.
Deuterated surrogate standards (50-200 pg/mL) @d%2, n-C30-d62, n-C36-d74,
chrysened12, benz(b)fluoranthene-d12, indeno(k@)Byrene-d12 and coronene-d12) and
deuterated internal standards (1000 pg/mL) (n-C28-d-C25-d52, n-C28-d58, n-C32-d66,
benz(a)anthracene-d12, benzo(e)pyrene-d12, dibemahthracened14 and dibenzo(a,i)pyrene-

d14) were used for all samples.

2.7 Other Ambient Measurements

Wind speed and direction were measured with an RMng AQ 5305-L at 2 meters
above ground level (AGL) at Fyfe. Semi-continuousasurements of PM K, sulfate, nitrate,
ammonium and other major ions were made using & Biistem coupled to two ion
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chromatographs (IC). The detailed design and ¢iperaf the PILS is described elsewhere
(Orsini et al., 2003; Weber et al., 2001; Webeaalgt2003; Sorooshian et al., 2006) and is briefly
summarized here. The PILS nucleates aerosol pstiolform water droplets by mixing a
denuded aerosol stream with supersaturated st&amnucleated droplets are collected into a
flowing liquid stream by inertial impaction. Theuid stream, containing an internal LiBr
standard to determine dilution by condensed waipok; is split into two streams which are
injected every 15 minutes to two ion chromatogrgjihenex, DX-500) for measurement of
major inorganic ion (Cl SQ%, NOs, Na', NH,", K*, Mg?* and C&") concentrations. Each IC
system consisted of a 6-port valve injector fittgth a 200uL sample loop, a pump (Dionex
GP40 or IP20), Dionex CD20 conductivity detectaor amalytical separation column, and a
suppressor. The cation eluent was 20 mM MSA (methaifonic acid) at a flow rate of 1.0
mL/min (Dionex CG12A/CS12A column and CSRS-ULTRAslippressor). The anion system
used a Dionex AS4A-SC/AG4A-SC column pair (1.8mMEBIAy/1.7mM NaHCQ eluent) or a
Dionex AS14A column (8mM N&£Os/ 7mM NaHCQ eluent), depending on the campaign,

with an ASRS-ULTRA 1l suppressor.

A PM;scyclone (16.7 LPM, URG-2000-30EH) and two URG aandenuders (URG-
2000-30X242-3CSS) were used upstream of the PILSTI@® first denuder was coated with
Na,CO; for removal of acidic gases and the second denudsrcoated with phosphorous acid to
remove basic gases. Denuders were exchanged egetipays after calibration and blank checks.
Blanks were taken by sampling particle-free aiavetr through a HEPA capsule filter (12144,
Pall Corporation), through the PILS/IC system a&tealibration check standard (NCSQ*
and NH" concentrations of 20 pN and Qa’, K*, C&€" and Md" concentrations of 10 uN)

was injected. Approximately every 10 days the PNS cleaned and the ion chromatographs
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recalibrated. A sample flow rate of 16.7 L/min tbe PILS/IC was controlled by a critical
orifice with a vacuum regulator. 20-minute dataevaggregated into hourly concentrations,
where all three 20-minute measurements within am a@re required to complete an hourly

average.

2.8 EPA PMF Methods

Positive matrix factorization (PMF) is a common lggs which decompose a matrix of
speciated sample data into two matrices — factotritutions and factor profiles — in order to
understand the factors or sources impacting theiaeel sample data (Poirot et al., 2001; Reff et
al., 2007; Norris et al., 2008; Engel-Cox and WeB607; Ke et al., 2008; Brown et al., 2012;
Ulbrich et al., 2009a; Kim and Hopke, 2007). Tive imost common programs are PMF2 and
MEZ2, in addition to a freely available graphicatusiterface (GUI) developed by EPA, EPA
PMF, which uses the ME2 program. Ulbrich et ald athers have also expanded on the details
of PMF application to AMS data, including a PMF s package in Igor Pro (Lanz et al.,
2007; Lanz et al., 2010; Ng et al., 2010; Ulbritlale, 2009a). The detailed methods of these
programs have been documented elsewhere (Paa®&a, Raatero and Tapper, 1994), and are

summarized below.

A speciated data set can be viewed as a data nxatixdimensions by m, in whichn
samples andh chemical species were measured. Rows and colufifsnd of related matrices
are indexed byandj, respectively. The goal of multivariate receptardaling, for example
with PMF, is to identify the number of factqusthe species profileof each source, and the
amount of masg contributed by each factor to each individual sampl

P
=2 0 ftg=¢+g
k=t (6)
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wheresg; is the residual for each sample/species. Notasias follows. Entire matrices
are denoted by capital bold-face letters. Colunfrie@source contribution matri@ may be
denoted by, and similarly rows of source profile matfixdenoted byy. Matrix C represents

themodeledpart of matrixX.

In PMF factor elements are constrained so thaangpte can have a significantly
negative source contribution. PMF allows each #atae to be individually weighted. This
feature allows analysts to adjust the influenceaafh data point, depending on the confidence in
the measurement. The PMF solution minimizes theablfunctionQ (Equation 7), based upon

the estimated data uncertainties (or adjustedwatartainties);.

(7)

ME-2 is the underlying program used to solve theFRivbblem in the program of EPA
PMF (Norris et al., 2008), the user interface fieatls the data and user specifications to ME-2.
ME-2 then performs the iterations via the conjugatalient algorithm until convergence to a
minimum Q value. The minimum Q may be global @alp users can attempt to determine
which by using different starting points for therdtive process and comparing the minimum Q
values reached. Output from ME-2 is then fed hhobugh EPA PMF and formatted for users

to interpret.

Variability in the PMF solution has traditionallgén assessed via bootstrapping (BS),
where PMF solutions using a series of data setsateaesampled versions of the original data

set are generated. EPA PMF performs bootstragpimgndomly selecting non-overlapping
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blocks of samples (consecutive samples, blockssipplied by user) and creating a new input
data file of the selected samples, with the sammedsions as the original data set. PMF is then
run on the new data set, and each bootstrap fectoapped to a base run factor by comparing
the contributions of each factor. The bootstragdiais assigned to the base factor with which
the bootstrap factor has the highest uncenteradlation, above a user-specified threshold. If
no base factors have a correlation above the tblg$br a given bootstrap factor, that factor is
considered “unmapped”. If more than one bootdtaafor from the same run is correlated with
the same base factor, they will all be mappeddbhhse factor. This process is repeated for as

many bootstrap runs as the user specifies.

EPA PMF was used in this application (Norris et 2008; Brown et al., 2012). New
features within EPA PMF v5.0 allow the user to taklgantage of rotational tools available in
ME-2(Paatero and Hopke, 2008; Paatero et al., 2002)eneral, the non-negativity constraint
alone in PMF analysis is not always sufficient toduce a unique solution. To reduce the
number of solutions, additional information suctkaewn source contributions and/or source
compositions can be used. This additional inforomatan be incorporated into the PMF
solution by “pulling” parts of a PMF solution, suah a factor profile or contribution. For
example, if a source type has a typical ratio an@aments in its source profile, a PMF-
resolved factor profile could be pulled toward ttedto if the user has good confidence that the
factor is related to such a source. The strenfgfach pull is controlled by specifying a limit on
the change in the goodness-of-fit param€edQ. If the user wishes to perform a weak pull, a
small limit ondQ would be allowed. For a stronger pull, a largeitidQ would be allowed.
These pulls are activated in ME-2 by the use ad@ational control file called “moreparams.txt”,

which is generated by EPA PMF when a user speafiagll, or can be generated as a text file
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by a user outside of EPA PMF and ME-2. When theaparams file is present, ME-2 generates
a solution where the base solution is pulled agated in the moreparams file. Additional

details are available elsewhere (Paatero et d&2;2aatero, 2007; Norris et al., 2009).
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3. Analysis of Aerosol Composition and Factor Analysis

3.1 Chapter Summary

Ambient non-refractory PMaerosol particles were measured with an Aerodyiga H
Resolution Time-of-Flight Aerosol Mass SpectromgliR-AMS) at an elementary school 18
meters from the US 95 freeway soundwall in Las \éefgevada, during January 2008.
Additional collocated continuous measurements aclkarbon (BC), carbon monoxide (CO),
nitrogen oxides (NQ, and meteorological data were collected. The Briironmental
Protection Agency’s (EPA) positive matrix factotioa (PMF) data analysis tool was used to
apportion organic matter (OM) as measured by HR-AKSI rotational tools in EPA PMF were
used to better characterize the solution spacealhdesolved factors toward known source
profiles. Three- to six-factor solutions were flgsd. The four-factor solution was the most
interpretable, with the typical AMS PMF factorstgfdrocarbon-like organic aerosol (HOA),
low-volatility oxygenated organic aerosol (LV-OOA)pmass burning organic aerosol (BBOA),
and semi-volatile oxygenated organic aerosol (SVAQONhen the measurement site was
downwind of the freeway, HOA composed about haf@M, with SV-OOA and LV-OOA
accounting for the rest. Attempts to pull the Pfd&tor profiles toward source profiles were
successful but did not qualitatively change thelltesindicating that these factors are very
stable. Oblique edges were present in G-spacs, @oggesting that the obtained rotation may
not be the most plausible one. However, solutfonad by pulling the profiles or using Fpeak
retained these oblique edges, indicating the balséian is likely a best fit, even with rotational
ambiguity. On average, HOA made up 26% of the @Hile LV-OOA was highest in the

afternoon and accounted for 26% of the OM. BBOAunred in the evening hours, was
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predominantly from the residential area to themaaihd on average constituted 12% of the OM,;

SV-OOA accounted for the remaining third of the OM.

3.2 Overview of Aerosol Concentrations During Study

OM averaged 3.3 pgfuluring the January intensive campaign, and witheB&unted
for 74% of the AMS measured mass (Figure 3-1). dlerage organic mass spectra (Figure 3-
2) was mostly composed of less oxidized, hydroaaidid@ fragments. OM was typically
highest during the evening hours (i.e., 1900 thno2f00 LST) with a secondary peak in the
morning (i.e., 0600-0900 LST, during rush hour cameh as shown in Figure 3-3. In contrast,
concentrations of other species such as BC, CON&®dad peaks in the early morning and
overnight (Figure 3-3b shows BC as an example). SAKgments associated with H&Ach as
m/z57 (GHg") andm/z43 (GH-"), showed a similar diurnal pattern. AMS fragmeagsociated
with OOA, such asn/z44 (COQ), showed only minor fluctuations throughout thg,dahile
those used as tracers of biomass burning, suotiz80 (GH40,"), were evident only during the

evening and overnight hours (Figure 3-4).
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OM 48%

NH4 6%

BC 26%
NO3 16%

average total = 6.9 ug/m3 S04 4%

Figure 3-1. Average composition of PM; at Fyfe Elementary School in January 2008. All measurements
except for BC are from HR-AMS, and BC is from Aethalometer (no size cut).
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Figure 3-2. Average mass spectra during the study.
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Figure 3-3. a) Box plot of AMS OM by hour, b) box plot of BC by hour; all units are ug/m3. Panel a) is
reproduced under Creative Commons Attribution 3.0, originally published in Brown et al., 2012.
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Figure 3-4. Average concentrations of selected m/z (43, 44, 57, and 60) by hour; units are pg/ms. Figure
is reproduced under Creative Commons Attribution 3.0, originally published in Brown et al., 2012.
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There was only modest correlation (i.9f0.40 to 0.60) of OM and fragments such as
m/z43, 44, 57, and 60 with BC, CO, and NCsince BC and CO are from primary emissions
and OM is a mixture of primary emissions and seaongroducts of atmospheric reactions, the
modest correlations among these parameters suhgést large fraction of the OM may be
secondary in nature. OM concentrations were sirbiggween upwind (relative to the highway)
and downwind conditions (medians of 2.0 pfjand 1.6 pg/m respectively); there was a higher
median OM concentration during upwind conditiongsithese occurred during the evening,
when wind speeds were lower and the boundary Etyatower than during the daytime, when
downwind conditions prevailed and higher wind sgeald more dispersion occurred. OM was
highest during stagnant, low-wind conditions, withaverage of 3.7 pgfmIn contrast, some
other pollutants showed sharper differences betweannd and downwind conditions; for
example, concentrations of primary emission pofitgauch as BC were more than three times
higher under downwind conditions than under upwdodditions (Roberts et al., 2010). BC
had a median concentration of 1.24 py/mC is more than twice as high at this site coraga
to a site 2 km away in the urban center but awamfireeways (Hancock Elementary School),
where BC was, on average, 0.5 py/fihis difference (~ 0.74 pgfnbetween the near-road site
at Fyfe and the urban background site at Hancoglesis that emissions from the freeway are a
large contributor to the BC at Fyfe, but may notlsdarge a contributor to OM or other aerosol

species.

While OM did have a distinctive diurnal patterngaeneral, it was episodic during the
intensive. A multi-day OM episode occurred withatrely high, sustained concentrations in
the first week (Figure 3-5). The episode endedmaanidnight on January 12 when a storm

front came through the area. During the episod¥,cOncentrations were relatively high during
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the overnight periods under a stable boundary lageshort-duration but very high OM
concentration episode occurred the evening of Jgrii8g with the highest 2-minute and hourly
averaged OM concentrations of the entire intensAdhough sampling took place over four
weekends, the meteorological conditions duringehesekends were quite different, with
drizzle and rain on the first weekend (Sunday, dan6), a front with high winds and rain on the
second (Saturday night January 12), a stagnatisod@gp on the third (Saturday January 19), and
windy conditions on the last weekend. With the lmwnber of weekends and the wide range of
meteorological conditions, comparing weekday tokeee concentrations may not be as useful

here compared to data sets that comprise many wdgke
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Figure 3-5. Time series of Aethalometer BC (pg/ms), temperature (degrees C), relative humidity (%), NO, (ppb), NO (ppb), AMS sulfate (pg/m3),
AMS nitrate (ug/m®), AMS OM (ug/m®), and wind speed (m/s). Major tick marks indicate midnight local time for each day.
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3.2.1 Inorganic Aerosol Patterns

Temporal patterns for both sulfate and nitrateedétl from the temporal pattern for OM.
Sulfate concentrations were low throughout theystudth an average concentration of
0.27 pg/m, and a maximum 20-minute average of 0.88 |ig/fihese sulfate levels are quite
low compared to many other areas in the U.S., thaygical of the western U.S., as there is
minimal transport of sulfate into Las Vegas andmajor sources of S{or sulfate upwind of the
urban area.

Nitrate concentrations were episodic but were gipally low, with a median
concentration of 0.54 pgfhand average of 1.09 pg/mThe nitrate concentrations are lower
than is typical in western urban areas. Nitrateceotrations had little relationship with OM or
concentrations of other measured pollutants. dnexday episode, nitrate peaked above 8 fig/m
for three hours, after which it decreased to apiprately 2 pg/m for the next two days (Figure
3-6). Figure 3-7 shows nitrate concentrations wapect to relative humidity and temperature.
The nitrate episode occurred after a 24-hour pexioein winds were stagnant, temperatures
were low (less than 8°C), and relative humidity welatively high (greater than 55%), including
during the midday, which was atypical. Nitrate wasater than 1 pg/hon a few other days,
but these periods typically lasted only a few houFkese higher concentrations occurred during
the day and night, with no distinct, consistentdal pattern, unlike OM, BC, CO, and other

pollutants, which peaked in the evening and eadynimg hours.
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There have been limited studies of speciated £iNlLas Vegas, with the 2000-2001 Las
Vegas Valley Visibility/PM s study the one with the most data (Green et al2R0Here they
found wintertime sulfate concentrations, on averémeer than 0.5 pg/fnand average nitrate
concentrations between 0.2 and 0.6 [feirthree sites. Though no formal apportionmerg wa
done, based on extensive data analysis they sutrtiiaégasoline and diesel vehicle emissions
are likely an important source, but that other sesisuch as residential biomass burning may
also be a significant contributor. Another studhg Southern Nevada Air Quality Study
(SNAQS) (Watson et al., 2007), used 10-12 filtengkes at 4 sites from January 2003 to
apportion PMs. 80% of the mass was from carbonaceous aerasbB8&026-49% of the Pk
was attributed to mobile sources. Biomass burniag 11%-21% of the mass. These
apportionments were based on a standard suittefdnalyses, and included OC and EC by
TOR, sulfate and nitrate by IC, and metals by X8R¢e only 24-hour filters on a handful of
days were collected there was limited opporturotytémporal analyses (time of day, day-to-day
variation, etc).

There are very few major sources immediately upwihdas Vegas, so the amount of
transported secondary organic carbon and ammonilfatesis generally low, though there can
be transport from California. Some speciated, Ptata have been collected as part of EPA’s
chemical speciation network (CSN) from 2002 to 2008ing the data from this 5-year period,
average sulfate concentrations are 1 |igand average nitrate concentrations are 0.89 {1g/m
though sulfate is lower and nitrate is higher i@ tinter. These low values are corroborated by
Chapter 2 of the IMPROVE network annual report (Hahal., 2011), which shows that sulfate
and nitrate concentrations are extremely low inlagas compared to other areas in the U.S.

and are lower than 1 pgnon average. Unlike most of the U.S. or much wfole, there is
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very little coal-fired power production upwind oé& Vegas, so SQand sulfate) levels are low.
In many prior studies elsewhere, sulfate concentratare higher and are correlated with LV-
OOA concentrations; however, as the sulfate lexsdsso low in Las Vegas, it is unlikely that
LV-OOA will correlate with sulfate. As Las Vegasin an arid desert environment with little
agriculture in the area, ammonia emissions arévelg low (e.qg.,

http://nadp.sws.uiuc.edu/nh3net§o ammonium nitrate formation may be limited g t

availability of ammonia. Nitrate has been obsergedften correlate with SV-OOA, as both
may be associated with similar transport and foienatechanisms. When nitrate formation is
limited by ammonia availability, however, therdiie reason to expect it to correlate with SV-
OOA.

3.2.2 Variations with Meteorology

Nitrate was episodic and sulfate was very low, sehof the analysis presented here
focuses on OM and BC. The monitoring site is ledatdjacent to the freeway, such that the site
is downwind of the freeway at angles between 120250 degrees. However,
upwind/downwind comparisons are not straightforwaede. Hours with downwind conditions
occurred 16% of the time, of which 45% of theseenaduiring the midday (0900-1700 LST)
when wind speeds are highest and in between peaflik fperiods (Figure 3-8). During peak
traffic periods in the morning (0500-0900 LST) awkning (1700-2000 LST), the site was

downwind of the freeway only 20% of the time.
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Figure 3-8. Wind summary during January 5-28 2008: a) fraction of 2-minute AMS data points per hour
by wind condition (downwind of freeway, upwind of freeway, parallel to freeway [other directions], or
stagnant [wind speed less than 1 m/s]); and b) wind rose. Panel b) is reproduced under Creative
Commons Attribution 3.0, originally published in Brown et al., 2012.

Since downwind conditions occur mostly in the migldad upwind conditions occur
mostly in the morning and evening, a simple dowmlAapwind analysis could be biased since
concentrations are lower in the midday comparedaming and evening. Therefore,

upwind/downwind analysis was done for differentdasyf day. Since stagnant conditions occur
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37% of the time and are when concentrations areelsiy stagnant conditions were also included
in the analysis in a separate bin. OM conceninatwere generally similar whether our
monitoring site was upwind or downwind of the fregwFigure 3-9). This differs for other
pollutants such as BC, where downwind concentratieere, on average, more than two times
higher during downwind conditions. This shows it enhancement of being next to the
roadway is not nearly as large for OM as for B@¢eiOM is a mixture of primary, semi-
volatile, and more oxidized material, whereas B@risary material that, in a near-roadway
environment, predominantly originates from emissialong the roadway. Like BC, OM was
higher during stagnant conditions (those with wileds than 0.5 m/s), as a shallow boundary
layer and minimal dispersion quickly led to thelbup of pollutants. During the daytime when
emissions from the freeway may be most promineamtcentrations during downwind conditions
were higher than during upwind conditions. Onlyidg the evening hours (1700-2300 LST)
when other, non-mobile emission sources becomeriamy were upwind concentrations higher
than downwind. This increase is likely due to citmitions from residential biomass burning, as

explored further with PMF.
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Figure 3-9. Box plot of concentrations (ug/m®) during downwind, upwind and stagnant (wind speed less
than 0.5 m/s) conditions for a) OM; b) BC, and c) OM, grouped by time of day.

OM was also examined by wind direction and speedxamine the individual data
points comprising the box plots in the above figuFegure 3-10 shows hourly averaged OM by
wind direction, with each hour of the day indicabgdthe number; colors indicate wind speed in
(a), and indicate concentrationsmfz60 in (b). Figure 3-11 shows how OM and BC varthw

wind speed; Figure 3-12 shows the average massrgukring upwind, downwind and stagnant
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conditions. BC and OM both have a similar patiarrelation to wind speed, with a steep drop
off in concentration once winds are greater th&mi/s. OM is similar on average when the
monitoring site is downwind or upwind of the freguaut that is due to the diurnal pattern of
winds, where upwind conditions occur more in thereng when wind speeds are low, while
downwind conditions occur in the midday, when wapeteds are higher. The high
concentrations during low wind speeds from the 280-degree sector are in the evening when
residential biomass burning occurs, as indicatethbyelatively high concentrationsofz60.
The mass spectrum changed throughout the daymatle oxidized fragments like/z44

higher in the midday compared to the morning omewg and biomass burning-related
fragments likem/z60 higher in the evening. Upwind/downwind diffieces varied by times of
day, as seen in Figure 3-13, which shows the @iffee between the upwind and downwind mass
spectrum by time of day. In the morning and middiag downwind concentrations are slightly
higher, with higher amount of primary, less oxidiZeagments liken/z43 and 55. In the
evening, concentrations during upwind conditioresaatually higher for all fragments, as the

upwind direction is the direction of arterial rogulas areas of residential biomass burning.
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Figure 3-10. OM concentrations (pg/m ) versus wind direction, where number |nd|cates hour of day and
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Figure 3-11. Concentrations (ug/m3) with relation to wind speed (m/s), colored by hour: a) of BC; and b)
of OM.
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Figure 3-12. Average organic mass spectra (ug/ms) during upwind, downwind and stagnant conditions in
the morning (0500-0900 LST), midday (1200-1600 LST) and evening (1700-2100 LST).
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Figure 3-13. Difference between the mass spectrum (ug/ms) during downwind and upwind conditions in
the morning (0500-0900 LST), midday (1200-1600 LST) and evening (1700-2100 LST). Positive values
indicate higher concentrations downwind.

In addition to wind direction and speed, temperatan also influence OM
concentrations; gas-to-particle partitioning insesmawith lower temperatures. Figure 3-14
shows the relationship of OM with temperature; narsbndicate the hour of the day, and colors
indicate the concentrations of the biomass burmdgatorm/z60. There was no clear
relationship between temperature and OM, as OMhigigest during modest temperatures (6-12
degrees C), though the coldest temperaturesiielaw 4 degrees C) typically occurred during

the very early morning and when wind speeds wegkdr and thus when OM is generally low.
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Figure 3-14. OM concentrations (ug/ms) by temperature (degrees C). The number indicates the hour of
the day, and color shows the concentration (ng/m®) of m/z 60.

3.3 Comparisons Between Measurements of Aerosol Species

A number of collocated measurements were madeglthimmstudy. Measurements of
sulfate and nitrate were made via both HR-AMS a6 Pthough sulfate concentrations
(median via AMS of 0.16 pgffpnwere generally below PILS lower limit of quantdition (e.qg.,

http://eosweb.larc.nasa.gov/PRODOCS/narsto/docuiEhnt Supersite QAFR vi1.pdéo a

comparison is not shown. A Sunset OCEC measuregs2M@ and EC, which can be compared
to HR-AMS OM or derived-OC and Aethalometer BC pesstively. Scatter plots between
measurements for these species are shown in f8yilte Nitrate comparisons between AMS
and PILS shows very good agreemefrt@r95), though with some modest bias towards th& P
(median PILS/AMS ratio = 1.3); this bias is mosidewt at lower concentrations below 2 pug/m
Aethalometer BC and Sunset EC also compared veltynf€0.95), but with a significant bias,
with average BC/EC ratio equal to 1.83. This bvas consistent across all levels of

concentration, and had no relationship with OM emi@ation or time of day.
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AMS-inferred OC data were averaged for comparisaé hourly Sunset OC data.
AMS PM; OC concentrations and Sunset RNDC concentrations compared well (median
difference = 0.05 pg/Mr’=0.89, slope = 0.91; assuming y-intercept=0) acatisimes of day,
with the poorest relationship occurring when OCaganirations were less than 0.5 pg/ m
(Figure 3-15). The average and median hourlyf€ncentrations during the study were 2.3
and 1.5 pg/m while the average and median Sunset OC conciemisatere 2.4 and 1.5 pgfm
The correlation between the AMS and Sunset measmsnis similar to or stronger than other
studies, such as in Tokyo (Takegawa et al., 200%) Biverside (Docherty et al., 2011), perhaps

because in the Las Vegas study the source mixduess variable than in other studies.
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3.4 Factor Analysis via PMF

3.4.1 Data

A matrix of 7,455 2-minute HR-AMS V-mode observatsoof 198 unit mass resolution
(UMR) fragments made every 4 minutes during Jangafg at Fyfe was used in EPA PMF
analysis. Fragments predominantly from inorgapicges such as nitrate and sulfate were not
retained for EPA PMF analysis. Fragmemig 15, 18, 19, 20, 29, and 30 were excluded from
EPA PMF analysis because of potential interferemte nitrogen and oxygen. While data up to
m/z700 are available, many fragments abm/2200 had low signal-to-noise (S/N) ratios (i.e.,
less than 6), made a minimal contribution to t@&, and were collinear with a number of other
fragments. Fragments upnoz240 were retained for EPA PMF, a total of 198 ifinagts.
Fragments with low S/N may bias the results (Pasaad Hopke, 2003), so the uncertainties of a
given fragment were multiplied by 3 if the S/N tbe fragment was less than 6; this reduces the
fragment’s influence on the solution. A global 10%certainty was also applied to account for
additional modeling uncertainty (Norris et al., 800 EPA PMF was run in the robust mode,

which reduces the influence of outliers.

Each observation was also classified as downwinddspeed greater than 2 m/s and
wind direction between 90 and 270 degrees; N=1,;3§@0)ind (wind speed greater than 2 m/s
and wind direction between 310 and 60 degrees; Bx®her (wind speed greater than 2 m/s
and wind direction between 60 and 90 degrees avdmzt 270 and 310 degrees; N=461); or calm
(wind speed less than 2 m/s; N=4,907). As an smidit set of runs, EPA PMF was also applied
to downwind-only data to examine whether factorfifge change, and how factor contributions

change. Since downwind-only data are more heavilyenced by the freeway, we may expect
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that a downwind-only HOA factor would be more sinito vehicle exhaust source profiles than
when all data are used.

The AMS PMF results were averaged up to 20-mimitervals to allow for matching
with the collocated 5-minute data, which were @seraged up to 20-minute intervals. The 20-
minute averaged AMS data (N=1491) were also reyaed|with EPA PMF to evaluate the
impact of high-mass transient events; profiles emtributions were then compared to the
results using 2-minute data. Factor profiles weenapared to PMF factor profiles from earlier
ambient studies (Lanz et al., 2008; Lanz et alo,72Wlbrich et al., 2009a; Ulbrich et al., 2009b)
as well as to source profiles (Mohr et al., 2008y&et al., 2008; Weimer et al., 2008)
originating from a publicly available online databaof reference spectra hosted by University of
Colorado (Ulbrich et al., 2009a; Ulbrich et al. 020). Specifically, source profiles of Honda
gasoline exhaust and diesel exhaust (Mohr et@D9R PMF-resolved OOA and HOA factor
profiles from Pittsburgh (Zhang et al., 2005a; Zipahal., 2005b), BBOA factor profiles from
Switzerland (Lanz et al., 2010; Lanz et al., 200z et al., 2007), aged diesel exhaust profile
from chamber experiments (Sage et al., 2008), anditg and smoldering oak and chestnut
wood source profiles (Weimer et al., 2008) wereduse

3.4.2 PMF Analysis Summary

Three- to six-factor solutions were explored witRAPMF. Initially, 50 runs from a
random seed were performed for each number offact®andom starting seeds were used to
increase the likelihood of finding a global minimwithe goodness-of-fit paramet€, The
stability of Q over these runs, the ratio @Qfto expected (theoretical), scaled residuals, the
Q/Qexpectedy fragment and sample, and factor independencgp@ée plots) were examined. If

these parameters are not stable for a given nuailfactors, it indicates that a global minimum
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was not consistently achieved, and that a solutiag not be stable (Norris et al., 2008; Reff et
al., 2007). In all solutions, the total OM was hagportioned (i.e., slope equal to 1.0+0.10) and

r* was greater than 0.95 between apportioned and@Ma

PMF factors were classified by their temporal paténd the comparison of their profile
with source profiles and profiles from previoustséis. The typical AMS PMF factors of HOA,
LV-OOA, and BBOA were resolved in every solutiortlwihree or more factors, and the
identification of each factor profile was baseditsrsimilarity to profiles available in the
literature, the abundance of key fragments in gaofile, and each factor’s temporal pattern.
For example, the LV-OOA factors displayed a sigraifit amount om/z44 and were similar to
the OOA factor identified in Pittsburgh and elseveheBBOA factors had typical tracer
fragments oim/z60 and 73, which are produced during AMS analgtisvoglucosan and
related anhydrosugars produced during biomass cstiobuLee et al., 2010; Lanz et al., 2008;
Sandradewi et al., 2008; Schneider et al., 2006 HOA factors were similar to the HOA
factor from Pittsburgh and a diesel exhaust soproéle.

With more than three factors, semi-volatile OOA {6®A) was also resolved. This
factor’s profile was similar to that of aged diesghaust and was more episodic than HOA or
LV-OOA profiles. With five and six factors, addihal factors that occurred during the
nighttime were resolved. The additional nighttifaetors occurred nearly every night coincident
with BBOA between 1700 and 0200 LST, and contriimgiwere higher with low wind speed
conditions and with winds from the north (upwind)/ith peaks ofn/z41, 43, 55, and 91, it is
unclear what these “night OA” factors may represélite change in the BBOA between the
four- and five-factor solutions and its temporaliahility suggest the additional fifth factor may

be related to biomass burning, but the lack of kménacer fragments and correlation with source
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profiles makes this link difficult to prove. Wedosed the remainder of the analyses on the four-
factor solution. Figure 3-16 summarizes the amofi@M apportioned by factor and a
comparison of measured and apportioned OM. @ tfaetor solution, PMF on average under-
apportioned the OM, with an average difference betwthe sum of PMF factors and the
measured OM of 0.18 pgfmTable 3-1 summarizes the correlation of factofifes with

selected source, aged source, and PMF factor @sdfivm other studies.
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Figure 3-16. a) OM apportioned by factor number, and b) comparison of measured and apportioned OM,
with a 1:1 line. Figures are reproduced under Creative Commons Attribution 3.0, originally published in
Brown et al., 2012.
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Table 3-1. Correlation (r2) of PMF factor profiles with Pittsburgh OOA PMF profile (Zhang et al., 2005a), Pittsburgh HOA PMF profile, gasoline
and diesel exhaust source profiles (Mohr et al., 2009), aged diesel exhaust profile (Sage et al., 2008), charbroil source profile(Lanz et al., 2007),
oak-flame source profile (Weimer et al., 2008), oak-smolder source profile, chestnut-flame source profile, chestnut-smolder source profile, and
levoglucosan profile (Schneider et al., 2006). Correlations from 0.80 to 0.90 are denoted in italics, and those greater than 0.90 are denoted in

bold.

N Factor Pitt gas- Diesel Pitt OOA Aged charbroil | Oak Oak flame | levo- Chestnut Chestnut
HOA oline diesel smolder glucosan flame smolder

3 LV-OOA 0.59 0.58 0.58 0.98 0.95 0.26 0.88 0.91 0.74 0.83 0.89
HOA 0.97 0.92 0.95 0.46 0.75 0.57 0.29 0.71 0.49 0.50 0.62
BBOA 0.80 0.73 0.76 0.67 0.82 0.40 0.44 0.89 0.77 0.77 0.85

4 LV-OOA 0.38 0.39 0.38 0.99 0.87 0.13 0.93 0.83 0.70 0.80 0.84
HOA 0.99 0.96 0.98 0.48 0.77 0.60 0.32 0.69 0.48 0.50 0.62
BBOA 0.47 0.41 0.44 0.59 0.64 0.20 0.39 0.75 0.80 0.77 0.80
SV-0O0A 0.91 0.84 0.87 0.57 0.79 0.49 0.37 0.80 0.58 0.60 0.71

5 LV-OOA 0.46 0.46 0.46 0.99 0.90 0.18 0.91 0.88 0.72 0.82 0.87
HOA 0.99 0.97 0.98 0.47 0.78 0.61 0.32 0.68 0.49 0.50 0.62
BBOA 0.71 0.69 0.69 0.86 0.91 0.37 0.69 0.95 0.89 0.91 0.97
SV-OO0A 0.90 0.82 0.85 0.56 0.78 0.47 0.37 0.79 0.56 0.58 0.69
Night OA | 0.60 0.51 0.59 0.42 0.61 0.27 0.26 0.57 0.30 0.35 0.45

6 LV-OOA 0.13 0.16 0.15 0.59 0.46 0.05 0.54 0.47 0.44 0.51 0.51
HOA 0.12 0.17 0.14 0.55 0.38 0.11 0.60 0.42 0.43 0.49 0.48
BBOA 0.24 0.26 0.24 0.72 0.57 0.13 0.66 0.59 0.56 .630 0.64
SV-OO0A 0.24 0.28 0.25 0.61 0.48 0.12 0.60 0.54 0.54 0.59 0.61
Night OA | 0.33 0.36 0.34 0.54 0.48 0.16 0.47 0.53 0.55 0.56 0.61
Night OA 1l 0.14 0.16 0.15 0.49 0.35 0.03 0.47 0.42 0.42 0.44 0.47
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3.4.3 Factor Analysis Details

The factors in the four-factor solution were HOA/-DOA, and BBOA factors, plus a
semi-volatile OOA (SV-OOA) factor. The HOA and LO©OA factors were better resolved than
in the three-factor solution. Profiles of eachtéacthe average factor concentration plus other
species’ concentrations by hour, and a time sefiesncentrations are provided in Figures 3-17
to 3-21. Figure 3-22 provides scatter plots ofdacontributions with selected collocated
measurements: HOA with BC, HOA with CO, SV-OOAhtitrate, and LV-OOA with sulfate.
Factor profiles were compared to profiles availablthe literature to help confirm
identification; regression statistics were reporsthg Pearson correlation values, and each
scatter plot associated with the regression staistas examined to ensure that the correlation
was not biased by the large range of concentratbttze individualm/zfragments.
Bootstrapping, in which many runs are used to galigeincertainty of the base solution (in this
case 300 runs with af of 0.60), showed good reproducibility of the fastoAll factors were
reproduced at least 98% of the time, demonstrahiagthese factors are stable and characterize

the solution space well.
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Figure 3-17. PMF factor profiles through m/z 200 for the four-factor solution. Figure is reproduced under Creative Commons Attribution 3.0,
originally published in Brown et al., 2012.
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Figure 3-20. Notched box plots of factor contributions (% of total OM) by hour in the four-factor solution
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range (IQR), the whiskers 1.5*IQR, and the points beyond the 1.5*IQR are plotted individually. Figures
are reproduced under Creative Commons Attribution 3.0, originally published in Brown et al., 2012.
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Attribution 3.0, originally published in Brown et al., 2012.

The LV-OOA factor displayed the typical high amoohtn/z44 but with a lower

amount 0im/z43 than in the three-factor solution, and it shdwaéigh correlation with the
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Pittsburgh OOA factor profile {iof 0.99; Table 3-1). LV-OOA accounted for 26%laé OM

with four factors and showed only small diurnalighility in its concentration, though it was a
much greater percentage of the OM during the daythman at other times. Similar to other
factors and total OM, LV-OOA concentrations weredo at higher wind speeds, though it was a
higher percentage of OM at higher wind speeds. Q®A showed little correlation with other
pollutants; ozone, which often showed a moderateeladion with LV-OOA in other studies,

was not measured here. Sulfate is also oftenletecewith LV-OOA, but during this study
sulfate levels were extremely low, with a media®df6 pg/m. LV-OOA is heavily oxidized

and likely part of a background OM, and it may tamsported into Las Vegas. In addition, there
are very few S@sources upwind of Las Vegas, so there is velg Kitlfate transported into the

area. Thus, we may not expect LV-OOA concentratiorbe correlated with sulfate here.

The BBOA factor accounted for 12% of OM, on averagal was similar to the BBOA
factor found in the three-factor solution. Thistta had 64% of then/z60 fragment, which is
associated with levoglucosan and related anhydessy&chneider et al., 2006; Lee et al., 2010;
Lanz et al., 2007); the contribution from BBOA wasll correlated wittm/z60 (# = 0.86). The
remainder of then/z60was in SV-OO0A (28%) and LV-OOA (8%). This portiohm/z60 is
likely from carboxylic acids rather than anhydroateg This BBOA factor is most likely from
residential wood burning in the evenings rathentédfire emissions since there was little
regional wildfire activity in the winter; furtherme, the contribution was nearly zero during the
daytime, with a sharp rise in concentrations neavry evening after 1700 LST that peaked
around 2100 LST. While the BBOA factor concentmatbegan to decrease after around 2100
LST, its relative contribution to OM remained abd&6 until after midnight. The factor was

highest in terms of both concentration and relatwetribution to OM under low wind speed
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conditions (i.e., less than 2 m/s). This profdesimilar to a smoldering Chestnut profile
(r*=0.80) and the levoglucosan combustion proffte@80) (Schneider et al., 2006). This
BBOA factor is mostly associated with winds frone tiorth and west—the direction of a large
residential neighborhood upwind of the freeway. aWhsing five factors, the BBOA factor
profile has even better correlations with bothhefse profiles frof 0.89 and 0.91), plus ahaf
0.95 with an oak flaming profile. However, sinbe fifth factor is unidentified, we have

focused on the four-factor solution.

The HOA factor accounted for 26% of the OM and padks oim/z41, 43, 55, 57, and
other fragments typical of hydrocarbon-like fragitsenrHOA concentrations were highest during
the early morning and overnight periods and, asragmt of total OM, the factor’s contributions
were highest during the early morning (0600-0800)L.SThe HOA factor profile has a high
correlation with diesel exhaust#0.98) and gasoline exhaust=®.96) source profiles (Mohr et
al., 2009). The HOA profile here was very simtiathat observed in Pittsburgf£6.99). This
factor is likely heavily influenced by the mobilmessions on the adjacent freeway but may also
have originated in part from other sources. Simdaconcentrations of BBOA and other
pollutants such as BC, HOA concentrations rapidgrdased with increases in wind speed,
though on a relative basis there was no signifidéfgérence in its contribution. With sustained
winds (i.e., greater than 2 m/s), HOA concentraiamere significantly higher under downwind
conditions. HOA had modest correlation with codlter] measurements of C3=0.66), NQ
(r*=0.64), and BC (=0.68). This may be in part because BC, CO, ang iN®e large
differences between upwind and downwind conditiofsr example, BC is twice as high under
downwind conditions (average 2.3 p§jrthan upwind conditions (average 1.2 uﬁ/,rwhile

OM (and HOA) do not have as large a difference.
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The last factor resolved was designated as seratieDOA (SV-OOA), which
accounted for 35% of the OM. It showed strong pe#ikn/z41, 43, 55, 57, 67, 69, and 71 but
also had some contribution fromvz44, with a 43/44 ratio of 6, almost half the valaeHOA
(11). The SV-OOA factor profile had a moderaterelation with Pittsburgh HOA and with
chamber-aged diesel exhaustdf 0.91 and 0.79, respectively), and lower cotietawith
Pittsburgh OOA (¢=0.59). SV-OOA contributions were highest in threring and overnight
hours, though on a relative basis its contributiese generally very consistent across all hours.
Like HOA, SV-OOA factor contributions decreasedhwliigher wind speeds, but its relative
contribution was not significantly different amowgnd speed ranges. In other studies, this
factor sometimes has a modest correlation witlat@tr Here, nitrate was extremely episodic, in
that its concentrations were less than 0.5 [igyaif the time, with a day-long episode of
concentrations greater than 4 pgand a few hours during which concentrations inteently
exceeded 2 pgfn In contrast, SV-OOA was present during nearéyehtire study and had a

modest diurnal pattern similar to other factors sehewas highest in evening hours.

It is also possible that the SV-OOA factor contaome contribution from cooking
organic aerosol (COA), as the SV-OOA factor showvslarities in both profile and temporal
patterns to a COA factor found in London and Mastére(Allan et al., 2010). Similar to the
COA profile, the largest peaks in the SV-OOA pmfire ain/z41 andm/z55, and in both
profilesm/z41 is greater tham/z43 andm/z55 is more than twicen/z57; this is in contrast to
HOA, wherem/z43 is greater tham/z41, andm/z55 is only slightly higher tham/z57.
Similar to the COA factor, our SV-OOA factor peaks,average, in the evening, again in
contrast to HOA, which peaks in the morning anchevg hours associated with rush hour.

There are, however, times when the SV-OOA factbigh that are not likely periods of high
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cooking emissions, such as late morning or middaxpanding to five factors was inconclusive,
since the fifth factor was similar to SV-OOA and £0ut was generally collinear with BBOA,

it was unclear what this fifth factor representsalwe have retained the SV-OOA label for this
factor, with the caveat that there is likely som@/ACinfluence.

To help confirm factor identification and understahe OM composition difference
between upwind and downwind conditions, we examthedactor contributions during
downwind (N=1360) and upwind (N=949) conditions aodhpared them to the average over the
study period. We also examined the OM compositioter downwind conditions (N=195) from
0500 to 0900 LST, when the impact from emissiongherfreeway is expected to be highest.
Results are summarized in Figure 3-23. As expe¢t&A contributions are higher under
downwind conditions; during morning downwind comalits, HOA accounts for 49% of the OM.
SV-OOA was, on average, similar during upwind, daivid, and stagnant conditions, except
during morning downwind situations when it was o28¢6 of the OM. The minimal difference
with different wind directions suggests that SV-O@A slightly aged factor that is not
characteristic of direct, primary emissions. BBG#atributions were low, on average, under
downwind conditions and higher (16% on averageinduipwind conditions. LV-OOA
contributions were relatively lower during mornidgwnwind conditions and relatively highest

during midday periods, regardless of wind direction
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Figure 3-23. Attribution of OM by factor in the four-factor solution over all data, during downwind
conditions only, during downwind conditions between 0500 and 0900 LST only, during downwind
conditions midday, during upwind conditions only, during stagnant conditions, and during 2300-0500 LST
only. Figure is reproduced under Creative Commons Attribution 3.0, originally published in Brown et al.,
2012.

3.4.4 Further Analysis of PMF Solution Space

Fpeak is a parameter available in PMF to rotateettiee solution, a process that can
help indicate if there is rotational freedom in Hwution. G-space plots of the base solution
show distinct edges, indicating some factor intpestelence. The four-factor solution had the
least number of edges (Figure 3-24). An edge batvi/-OOA and BBOA occurs in the four-
factor solution when BBOA is low but LV-OOA is pesd. This may be due to the difficulty in
finding a “fixed” profile that accounts for BBOA,hich likely changes over the course of an
evening as the emission rate from biomass burneegedises and the emissions become more
processed in the atmosphere. This idea is sugpbytéhe six-factor solution, in which

additional factors better separate out and appoBBOA and other sources.
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Figure 3-24. G-space plot for the four-factor solution. Figure is reproduced under Creative Commons

Attribution 3.0, originally published in Brown et al., 2012.

The plot of HOA and LV-OOA has sufficient pointsesich axis so that there is no
consistent edge away from the axes, but a subgetinfs shows a consistent ratio of 2.4
between HOA and LV-OOA. These points occur undlezaaditions throughout the study. In
the five-factor solution (not shown) this is séllident, and there is more of an edge in the G-
space plot. In the six-factor solution (not showmn$ group of points is not as prominent, as the
mass of LV-OOA under these high-mass conditiomoig associated with night OA Il. This

suggests that the night OA factors may be inforveatven if it is not clear what their sources

are.

96

0 1 2 3 4 5

LV-OOA normalized contribution



To ascertain whether the solution changes or whétlese edges can be rotated to the y-
and x-axes, rotation using Fpeak was performedF RMs were conducted with Fpeak values
at increments of 2 between 8 and —8 for a totalgifit runs. In general, minimal change was
seen in the factor profile, contributions, and GepplotsQ increased by less than 0.1% for the
runs with the highest Fpeak value and by evendedsr other Fpeak values. Since there is little
change in the solution with Fpeak-induced rotatidins base solution appears to be rotationally
unique. The obligue edges in the G-space plotsheajue to co-dependence among factors, or

modeling errors, such as variation in true sourodilps during the monitoring campaign.

The four-factor solution was further explored willk-2 rotational tools available in
EPA PMF. In each scenario, fragment ratios indiaptofiles were pulled toward source profile
ratios. In one scenario, the ratiorofz43/44 in the SV-OOA factor (6.75) was pulled todvére
m/z43/44 ratio in the 5-hour aged diesel exhaustlpr(i.34). In another scenario, thez
57/55 and 41/43 ratios in HOA (0.78 and 0.80) warked to the ratios in the diesel exhaust
profile (1.03 and 0.69, respectively). The BBOAtta ratio ofm/z60/91 was pulled to the
chestnut smolder profile ratio (1.96 to 7.20). thasl57 points along an apparent edge in the
SV-0OOA versus LV-OOA G-space plot were pulled inadiempt to force additional
independence between these factors. Seeing hosolitgons change, in terms of factor
profiles,dQ, and G-space plots, can help us understand thiitytaf the original solutions.
Different maximundQ values were allowed for each combination; 1% a#do8Q(robust)
were calculated, and these values were used fon#xemumdQ allowed for a given pull. In

the G-space pull, each point was allowedQof 0.2%, for a totatlQ of 31%.

The results from these pulls are summarized inda@k and Figure 3-25. Since results

were similar withdQ values of 1% and 3%, only tla€) of 1% are shown, except for the BBOA
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pull, where both are provided as an example. iegd, most pulls resulted in only minor
changes in the HOA and LV-OOA factor profiles awmatributions. For example, when the
HOA factor was pulled toward the diesel exhaustilerahe correlation between the two
increased by only 0.02. In all pulls, the correlatetween BBOA and the chestnut smolder
profile improved (e.g., correlation improved fron79 to 0.88 with the BBOA pull). However
this was often at the expense of the SV-OOA prpfilleere the amount oh/z44 was much
lower compared to the base solution, and in sontls,puas actually zero. While LV-OOA and
HOA did not vary much between these pulled soljahe changes in SV-OOA and BBOA
profiles and contributions suggest some rotatifregidom in these two factors. LV-OOA and
HOA factors are similar across many studies, beitSk-OOA and BBOA factors vary among
studies, and within this study under different jmgjlscenarios, because these factor profiles
represent semi-fresh factors that are likely chaggninute-to-minute in the atmosphere.
Overall, the pulling results indicate that the bsskition is likely at a globdD minima, and that
there is little rotational freedom in the unpullbédse solution, in particular regarding the
contributions of SV-OOA and BBOA.

With the G-space pull, 157 points along an edgéen.V-OOA/SV-OOA scatter plot
were pulled to reduce LV-OOA to zero. LV-OOA contrations on these points were
successfully reduced towards zero, so that the edgdess well defined. This resulted id@
of 9%, but an improvement in the comparison ofBBOA profile to the chestnut smolder
profile (** from 0.79 to 0.93) and in the SV-OOA to aged digsefile comparison (rfrom 0.69
to 0.72). The SV-OO0AN/z43/44 ratio also decreased from 4.4 to 2.9, wiicmilar to the
ratio of other studies summarized in Ng et al (Ngle 2010). HOA and BBOA contributions

increased, while LV-OOA and SV-OOA contributionsoEased. Even though Q increased by
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9%, these results are useful to show that contabygulls based on the G-space plots helped

improve the factor profiles, and to show what meaythe bounds in the base solution results.

100% -
B%LV-00A
0% 8% SV-00A
W% BBOA
m% HOA
60% -
2 40%
X
20%
0%

Figure 3-25. Attribution of OM with four factors for base run (base); ratio of m/z 41/43 in the HOA profile
pulled toward the diesel exhaust profile (HOA pull); ratio of m/z 43/44 in the SV-OOA profile pulled toward
the 5-hour aged diesel profile (SVOOA pull); ratio of m/z 60/91 in the BBOA profile pulled toward the oak-
flame source profile with different dQ values (BBOA dQ 1 and 3 pull); m/z 44 in LV-OOA profile pulled up
maximally (LVOOA pull); and edge points on the HOA/LV-OOA G-space plot pulled down to the y- and x-
axes (G space pull). Figure is reproduced under Creative Commons Attribution 3.0, originally published in
Brown et al., 2012.
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Table 3-2.

Summary of pulls on the four-factor solutions, all with a maximum allowed dQ of 1%, except for one iteration with BBOA to Chestnut

smolder (dQ=3%), and except for the edge points pull, which had a total allowed dQ of 31%, or 0.2% per point with a total of 157 points.

SV-OO0A to Aged

BBOA to Chestnut|

BBOA to Chestnut

Edge points on

Pull Diesel HOA to Diesel Smolder §Q=1%) Smolder (Q=3%) SV-OggXS. LV-
Target Ratian/z43/44 Ratiom/z57/55 from | Ratiom/z60/91 Ratiom/z60/91 from | 157 points pulled
from 6.75t0 1.34 | 0.78 to 1.03 and ratig from 1.96 to 7.20 | 1.96 to 7.20 to axis
m/z41/13 from 0.80
to 0.69
Change in target Yes Yes Yes Yes Yes
values?
dQ 0.1% 0.5% 0.4% 1.3% 8.8%
Improved G-space Worse LV-OOA | No change No change No change No change bu
plot? vs. SV-OOA plot forced points
LV-OOA vs Declined f from | No change No change No change No change
Pittsburgh OOA | 0.99 to 0.93
HOA vs Diesel No change Slightly better No change o cdNange No change
BBOA vs Chestnui Slightly better; Improved f from Improved f from | Improved f from Improved f from
smolder excl.m/z44 0.79 10 0.87 0.79 10 0.88 0.79 10 0.86 0.79 10 0.93
SV-OO0A vs Aged | Improved f from | Slightly worse f Worse f0.62to | Worse f 0.62 to Improved f from
Diesel 0.62 to 0.69 from 0.62 to 0.57 0.56, due tan/z44 | 0.56, due tan/z44 = | 0.69 to 0.72
=0 0
Other Changes of | 0 m/z44 in BBOA | Large decrease m/z | In SV-OOAM/z44 | In SV-OOAmM/z44 = | SV-OOAmM/z
Note factor; 44 in SV-O0A, = 0; unreasonable | 0; in BBOAmM/z55 = | 43/44 ratio
unreasonable resulting in 43/44 result 0; unreasonable resylchanged from 4.4

result

ratio of 21, higher

than HOA ratio of 10

to 2.9

t for
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3.5 Interpretation and Limitations of Factor AnalysiedRlts

Evaluating solutions with different numbers of fast, comparing profiles to source
profiles, examining temporal trends, and explonoigtional ambiguity with the rotational tools
available in ME-2 can lead to a greater understandf the AMS data set. In general, all the
factors were consistent under multiple scenariggssting high confidence in their
apportionment. Increasing the number of factaaffour helped to better characterize the
solution space, but the additional “night OA” fast@re not easily attributable to known sources.
Oblique edges were present in G-space plots, stiggekat the obtained rotation may not be
the most plausible one. Since solutions founduding the profiles or using Fpeak retained
these oblique edges, there appears to be litégiooal freedom in the base solution and it can be

judged as reasonable.

The Q/Qexpratios for most fragments were around unity (between 0.8 and 1.3),
indicating that the obtaingd values were approximately equal to the expectagegaand the
Q/QexpValues for each sample date/time were also reabo(falgure 3-26). Larg®/QeypVvalues
in the time series occurred during sudden 2-misptkes in OM concentration and during
extremely low concentration periods, meaning the=Ridlution does not explain the OM very
well during these periods. Some fragments Q&g,, ratios below 0.5, indicating that
computedQ values were significantly smaller than the expgQevalues. This discrepancy is
most likely due to the global uncertainty ifscrease of 10%); since tli@g/Qex, ratios for some
m/zwere fairly low, the 10% value may be too hightteesem/zbut appropriate for many other
fragments. Th&/Qeypratios were between 1.3 and 2 for severa indicating that the average
residuals are between 11 and 14%;dbx thesem/z since Q depends quadratically on the

average size of the residuals. Teontributions drop sharply abow@z=198, as most of these
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fragments had low S/N ratios and were downweighfBake large residuals may indicate that the
PMF solution does not fully characterize theserfragts; fragments with higQ/Qexpinclude
m/z=[44, 60, 73, 85, 86, 111, 112, 113, 114, 123, 125, 126, 137, 138, 140, 141, 154, 155,
156]. Inaccurate subtraction of the inorganic comgnt from x before PMF analysis is a
possibility, though many of the fragments with hi@lQ.x, do not have an inorganic component.
More likely, the large residuals are due to theateim of factor profiles with time and/or to the

presence of an occasional, spurious, or localinedce(s).
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Figure 3-26. Q/Qexpectedy @) by fragment for the four-factor solution (the highest Q/Q expecteq) Values are for
m/z 113, 86, 60, and 140, all of which are greater than 3), and b) by date/time, along with OM (ug/m®)
values (tick marks with the date indicate midnight on that date). Figures are reproduced under Creative
Commons Attribution 3.0, originally published in Brown et al., 2012.

While factors in the four-factor solution are sianito those observed elsewhere, the

apportionment of mass among them is different ftbat seen in other studies. This difference
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is expected because a number of the previous stod@irred in the summer and/or in
environments with a higher amount of oxidized aertisan the present study. Previous studies
in Los Angeles, Pittsburgh, rural British Columbaad elsewhere have typically found that at
least one-third of the OM was attributable to LV-®@riginally termed OOA | (Allan et al.,
2003a; Ulbrich et al., 2009a; Docherty et al., 200henez et al., 2009; Sun et al., 2009). The
lower amount of LV-OOA observed during the winteré Las Vegas study could be due to less
transported/aged aerosol, lower biogenic emissamd/or less overall atmospheric oxidation
compared to summertime. In Zurich, a wintertimedgtfound 52% to 57% of the OM to be LV-
OOA (Lanz et al., 2008), 69% of which originatednfr non-fossil sources such as wood
burning. In Las Vegas, there is a much lower cotragion of BBOA than in Zurich, leading to
a smaller concentration of LV-OOA from non-fossilisces and a smaller concentration of LV-

OOA overall.

3.6 Summary

EPA PMF v4.0, with its new rotational tools, was®essfully applied to a near-road,
high time resolution AMS data set. HOA was a cgraof the OM (24%), and higher under
downwind conditions (about 40%). In addition testlocal, primary OA, there was a highly
oxidized background of OA (LV-OOA) that, on averagenstituted 29% of the OM, and a less
oxidized, semi-volatile fraction that accounted 3d€6 of the OM. During the evening hours,
biomass burning (BBOA) was also seen, likely frdva surrounding residential area. Rotational
tools allowed for additional analysis of the PMRusion space, increasing our confidence in the

results.
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4. Elemental Analyses of Organic Aerosol

4.1 Chapter Summary

Understanding the organic matter/organic carbon (Q®) ratio in ambient aerosol is
critical to achieve aerosol mass closure in roypiagiculate matter (PM) measurements, to
assess the sources of and the degree of chemazagsing organic aerosol particles have
undergone, and to relate ambient pollutant comagans to health effects. Of particular interest
is how the OM/OC ratio varies in the urban enviremt where strong spatial and temporal
gradients in source emissions are common. We gea@sults of near-roadway high-time-
resolution OM concentration and OM/OC ratio obstoves during January 2008 at Fyfe
Elementary School in Las Vegas, Nevada, 18 metens the US 95 freeway soundwall,
measured with an Aerodyne High Resolution Time-ajtt Aerosol Mass Spectrometer (HR-
AMS). The average OM/OC ratio was 1.54 (+0.20 d#ad deviation), typical of environments
with a low amount of secondary aerosol formatidihe 2-minute average OM/OC ratios varied
between 1.17 and 2.67, and daily average OM/OOCgsatiried between 1.44 and 1.73. The
ratios were highest during periods of low OM coricaions and generally low during periods of
high OM concentrations. OM/OC ratios were low £1#%.14 on average) during the morning
rush hour (average OM = 2.4 pgjmvhen vehicular emissions dominate this near-road
measurement site. The ratios were slightly lovetq + 0.10) in the evening (average OM=6.3
ng/nt), when a combination of vehicular and fresh resiidé biomass burning emissions was
typically present during a period characterizedtogng atmospheric stability. The hourly
averaged OM/OC ratio peaked at 1.66 at midday. dOMentrations were similar, regardless of

whether the monitoring site was downwind or upwarfidhe adjacent freeway throughout the
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day, though they were higher during stagnant candit(wind speed < 0.5 m/s). The OM/OC

ratio generally varied more with time of day thamhwvind direction and speed.

4.2 Daily Patterns of OM/OC Ratio

Daily averaged OM/OC ratios varied between 1.44 ki@, with an average of 1.54,
while daily concentration averages of OM were betw#.1 and 6.6 pgfin Generally the
OM/OC ratio was low when OM was high; this occurvdten stagnant conditions led to a build-
up of OM concentrations (Figure 4-1). The lower @@ ratios are consistent with more fresh,
primary aerosol, while the higher values mean nossggen, hydrogen, and/or nitrogen is
associated with the organic aerosol, likely from@épheric processing. Higher OM
concentrations are also expected to cause incrg@asttioning of the semi-volatile, less
oxidized material to the particle phase (Sage.e2808; Robinson et al., 2007), leading to lower
OM/OC ratios. No clear relationship of OM/OC witmperature was evident in the data set,
even though temperature plays a role in gas/pamiattitioning and can, therefore, influence the
ambient OM concentration. Hourly averaged tempeeatanged between -1.6 to 15.5 degrees
C. On a daily average basis, higher wind speeds a&sociated with higher OM/OC ratios.
When the urban area is well ventilated we expeceraidized, aged, regional aerosol to
comprise a greater proportion of the OM. Thistreteship is clearer when examining hourly
averages (discussed later). For the observed aldisage OM/OC ratio range of 1.44 to 1.73, if
OC is measured and OM calculated with the traditiigrassumed urban OM/OC ratio of 1.4,

then the estimate of OM could be biased low byaup7%.
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Figure 4-1. Time series of hourly averaged OM/OC ratio and OM concentration (pg/m?®).
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4.3 Diurnal Patterns of OM/OC and Elemental Ratios

Concentrations of OM were highest in the eveningrevhen wind speeds were low,
atmospheric stability was relatively high, and anbmation of local primary emissions
(including residential biomass burning) occurredo{@n et al., 2012). A secondary OM peak
typically occurred during the morning rush hougute 4-3summarizes the average diurnal
variability of OM, OM/OC, BC, CO, wind speed, tenngeire, and small vehicle volume during
the study. Large-vehicle volume (not shown) peakeatie midday and was low overnight.
Traffic volume peaked in the morning and eveningrBpwith speeds averaging between 55 and
65 mph. For comparison, BC and CO had similar entration peaks in the morning and in the

evening.

The AMS-derived OM/OC ratio was on average highahe midday (1.67) and at 0300
LST (1.70) than in the morning (1.55 at 0600 LSig @vening (1.47 at 2100 LST). The low
ratio in the morning hours corresponded with themmy rush hour and typically low wind
speeds. Under these conditions and time of daypthdominant source of organic aerosol is
likely fresh emissions from the freeway and thgéarurban area, with a low amount of SOA.
The OM/OC ratio of 1.54 is indicative of fresh agwh and in particular of fresh vehicle
emissions (Chirico et al., 2010; Reff A. et al.09D The increasing OM/OC ratio during the

day is consistent with aerosol aging and SOA prbodnc

Between 1500 LST and 1700 LST, the OM/OC ratiodypilrops from 1.67 to 1.50,
then remains low until the minimum of 1.47 at 21(T. During this time, average OM goes
from a minimum of 1.3 pg/frat 1500 LST to 3.3 pg/frat 1700 LST, reaching a peak of 5.9

pg/nt at 2100 LST, as a combination of vehicular emissioom the evening rush hour and

107



residential biomass burning contribute OM while edvgpeeds decrease and atmospheric stability

increases (Brown et al., 2012).
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Figure 4-3. Average diurnal pattern of small-vehicle volume (counts/hour*1000), difference in 10 m and 2
m temperature (positive values indicate a stronger ground-level temperature inversion), BC gug/ms), CcoO
(ppm), wind speed (m/s), average concentration by hour and PMF factor (ug/m3), OM (pg/m®), and
OM/OC ratio at Fyfe during January 5-28, 2008, by hour (LST).

While examination of diurnal averages is valuatile,aggregation of many data points to
calculate the averages may mask additional featnr® data. In particular, there are
differences in OM/OC ratios both with time of daydavith OM concentration. Figure 4-4a
shows the OM/OC ratio vs. OM concentration for foores of day: morning rush hour (0500-
0900 LST), midday (0900-1700 LST), evening (170028ST), and overnight (2300-0500
LST). At all times of day, OM/OC is lower and ttenge of values decreases when OM
concentrations are higher, as also seen in Figdig 4The observed relationship between
OM/OC and OM might result from greater gas-to-méetpartitioning of more volatile organic

compounds when OM is present at higher concentrgRobinson et al., 2007; Lipsky and
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Robinson, 2006). Cappa and Jimenez (2010) detethtivat biomass burning organic aerosol
(BBOA) and primary, hydrocarbon-like organic aelq$tOA) have the greatest potential for
aerosol formation because the semi-volatile mdtassociated with BBOA and HOA is most
likely to move to the particle phase under high Qdwy temperature conditions. This semi-
volatile material has a relatively low OM/OC raéind can move into the particle phase under
these high OM conditions without first undergoingesnsive oxidation. Chan et al. (2010) also
demonstrated that OM/OC decreases with increasead@identrations, though they ascribed

this trend to different source mixtures as welirmseased partitioning at their site, near Toronto.
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Figure 4-4. (a) median OM/OC ratio by OM concentration (pg/m®) bin and time of day, with 95%
confidence interval, with log scale on x-axis; and (b) hourly averages of OM/OC ratio and OM
concentrations (Hg/m®) colored by hour. Originally published in Brown et al., 2013.

The diurnal variations of the Las Vegas OM/OC ratie largely driven by changes in
O/C ratio, and to a lesser degree, H/C ratio. féigu5 shows the diurnal pattern of O/C and
H/C, and Figure 4-6 shows a scatter plot of H/GuerO/C for hourly averages, also known as a
van Krevelen diagram (Heald et al., 2010). H/@ighest in the morning and evening (overall
average 1.75), while O/C is highest in the middléhe day (overall average 0.30). On the H/C
versus O/C scatter plot, starting in the lower trigbrner at 0300 LST, average H/C is at its
lowest and O/C at its highest. As the morning cartenfand associated fresh vehicle emissions)
begins, there is a slow increase in H/C and deerea®/C; at 0600 LST, when the morning
commute is nearing its peak, there is a sharp aseren H/C and decrease in O/C. Starting at
0800, H/C slowly decreases and O/C slowly increaséis 1600 LST. During this midday
period, mixing heights increase, temperatures asd,increased atmospheric oxidation occurs,

leading to lower OM concentrations and higher OAS.OM is diluted and temperatures
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increase, more organic matter can partition taydeephase; the species partitioning to the gas
phase are expected to have lower O/C ratios thesghcies remaining in the particle phase,

further increasing the O/C ratio of the particlapé.
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Figure 4-5. Diurnal pattern in January 2008 of a) O/C ratio; b) H/C ratio; and c) OM/OC ratio. Boxes
show the interquartile range, whiskers the 5™ and 95" percentiles, dashes the median, and solid colored
line the mean.
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Figure 4-6. H/C vs O/C ratio averaged by hour during all hours of January 2008, colored by OM
concentration; each number indicates the hour (LST).

By 1700 LST, the evening commute has begun andsghavic stability increases,
leading to a large increase in H/C and a decrea€2C. Over the next 6 hours, OM peaks, H/C
remains high (evening average of 1.58) and O/C iresnalatively low (evening average of
0.24). During the evening, in addition to freslnicée emissions, residential biomass burning
contributes to OM, as seen via analysis of the d#tapositive matrix factorization (PMF)
(Brown et al., 2012). As OM increases and tempeeadecreases in the evening, more organic
compounds can partition to the particle phasehéurincreasing OM and the H/C ratio. By 2300
LST, the emissions associated with the evening cot@m@nd residential biomass burning have
decreased, leading to a slow decrease in OM, @&aeetlin H/C, and an increase in O/C
throughout the night. A number of studies (Donadéiual., 2012; Kroll et al., 2011; Jimenez et
al., 2009; Aiken et al., 2008) have demonstratadl direct, primary emissions typically have
O/C of 0-0.17; heavily oxidized organic aerosolseh®/C of 0.67-1; semi-volatile organic

aerosols have O/C between 0.33 and 0.67; and bgbuaieing organic aerosols have a very
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wide range of 0.07-0.42. Thus, a combination obileosource and residential biomass burning
emissions, in addition to oxidized background orgaerosol, can easily result in the observed

O/C and OM/OC ratios at this Las Vegas site.

4.4 Additional H/C versus O/C Ratio Analyses

Figure 4-7 summarizes the van Krevelen diagramalf@&-minute data measured during
January 2008. H/C and O/C span a wide rangeowérd OM concentrations, O/C is high and
H/C is low, indicating that the OA is well oxidize®When OM is high, H/C is also high and O/C
relatively low, indicating that high OM concent@ats occur when fresh emissions (high H/C)
are a large source of OM. These high OM conceatratypically occur in the evening (Figure
4-7b). High H/C with low O/C also occurs in theming, but OM concentrations are not as
high as in the evening.

Figure 4-8 shows Van Krevelen diagrams where daitatpare colored by the fraction of
OM coming from different PMF factors: HOA, LV-OO&V-OOA and BBOA. At high H/C
and low O/C, HOA is highest, while at high O/C LMGA is highest. BBOA by mass is highest
in the evening when H/C is high and O/C is low, aoihts of high BBOA fraction occur along
the lower edge of the data range. SV-OOA is higiween H/C is high across a range of O/C

values.
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Figure 4-7. H/C vs O/C when OM > 0.5 pg/m3 for a) all 2-minute data, colored by OM concentration,
and b) hourly averages, colored by OM concentration and with numbers indicating hour of the day.
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dicate hour of day.

4.5 Variations by Wind Speed and Direction (Upwind/Davind)

We also examined how the OM/OC ratio and OM andcBfcentrations vary with

changes in wind speed and wind direction (i.e.,tivxethe monitoring site is upwind or

downwind of the adjacent freeway). OM and BC wagher during low wind periods. Figure

4-9 shows the relationship of hourly OM with wingked and OM/OC ratio: once winds are
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greater than 2 m/s, OM is nearly always below Gmigand the OM/OC ratio is generally
greater than 1.6. With low wind speeds, OM is hayhd the OM/OC ratio is quite low,

averaging 1.4.

BC has a pattern similar to OM, with much highen@antrations when wind speeds are
less than 2 m/s. With higher wind speeds and greantilation, aged/oxidized regional aerosol
makes up a larger proportion of the OM. Note tbaeer OM concentrations may lead to the
less-oxidized material partitioning into the gasgd, reinforcing a higher OM/OC ratio. The
opposite is true when higher OM concentrations teatore semi-volatile, less oxidized

material partitioning into the particle phase.

25

1.4 1.6 1.8 2.0
OM/OC Ratio

OM pg/m

3 4 5 6
wind speed m/s

Figure 4-9. OM concentrations (ug/m°) as a function of wind speed, colored by OM/OC ratio.

There was little trend in H/C and O/C with wind sgdeor direction, except that low wind
speeds are associated with high OM concentrateordsthus higher H/C and lower O/C. Figure
4-10 shows van Krevelen diagrams colored by wirekedpand direction. As seen with OM/OC
ratio, there was no statistically significant diface in the H/C to O/C relationship during
upwind versus downwind conditions. Rather, windespand time of day were more important

than wind direction.
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Figure 4-10. H/C vs O/C ratio by a) wind speed, and b) wind direction. In panel b, green indicates the
direction when the monitoring site is downwind of the freeway, which mostly occurred during midday. In
both plots, numbers indicate hour of day.

Since concentrations vary significantly by timedaly, we compared values during
upwind, downwind, and stagnant conditions, groupéalfive times of day (Figure 4-11):
overnight (0000-0600), morning (0600-0900), mid@da900-1600), evening (1600-2100), and
late evening (2100-0000). During all time perio@8/ is consistently higher during stagnant
conditions. The OM/OC ratio is broadly similar encll upwind/downwind/stagnant regimes
for a given time period. During the morning rusituh when OM/OC on average dips to 1.51,
there is no statistical difference in the OM/OGaai the 95% confidence level between
upwind, downwind, or stagnant conditions. In thiaay, OM is higher and OM/OC lower
during downwind conditions compared to upwind ctiods; this is the time of day when winds
blow generally perpendicular to the freeway, ge the time of the most direct influence of fresh
freeway emissions at the site. During the 1600824rd 2100-0000 LST periods, OM/OC is

similar regardless of wind direction, with a mediaiue between 1.41 and 1.45. During the
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overnight period before the morning rush hour, OM/® the most variable, especially during

downwind conditions.
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Figure 4-11. Values by time of day bin during downwind, upwind, and stagnant (wind speed < 0.5 m/s)
conditions for (top) OM concentrations and (bottom) OM/OC ratio. Top figure is reproduced under
Creative Commons Attribution 3.0, originally published in Brown et al., 2012.

4.6 Discussion

The average OM/OC ratio of 1.54 presented hera th® low end of historic ambient
measurements but well within the range of 1.3-88 in numerous ambient studies;
moreover, it is consistent with the close proxinafythe sampling location to a freeway and with

limited wintertime photochemistry. Studies thatrid values on the higher end of this range
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took place in locations and/or times of year witbrenphotochemistry and thus higher OM/OC.
For example, Mexico City and Riverside summertimerage OM/OC ratios were around 1.8
(Williams et al., 2010; Aiken et al., 2008), ane tlatio can be even higher at rural sites, such as
2.3 in rural British Columbia (Sun et al., 2009)dal.9 at rural Midwestern sites (Bae et al.,
2006). The average ratio of 1.54 is typical oatiekly fresh vehicle or other emissions, such as
those generated in laboratory settings (Chirical.e2010; Mohr et al., 2009). In Las Vegas
during the summertime, the OM/OC ratio would likbly higher, as increased photochemistry

would lead to higher oxygen content and higher O®!f@tios.

The day-to-day variability in the OM/OC ratio isitpularge, suggesting that using a fixed
OM/OC value in PM mass closure calculations, eventbat changes seasonally, may be
insufficient to achieve accurate mass closure dividual days. In national scale networks like
CSN and IMPROVE, neither OM/OC nor OM is measurather, an assumed OM/OC ratio
must be employed to estimate the OM from OC measemés, or the OM/OC ratio may be
imputed, e.g., by assuming that any Rvhass unaccounted for is due to the unmeasured O, H
and N associated with the OC. Since OC often atsdor one-third to one-half of the average
PM, s mass (Hand et al., 2011), the use of a fixed OM/ax® is likely the largest uncertainty in
trying to achieve mass closure. Even with semtioonus measurements, such as those from
the Sunset OCEC analyzer, OM/OC cannot be detednirealth studies that rely on OC
measurements may under- or over-estimate expos @&t and converting OC to OM with a
fixed OM/OC ratio represents a significant sourtareertainty.

As seen in Figure 4-4, OM/OC decreases with inanga®M concentrations. This is
especially evident in the evening, when mobile se@missions are at a peak, wind speeds are

low, and atmospheric stability is increased. Tdve OM/OC at higher OM is likely due to a
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combination of fresh particulate and semi-volagieissions accompanied by the movement of
some semi-volatile material into the particle phas®©M concentrations increase. The low
OM/OC ratio at high OM concentrations indicated thare may be a large effect from gas-to-
particle partitioning of relatively fresh, less died material, since if emissions were first
oxidized before partitioning into the particulateage, the evening OM/OC ratio would likely be
higher than the observed 1.4. Robinson (2007)odimers have demonstrated that as particle
concentrations increase, semi-volatile materiatase likely to move into the particle phase.
Here, this mechanism may lead to a rapid rise in &l corresponding decrease in OM/OC
ratio in the evening, as fresh, less-oxidized niatpartitions into the particle phase withoutfiirs

undergoing extensive oxidation.

4.7 Chapter Conclusions

The wintertime diurnal and daily variations in OMZ@atio in Las Vegas were
determined using an HR-AMS. HR-AMS measurementeetaied well with measurements
made by a Sunset OC analyzer. We found that th&O@Matio was on average 1.54 (+ 0.20
standard deviation), and the daily average varetdiéen 1.44 and 1.73. OM/OC was generally
lowest, approximately 1.4, during the morning amenéng hours when OM was highest. A
combination of peak emissions and stable atmospheriditions in the evening may lead to
increasing OM and, as more volatile material parig into the particle phase, decreasing
OM/OC. The diurnal variation of the OM/OC ratiaggests it is a combination of regional,
oxidized background aerosol with a high OM/OC rétie., OM/OC ratio of 2 or higher),
dominant during the daytime, which is then combingtth fresh, low OM/OC ratio emissions
(i.e., with OM/OC ratio of 1.2 to 1.5) in the mangi and evening. Day-to-day variability in the

fine particle OM/OC ratio is quite large, suggegtihat using a fixed OM/OC value in PM mass
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closure calculations, even one that changes sdfsanay be insufficient to achieve accurate
mass closure on individual days. Health studiesrgdig on OC measurements may under- or
over-estimate exposure to OM, and converting OOKbwith a fixed OM/OC ratio represents a
significant source of uncertainty; thus, air quafitanagers may not have sufficient information

about the importance of OM contributions to Mo make optimal regulatory decisions.
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5. Particle Size Analyses

5.1 Chapter Summary

Observations of the particle size distribution bgss1during our study were analyzed to
understand how the organic size distribution ifedgint than the distribution of inorganic
species, and how the organic size distributionegawith time of day and meteorology. OM had
a very broad average size distribution, indicatingixture of fresh, less oxidized smaller
particles and more aged, oxidized particles. Imrest, the inorganic species like nitrate had
mass clearly associated with larger particles drdy, vacuum aerodynamic diametey,)af
500 nm. There was only modest difference in OM sistribution by time of day or
upwind/downwind/stagnant conditions, though thgearsize particles (e.g., greater than 200
nm) were enhanced in heavily oxidized fragmentsniz44. Time series analysis revealed OM
was well distributed between 100 and 400 ngddring the evenings when OM was highest.
These analyses support the chemical analyses shaovamlier chapters, which suggest that

primary, less oxidized particles and biomass buyaire a large fraction of the OM.

5.2 Average Size Distribution by Species

Over the course of the study, OM had on averagayahbroad size distribution (Figure 5-
1), while inorganic species, ammonium, sulfate, mitiéite, all had a sharper size distribution,
with peaks at 400-500 nmd Ammonium nitrate and ammonium sulfate are formga result
of the reaction of gaseous ammonia with sulfurid afric acids, oxidation products of $@nd
NOy. Their large particle sizes observed here suggasthese products likely formed by gas-
to-particle partitioning onto the surface of preséing aerosol particles or, perhaps, droplet
processing. OM exhibited a large particle sizegeanLarger particles may result from
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condensation of organic gases onto existing pagjadoagulation of smaller particles, or
oxidation in atmospheric droplets via aqueous feast Smaller particles may reflect fresh
particle formation from emissions or new partiaceniation from oxidized VOCs. This
combination of pathways and mixture of fresh aneldagarticles likely leads to the observed

broad size distribution.
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Figure 5-1. Size distribution (dM/dlog;,d,,) of OM, nitrate, sulfate and ammonium by vacuum
aerodynamic particle diameter (d,,) during January 2008.

5.3 Characterization of OM Size Distribution and Compos

As seen in Figure 5-1, the average size distrinutioOM is quite broad, in contrast to
the inorganic species. In Figure 5-2, the avefalferass spectra for particles with, tess than
100 nm, between 100 nm to 300 nm, 300 nm to 60@mengreater than 600 nm are shown. In
addition, the ratio betwean/z43 andm/z57 withm/z44 (43/44 ratio, 57/44 ratio) is also
shown; these ratios can be used to understaneldtese portion of HOA-type aerosol
(represented bm/z57) or SV-OO0A type aerosain(z43) to LV-OOA-type aerosol (represented
by m/z 44). There is little variability in the aage spectra among each size bin. However,

there is some variation in the 43/44 ratio, witl\aer ratio in the largest 2 size bins (1.35 for
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600-1000 nm, and 2.11 for 300-600 nm) comparednallsr particles sizes (range of 2.42-2.61).
This is consistent with the idea that more oxidipadicles, enhanced in m/z 44, are more aged
and associated with larger particles, leadingltoneer 43/44 ratio in the particles with.dyreater
than 300 nm, and in particular those greater tinrén.

By examining the size distributions mizfragments that are examples of the range of
organic aerosol we can better understand the tiyperosol that may be important in different
size ranges. For fresh, primary HOA-type aerasdt57 can be used; for HOA and SV-OOA,
m/z43 can be used; for heavily oxidized OOA-type agl;an/z 44can be used; and for BBOA,
m/z60 can be used. Differences betwa®nare better seen in Figure 5-3, which shows the siz
distribution of these four fragments over the wrsiledy. Similar to OMm/z43, 57 and 60 all
have broad size distributions, generally with nmoass between 200 to 400 nig, dhough with
some modest mass even below 100 nm. In coniréati4 has a peak between 300 to 500 nm
dva, More similar to the secondary inorganic speci@sese results indicate that smaller size
particles are not only freshly emitted particlast, &e a mixture of fresh, HOA-type organic

species mixed with more aged, oxidized species.
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Figure 5-2. Average mass spectra of OM and ratios of m/z 43 to 44 and 57 to 44 for particles of d,,: 40 to
100 nm, between 100 nm to 300 nm, 300 nm to 600 nm and greater than 600 nm.
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Figure 5-3. Size distribution of m/z 43, 44, 57 and 60 (primary y-axis) and OM (secondary y-axis).

5.4 Diurnal changes in OM patrticle size distributiordaomposition

5.4.1 Variations in OM Mass Spectra by Size and Time ayD

Because there was little difference between masstigpamong the four size bins in
Figure 5-2, we separated the data into two sizg, Bn200 nm . Looking at Figure 5-1, above
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200 nm ¢, is where the majority of the mass of the inorgammecies resides, possibly indicating
this size range is where the more processed aeaosolvhereas fresher, organic-dominated
particles are less than 200 nig. dParticles less than 200 niy dould also account for the
majority of particle number. Figures 5-4 through Step through organic mass spectra for
particles greater than and less than 200 pyrod average and for the morning, midday and
evening. There is little difference between thalsen and larger diameter spectra in the
evening, with the difference between spectra fargm/zless than 0.01. In the morning and
midday the major difference between the smallerlargkr diameter spectra is fraction of signal
from m/z44 (andm/zthat are directly proportional tn/z44 such as 28). In midday/z44 is

7% of the signal in the larger size particles, B8P of the signal in the smaller particles. In
the morningm/z44 is 5% of the signal in the larger particle spgatand 3% in the smaller
particle spectrum. These differences are smallygh do suggest the smaller particles have less

mass from heavily oxidized organic aerosol compé#wetie larger particles.
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Figure 5-5. Average organic mass spectra (fraction of signal by m/z) during midday (1100-1500 LST) for
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difference between the top and middle spectra.
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5.4.2 Changes in OM Size Distribution by Time of Day

The OM size distribution was typically broad thrbogt the day, even as OM
concentrations changed. Figure 5-7 summarizeawbge OM size distribution in morning,
midday and evening; the average concentration by isaalso shown. The size distribution of
the inorganic species remained relatively condtamoughout the day, i.e., the overall average is
representative of the entire study, so the distigibuby time of day for these species is not
shown.
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During morning, midday and evening OM has an awetagad size distribution. In tl
evening, there is relatively more mass in smalétiges less than 200 nn,, compared to othe
times of day. This broader sidestribution with similar mass from 100 nr,, particlesand
from 400 nm ¢, particles in the evening indicates the presenardler, fresh/less oxidize
particles compared to other times of day. Thisltas consistent with the low OM/OC, low O,
ard high H/C ratios observed in the evening. Wiihier OM, low inversion layers and Ic

wind speed in the evening, smaller, fresh partiolay be forming during the evening, leading

the broad size distribution.
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Figure 5-7. a) average concentration by hour for OM and BC (ug/m?®), with circles indicating the time of
day (morning, midday and evening); b) size distribution (dM/dlog;,d,,) of OM for morning (0600-0900),

midday (1100-1500) and evening (1700-2200).
Differences in the size distribution of examm/zfurther demonstrate the importance

fresh, small particles in the morning and eveniFigure 5-8 shows/z43, 44, 57 and 60 fc
morning (05000900 LST), midday (12(-1500 LST) and evening (18GE00 LST) At all
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times,m/z44 has a peak around 300-400 nm, and in the eyératso has a secondary peak
around 100 nmm/z57 andm/z43 also have a peak around 300-400 nm, but hawdex
distribution down to the smaller size range, esghcin evening when the amount of mass is
similar between 100 to 400 nnm/z60 is only evident in the evening, and it also agdde size

distribution, similar tan/z57.
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Next, the differences in OM size distribution dgrmpwind, downwind and stagnant
conditions, by time of day, were examined (Figw® 5 At all times concentrations are higher
during stagnant conditions than upwind or downwgondditions. Under stagnant conditions,
there appears to be slightly more mass from smsilterparticles, e.g., less than 200 nm,
compared to upwind or downwind conditions. Dunnglday and 0000 LST there is slightly
more mass from these smaller particles during danehwonditions compared to upwind
conditions as well, possibly due to influence fremissions on the freeway. This effect is not
noticeable during the morning or evening, posdidgause concentrations are higher from both
upwind and downwind conditions in these times;nailsir lack of difference between upwind

and downwind conditions during morning and evengnglso seen for OM and OM/OC.
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Figure 5-9. OM size distribution during stagnant, upwind and downwind conditions for a) 2200-0500

LST; b) 0500-0900 LST; c) 0900-1700 LST; and d) 1700-2200 LST.
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5.5 Time Series Analysis of OM Size Distribution

OM followed a typical pattern of high evening contations, a secondary peak in the
early morning, and low concentrations other timeday. During all times of day, the OM
distribution was fairly broad, though in the eveanthere was more mass from smaller particles
than in other times of day. Figures 5-10 througl25how time series of the OM size
distribution for multi-day periods where hourly azge OM concentrations were greater than 5
pg/nt during multiple days.

In general, OM and m/z 60 vary together duringehenings, when concentrations are
highest. On evenings with hourly OM concentratigreater than 10 pghafter a rapid
increase in OM (e.g., January 9, 11, 19, and 22, ®M mass is predominantly in the 100 nm to
500 nm range. Evenings where the increase is sloin@ncentrations are lower, such as
January 10, 12, 23, and 25, concentrations artedrsfightly, with more mass in particles in 200
-500 nm range. In both sets of evenings thergllisrodest OM even below 100 nm. While
there is not a clear picture of a shifting sizdrihstion during the evening, i.e., of smaller
particles growing into larger particles, mass irtipkes less than 100 nm occurs when OM and
m/z60 concentrations are at their highest. Once @Wirs to decrease around midnight, OM
remains predominantly in the 100-500 nm rangethmrie is little mass in particles with.dess
than 100 nm. January 9 and 11 are good exampléssgirocess. These results further suggest
that the particles with,gdless than 100 nm are due to extremely fresh eomissas there is little
mass in these particles once fresh emissions fiomadss burning and mobile sources decrease

in the 2300-0100 LST time frame.

135



10

dom/d,, pg/m’

3

¥ OM pg/m

m/z 60 pg/m

g I I \‘

= |

B | ‘ ‘\ |

5] il

E H‘ 0

S

5 | \‘\

Q 1/l \‘ \

£ \ L1

o] Ll

s ||

e)

S |

%100

IS

=}

=}

Q

©

>
12:00 PM 12:00 AM 12:00 PM 12:00 AM 12:00 PM 12:00 AM 12:00 PM 12:00 AM
1/9/2008 1/10/2008 1/11/2008 1/12/2008 1/13/2008
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Figure 5-13 shows the OM size distribution whenfthetion of OM from each PMF
factor is relatively high: when LV-OOA is great&iah 60% of the OM, (N=646, OM average =
0.71 pg/m), when HOA was greater than 55% (N=128, OM averadel1 pg/m), when SV-
OOA was greater than 60% (N=167, OM average = fgl#t), and when BBOA was greater
than 35% (N=105, OM average = 3.12 pd/nSufficient points were available with a threlsho
of 60% for LV-OOA and SV-OOA, but a lower threshe¥ds used for HOA and BBOA in order
to include more samples in the analysis. The Q#d distribution under high HOA conditions
peaks at around 250 nmydwhile the size distribution during high LV-OOAmditions peaks at
between 385-460 nm,d The high HOA conditions typically occur in theming and evening
under calmer winds (average wind speed = 1.5 mign fresh emissions are the main source of
particles and OM is high. High LV-OOA conditionsooir when wind speeds are high (average
wind speed = 2.75 m/s), when regional, oxidizeds@rare the main influence on OM; OM is
also lower during these periods. High BBOA coratii result in a size distribution that looks
like a combination of HOA and LV-OOA, with peakstlween 300-400 nm,gl

When SV-OOA is high, there is a broad OM distribatbetween 150 nm and 320 nm,
peaking around 250 nmd It is initially surprising that the size distation during high HOA
conditions has more mass from larger particles @etpto high SV-OOA conditions, since
HOA is typical of fresh emissions, while SV-OOA cheterizes slightly aged conditions.
However, 66% of the high HOA conditions are betw@8880-0800 LST, when fresh HOA-type
particles are emitted and combined with largerdaupeticles “leftover” overnight, thus resulting
in a size distribution that accounts for both thaber, fresh particles and the larger processed
particles. High SV-OOA conditions occur in the ewvg (49% during 1700-2000 LST, 64%

during 1700-2200 LST), when OM is much higher taaany other point in the day. During
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these times the amount of fresh and slightly agetdd@arfs the amount of mass from large,
oxidized particles, resulting in a broad size disifion. It may be that the PMF factors cannot
characterize the evening time period well, wherceatrations quickly rise and OM composition
quickly moves from a more-oxidized regime to alfrdess oxidized regime. As discussed in
Chapter 3, when more factors are used in PMF,ddé&ianal factors are found only in the

evening, and devolve the SV-OOA factor into factbit are apparent in the early and later

evening.
= OM when f(SV-OOA) > 0.6 (N =167; avg OM =5.42 ug/m3)
— OM when f(HOA) > 0.55 (N =128; avg OM =4.11 ug/ms)
= OM when f(BBOA) > 0.35 (N =105; avg OM =3.12 ug/ms)
OM when f(LV-OOA) > 0.6 (N =646; avg OM =0.71 ug/ms)
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Figure 5-13. OM size distribution when the fraction of PMF factors is high: when HOA is >55%; (green
trace); when LV-OOA is >60% (orange trace); when SV-OOA is > 60% (blue trace); and when BBOA is >

35% (brown trace).
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5.6 Case Study: Three example mornings

OM concentrations increased during the morning halr, although concentrations
were on average lower than evening concentratidhg. relatively low peak during the morning
is somewhat surprising, since during the mornirghruour there is a peak in vehicle emissions.
However, the morning rush hour occurred when tloeig-level inversion layer typically began
to break (see Figure 4-3), while the evening ruslir loccurred just as the inversion layer began,
so increased mixing during the morning rush houy hegp explain these differences. Earlier
figures show the size distribution during the moghoverall and by wind direction/speed. As an
example case study, Figure 5-14 shows the OM ssteldition during three consecutive
mornings on January 10 through January 13, pairddtie time series of OM and other
parameters. In these examples, we can see thavénage morning distribution seen earlier is
quite representative, though with some morning-tofrimg variability. On the mornings of
January 10 and 12 there is more mass in the ldigareter particles, while on the morning of
January 11 the distribution is centered at 200 gnDdiring these mornings, OM has a small rise
in concentration, as do CO and BC. Wind speed§gire less than 2 m/s, and only on the first
of these three mornings is the monitoring site dowd of the freeway. This is the morning
with the highest concentrations, though still méadesnpared to evening levels. The 10 m—-2m
temperature difference becomes non-negative bet@@@d and 0900, indicating the break-up of
the overnight inversion layer. The combinatiorilo$ break-up and decrease in emissions as the

morning rush hour wanes leads to lower concentratity 0900-1000 LST.
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Figure 5-14. Time series of wind speed, direction, 10 m — 2 m vertical temperature difference, BC, CO, OM and NO3, with OM size distributions of

OM for the morning of January 10, 11 and 12.
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5.7 Case Study: Hourly Progression of January 10 egenin

As an additional case study, the changes of thes@®ldistribution during a typical
evening, January 10, were also examined; Figurg Shbws a time series of OM and other
species, along with the 2-hour averaged OM sizgiloligion for 1700-1900, 1900-2100, 2100-
2300 and 2300-0300 LST. OM increased from 1.9 fi@im600 LST to 13.3 ugfhat 2100
LST (hourly averages), then slowly decreased ogatnintil 0500 LST the next day. During
the first two hours the size distribution is brdad with the most mass around 400 np d
During the next four hours OM is high and the nsge distribution is shifted to smaller
particles between 100 to 400 nm. After the evenusty hour, from 2300 to 0300 LST, OM
declines slowly and has a size distribution ceté&etween 200 to 300 nm,d This example
suggests a large influx of small particles during ¢vening rush hour, when residential biomass

burning also occurs.
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OM and NO3, with OM size distributions of OM for the evening of January 10 during 1700-1900, 1900-
2100, 2100-2300 and 2300-0300 LST.

5.8 Additional Analyses

Additional analyses of particle size data wperformedout were generally not fruitfu
and are only briefly summarized here. One analysisto evaluate if the PAH content
smallerand larger particles differSlowik et al (Slowik et al., 20048howed that soot particli
could be classified into two general types: 1)ipkas with ¢4 less than 100 nm that are higr
BC but low in PAH content; and 2) particles wit,; around 400 nm that are high in P/
content and lower in BC content. data were not available by particle sigewe are unable

to evaluate BC content directly. In addition notjgée number distribution data were collect
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so we are unable to identify periods when sub-10aip particles were dominant; if we could,
we could perhaps evaluate case studies when smaliicles were in high concentration. Using
the AMS data, we calculated the fraction of OM frBH for multiple size bins, averaged over
the entire study period: less than 100 nm, 100s860300-600 nm, and greater than 600 Rgn d
The PAH fraction was between 2.9-3.5% of total GQividll size bins, so results were
inconclusive. With either BC data by size or madetihumber distribution data we may have been
better to able to evaluate different soot typeppsed, but were not able to here.

In addition, the nitrate size distributions durthg one high nitrate concentration period
of January 8 -10 were investigated. However, tatcansistently had the same size distribution
as shown in Figure 5-1, with a peak around 450simawn in a time series in Figure 5-16. The
relatively invariable size distribution is indicasi of aged, processed particles, as expected for
nitrate. Nitrate concentrations were low during thst of the study. In addition, Figure 5-17
shows the size distribution of sulfate, which wasemely low during the study. Sulfate is
consistently found in larger particles throughdg study, since sulfate is likely in aged and well

processed particles.
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6. The Importance of Urban-Scale Sources: ResideBimhass

Burning

6.1 Chapter Summary

The impact of residential biomass burning in Laga&on carbonaceous aerosol
concentrations was evident through a number of ureagents made at Fyfe Elementary School
in winter 2007/2008. During January 2008, detaiiggh time resolution measurements of
organic matter (OM) were made with an Aerodyne HRgisolution Aerosol Mass Spectrometer
(HR-AMS), including a biomass burning tracer, tregiment GH,O," atm/z60 which is derived
from levoglucosan and other anhydrosugars prodfroed combustion of cellulose and hemi-
cellulose. Hourly concentrations of water solybi¢assium (K), another indicator of biomass
burning, were measured with a particle into ligsygtem with ion chromatography (PILS-IC).
Measurements of levoglucosan via gas chromatogragdss spectroscopy from 12-hour
overnight quartz fiber filters were also made. &erage, 12% of the OM, and 25% of OM
during the nighttime, was apportioned to biomagswibg via PMF analysis of AMS data. Using
source profiles and levoglucosan data, on averaged the OM was attributed to biomass
burning in the nighttime, when OM reached its peb&voglucosan and AMS8,0," were
strongly correlated #0.92). K correlated well with gH4O," (*=0.86) during the evening
(1800-2200 LST), with a ratio to,8,0," on average at 1.4, but overnight the correlatiowly
decreased and the ratio increased, so that by snitidacorrelation approached zero, and the
ratio reached a peak, possibly due to loss#f,0,", but not K, by aging processes. Whilé K
may be an indicator of BB, it is not necessarifyoad tracer for source apportionment alone, as

contributions of non-BB sources td kippear to be significant and can change day to day
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Aethalometer measurements of BC were done at Fyfean urban background site during June
2007-June 2008. Using the difference between UWW/BM channels from the Aethalometer for
apportioning BC from biomass burning, we found tBBtwas on average 5% of the BC, and
7% during the evening; BCbb was only evident inwhatertime. There was only a modest
correlation (f=0.40 to 0.60) of BCbb and of UV-BC difference wiH.O," and with
levoglucosan. The much lower contribution to B@hpared to OM, and the low correlation
with C;H40,", may be due to the heavy influence of fossil fierhbustion emissions on a

nearby freeway.

6.2 Ambient Concentrations of Biomass Burning Markers

Concentrations of organic matter, black carbon,@athass burning indicators
(levoglucosan, ¢H,0,", K*, and UV-BC difference) varied widely from day taydduring
January 2008, typically reaching a peak in theyearening (i.e., 1900 through 2100 LST).
Figure 6-1 shows a time series for these speciesgldanuary 2008. OM on average was 3.3
Hg/nt, while BC was 1.8 pug/fn Other aerosol and gaseous species were alsaradaand are
summarized elsewhere (Brown et al., 2012); in JgnR@08, OM and BC comprised 74% of the
PM; mass measured via the AMS and aethalometer, erglugetals and crustal material which
were not measured. At a nearby urban CSN sitel(#fichell St, AQS ID 32-003-0020) OM
and EC were 68% of the total measured specieqimadga 2008, based on 24-hour filter data.
BC at Fyfe is higher than typical for urban sitggace the monitoring site is located next to the
US 95 freeway. For comparison, in January 200&8@entrations at the Hancock urban site,
more than 2 km from a freeway, were less than infigind 24-hour filter EC at the CSN site
averaged 0.8 pgfin The OM concentrations are not particularly highan urban area, and are

typical of OM concentrations found in prior Las \#sgstudies. This average is similar to the
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average OM concentrations based on 24-hour filiéa dollected on 5 days in January 2008 at
an urban CSN site in Las Vegas, where the non-ttaniected average OC was 2.8 p/m
Using a standard blank correction of 1 pg(@how et al., 2010; Frank, 2010), this results.i
pg/nt. Using an average OM/OC ratio of 1.54 (Brownlet2013), this translates to an OM
level of 2.8 pg/m which is close to our AMS-OM average of 3.3 p/,H40,"
concentrations averaged 0.018 p{/and between 1800-0000 LST were nearly three times
higher at 0.040 pg/Mm PILS K" concentrations were, on average, 0.033 f,gamd levoglucosan
concentrations during the 12-hr overnight samplesaged 0.14 pg/in For comparison, the
CSN site concentrations of elemental potassiunndutie same time frame were 0.03 py/m

across five measurement days.
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Figure 6-1. Time series of Aethalometer BC, AMS OM, Aethalometer UV-BC difference, PILS K*, AMS C,H,0,", and levoglucosan from quartz
fiber filters at Fyfe during January 2008 (all units pg/m®).
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Figure 6-2 summarizes the typical diurnal pattdrthe semi-continuous measurements.
BC concentrations were similar in the morning anenéng, associated with the rush hour
commute times. OM had a minor peak in the morramgl, was on average three times higher in
the evening than in the morning,HGO,", K, and UV-BC difference all show a very similar
average diurnal pattern. “i€oncentrations decrease more slowly thaid,O," after midnight,
possibly suggesting thatiB40," is being lost due to other mechanisms than thifeetiag the
conservative species Ksuch as partitioning from particle to gas phasatmospheric reactions.
K*, GH40,", and UV-BC difference are all at a minimum in thielday, when emissions of

residential biomass burning are low, wind speedisdspersion are higher, and OM is lower.

OM has a similar pattern as these BB indicatorslenBC has a different pattern;
concentrations of BC reach similar average maximtae morning and evening. The diurnal
pattern of BC indicates that mobile source emissr@hated to rush hour traffic are likely the
most important source of BC. With low concentnasian the midday and a steep rise in
concentrations in the evening, the diurnal OM patte likely due to a mix of fresh emissions in
the morning and evening with the rush hour andrathgvities, plus an additional evening
source of biomass burning. This was further denmatesi with PMF analyses on the AMS data
(Brown et al., 2012), which showed that fresh, logdrbon-like organic aerosol (HOA) was
present in the morning and evening, and that amditisemi-volatile oxidized organic aerosol

(SV-OO0A) and biomass burning organic aerosol (BB@#&)e evident in the evening peak.
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Figure 6-2. Average concentration by hour for Aethalometer BC, AMS OM, UV-BC difference, PILS K,
and AMS C,H,0," (all units pg/m®), plus correlation (r*) by hour of PILS K* versus AMS C,H,0,".

6.3 Comparison Among Biomass Burning Markers

6.3.1 Comparisons with Levoglucosan

There was a range in how well the potential biontagaing indicators correlated with
each other. Filter-based levoglucosan was availably for a subset of times during the study,
at varying intervals. Correlations of levoglucosdth other measurements are summarized here

(Figure 6-3), while correlation among semi-continsianeasurements from other instruments is
discussed in the next section (6.3.2).

Levoglucosan concentrations measured from filtasigh correlations with AMS
C,H40,", with an f=0.92. This is expected sincetGO," is a fragment from levoglucosan and

other co-emitted anhydrous sugars; pure levoglutogeoduced into an AMS yields a suite of

ions that has 1,0, as 13%-14% of the total ion fragment pattern (Lieal.2010). Unlike
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C,H40,", there was only a moderate correlation of PI''S®=0.66) or UV-BC difference
(r*=0.53) with levoglucosan; no correlation was seefvben levoglucosan and BGH9.16).
The lower correlations are perhaps not surprisisgyoth BC and Khave other non-biomass
burning sources, and levoglucosan may be depletedgithe 12-hour sampling period via
atmospheric reactions or phase partitioning togtephase, while BC and Kvould not
undergo similar processes. BC anddfe emitted primarily during flaming combustiorhite
levoglucosan more during smoldering combustion(gteal., 2010), which may also cause the
lower correlation. The very low correlation witlCBs likely because next to a roadway BC is
predominantly from mobile sources, rather than la@ssiburning. The modest correlation of
levoglucosan with UV-BC difference, in the contekxho correlation with BC, indicates that the
UV-BC difference can be indicative of biomass bnghaerosol, even when total BC is

overwhelmingly from traffic-related sources.
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Figure 6-3. Scatter plots of levoglucosan concentrations ug/m3 with a) AMS C,H,0," (ug/m3), b) PILS K"
(Lg/m®), c) UV-BC difference (pg/m®), and d) BC (ug/m°).

6.3.2 Correlation Among Semi-continuous Biomass Burningrikérs

While there are a limited number of multi-hour sdespwith levoglucosan, the high

correlation between levoglucosan angHgD," confirms that GH,O, " is an excellent tracer for

levoglucosan and biomass burning emissions, soewkeaxamined correlations of hourly

averaged gH,0," concentrations with Kand UV-BC difference values, as well as with B&
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indicated by similar diurnal patterns, the measunets) of biomass burning indicators were
somewhat correlated, with some differences betwgpenies and time of day. The overall
correlation coefficient @) between K and GH4O," was 0.56, but if the concentrations for each
hour of the day are examined separately, therdasgga range in this correlation coefficient
(Figure 6-2). Between 1800 and 0000 LST, wherhfl@emass burning emissions are most
likely, the correlation coefficient betweer Knd GH4O," was 0.84, and then slowly decreased

through the morning until 1200 through 1600 LST ewlthe correlation coefficient was 0.19.

UV-BC difference had only a modest correlation wWit,0,", of P=0.43, similar to the
comparison of UV-BC difference with levoglucosanwhen comparing BC versusi,0,"
there is a good correlation during the evenifigq80), during the period of strong residential
wood combustion, and only a modest one in the mgrif=0.35) There was a poor correlation
between K and both BC and UV-BC difference. Overall thessuits suggest that eithef End
UV-BC difference are only modestly good indicatofdiomass burning here in Las Vegas next
to a roadway, and/or that there are other sourck$ and BC at the monitoring site. It is clearly
plausible that the majority of BC is from traffietated emissions, which may complicate the
relationship between UV-BC difference and levogkawor GH,0,". For K', the modest
correlation with levoglucosan orB40," may be due to differences in emissions of these
species during flaming and smoldering processesf minor sources of Kconfounding the

relationship.
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6.3.3 Urban Background Levels af/z60 and GH40,"

There is a clear, strong relationship of levoglacowithm/z60 and GH4O,". However,
there can be contributions t'z60 and GH4O," from non-biomass burning sources, like
organic acids (Cubison et al., 2011). Cubisor 2041 (Cubison et al., 2011) suggested that
there is a background level wfz60, so that even when biomass burning is null tixglestill
be some small concentrationmafz60. This backgroundh/z60 can be seen when evaluating the
fraction of OM fromm/z60 versus the fraction from/z44 (Figure 6-5). There is a background
of m/z60 evident during the morning and midday hourB8.4f% of the OM; during the evening
the fraction of mass fromm/z44 is much lower and the fraction fram'z60 is much higher. In
figure 6-5b, we can see how the day progresses,thét morning have a lom/z44 fraction and
m/z60 fraction, followed by a midday increasemwiz44 fraction, then in the evening an increase
in m/z60 fraction and decreasemfz44 fraction. This further shows the important cimition
of biomass burning during the evening only, whilelihe source emissions contribute to OM in

throughout the day.
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6.3.4 Ambient Ratios of Biomass Burning Markers and Congoa to Source Profiles

We also compared the ratios between species inesunimieasurements to ratios found in
source profiles. Figure 6-6 shows the diurnalatson of the correlation and ratio opl40,"
and K. In an open flame experiment, Lee et al fou@ta,O,"/levoglucosan ratio of around
0.14 for numerous flaming and smoldering experimerith multiple biomass fuels (Lee et al.,
2010). The average,B40,"/levoglucosan ratio in the 12-hour overnight samjiheour study
was 0.28. Other molecules such as acids or othdized species can also contribute to
C,H40,". With the 12 hour sample time and abundancehsrairban sources, it is possible that
additional secondary products contributed 6140, concentrations, leading to a higher
C,H40,"/levoglucosan ratio here compared to laboratorgietu The K/levoglucosan ratio for
the 12-hour sample periods averages 0.52. Puxleaain summarize source profile ratios, and
report the K/levoglucosan ratio for a mixture of European sitéth 24 hour filter samples, and
after determining soluble, non-sea salt K concéiotna (Puxbaum et al., 2007). The value of
0.52 here is in the range found at the Europeas,sithere the average ratio across sites ranged
between 0.2-2.1. Source profiles from Fine etaald Schauer et al., however, report
K/levoglucosan ratios of 0.1-0.2(Fine et al., 2Q(8ehauer and Cass, 2000). Thus it appears
that there may be additional non-biomass burningces of K that are contributing to the
concentrations in this study and in Puxbaum e28D,7, and/or that levoglucosan is aging faster
than K over the course of multiple hours requir@dsampling. Differences in fuel type between
what is used in Las Vegas and in these studiesghss differences in the amount of flaming

versus smoldering burning emissions may also playea
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Figure 6-6. Correlation and median ratio by hour during the study of K" and C,H,0,".

6.4 Biomass Burning Apportionment via Multiple Methods

With the suite of biomass burning tracers obsehea@, there are multiple methods
available to apportion the contribution of biombassning to OM: 1) PMF-AMS, where PMF is
applied to the AMS data to determine contributiagtérs, including BBOA (Lanz et al., 2007,
Ulbrich et al., 2009a); 2) use a AMSALO,*OM) ™ ratio reported in laboratory source
experiments for biomass burning fuels, and estirtt@e@mount of OM from BBOA; and 3) use
a (levoglucosan/OC)ratio as reported in filter-based source profitaen based on the
levoglucosan concentrations estimate the amou@Qyfand using an assumed OM/OC ratio,
estimate BBOA contribution to OM. Since method®@ 3 rely on source profiles, these
methods should estimate primary emissions, if thece profiles represent only primary
emissions. The PMF factor approach in method 1 imayde primary and some amount of
secondary aerosol formation associated with BB®lawever, the PMF method could
underestimate secondary OA from biomass burnirigerobtained BBOA factor if the
secondary OA is chemically more similar to the S@or LV-OOA than to primary BBOA.

Since SV-OOA concentrations observed here aredilgiconcurrent with and higher than
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BBOA, secondary OA associated with biomass buremgssions may not be fully captured in
the BBOA factor. With only three PMF factors, vdth no SV-OOA factor, BBOA is higher
than when four factors are used; it may be that Witee factors more of the secondary OA
associated with biomass burning is contained irBB®A factor. Table 6-1 summarizes the
fraction of OM apportioned via each method. Regbith Brown et al and in an earlier chapter
are the results from the PMF-AMS method, wheregisimt mass resolution AMS data and the
EPA PMF program, on average 12% of the OM wagbattible to biomass burning organic

aerosol (BBOA). During overnight periods BBOA wasaverage 26% of the OM.

A number of studies have reported a range of OM4O," ratios from source
experiments. Lee et al report a value of 34.5HerOM/GH,0," ratio generated in biomass
burning experiments (Lee et al., 2010). Alfarraleused a combination of PMF aH
analyses to determine a similar ratio for OMt&z 60, equal to 36, for wintertime wood
combustion in Zurich, and suggested use of thie est a conservative estimate for apportioning
BBOA (Alfarra et al., 2007). Using the ratio of.34on average BBOA is estimated as 15% of
the OM, similar to but slightly higher than the PMIMS results. When using just three factors,
BBOA is on average 15% of the OM, matching theneste for this method. For overnight
periods, 32% of the OM is BBOA via this method, iagamilar to the 26% estimate from PMF-
AMS. Since the PMF-AMS method results in BBOA esties that are lower than using source
profiles, secondary BBOA appears not to be capturdlde PMF factor; it likely is contained

instead in the SV-OOA factor.

Fine et al. report an OC/levoglucosan ratio of T@Sesidential biomass burning
emissions, used here to apportion BB OC based ofiliau levoglucosan measurements (Fine et

al., 2002a). Recent studies have reported a waatgye of levoglucosan/OC emission ratios
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depending on biomass fuel type and burn condit{Sadlivan et al., 2008; Puxbaum et al., 2007,
Minguillon et al., 2011). The 7.35 value is remmestive of fireplace combustion of hardwoods,
which is likely appropriate for the Las Vegas ar&&hmidl et al developed a similar factor for
Austrian fuels of 7.1 based on test burns in @ @®ve (Schmidl et al., 2008). Puxbaum et al.
suggest an OM/OC conversion factor of 1.4 basethein calculations from the data reported in
Fine et al . During the wintertime evening in Megas, when biomass burning is most
prevalent, the average OM/OC ratio is 1.46 (Chafteso a value of 1.4 for biomass burning
appears reasonable. This yields a conversionoohdss burning OM equal to
levoglucosan*7.35*1.4. Using this conversion, 382the OM is from biomass burning during
the overnight periods. This range matches wel wie 32% apportioned via thetzO," /OM

ratios, and is slightly higher than the 26% appowid via PMF-AMS.

Apportionment of BBOA by these different methodsusnmarized in Table 6-1, and the
fraction of OM by each method for periods with lgitewosan data is shown in Figure 6-7.
Figure 6-8shows how the PMF-BBOA compares with levoglucosaasarements and
levoglucosan-BBOA apportionment. All but the highkevoglucosan concentration data points
fall about the 1:1 line between PMF-BBOA and lewmgisan-BBOA in Figure 6-8, and on most

evenings the three apportionment methods yielthdasi result.

The sample with the highest disagreement betwed¢hadg was the night of January 19,
where levoglucosan-BBOA is 1.6 times higher thanrFPBBOA and 1.4 times higher than
C.H40,"-BBOA. As seen in Figure 6-1, this was not onlg #vening of the highest
levoglucosan anth/z60 concentrations but also OM. It may be that RéEnder predicting the
amount of BBOA since the OM concentration and gagsiomposition is quickly changing, or

that the AMS is missing some BBOA in the very snlaés than 50 nm) or very large (greater
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than 700 nm) diameter particles where transmisisitow. TheQ/Qexpectedratio and scaled
residuals from PMF during this evening are lowjaating a good fit, but during this evening
SV-OOA is also very high, so it’s likely that sormemass assigned by PMF as SV-OOA is
actually BBOA. Since a constant profile is neeaeBMF, differences in the BBOA
composition between evenings means a “typical’'verage profile is found, and when there are
deviations from this profile mass appears to beoegmed to SV-OOA. However, as the results
are consistent for all the other data points, @mctusion is that the three BBOA methods

compare rather well most of the time.

Table 6-1. Fraction of OM apportioned during 12 overnight (1700-0500 LST) periods, January evenings,
and over all hours, via PMF-AMS, C,H,0,'/OM ratios, and levoglucosan. Apportionment by levoglucosan
is only available for the 12 overnight filter sample periods.

fOM from BB via fOM from BB via fOM from BB via
Sample range levoglucosan PMF-AMS (BBOA) C,H,0,"/OM ratios
12 ;Z—hour overnight 33% 26% 3206
periods
f\g_?)venings (1800-2300 n/a 15% 210
All hours n/a 9% 14%
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Figure 6-7. Percentage of OM apportioned by three methods for each time period where levoglucosan
was quantified; boxes indicate nighttime averages (1700-0500 LST).
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7. Conclusions and Recommendations

7.1 Conclusions

With multiple high-time resolution measurementshage investigated the variability
and sources of aerosol next to a major freewayndwsinter in Las Vegas, Nevada. Using data
gathered via a HR-AMS and Aethalometer we can wstded the composition of the aerosol.
OM averaged 3.3 pgfhuluring the January intensive campaign and wasajlgihighest during
the evening hours (i.e., 1900 through 2100 LSThwisecondary peak in the morning (i.e.,
0600-0900 LST, during rush hour commute). Temppadierns for both sulfate and nitrate
differed from the temporal pattern for OM. Sulfatencentrations were extremely low
throughout the study, and nitrate concentrationgwepisodic but were also on average very low
(less than 1 pg/ML In contrast to the inorganic species, BC hatkdian concentration of 1.24
ng/nT, which was more than twice as high as nitrategraer of magnitude higher than sulfate,
and a third of OM. BC is more than twice as higth&s site compared to a site 2 km away in
the urban center but away from freeways (Hancoeknghtary School), where BC was, on
average, 0.5 pg/fin OM comprised on average 48% of the measurecaler@nd was the focus

of much of our analyses.

Black carbon followed the typical diurnal traffiafperns with peaks in concentration
during the morning and evening rush hours. Thaadent patterns indicate that next to the
freeway a large fraction of the BC is from vehicudaissions on the freeway and in the local
area. Unlike BC, OM peaked in the evening, wigeaondary peak in the morning. Using
PMF, the OM was deconstructed into its main comptmevhich revealed that the HOA

component behaved similar to BC and traffic pattewith peaks of similar magnitude in the
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morning and evening. In the evening, there wastiaddl OM from SV-OOA and BBOA,
leading to higher OM concentrations compared tanbening, when SV-OOA was low and

BBOA minimal.

The change in OM mixture throughout the day walecédd in the diurnal changes of its
elemental composition. H/C ratio was highest, @@ and OM/OC ratios lowest, during the
evening when OM concentrations were highest. Thusng the highest concentration periods,
it appears that the OM is mostly primary in origie,, not very oxidized (low O/C and OM/OC).
The average OM/OC ratio was 1.54 (+0.20 standavdatien), typical of environments with a
low amount of secondary organic aerosol formatidhis ratio is dependent on the mix of
emissions impacting a monitoring site, dispersaimospheric oxidation, and gas/particle
partitioning. The OM/OC ratio is highest in theda@y, when dispersion increases and
atmospheric oxidation processes are highest. eevening, a combination of fresh emissions
and gas-to-particle partitioning under stable cbods appears to rapidly drive OM up and the

OM/OC ratio down.

BC exhibited typical upwind/downwind patterns, wéeoncentrations are much higher
when the monitoring site is downwind compared t@wit is upwind of the freeway. However,
there was no significant difference in OM betwepwind and downwind concentrations on
average. While BC is primary emissions, and tregeddent on the relationship between the
monitoring site and source locations, OM is a camdy changing mixture of primary and
secondary aerosol, meaning it is less variant é&mgas in wind direction. The size distribution
of OM was similar between upwind and downwind ctinds as well, but under stagnant
conditions, there was relatively more mass fromlkendresh particles (those with vacuum

aerodynamic diameter of less than 100 nm) comparddring upwind or downwind conditions.
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These size distribution results further show thkiénce of fresh emissions during low wind

speed conditions, and the complex nature of OM.

Given the sampling location next to a twelve-lareeiay, urban-scale biomass burning
was found to be a surprising source of substa@ial Multiple methods were used to quantify
the impact of BBOA on OM, using HR-AMS data as veallevoglucosan data from filters, and
confirmed by PILS K measurements. On average, BBOA was 9%-14% ddMgbut only
was present during the evening hours, when OM wgigehkt. During the overnight period
between 1700 and 0500 LST, BBOA contributed betwa&8-33% of the OM (range from

different analysis/measurement techniques).

Overall this suite of measurements and analysédeglea comprehensive look into near-
roadway aerosol, and in particular, how OM is défg than more commonly measured species
such as BC. While BC is a primary emission ancsdus react or form in the atmosphere, OM
is a combination of primary emissions and secohdaroduced aerosol, which can vary

throughout the day as atmospheric conditions change

7.2 Recommendations

Based on the analyses presented here, there aml@nof recommendations that would
further explore the data collected as part of shisly, enhance future near-road field studies, and

better understand receptor modeling results, dsszlibelow.
Potential additional steps with measurements froment study:

e Perform chemical analyses on additional, archiviéer$ from this study for
levoglucosan, hopanes, PAH and other organic spézidevelop a complete

time series of these compounds. Then apply CMBI-BMother apportionment
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methods to determine the impact of biomass burmnielgicular emissions and

other sources on OM.

Analyze Sunset OC/EC ratio data to compare witicglpatios from vehicular
(car and truck) and biomass burning emissions,edlsas to crudely estimate

primary and secondary OC using OC/EC ratios.

Use dispersion models to model CO and BC from r@gdemissions at Fyfe
Elementary, and compare to observed CO and BC otnatiens to understand if
models such as the American Meteorological Sodgtyitonmental Protection
Agency Regulatory Model Improvement Committee (AEIRMDispersion

Model (AERMOD) can correctly predict near-road amicconcentrations.
Utilizing the BC results, predictions could alsorhade of OC, assuming a range

of OC/BC ratios based on observations.

In future near-roadway studies:

Conduct a study at Fyfe Elementary similar to tnse, but in summer, to
understand how the influence of mobile source d@ornssnay change in
summertime, when temperatures are very high, boyrdger heights are higher,
inversions are rare, and secondary organic aenoaglbe the largest component

of OM.

Include aerosol size instrumentation to gain a deoaiew of particle size
distribution variations, particularly for particlesth diameter less than 50 nm,

which are typically high next to a roadway and e quantifiable by the HR-
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AMS. This could be done simply with a total pddicounter (e.g., condensation
particle counter), where total particle numberasithated by ultrafine particles,
with a scanning mobility particle size (SMPS) instient where the number of
particles in multiple size bins can be determirdyith a micro-orifice uniform
deposit impactor (MOUDI) instrument where differsige particles are impacted
on a series of impaction substrates to be latdya®ea for OC/EC/organics or

metals and ions.

Include VOC and/or SVOC measurements, to understadontribution of
mobile sources and other sources to the VOC/SVOQuna, which can be used
to help interpret the changes in OM with change®sé@teorology and time of day.
Recent work (Xie et al., 2013) has suggested ti@tiding such measurements
can help elucidate sources of OA, and potentiadkydp identify contributions

from mobile sources, etc.

Refinement of receptor modeling methods

New algorithms are becoming available in EPA PMErderstand uncertainty in
PMF factors and to better understand the robustofessutions. These
algorithms could be used to better understand wladity of the PMF solutions

found here, and help indicate which solutions (3yr% factors) are most robust.

Utilize other receptor models such as Unmix and GilBvaluate the HR-AMS
data. Unmix relies on “edges” between speciespasrved in scatter plots, to
determine factors. Unmix may be better able tolwesBBOA, SV-OOA and
other factors separate from HOA and LV-OOA. CMBuiees known source

profiles; with CMB, cooking OA, which was not fouhére, and a spectrum of
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BBOA and SV-OOA source profiles, which are variaéheong sites and OA
conditions, could be used to determine the bestffseparate diesel exhaust and
gasoline exhaust source profiles are availablegetlveuld be used to potentially

guantify gas/diesel contributions to OM.

7.3 Implications

Residential biomass burning is a significant andemepresented source of PM.
Despite being next to a major freeway in a cityhwittle tradition of residential biomass burning
for home heating, biomass burning was an imposgaatce of PM in the wintertime. This
source is minimal in the national emission inveptior Las Vegas, and as other sources are
better controlled and decrease in emissions owes, tiesidential biomass burning will be more

important to understand, characterize and poténtahtrol.

PM next to roadways is predominantly organic antikety to be well modeled by

existing tools

EPA requires a hotspot analysis for PM for anyvir@g project in a PMs non-attainment
or maintenance area. Modeling tools for PM hot sppalyses such as AERMOD and
CAL3QHCR are not well adapted to model rapid foiorabf secondary OM next to a roadway,
rather they focus only on primary emissions sucB@gstherefore, they are likely to
underestimate the amount of near-road PM. If modeksults are compared to ambient
measurements, modeling for most roadways may loequate to understand and predict near-

road PM concentrations.

Exposure to high concentrations of near-roadwayoael can be highly variable
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While there are clear health effects associateld kvitng, working and attending school
next to major freeways, this work shows that cotregions and thus exposure to near-roadway
aerosol is highly variable, both in terms of compos and in concentration. Health studies
examining aggregate near-road concentrations, asiegmnual or seasonal averages, may miss
links between short-term exposure to different leaad composition of near-road PM, e.g.,

times when OM and PAHSs are high but BC low, or smden O/C ratio is high, etc.
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Appendix A
HR-AMS Data Processing Steps
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Mass calibrations against backgrountzwere done using the “SQ_mz_cal” panel in
Squirrel. Fragments due to background gases lik®©Aand N, plus fragments from tungsten
(atomic symbol W) or phthalates which are founthie AMS, provide a stable set of
background ions to use to ensure that the peakstiie mass spectrometer are assigned to the
correctm/z In the calibration panel, we select fragmenét gre from the background species
that are evident when the AMS is operating in “etiismode, i.e., when there is no aerosol
being analyzed by the MS. Usually at least foualgseare used, including one peak at a higher
m/zabove 90. Here, we used CHw/£13), O2+ (m/z 32), Arm/z40), C5H2+ (n/z50), and
C8H5Gs+ (m/fz 149), and tested the fits of all the other ad@ditting fragments as well. We
first test the fit on individual runs (i.e., 2-mteuaverages); Figure A-1 shows the fit for an
example run (#30559). Once fits are reasonabla fandful of example runs, we next process
all runs. Figure A-2 shows a summary of the fitlmen DAQ and our manual calibration;
nearly all runs have a fit ratio (DAQ/Squirrel) tirh 0.05, indicating a stable calibration.
Evident in the figure are some runs where theafieswell beyond +/- 0.05. These runs were

“blacklisted” and excluded from any analysis, asd¢hlibrations were insufficient.
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Figure A-1. a) Calibration for example run using CH+ (m/z 13), 02+ (m/z 32), Ar (m/z 40), C5H2+ (m/z
50), and C8H503+ (m/z 149); the red line shows the ion time of flight fit so that each m/z can be correctly
found; the accuracy is the comparison of this post-processing fit to the in-field calibrations; and b) raw
data (black) for O2+ ion and Gaussian peak shape fits (red). The goal is to have the red line in the middle
of the red Gaussian fit; the red and black vertical lines may not necessarily line up, depending on the
initial m/z calibration used in the field and DAQ.
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Figure A-2. Ratio of DAQ/Squirrel calibration by run number. Values beyond +/- 0.005 (0.5%) were
excluded from analysis.

To correctly quantify eacim/zpeak area, the baseline of the MS signal duriren@nd
closed modes needs to be determined. As pareqidbkt-processing, the baseline was checked
for 10 v-mode runs every third day, to ensure thes no sudden change in the baseline during
the monitoring campaign. We found that the basdtiid not change noticeably during the
study. As seen in Figure A-3, the baseline wasléogthem/zoriginating from gaseous species,
such asn/z15 and 28 from B which is typical. The correction for the baselinas effective, as
indicated by the green line centered on 0, whighesdifference between the open and closed

modes and after baseline correction.

199



.1 5Q Baseline Panel

[E= Eom 5

1. Choose raw spectra run # and options to find stick compliment
Fiur number | 31550 ¢ |vEl ¥ Use new m/z fiting parameters

2. Choose baseline fitting parameters
Choose fitting type:

Stick Integration Region  |_hare Options i_ljis_;ﬁa_y Options |

The formula for stick integration width is

RO=(1- (17 [1+espi(m-m0}/dn] | ) GURC U

mi | 75.0

Smoothed Spline Params | Other Options |
1

\ Estimate std dev noize this run

C/V Open 433e05 &

3. (Optional) View fits for all runs in todo,

Smoothed Spline @) Linear|

ToDa wave Get List b

Fitted baselines will be displayed for sach run in
the todo wave, with  slesp period in between

Sleep betweenung, 5| 2

i Wiew baseline fits for all uns in todo

CAY Closed | 2.98e-05 &
W Open | 1.00e-04

| W Closed | 1.00s-04

| (i

dm | 50.213 % NOTE:

The parameters identified in this panel will only have
an effect in the recalculation of the M5 o PToF
| | sticks if the checkbox "Use baseline fit params" is
checked in the main AMS panel, HOF index tab,
pre-Process Data section.
Graph settings
Open and Closed Plots
[ Left iz Log
Max ' | 9.22e-03 |2
MinY |9.22e-07 2

[ avis ewpand 252

'f awis shrink 25%

Diff Plat

| Set to default values for this ToF type |

M stick vegion, miz [0 |2 M2 where slick region>.8 /3 4788

[ Show spechia, stick compliment for this un Caloulate fited background for this run J

oo |

Diff Axis +/ | 1.000e-03 |2
] Show diff compliment, fit
‘:d;: Shaow integration region
|| Show diff < O points
Legend:
Blue=raw spectia
Black=unfitted baseline

= stick complement
Red = fit
Orange = diff = open-closed
Green =[open-fit)-{closedHit]
Gray = diff stick compliment
Purple = diff - diff fit
T |‘J Pink = stick integration area
Tas<) 1> K Dlive: = Diff < 0 paints

| End |

H-awis start at mfz | 15.3

& F-awiz stop st miz L1

@ Maxmiz by slider | | ! ' I o | t | L i |
] 100 200 300 400 500 E00 700

20 Mas miz by set variable

Figure A-3. Baseline diagnostic panel for example run. The red line is the baseline fit, which should
follow the black line, which is the measured baseline. The alternating grey and pink areas are the areas
where there is peak integration (pink) and no integration (grey) The blue lines are signal at given m/z.
The orange and green show the difference between the open and closed mass spectra without baseline
correction (orange) and with baseline correction (green); the green should be centered about 0 to indicate

correct baseline subtraction.

A standard fragmentation table (frag table), asidesd in Allen et al. (Allan et al.,
2004), was used to account for interference of @asepecies such as nitrogen and oxygen, and
to ensure correct allocation of the UMR signal aghaarosol species such as nitrate,
ammonium, and organics. For example, the signal/a64 could be from S© ion (from a
sulfate aerosol) or from organic fragments (e.gHL). At thism/zthe organic fraction is
calculated based on the signal atrife where an alkyl group (G is subtracted or added to
them/z64 ion (in this case/z50 and 78), since organic aerosol are usually cis@gbiof long
chain hydrocarbons and the vaporization/ionizasicimeme used in the AMS results in a series of
ChH2ns+1 fragments. Since inorganic species like sulfaiteate and ammonium have
characteristic fragmentation patterns, and onlyioat a handful ofn/z, these patterns can be

taken into account and the mass at e@athfrom other species, namely organic aerosol, ean b
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determined for then/z that have both an inorganic and organic compon@tiherm/zmay have
only organic signals, so the full signal is asstyteorganics. As part of the fragmentation
pattern, there is a correction for €gas. Often this correction is fairly stable trgbaut a field
study, though may need to be modified in chambdalmoratory experiments where €13
produced at levels greater than is typical in thdiant atmosphere. We used a default G&
concentration of 370 ppm. We can examine if tessuaed concentration is correct by
comparing the mass at/z43, which is entirely organic, ama/z44; if the CQ gas correction is
not correct, there will be a bias evident, i.ee ¢lata will not trend through the origin. As séen
Figure A-4, the data do trend through the origtnne change to the G@orrection was made.
Another check of the corrections and frag table isxamine the measured ammonium compared
to the amount of ammonium predicted by the meassuHdte and nitrate, assuming all sulfate
and nitrate are associated with ammonium (i.e.4MBt and (NH),SO;). As seen in Figure A-
5, predicted and measured ammonium agree extramgdlywith the exception of one outlier,

suggesting the corrections and frag table settingsorrect.
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Figure A-4. Concentrations of m/z 43 and 44 for a) our study, and b) example data showing an incorrect
offset for CO, (from http://cires.colorado.edu/jimenez-group/wiki/index.php/Field_Data_Analysis_Guide)

202



2.0 Pe

1.5

1.0

NH4 (measured) pg/m3

0.5

ra
0.0 + T T T T
0.0 0.5 1.0 15 2.0
NH4_predict pg/m3

Figure A-5. Measured ammonium compared to predicted ammonium based on sulfate and nitrate
concentrations and assuming neutralization of sulfate and nitrate by ammonium. The line represents the
1:1 line.

Particle size data were processed using the “@ioéctions” tab available in Squirrel.
When in PToF mode, the aerosol beam is choppedpamidles that make it through the
chopper enter a particle time of flight (PToF) mgiwhere larger particles take longer to travel
through than smaller particles. The time it talkesavel through the PToF region for selected
size particles is determined with particles of knatiameter, as described earlier. As part of the
post-processing, a baseline of the time it takésrbearticles make it through the PToF region
needs to be determined. To do this we examineithal runs to find the time it takes before
aerosol signal is found, and the time at whichdtae no more particles being transmitted
through the AMS. Before particles make it throdigs PToF region, we are only measuring
gaseous species like @OFigure A-6 shows the PToF corrections dashboblere we select a
series of individual runs and high mas&such asn/z57, 43 or 44, and examine the time it
takes in the PToF chamber when we typically seeasiglin our dataset, particles traveled
through the PToF region in between 1000 and 450@qsistent with calibration values

performed in the field.

203



:alll_rev2d - IgorPro 6,224
Macros  Wfindows  Graph Misc  Help AMS

% DCMarker_gr b I = o

Step 0. Read the following if you need guidance. Step 2. Select a run with PToF data.
The application of PToF DC markers can happen in twa places: the Fun fumber 403700 (2] | PToF data existz TRUE
pre-process step, and the corections step. This graph aides the user

in visualizing the math that iz performed in either case. Black dots in the graph below 1epresent each FToF bir:
Parameters for this PToF wn are displaged below,
Region 1 should encompass a gas phase signal; region 2 should PToF 1z 0.00002 Min méz 19 # of PToF bins [61

reflect backaround signal [sizes bigger » largest transmitted particle]. PToF t step (5] [0.00070 Maxmiz [ 755
Hiztarically, default DC markers settings were: ta use PToF bin numbers,
region 1 stat =5 region 2 start = n-15 5 2 -
region 1 stop =15 region 2 stop =5 PToF méz | 57 % |Useregion 1 and 2 L
where iz the number of PToF bins.
These default zettings are identical to default settings of zero in all four
region start/stop variables. Region 1 only Channels
It uging PToF bin numbers as units, one can enter negative values in - -
region 2 start and stop variables, and they wil be treated as n-value Region 2 anly Channels | 14.15.16,17.18,20.28 29.32.24 4044,
[az in the default zetttings, region 2 start = n-15]

Step 3. Select a m/z value to view signal v= time of flight. o

Step 34. [Rarel] Edit list of region 1 and 2 anly m/z values. |E

Step 4. Choose DC markers [region 1 and 2 endpoints].
A better approach is to use ion time-of-fight iToF) units, nat bin numbers, V] Use PToF bin # az units - it unchecked, ps units areused =

W ThePTof settin_gs [and thus_the bin numbgr-to-iTDF c:onverswon]_ Riegion 1 stait | 500 Region 2 start | 4500 Cal
may change during an expetiment, but the instrument iesponse time to : et
air < small particles < large particles is more constant. Region 1 ¢top 1000 Region 2 stop | 5000 o
E
Step 1. Select either DAQ or pre-processed PToF sticks. | Aiccept DT values, piot Region 1 &2 | |W| [ab
4d @ DAD sticks ) pre-praceszed PToF sticks “ellaw shaded areas indicate DC marker regions s
0.18
016 — afL
w
3 0.14 H
= 2.3
w0124
=1
=
=010 tior
0.08 — aa
E 0.06 [B_I—
2
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 BOOO
y PToF bing iri time, ps
oo I R | ] A 3 1 Jes 1
Sl W —all m (1] S T E—— = P R— = T —

Figure A-6. PToF corrections dashboard. The plot is showing the amount of signal at m/z 57 by time in
PToF chamber (ps) for an example run 40370.

High resolution (HR) data were processed with tRECA” module provided by CU
Boulder and Aerodyne, version 1.10, following priees laid out in the HR data analysis guide

wiki (http://cires.colorado.edu/[imenez-group/wiki/ind@xp/High_Resolution_ToF-

AMS _Analysis_Guidg conceptually shown in Figure A-7. Via PIKA, imdiual unit mass

resolution (UMR) m/z can be deconvolved into iohkigher resolution, e.g., fromm/z43 to the
ions GH;" (mass 43.05478) anchid:0" (mass 43.01839), using a Gaussian fit for eachdAR
peak width and shape. Only ions upriz 100 were determined, since above this threshadd i
difficult to separate out ions within a given UMRzsince the number of ions per m/z is much
higher than fom/zless than 100. Since more than 95% of the orgagi@l is typically

included in ions less than/z 100, this has little effect on determining OM ¥R ions. In
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PIKA, m/z calibration and baseline from Squirrelreveised, and were well fit, as described
above. Next, peak width and shape were determiauilar to m/z calibration, the Gaussian

fits for selected calibration ions were generateddvelop a relationship between peak width and
m/z. CH, OH', H,O", GH', Nb', O,", Ar', SO, CH,", SO, and GHs™ gave the best fitting
statistics for peak width. The summary of thetitoss the entire dataset for V mode for a subset
of these calibration fragments is shown in Figur8.AThe time series was inspected to identify
any problematic runs, which may occur when usuadlgtigible peaks are abundant and
overwhelm the signal of neighboring ions, or unidst data acquisition mode (i.e., less than 1
minute), of which the latter is not applicable here runs were excluded with this inspection.
Figure A-8b shows a time series for the peak wigting one fitting fragment, O, for a subset

of the study. Next, peak shape was determined Wjihgnd CH. The goal is to use the fitting
ions to develop a smooth peak shape, which PIKAth&n use as the shape for all ion peaks.
Figure A-9 shows the peak shape using the fiviedtiragments, i.e., an overlay of each
fragments’ normalized peak shape. While the &igsslightly larger than the perfect Gaussian

fit, this is not unusual, and the tails are smowmttiicating a good shape.
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Figure A-7. Example process of identifying UMR m/z in Squirrel, and then breaking down each UMR
m/z into individual HR ions. From “Squirrel and Pika Analysis Comparison”, Donna Sueper, 2010 AMS

User’s Meeting; http://cires.colorado.edu/jimenez-

group/UsrMtgs/UsersMtg11/2010UsersMtgSquirrelPikaCompar.pdf.
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Figure A-9. Peak shape of fitting fragments (Ar’, CO,", O,", C,H", C") for V mode data.

Next, the ion fits for key m/z were examined visyébr a handful of samples, i.e., two
samples each day, for the difference between tea apd closed signals. The kajzincluded:
28, 32, 39, 43, 44, 55, 57, 60, 73, 80, 81, 90985though othem/zwere also examined. The
default list of fitting ions was used initially, thionly a few modifications. The default list
includes the typical HR ions found in the ambiamtisonment; adding additional ions may help
improve the fits of each series of peaks, but tlaekhktional ions may not actually be present in
detectable quantifies, so including them in thinfit is often not appropriate. Peak shape was
assessed by examining the left sidendé48 and 64, which do not have any ions to their lef
and by examining the right sidewiz41, which has no ion to the right. The peak shape
appeared to be a good fit for these three exanfpl®sof which are shown in Figure A-10). For

the keym/z the residual between the fit peaks and the sigrthle open-closed spectrum were
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examined, with the goal of +/- 5% for each fittezhk. Following recommendations of best
practices for HR analysis, a conservative appre@used, where an ion was included in the fit
only if the residuals were greatly improved byatiition. Organic nitrogen species often have
little or no signal, but their inclusion can impeokesiduals. Two examples showing the
improvement in fit when including these trace ians shown in Figures A-11 and A-12, farfz

59 and 72 when £EigN* and GH¢NO" are included and excluded, respectively. Theusioh of
these ions improves residuals, and visual inspecti@r multiple runs indicates this signal is

real, so these ions were included in the fits forums.

The fits over all runs and m/z were assessed bygxag the time series and mass
spectra of individual “families” of HR ions, e.damily CH are all ions with C and H, family
CHO are all ions with C, H and O, etc. Examplemaks spectra and time series are shown in
figures A-13 and A-14. The mass spectra by familgonsistent with what was seen with UMR
data, and shows a relatively high amount of far@ily, again consistent with less oxidized
aerosol at the monitoring site location duringwheter. In addition, the HR and UMR mass for
OM by sample was compared, in order to understiatie two methods were consistent. As
shown in Figure A-15, there was excellent agreerbhetween HR- and UMR-resolved OM.
Lastly, elemental ratios were calculated for OMngshe W mode data for samples where OM

was greater than 0.3 pgimnd the ratios specified in Aiken et al 2007 (Aileral., 2007).
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Figure A-13. Mass spectra by HR family for entire study; note y-axis differences for each graph,
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Appendix B
PAH Analyses
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PAH data were collected via three methods: 1) fleenHR-AMS, at 2-minute
resolution; 2) from the PAS instrument, at 5-mintgsolution, starting January 15, 2008; and 3)
from GC-MS analysis of extracts from quartz fibidefs collected at various times during
January 2008. Table B-1 summarizes these measaremeach method measures PAH in a
different manner. With the HR-AMS, total PAH amaulated based on work in Dzepina et al.,
2007, who used a number of PAH standards to degefoggmentation table for calculating
PAH, while comparing the mass spectra to NIST steshsl In the PAS, aerosol are exposed to
UV light, causing PAH on the aerosol surface totpamit electrons, which are translated into a
concentration based on manufacturer specificati@nsartz fiber filters were taken and analyzed
by GC-MS as described in Section 2.6 and elsew(@s®n et al., 2012).

In Mexico City, Dzepina et al. report a range ofesgnent between the three methods
used here. They report &nof 0.39 between PPAH and APAH, but better agre¢ietween
APAH and FPAH for specific PAH types, e.g, PAH witiolecular weight (MW) 226 + 228 had
an £=0.99, and for MW 276+278 afF0.80.

Here, we compare how PPAH, APAH, and individual FBA-ompare among each other
and with BC and AMS PMF factors. First, using toatinuous measurements for the period
between January f5and January 28 when PPAH and APAH measurements were both
available. PPAH had a similar pattern to B&Q:86), while APAH was more similar to OM
(r*=0.79). Figure B-1 shows a time series of thesasuiements, and scatter plots of the PAH
measurements versus BC and OM. As shown in FBtiethere is modest agreement between
PPAH and APAH measurement&0.49), which was better than in Mexico City (Dzepkt al.,
2007). Figure B-3 and Tables B-1 and B-2 showtscatots and correlations of these two PAH

measurements with AMS PMF factors as well as BC@Kd PPAH is extremely well
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correlated with BC, but not with other measurementsle APAH has a modest correlation
(r=0.62) with BBOA. Somewhat surprisingly, neiti®&H measurement has a good correlation
with HOA, despite PAH being from primary emissiossnilar to in concept what HOA
represents. While PPAH is tightly correlated vBi@, also a primary emission, PPAH appears

to be a good measurement of true primary emissasdenoted by BC, while APAH may have

some influence from secondary products.
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Figure B-1. (top) time series of hourly PPAH, APAH, BC, and OM concentrations, and (bottom)
PAH concentrations against OM and BC concentrations.
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Figure B-2 Scatter plot of hourly averaged PPAH and APAH measurements, colored by OM
concentrations.

Table B-1. Correlations (r) between hourly measurements of PMF factors (SV-OOA, HOA, BBOA, LV-
OO0A), OM, BC, APAH and PPAH during January 15 -28 2008; colors indicate high (red) to low (green)
correlations.

BC | PASPAH | AMS PAH

oM
BC -0.18 0.19 | 0.25 -0.29
PAS PAH -0.12 0.27 | 0.18 -0.37
AMS PAH -0.21 0.04 | 0.62 -0.38

Table B-2. Correlations (r) between hourly measurements of PMF factors (SV-OOA, HOA, BBOA, LV-
OOA), OM, BC, and APAH during January 6 -28 2008; colors indicate high (red) to low (green)
correlations.
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Figure B-3. Scatter plot matrix of hourly measurements of PMF factors (SV-OOA, HOA, BBOA, LV-
OOA), OM, BC, APAH and PPAH during January 15 -28 2008.

Next, measurements of PPAH, APAH and FPAH were @egpfor the intervals where
filters were analyzed. Individual PAH concentrasdy sample are shown in Table B-3 and
Olson et al., 2012. Of the 26 filter samples, &d both coincident PPAH and APAH

measurements, while an additional 9 filter sampbesk coincident APAH measurements.
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Neither PPAH nor APAH measurements compared weh thie sum of total measured FPAH or
of total measured hopanes, as shown in the sqd¢tematrix in Figure B-4 and correlation
matrix in Table B-4. APAH had a high correlatioittwchrysene (r=0.80) and modest
correlation with benzo(b)fluoranthene (r=0.69) d&athzo(e)pyrene (r=0.66). PPAH did not

have a correlation higher than 0.48 with any indiinal FPAH.

Lastly, APAH and PPAH measurements were comparéulesvoglucosan, to identify if
evenings with high wood smoke concentrations wise lsigh in PAH. Figure B-5 shows a
modest correlation between APAH and levoglucosamesa(f=0.38), with generally high
APAH values with higher levoglucosan. Driving tt@relation low are daytime periods when
APAH concentrations are relatively high but levagisan is not, plus one outlier nighttime point
when OM concentrations were very low (less thanug8r?). Without the 5 daytime points and
one outlier point, the correlation is much highé=.65). A modest relationship between
APAH and BBOA is also seen in Table B-2 and Figs#®, showing that biomass burning is a

source of PAH, but is not the main source, evethérevening.

Results indicate that PPAH measurements are moselglrelated to BC concentrations
than OM, APAH or specific FPAHSs, while APAH are s#dy related to chysene concentrations.
PAH measurements correlated modestly with hopamé$esroglucosan, indicating PAH are

from a mix of mobile, biomass burning and potehtiather urban sources.
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Table B-3. Concentrations of FPAH by sample (ng/ms), originally reported in Olson et al., 2012.

2 o ©
2 | £ 5
sampl s 5 2 2 g
Sample :mp N o S < 2 2 o = 4
day ours o 8 = 2 g g N g < T 8
(LST) & o g 2 g Z © © e [ 25 | 3 g & g
53 = S 2 5 ] ] ] S o gs | g 2 L <
£ g £ e > g g g g > ki ¢ S £ £
2 2 2 2 5 2 2 2 2 g £3 32 8 5 ®
5-Jan | 17000500 | 215 | 129 | 149 4.4 88| 124 6.7 7.8 7.1 5.4 8| 109 92 | 807 493
6-Jan | 0001100 | 20.1 | 218 | 118 102 49| 181 252 | 108 | 255 0| 133 69 | 259 | 1408 | 537
7-Jan | 1100-1700 | 339 | 204 | 233 | 37.4 85| 115 9.8 76 | 122 105 78 | 111 22 | 1186 | 776
8-Jan | 900-1100 | 779 | 482 | 547 63| 286 | 421 | 319 273 | 421| 323| 293 | 412 16 | 353.8 | 180.8
9-Jan | 1100-1700 | 19.4 | 13.9 | 132 | 406 | 109 | 133 | 114 85| 127 106 7.7 | 108 07 | 1272 | 465
10Jan | 1100-1700 | 175 | 133 | 113 | 594 | 118 | 133 | 101 85| 122 105 74 9.2 0 1424 421
11-Jan | 1100-1700 | 714 | 417 51| 574 208 | 228 126 15| 184 | 119 | 143 | 266 5| 2048 | 164.1
12-Jan | 1100-1700 | 171 | 127 | 115 | 70.8| 129 17 | 125| 107 | 143 | 108 94 | 151 09 | 1744 | 413
14-Jan | 1100-1700 | 384 | 237 | 269 | 652 98 | 109 9.7 73| 116 106 65 7 0| 1386 89
16-Jan 500-900 | 744 | 463 56 24 | 112 | 174 | 149 | 114 | 163 | 154 | 126 | 156 8 | 146.8 | 176.7
16Jan | 900-1100 | 223 | 244 | 146 | 148 49| 181 251 11| 261| 295 0 6.9 55| 1419 613
18-Jan | 900-1100 | 536 | 398 | 36.0 21| 144 263 | 279 164 | 303 0| 187 17 91| 1811 1295
19-Jan | 1100-1700 | 35.8 | 225 | 269 19| 273| 369 | 121 | 243 | 291 133 | 307 | 552 26 | 2739 | 852
20-Jan | 900-1100 | 549 36 | 387 | 276| 296 | 427 | 311 235| 363 309 0 257 14 | 2614 | 1296
20-Jan | 0500-0500 318 | 236 | 266 | 143 | 142 | 166 61| 104 9.3 38| 111 176 89 | 1123 82
21-Jan 500-900 | 72.6 | 284 | 538 | 289 | 239 291| 211 19| 256 17 | 213 339 | 142 | 234| 1548
21-Jan | 900-1100 | 334 | 299 | 217 | 207 11| 227 | 264 | 139 | 282 | 298| 158 13 59 | 1874 85
21-Jan | 0500-0500 494 | 274 419 286 | 318 35| 122 202 | 268 67 | 226 262 | 166 | 2267 | 1187
22-Jan | 1100-1700 22| 151 14| 591 7.9 9.7 9.1 62 | 103 | 102 0 4.6 0 1171 511
23-Jan | 900-1100 | 555 | 405 | 381 | 335 | 189 | 305 | 285 | 193 | 326 | 307 | 213 | 249 | 115 | 2517 | 1341
23-Jan | 1700-0500 | 351 | 20.3 28| 158 31| 372 | 138 | 235 222 82| 237 | 358 192 | 2304 | 834
24-Jan 500-900 | 542 | 334 | 372 | 252 | 193 | 243 17| 157 23| 165 | 172 | 273 | 107 | 1962 | 124.8
24-Jan | 900-1100 | 289 | 352 | 181 | 141 | 104 | 233 | 266 | 146 | 282 0 0 142 4.9 | 1363 | 822
25-Jan | 900-1100 73 | 458 | 475 | 237 | 173 | 279 | 284 181 | 308 | 312 | 196 | 20.6| 125 | 2301 | 1663
26-Jan | 900-1100 | 80.4 | 522 | 564 | 233 | 277 | 426 | 31.6| 262 | 377 | 313 | 302 | 342 | 183 | 3031 | 189
27-Jan | 9001100 | 323 | 265 20| 188 | 166 | 277 | 278| 165 | 315| 303 | 186 | 167 57 | 2102 | 788
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Table B-4. Correlation matrix of FPAHs, BC, OM, APAH, PPAH, and AMS PMF factors during the 26 sampling intervals with FPAH data; colors
indicate high (red) to low (green) correlations.
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SUM HOPANES
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Figure B-4. Scatter plot matrix of filter PAH measurements with APAH and PPAH.
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Figure B-5. Scatter plot of levoglucosan and APAH concentrations during day (triangles) and night
(circles), colored by OM concentrations.
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