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Abstract. We report the first hourly in-situ measurements of this analysis, we identify multiple types of primary and sec-
speciated organic aerosol (OA) composition in an urban enendary OA (POA and SOA). Secondary sources contribute
vironment. Field measurements were made in southern Calsubstantially to fine OA mass at Riverside, which commonly
ifornia at the University of California—Riverside during the receives regional air masses that pass through metropolitan
2005 Study of Organic Aerosol at Riverside (SOAR), which Los Angeles during the summer. Four individual summer-
included two separate measurement periods: a summer studyme SOA components are defined, and when combined, they
(15 July—15 August) and a fall study (31 October—28 Novem-are estimated to contribute an average 88% of the total fine
ber). Hourly measurements of over 300 semivolatile andOA mass during summer afternoons according to PMF re-
nonvolatile organic compounds were made using the thersults. These sources appear to be mostly from the oxidation
mal desorption aerosol gas chromatograph (TAG). Positiveof anthropogenic precursor gases, with one SOA component
matrix factorization (PMF) was performed on a subset of having contributions from oxygenated biogenics. During the
these compounds to identify major components contributingfall, three out of four aerosol components that contain SOA
to submicron (i.e., Pi) OA at the site, as measured by an are inseparable from covarying primary emissions, and there-
aerosol mass spectrometer (AMS). PMF analysis was perfore we cannot estimate the fraction of total OA that is sec-
formed on an 11-day focus period in each season, repreendary in nature during the fall study. Identified primary
senting average seasonal conditions during the summer andA components are attributed to vehicle emissions, food
a period of urban influence during the fall. As a result of cooking, primary biogenics, and biomass burning aerosol.
While a distinction between local and regional vehicle emis-
sions is made, a combination of these two factors accounted
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~10% of submicron OA mass during the summer, but wassults of five methods to estimate the SOA/OA fraction and
not separable from SOA during the fall due to high covari- diurnal cycle during SOAR-1, and all methods consistently
ance of sources. Biomass burning aerosol contributed gointed towards the dominance of SOA with a contribution
larger fraction of fine OA mass during the faf{1%) than  of about 70-95% during the afternoons and 45—-70% during
compared to summer{7/%). Primary biogenic aerosol was the early morning. These results contrast strongly with previ-
also identified during the summer, contributind.% of the  ous studies carried out in Riverside and nearby locations, as
OA, but not during the fall. While the contribution of both lo- well as modeling studies, which have consistently reported
cal and regional primary vehicle OA accounts for orl¥1% SOA/OA <50% during the summer (with the exception of
of total OA during both seasons, gas-phase vehicle emissionsevere photochemical episodes with:0200 ppb which did
likely create a substantial fraction of the observed SOA as anot apply during SOAR-1) (e.g., Appel et al., 1979; Pandis
result of atmospheric processing. et al., 1992; Turpin and Huntzicker, 1995). This discrep-
ancy is likely due to problems in the methods applied to ob-
tain previous estimates (EC tracer method and SOA model-
ing in particular) and potentially changes in the fraction of
1 Introduction SOA in the South Coast Air Basin due to a larger decrease
in POA emissions compared to SOA precursor emissions,
The Study of Organic Aerosol at Riverside (SOAR) was con-as discussed by Docherty et al. (2008). A combination of
ducted to gain a better understanding of the sources antfAG and AMS measurements helps assemble a more com-
processes responsible for the formation of organic aerosoplete picture of how OA is formed within the South Coast
(OA) (Docherty and Jimenez, 2005). Sampling during Air Basin and the transformations it undergoes in the atmo-
SOAR was conducted during the summer (SOAR-1) andsphere. To help understand how OA is formed and modi-
fall (SOAR-2) of 2005 on the campus of the University of fied, the various components of OA must first be identified
California—Riverside. All analyses performed throughout based on distinct physical and chemical characteristics. The
this manuscript use data taken during defined seasonal fdfocus of this paper is to determine major components of am-
cus periods of 29 July—8 August (summer) and 4 November-bient OA in Riverside, CA using information provided by
14 November (fall). Riverside is located within the South several novel measurement techniques. This information is
Coast Air Basin which is currently out of compliance with then used to infer major sources of OA that likely contribute
state and federal air quality standards for atmospheric partito the impact of aerosols on human health effects, changes
cles with diameters below 2.5 um (EPA, 2009; CARB, 2009), in the hydrological cycle, and changes in the global radiation
which have detrimental affects on human health (Dockery etalance.
al., 1993; Schwartz et al., 1996; Jang et al., 2006; Pope et al.,
2009) and cause changes to Earth’s radiation balance (IPCC,
2007) and hydrological cycle (Kanakidou et al., 2005; Ra-2 Methods
manathan et al., 2001). OA is a major constituent of airborne
particles globally, comprising 20-90% of fine particle mass2.1 Field site
in many regions (Murphy et al., 2006; Zhang et al., 2007) and
is either directly emitted into the atmosphere in the particle-The SOAR field site was located in Riverside, CA
phase (“primary” OA, POA) or formed from gas-to-particle (33°5818’N, 1171917"W) on the University of
conversion processes (“secondary” OA, SOA). The chemi-California—Riverside campus, which is approximately
cal composition of OA is complex with hundreds of organic 80 km to the east-southeast of downtown Los Angeles,
compounds having been identified through chromatographyCA, and 0.6 km east of interstate 215. Interstate highway
and mass spectrometry techniques, even though the majo15 carries an annual average of 173000 vehicles per day
ity of the OA mass is typically not analyzable by direct spe- through Riverside, CA as reported in 2002 (Caltrans, 2007)
ciation techniques. This complexity presents a challenge taepresenting a local source of primary emissions.
the full characterization of organic particles and their sources Riverside is contained within the eastern edge of the
and processing. greater South Coast Air Basin. Airborne pollutants are easily
A wide range of aerosol instrumentation was used totrapped within the basin by the surrounding Santa Susanna,
gather complementary information on the physical andSanta Monica, San Gabriel, and San Bernardino Mountains
chemical properties of aerosols arriving at the SOAR fieldto the north, the Santa Ana Mountains to the south, and the
site, including the thermal desorption aerosol gas chro-San Jacinto Mountains to the east. The population of the en-
matograph (TAG) which provides information regarding the tire Los Angeles metropolitan area (i.e., Los Angeles County,
molecular composition of OA (Williams et al., 2006) and will Orange County, Ventura County, San Bernardino County,
be the main focus of this paper. Additionally, an aerosoland Riverside County) in 2006 was estimated at 17.8 mil-
mass spectrometer (AMS) is used to obtain total OA masdion people (US Census Bureau, 2008). The South Coast
concentrations. Docherty et al. (2008) have compared the reAir Basin is home to many industries and has high land,
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Fig. 1. View of the ground-based field site at Riverside, CA

(33°58'18"N, 117°19'17"W). Shown are anthropogenic RM-  Fig. 2. Hourly average daytime and nighttime winds, measured at
PRI emissions in short tons/oz_one season dz_iy/grld cell, plotted OfrAG inlet height (i.e., 7m), for SOAR focus periods, separated by
a 4-km Lambert-Conformal grid. This emission map was createdsymmer (29 July—8 August) and fall (4 November—14 November)

using the NOAA-NESDIS/OAR Emission Inventory Mapviewer 2005, Concentric rings represent frequency of observations.
found at: Gttp://map.ngdc.noaa.gov/website/al/emissions/viewer.

htm), maintained by Gregory Frost, NOAA.

PMy aerosol components (NR-RM(DeCarlo et al., 2006;
Canagaratna et al., 2007; Docherty et al., 2008; Cubison et

sea, and air traffic, and therefore serves as a major aerosg| 2008), an in-situ gas-phase preconcentration GC-MSD-
emission region (Fig. 1). The basin is large enough to retaing|p for volatile organic compound (VOC) and oxygenated
much of the primary aerosols throughout the day, allowingyglatile organic compound (OVOC) concentrations (Millet
enough time for those particles to undergo photochemical regt g1., 2006: Gentner et al., 2009), and an aerosol time-of-
actions in the atmosphere, as well as photooxidize primarmight mass spectrometer (ATOFMS), which produces de-
gas-phase emissions, creating lower volatility reaction prod+ajled mass spectra of individual particles, detecting frag-
ucts that partition into the particle phase forming secondaryments from organic carbon, elemental carbon, sulfate, ni-
aerosol (inorganic and organic). trate, metals, chloride, ammonium, and additional species

The typical daytime wind direction is from west to east (Noble and Prather, 1996; Shields et al., 2008). Other
(Fig. 2), carrying pollutant emissions from Los Angeles to supporting measurements include: carbon monoxide (CO)
Riverside, and creating a significant amount of regional secimeasured by nondispersive infrared absorption (TEI, model
ondary aerosol in transit. Average nighttime winds typi- 48C), CQ and HO by infrared absorption (Li-Cor Inc.,
cally came from the south or southeast at low wind speedsnodel LI-6262), ozone measured using a UV photometric
(Fig. 2). Located directly to the southeast of the study siteO3 analyzer (Dasibi Inc., model 1008-RS), total particulate
is a large botanical garden, and to the south and southwestrganic carbon (OC) and total elemental carbon (EC) mea-
is a wide range of test crop groves, potentially resulting insured using an OCEC monitor (Sunset Labs) (Snyder et al.,
biogenic contributions to the measurements reported here2007), photosynthetically active radiation (PAR) measured
which are probably enhanced at night due to reduced diluwith a quantum sensor (Li-Cor Inc., model LI-190SZ) which
tion. Exceptions to this typical diurnal wind pattern were will be referred to as “visible light” throughout, wind speed
observed during the fall, when high pressure systems arrivednd direction by propeller wind monitor (R. M. Young Co.),
from the north, forcing dry desert air to move from the eastand temperature and relative humidity were monitored on an
back to the west. These wind patterns are known as th&H&T probe (Campbell Scientific Inc., model HMP45C). A
“Santa Ana” winds. list of abbreviations used in this paper is provided in Table 1.

A wide range of meteorological, radiation, trace gas and
aerosol measurements were made during the SOAR can®.2 TAG instrument calibration
paign, but only instrumentation used to generate conclusions
contained within this paper will be described here. The ma-Details on TAG operation are provided by Williams et
jority of data presented here is hourly in-situ speciated or-al. (2006). Briefly described, particles are collected by hu-
ganic aerosol composition measured using the TAG systemmidification followed by inertial impaction and subsequent
described by Williams et al. (2006, 2007). Other relevantthermal desorption into a gas chromatograph — mass spec-
instrumentation included an Aerodyne high-resolution time-trometer. A separation between gas and particle phase col-
of-flight aerosol mass spectrometer (HR-ToF-AMS, here-lection is determined through periodic filtration of the parti-
inafter “AMS” for short) which measures non-refractory cle phase. Details on TAG calibration as performed during
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Table 1. List of Abbreviations used in this Manuscript.

AMS Aerosol Mass Spectrometer TAG-PMF Components:

ATOFMS Aerosol Time-Of-Flight Mass Spectrometer

BAM Beta Attenuation Monitor SOAl Secondary Organic Aerosol (SOA) type 1
BC Black Carbon SOA2 SOA type 2

CMB Chemical Mass Balance SOA3 SOA type 3

CTD Collection and Thermal Desorption SOA4+SV SOA type 4 + Semivolatiles

Cwax Excess Odd Carbon from C25-C31 Alkanes RPA Regional Primary Anthropogenic
EC Elemental Carbon Lv Local Vehicle

FID Flame lonization Detector FC Food Cooking

GC Gas Chromatography BB Biomass Burning

HR-ToF-AMS  High Resolution Time-of-Flight AMS Bio Biogenic (Primary)

IP Instrument Precision SOA+FC1 SOA +Food Cooking type 1

MSD Mass Selectivity Detector SOA+FC2 SOA + Food Cooking type 2

MV Missing Value

Mw Molecular Weight ATOFMS - Single Particle Types:

m/z Mass to Charge ratio

nonvol-57 Total low volatilitym/z57 signal AgedOC1 Aged organics without sulfate type 1
OA Organic Aerosol AgedOCSO4 Aged organics containing sulfate
ocC Organic Carbon AgedOC2 Aged organics without sulfate type 2
OM Organic Matter ECOCSO4 Organics with elemental carbon and sulfate
OOA Oxygenated Organic Aerosol ECOC Organics containing elemental carbon
OOA/OA Fraction of total OA that is OOA EC Elemental carbon alone

ovocC Oxygenated VOC Amine Amine-rich particles

Ox Odd Oxygen \% Vanadium-rich particles

ox-nonvol-43  Total low volatilitym/z43 signal (oxygenated fragment only) Biomass Biomass particles rich in potassium
AgedSS Aged sea salt particles

PAH Polycyclic Aromatic Hydrocarbon Dust Dust particles

PAR Photosynthetically Active Radiation NH4NO3 Ammonium nitrate-rich particles
PM1 Particulate Matter w/diametersl um

PMF Positive Matrix Factorization

POA Primary Organic Aerosol

PST Pacific Standard Time (=UTC —8h)

0 Minimized sum of squares from PMF analysis

Qexp Expected minimized sum of squares from PMF analysis

sij Uncertainty in concentration of compouridat houri

SOA Secondary Organic Aerosol

SOA/OA Fraction of total OA that is SOA

SOAR Study of Organic Aerosol at Riverside

TAG Thermal desorption Aerosol Gas Chromatograph

UCM Unresolved Complex Mixture

VOC Volatile Organic Compound

Xij Concentration of compoungat houri

SOAR are reported in Kreisberg et al. (2009). A brief de- performed. Of these, approximately one-half were of the
scription is provided here. Liquid standards are manuallytracking standard and the remainder spread across the other
injected with a 5L syringe directly into the collection and standard sets. In total, over 200 organic compounds of vary-
thermal desorption (CTD) cell via a septum port. After in- ing functional groups and varying polarities were calibrated
jection, the standard is thermally desorbed and analyzed iffior in the 11 mixes. Each standard set was introduced at var-
an identical manner to an ambient sample. ious concentrations to obtain a detector response curve.

There were 11 authentic standard mixtures analyzed dur- Over the course of seasonal focus periods the average de-
ing SOAR, ten of which were auxiliary standards run on antector response drifted by approximateii8% during the
infrequent basis, and one of which was a daily-run trackingsummer study and-17% during the fall study (see Sup-
standard, which consisted of a full spectrum of compoundplement, Table S1). This drift is likely due to detector
polarity and molecular size. This tracking standard was usedlrift (e.g., natural decay of the electron multiplier detector
to determine detector response drift. For the summer (fall)with use, voltage drifts, cleanliness of source affecting elec-
field study a total of 58 (64) distinct standard injections weretric fields) and partially due to GC column condition. The
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MSD drift appears to vary by compound (Table S1), which tions have been completed using single ion abundances on
is likely more a function of column condition than detec- the MSD. With a goal of minimizing data uncertainty, drift-
tor drift. The most accurate drift evaluation would be basedcorrected relative response timelines have been used as the
on a compound-by-compound drift quantification. Unfortu- input parameters for PMF analysis.
nately, the data needed to implement such an approach is not
available for this study. In fact, a number of issues with the2.3.1 Compound identification
calibration method used during SOAR have been realized
through the data analysis and subsequent experiments, arfehromatograms obtained in Riverside, CA consist of the
hence a new automated calibration system for the TAG sysmost complex matrix of organic compounds seen by the TAG
tem is under development (and was first deployed on TAGINstrument to date. Figure 3 displays a typical morning rush
systems during the CalNex 2010 study). With the auto-hour chromatogram as well as a typical mid-afternoon chro-
mated calibration system, we are able to achieve injections ofnatogram. While both types are composed of resolved com-
deuterated internal standards onto every single ambient sanounds and an unresolved complex mixture (UCM), clear
p|e_ This stands to be the most accurate way of determinin@trUCturm differences are observed between the two periods.
drift, as it captures transfer effects from the ambient matrix,Many compounds have been identified using mass spectral
which are missed using an external standard. and retention time matches with authentic standards. Other
With regard to the SOAR study discussed in this paper, itfesolved compounds have been matched to compounds found
is estimated that biases from infrequent external injectiondn the Palisade Complete Mass Spectral Database (600 K edi-
will be larger than biases introduced by assuming a constanfion. Palisade Mass Spectrometry, Ithaca, NY). There is a
detector drift across all compounds. To avoid increasing unhigh level of compound coelution from the GC column, re-
certainty for PMF input data, we make the assumption thaSulting in difficult-to-identify overlapping compounds. By
detector response drift is constant for all compounds, andP@ying particular attention to background mass spectral sub-
apply a correction for the average detector drift across thdractions, it is possible to separate overlapping compounds
seasonal focus periods for all compounds. A sensitivity testf they display differing mass spectral patterns. By taking
using zero detector drift derived the same source apportionadvantage of these differences, we have identified approxi-
ment results as those derived using seasonal-average detecf§@tely 300 individual organic compounds present in ambi-
drifts (Fig. S1). ent Riverside air as measured by the TAG system. A com-
It can be envisioned that if a strong drift which has not Plete compound listis provided in Table S2. Uncertainty in
been largely accounted for by our applied average deteccompound identification generally increases with additional
tor drift does exist across entire classes of compounds (af!nctional groups, with the exception of compounds present
would be expected for column-influenced drifts), then a sepn our chemical standard inventory, which have bold labels
arate PMF factor could arise that is purely influenced by thisn Table S2.
drift. Since we do not observe any PMF factors that would A parameter used to estimate contributions to n-alkane
only be influenced by systematic variations in a specific com-mass from plant waxes has been included at the bottom of
pound class, then it is possible that while systematic drifts dofable S2. These waxes display an odd-carbon preference,
exist, they are not strong enough to significantly influence@nd can be quantified as:
the output. Future studies using PMF analysis with TAG

35
compounds as input parameters will be able to specificallycwaxz Z [Cn _ (Cn—1+Cn+l)] 1)
account for any existing systematic variations through im- o 2 ’

proved calibration methods.
To note, all error and uncertainty estimates throughout this  » = odd integers only

manuscript are reported as standard deviation values. _ o
whereC is the n-alkane concentration,is the number of

2.3 Data reduction and analysis carbons in the n-alkane, aityax is the overall contribution

to n-alkane mass from plant waxes. This estimate is derived
Methods for mass spectral identification, chromatogram in-from previous work (Simoneit, 1984).
tegrations, and subsequent data processing are described inAlso included in this list are parameters serving as a rough
Williams et al. (2007). Particle source apportionment wasestimate of total low volatility POA and SOA eluting through
performed using positive matrix factorization (PMF) to sep- the GC system, represented by the comnmofz 57 ion
arate TAG marker organic compounds into time-covarying(C4Hg) for POA andm/z43 ion (GH30™) for SOA, which
groups that represent multiple independent sources or tran$xas been corrected for primary contributionsl(t.’;). These
formation processes of aerosols arriving at the study siteparameters represent the sum of all resolved and unresolved
PMF was applied using the Igor-based PMF Evaluation Panein/z 57 andm/z 43 ion abundances between the retention
v2.02 (Ulbrich et al., 2009). Bootstrapping of the final solu- times of 40-59 min. This retention time window contains
tion was performed using EPA PMF 1.1. Compound integra-the least volatile compounds observed by TAG, and these
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1?88888 Total lon Count morning As an example of 'Fhe differences observed amongst T_AG
1000000 Total lon Gount afternoon compouqu, F|g. 4 displays Fhe summer (SOAR-1) timeline
S gggggg of phthalic acid (a SOA species) and 28-noB{H)-hopane
§7ooooo (a POA species), plotted on a normalized scale. Here, 28-
égggggg nor-178(H)-hopane is elevated during the morning hours,
< 400000 and decreases in the afternoon. Conversely, phthalic acid is
2 Jo0000 A W wmw low in the morning and increases in the afternoon. This is

1oooogw o AN the type of difference that will force multiple components in
20 25 30 35 40 45 50 a PMF analysis.

Retention Time (min)

: . : . 2.4 Positive matrix factorization
Fig. 3. Comparison of typical TAG chromatograms during SOAR.
GC compound retention time (in minutes) is displayed on the x-

axis, with total ion abundance on the y-axis. The dark-shaded grey
cience community to separate ambient particulate matter
chromatogram (highest abundance) is representative of a typica

morning sample (with lots of nonvolatile organic material appear- into relatively few covarying groups of species (Xie et al.,
ing >40min). The medium-shaded grey chromatogram is repre-1999; Kim et al., 2003; Maykut et al., 2003). Until recently,
sentative of a typical afternoon sample (with additional oxygenatedPMF analysis on atmospheric aerosols has mainly used trace
compounds appearing30 min). The light-shaded chromatogram €lements, OC/EC, and inorganic ions as input. Recently,
is representative of a typical zero air sample. PMF analysis of high time resolution AMS OA mass spec-
tra has been used to determine major components of atmo-
spheric OA (Zhang et al., 2005, 2007; Ulbrich et al., 2009;
parameters will hence be referred to as “nonvol-57" and “ox-Docherty et al., 2008). In these studies, several OA com-
nonvol-43”. Here it is assumed that afl/z57 is from the  ponents are separated, including hydrocarbon-like OA, low
primary fragment GHg', and nom/z57 comes from the oxy-  volatility oxygenated OA, semivolatile oxygenated OA, and
genated (likely secondary) fragmengt@O*. The validity  biomass burning POA (Ulbrich et al., 2009; Lanz et al., 2008;
of this assumption will be tested later in the paper based omimenez et al., 2009). Additional chemical separation would
the m/z57 correlation with various primary and secondary pe necessary to identify other specific OA sources.
factors. The total signal ah/z57 from the AMS shows an Organic marker Compounds have not typ|Ca||y been used
important contribution of gHsO™, varying between 25% in  in PMF analyses, since PMF requires a significant timeline
the morning and 45% in the afternoon (Mohr et al., 2008). of observations, which poses significant challenges and is la-
However, the TAG tends to favor more reduced species dugor intensive when acquiring organic molecular marker ob-
to the use of a non-polar column, so these fractions shoul@&ervations from quartz filters. One recent study on organic

PMF has been widely utilized in the atmospheric aerosol

be lower in the TAG data. marker compounds, measured from quartz filters, performed

The oxygenated portion @h/z43 is estimated as: a PMF analysis, but it required 2 years to collect the 120
59min samples used in the analysis (Jaeckels et al., 2007), another
ox.nonvol43— Z m/z 43 ) study performed PMF analysis using 99 samples over a 1
=20 year period (Shrivastava et al., 2007), and yet another study

43 59min used 932 samples over a 3 year period (Ke et al., 2008). Over
_ (m/Z ) x> mjz57 an 11-day focus period, the TAG system collected 164 am-
m/z57) cos-ca1 /=36

bient air samples, providing a sufficient timeline to be used
where the ratio ofn/z43 tom/z57 as observed in4g through in the PMF analygls. Here, we report PMF anal_yS|s for two
; L of these focus periods, one in summer and one in fall, to ex-
Cs1 alkanes (0.61) is multiplied by nonvol-57, and subtracted ; : . -
: . . plore seasonal differences in organic aerosol composition. It
from the totalm/z 43 in order to eliminate the portion of
m/z43 originating from primary hydrocarbonsiﬁ;r). The

is important to note that we are performing the first PMF
alkanes chosen fan/z43 tom/z57 ratios are those present source apportionment analysis based on molecular markers
within the corresponding retention time window, and the ion

of total fine-mode organic aerosol mass (OA) as measured
ratio is determined through calibrations with authentic stan-by the AMS, as oppo_sed to previously pubh;hed source ap-
. . . portionment of organic carbon (OC) as typically measured
dards. The resolved portion of/z57 andm/z43 is typi- :
: . . by OCEC analyzer (Sunset Labs), or source apportionment
cally around 30% of the totah/z57 andm/z43 ion signal in ;
of black carbon (BC) (Lambe et al., 2009a). Joint PMF of
each chromatogram, meaning the unresolved complex mIXthe organic molecular markers from TAG and the AMS high-
ture (UCM) makes up a large fraction of the total signal. The 9 9
parameters described above (i.e., nonvol-57 and ox-nonvol-

resolution spectra is of high interest but it is outside the scope
of this work.

43) are a first step towards utilizing the wealth of information

contained in TAG’s UCM signal.
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1.0 PMF minimizes the sum of squares of error-weighted
008 model-measurement deviations. This sum is referred to as
g 06 the Q value. Q is derived in the robust mode, meaning
§ 0.4 that outlying values have been reduced to prevent their influ-

22 ence on the fitting of contributions and profilg3-expected

(Qexp) Is calculated as:
Qexp= (i x j)—px(i+]) (4)

where j is the number of input parametersjs the num-
ber of hourly samples, angd is the number of factors ob-
tained. If the model is appropriate for the input data and the

7/29/2005
7/30/2005
7/31/2005
8/01/2005
8/02/2005
8/03/2005
8/04/2005
8/05/2005
8/06/2005
8/07/2005
8/08/2005
8/09/2005

Fig. 4. Comparison of a POA species (28-norg{A)-hopane,
in black) and a SOA species (phthalic acid, in grey) as mea-

sured by TAG during SOAR-1. Normalized abundance timelines rrors have been estimated properly, th@rshould be ap-
are shown since maximum phthalic acid mass concentrations ar§ Property, P

much higher than 28-nor-B{H)-hopane concentrations. Only the Proximately equal texp. The model has serious problems
particle-phase fraction is shown for each compound. if these Q values differ by an order of magnitude or greater

(EPA PMF 1.1 User’'s Guide), although as this comparison
A complete description of PMF can be found in is only a guideline and not a rule, uncertainties should not

Paatero (1997) and Ulbrich (2009). Profiles are weighted®® Manipulated in order to creaf®/ Qexp= 1. The solution

based on data uncertainty. Here we have defined TAG dat§PaCe can aiso be explored by varying fpeak (a tool used to

uncertainty using a combination of techniques. First, Weexplore rotations of the solutions of a giyen number of fac-
define instrument precision (IP) for each compound basedors) and seeds (a tool used to choose different random starts

on a method developed by NASA researchers (Parker an&rinitigl values for the PMF algorithm) (Ulbrich et al., 2009),
Chen, 2008). By finding the peak value (i.e., mode) of and will be performed here.

the histogram of the standard deviation in consecutive data EF,)A Pll\/]!F 1.1 offers ‘;’1‘ bootstrappmg tool comb!neq with al
points, one can estimate a separation between instrumenptational freedom method to estimate uncertainties in mode

results. The results of this test inform the operator of the ro-

ues> mode) for each compound. We then incorporate this |Pbustness of the specific factor profiles defined by the origi-

and an additional percentage of known uncertainty to defind'@! Pase case model by comparing these profiles to the pro-
a total measurement uncertainty: files defined in a series of additional runs (bootstraps). Here,

we use 300 bootstraps, all with random starting points, and

noise (i.e. values mode) and real signal variations (i.e. val-

sij=2xIP,if x;; <IP (3a) match only profiles with correlation®) greater than 0.6. A
_ bootstrapping technique is currently being developed for the
8ij = \/(percentagex xij)2+(P)2, if x;; > IP, (3b)  Igor-based PMF Evaluation Panel, but was not completed be-

fore the analysis performed for this paper.

Only the particle-phase portion of TAG compounds (i.e.,
dgas-phase subtracted) has been included in the PMF anal
pyses. Since fewer filtered ambient (i.e., gas-phase) sam-
aples were taken than ambient (i.e., gas + particle) samples,
gas-phase variability is missed when interpolating the gas-
et al., 2006, 2007; Kreisberg et al., 2009) was applied inphase timeline onto the ambient timeline. However, time
E (.(’%b) H’ere We’ are accogntin .f’or the known 'IF')EG un- resolution is lost by interpolating the ambient timeline onto

9. (20). 9 L the gas-phase timeline. As a solution, we have interpolated
certainty based on the observed reproducibility (10% uncer- . . L .

. . L . the gas-phase timeline onto the ambient timeline, keeping
tainty) as determined in this study by Kreisberg et al. (2009) ) . . .

i ‘ . - ‘the higher time resolution, and have only included com-
and as has been observed in previous studies by Williams . . : .
ounds in PMF analysis that meet the following require-

et al. (2006, 2007), and derived instrument precision (usin% : !
. ents: compounds must on averaget#b% in the particle
NASA method (Parker and Chen, 2008)). Reproducibility hase (a value determined through a PMF sensitivity anal-

accounts for uncertainty in sample transfer, detection, an sis, wherein PMF solutions were stabilized by eliminatin
the operator’s ability to reproducibly integrate the final com- ysis, : . Y ng
compounds that were dominantly in the gas-phase), to elimi-

pound signal during the data analysis. The NASA method . ,
; P : o nate very large gas-phase subtractions, and each compound’s
is used to distinguish whether signal variations are large " S ) .
. S : " particle-phase timeline must have a correlatiof.7 with
enough to be considered a real change in signal or if the sig: . . SRR
o . ~its ambient (gas + particle) timeline, indicating that most of
nal variations are so small that they should be considered in; T .
; . the variability is conserved after subtracting the gas-phase
strument noise. The total uncertainty for each compound as

determined here (i.es;/) is thought to err on the side of a portion. TAG compounds failing to meet this criteria have
high uncertainty es.tirr;fa\te been eliminated from our PMF analysis.

wheres;; andx;; are respectively the total uncertainty and
concentration in thej-th species during thé-th hour of

study. A similar weighting of uncertainty based on observe
concentrations is used in other versions of PMF (EPA PM
1.1 User’s Guide). For the PMF results reported here,
known 10% uncertainty for all input parameters (Williams

www.atmos-chem-phys.net/10/11577/2010/ Atmos. Chem. Phys., 10, 11'B5023-2010
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These criteria have been set to minimize artificial influence The AMS data contained several gaps within the fall focus
on particle-phase variations due to large gas-phase subtraperiod. To obtain total PMOA mass concentrations dur-
tions. Additionally, in this study, we are interested specif- ing these periods, AMS PMOA was estimated using cor-
ically in particle sources, not general pollutant sources. Inrelations between the AMS and a California Air Resources
our tests, we observed that the inclusion of the particle-phas8oard beta attenuation monitor (BAM, measuring £\
fraction of dominantly gas-phase species propagated to addat the Rubidoux monitoring station located approximately
tional noise and even false factors in the PMF results. Thisl0 km northwest of the SOAR site. Throughout the fall sam-
is due to near-zero particle-phase signals that look more likepling period, a strong correlation between BAM Pdland
noise than real signal (e.g., see alkane example in Fig. S2AMS PM; OA was observed-€ = 0.70, slope =0.19). AMS
By testing dozens of different cutoff criteria, the previous PM; OA was estimated using a combination of technigues.
values &35% particle-phase, correlatiorD.7 w/total signal ~ For consecutive missing data points, BAM concentrations
variability) were found to distinguish the point where a com- were scaled down based on the relationship between BAM
pound’s particle-phase signal could be viewed as real signahnd AMS OA (Eq. 5a). To improve fits for single missing
as opposed to a noisy remainder from a large subtraction. data points, OA was estimated by multiplying the BAM mea-

The sum of the concentrations of all the species measuredurements to the product of the slope obtained from compar-
by the TAG are estimated to be less than 20% of the AMSing the total mass measurements and the average OA contri-
OA concentration on average. In a recent filter-based chembution to AMS total PM measured before and after the gaps
ical mass balance (CMB) analysis performed during SOAR,(Eq. 5b). The following equations are used to complete the
less than 5% (0.5%) of the OA mass was captured by thdall OA timeline:
measured tracers (tracers used in CMB analysis) (Dochert .
et al., 2008). Thus rather than assigning OA mass to eacﬁMlOA: (m-PMgs) +b, for > 1 missing valugMV) (5a)
factor as the sum of the species concentrations, the OA mass

is taken as that assigned to each component through a multi-

PM; PM10Abefore
len nent Funon— s (VL ).([(PUiOwie)
variate fit of PMF factors to total OA. This is different from PMy s PM before (5b)

traditional CMB analysis where the OC/tracer ratios are part PMOA
of the source profile information used in the analysis. This ( 1 aﬂer)} 72), for 1 MV
method of apportioning OA mass to the PMF components

is a key uncertainty of the current approach, as effectively,,ere PM s is BAM measurements, PMs total AMS sig-
the time-series of OA is being projected in to the time-series; 5| PM, OA is OA measured by AM’S Before and “after’
of the individual factors defined by the TAG, and the prob- refer 1o AMS data points on either side of missing data point.

lem is underdetermined. To estimate the sensitivity of theTne correlation between BAM PM and AMS PM OA is
multivariate fit to minor random changes in OA concentra- slightly improved ¢2 = 0.74) by ekcluding data points that
tions, we introduce noise to total OA and fit our factors to the 5o greater than or less than one standard deviation from the

new _OA valu_es. For each season, we performed 10 diﬁ?r‘mean of their ratio (BAM PMs/AMS PM; OA), which acts
ent fits to adjusted OA values using Gaussian random noisg, fjjter out local events that do not impact the other site.

of 0.1ug 73+ 10% sqrt(OA). The noise introduced in the p;g relationship is used for values=0.19) and»(0.93) in

OA concentration for this procedure represents the precisiorEq. (5a), and can be seen in Supplement (Fig. S3). The re-
of the AMS OA measurement, which is estimated as & min-g|ing complete timeline for PMOA during SOAR-2 is also
imum value at low concentrations (0.1ug plus addi- displayed in Supplement (Fig. S4). Original AMS measure-

tional noise which is proportional to the square root of the ments account for 55% of the reconstructed timeline, 40% of
OA concentration (Drewnick et al., 2009). Fitting errors are na timeline is derived by Eq. (5a), and 5% from Eq. (5b).
incorporated in the final estimates of PMF factor’s contribu-

tions to OA mass concentrations, in combination with prop-2.4.1  |dentification of OA components
agated TAG and AMS measurement errors.

Since the AMS measures RMand the TAG measures PMF analyses were performed on 124 TAG compounds for
PMj 5, the assumption must be made that the organics obthe summer period and 141 TAG compounds for the fall pe-
served by the TAG system are dominantly in the P8ike  riod (Table S2), along witl€yax (SUmmer only), nonvol-57,
range, and that much of the aerosol mass in the 1.0-1.5 prand ox-nonvol-43, over the focus periods of 29 July—8 Au-
is either inorganic or consistent with RMpeciation. There gust, and 4 November—14 November. Conditions during the
is evidence from size-resolved ATOFMS measurements tasummer focus period were representative of those during the
suggest that the major sources to aerosol mass in the supezemplete campaign with respect to seasonal meteorological
micron range are Sea Salt and Dust particles, both high irtrends (e.g., wind speed, wind direction), and atmospheric
inorganic mass. composition (e.g., odd oxygen £ carbon monoxide (CO),

AMS PM; OA) as observed over the entire summer study
(Fig. 5a). Also the summer campaign was representative

PMz1after
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| Summer Focus Period | emental carbon alone (EC), amines (Amine), aged sea salt
25 2000 150 . . . .
=2 o0 particles (AgedSS), dust particles (Dust), vanadium-rich par-
515 o0 & '™ B ticles (V), biomass particles rich in potassium (Biomass), and
g 10 50 Of 50 8 particles rich in ammonium nitrate (NH4NO3).
5
0 0 0 We label OA components (factors) based on matches of
g g g g 8 8 g TAG compounds, measured VOCs, and other gas-phase com-
S SRS - 3 s pounds to known source profiles, mass concentrations of ma-
Fall Foous Period | _ Santa Ana Winds jor inorganic components (e.g., ammonium, chloride, nitrate,
_ gz B | 2000 1 150 and sulfate) of PMas measured by the AMS, and ATOFMS-
Els X 08t 100 2 defined single-particle clusters. This information, along with
S0 0ol & meteorological parameters such as wind speed and direction
© 3 %00 . was used to further define sources of each identified OA com-
0

ponent. For example, during the summer, OA components
for which sources originate from the west during daytime
high winds are being transported from further distances as

Fig. 5. AMS PM; organics, carbon monoxide (CO), and odd the boundary layer rises and atmospheric mixing increases,
oxygen (Q) concentrations during SOAR 2005(A) The sum- whereas components having higher contributions at night

mer period (29 July—8 August) displays regular diurnal oxidation Strongly suggest Iogal sources as they are encquntered un-
trends. The summer focus period (outlined in grey) is consistentder conditions of variable wind direction and low wind speed

with the general trend of the entire summer stu@) The fall pe-  during periods of strong atmospheric stability and a shallow

riod (4 November—14 November) is dominated by meteorologicalboundary layer.

“events”, with lower G concentrations than observed in summer.  With PMF analysis, it is left to the operator to interpret

The fall focus period (outlined in grey) is representative of a period the underlying source(s) or process(es) responsible for the

high in particulate concentrations and CO concentrations. appearance of each identified factor. In this study, we relate
each factor to either an aerosol source type in the case of pri-

_ . ) ) mary aerosols (e.g., vehicle emissions, biomass burning) or
of typical conditions during previous years (Docherty et al., formation process(es) in the case of secondary aerosol for-

2008). However, the full fall study period was highly in- ation. Since ambient air composition in Riverside is influ-
fluenced by meteorological events (e.g., Santa Ana Winds)gnced by a wide range of local and regional, biogenic and an-
while th.e chosen focus period exhl.bltedilarger urban 'nﬂu'thropogenic, primary and secondary organic aerosol sources,
ence (Fig. 5b), and excludes the period with Santa Anawinds,, statistical tool is capable of a precise separation of all
providing less polluted desert air to the site. source types. PMF works to separate the dominant contribut-
Additional gas and particle-phase measurements that wering factors from which aerosol sources can be inferred. Each
not used in the PMF analysis contribute supporting in-factor has small contributions from other source types which
formation to help verify the identification of each factor have overlapping or similar composition profiles (Ulbrich et
based on their variability and known sources. Odd oxygenal., 2009). Here, we attribute each factor based on the source
(Ox=03+NO0Oy) is used as a tracer for aged urban pollu- type that displays the highest influence on that factor.
tion. Using Q instead of @Q as a tracer removes the ef- It is the authors’ intention that names appointed to fac-
fect of titration of @& by NO (Herndon et al., 2008). CO tors herein are given in the most general terms possible, and
is used as a tracer of primary combustion. Note that producnot intended to over-explain our understanding of the guid-
tion of CO from the oxidation of VOCs has been shown to ing influences on each PMF component. As is true for AMS
make a very small contribution to ambient levels in SouthernPMF analyses, the components defined here are not expected
California (Griffin et al., 2007). Correlations of selected pa- to be universal of all studies, and the naming of TAG PMF
rameters to the TAG-defined factors are reported in Table 2components are meant to evolve with our understanding of
Included are @, CO, gas-phase 4D, gas-phase VOCs, EC, the components, just as has been done for AMS PMF com-
OC, AMS measurements of OA, sulfate, nitrate, ammonium,ponents. For example, oxygenated OA components OOA-1
and chloride, and time series of particle counts derived fromand OOA-2 (Lanz et al., 2007) have recently evolved to low
cluster analysis of ATOFMS single particle data (represen-volatility (LV)-OOA and semivolatile (SV)-OOA (Ng et al.,
tative of different single particle sources and transformation2009; Jimenez et al., 2009), respectively.
processes). These ATOFMS single-particle types (separated
by submicron and supermicron sizes) included two different3 Results
types of aged organics not associated with sulfate (AgedOC),
one type of aged organics containing sulfate (AgedOCSO4)The variability in the data was best explained by 9 factors for
organics containing elemental carbon (ECOC), organics conthe summer period and 7 factors for the fall period through
taining both elemental carbon and sulfate (ECOCSO4), elthe PMF analysis using the defined input parameters (see

oy
w
(=3
2
©
-
=
=
-

10/27/05
11/06/05
11/26/05
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Table 2. Highest Correlations-(> 0.4) between TAG Factors and Other Relevant Parameters.

Summer Fall Summer Fall
Meteorological Parameters: Particle-Phase Parameters:
air temperature SOA3 RPA oC SOA2 NA
sunlight SOA1 RPA EC Lv NA
windspeed SOAS RPA
relative humidity SOA4+SV SOA+SV  AMS:
atmos. pressure BB Organics SOA2 SOA+FC2
Sl FC SOA
Gas-Phase Parameters: NO SOA2 SOA
Ox SOA3 SOA N SOA2 SOA
O3 SOA3 Chloride FC SOA
CcoO LV Lv
H,O FC ATOFMS:
<1lpm
VOC GC-MSD-FID: subAgedOC1 RPA SOA+FC2
o-xylene BB Lv subAgedOCSO4 SOA2 SOA+FC2
benzene Lv SOA+FC2 subAgedOC2
toluene BB SOA+FC2 subECOCSO4 SOA2 SOA+FC2
propane Lv SOA+FC2 subECOC FC SOA+FC2
hexane Lv SOA+FC2 subEC SOA+FC2
propene Lv Lv subAmine SOA+FC1
butene FC Lv subV SOA2 SOA+FC2
propyne Lv Lv subBiomass SOA2 SOA+FC2
methylpentane Lv SOA+FC2 subAgedSS SOA3
methylpropanal BB SOA+FC2 subDust SOA2 Lv
isopropanol Lv SubNH4NO3
acetonitrile BB Lv subOther SOA+FC2
propanal SOA2 SOA >1pum
acetone SOA2 SOA+FC2 superAgedOC1l FC SOA+FC2
methyl ethyl ketone  SOA2 SOA superAgedOCS0O4 SOA2 SOA+FC2
pentanal SOA3 SOA+FC2 superAgedOC2
isoprene SOA3 RPA superECOCS0O4 SOA2 SOA+FC2
methacrolein SOA3 RPA superECOC FC SOA+FC2
methyl vinyl ketone  SOA3 SOA+FC1 superEC FC SOA+FC2
a-pinene BB Lv superAmine
b-pinene BB Lv superV SOA2 SOA
superBiomass SOA2 SOA+FC2
superAgedSS SOA1l
superDust SOA2 Lv
superNH4NO3
superOther FC SOA+FC2

Notes: Summer PMF factors all have correlatier.35 with other summer PMF factors, and fall PMF factors have correlati@n®4 with other fall PMF factors. Also, the
observation that CO and EC have highest correlation with LV only implies that there is more dramatic variability of CO and EC from local sources as opposed to regional variability,
not that regional variability of CO and EC has been removed or does not exist.

Table 1 for a full list of TAG PMF components and their tor splitting” phenomenon has been discussed for PMF of
abbreviations). Additional factors do not help to explain AMS spectra by Ulbrich et al. (2009). Fewer factor solu-
additional overall variability. Additional factors either ap- tions, while still meaningful if the operator can determine alll
portion mass to less unique factors with contributions fromsources that may contribute to each factor, do not maximize
all compound classes, or if many factors are used, the sigeur resolution of potential contributors to total OA, which is
nal from major factors is split into multiple factors of nearly our goal in this study.

identical composition and diurnal variability. A similar “fac-

Atmos. Chem. Phys., 10, 11577+603 2010 www.atmos-chem-phys.net/10/11577/2010/
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Other PMF solutions are contrasted in Supplementcording to concentration rose plots shown in Fig. 12. This
(Fig. S5). In the summer period, a 7-factor solution doesfactor is largely composed of oxygenated species (Fig. 6,
not resolve the SOA1 or FC components (see Table 1 fofTable S2), including significant contributions from ketones
factor abbreviation definitions). The 8-factor solution doesand acids (heptadecanone, octadecanone, dodecanoic acid),
not resolve the SOA1 component, which does have a uniquesters (isopropylpalmitate, dehydroabietic acid methyl es-
chemical profile from the other SOA components. The 9-ter), esters of aromatic carboxylic acids (phthalates), and
factor solution is discussed in great detail in the following oxygenated nitrogen-containing organic compounds (indolo-
section, and the 10-factor solution removes OA mass contriquinoline, penoxaline, nitrophenylbenzenamine), along with
butions from SOA3 and SOA4 + SV while producing a 10th several hydrocarbons. Some of these species have both pri-
component that cannot be matched to a known source profilenary and secondary sources. There is a high correlation be-
does not have a clear diurnal trend, and is composed of a mixtween this factor and sunlight (Table 2), further indicating
ture of hydrocarbons and oxygenated compounds. In the falthis OA component s largely derived through secondary pro-
period, a 5-factor solution does not resolve the RPA and BBcesses. The factor profile and time series of SOAL are shown
component. The 6-factor solution does not resolve the RPANn Figs. 6 and 8, respectively. Individual factor time series
component, which does have a unique chemical profile andnd average diurnal profiles are shown in Fig. 10.
matches the same component that was observed in the sum-Table S2, Column 8 identifies the PMF factor with which
mer period. The 7-factor solution is discussed in great detaicompounds identified by the TAG (particle-phase signal
later in this manuscript, and the 8-factor solution producesonly) have highest correlation during the summer sampling
an 8th component that cannot be matched to a known sourcgeriod. Table S2 includes all such compounds that were
profile, does not display a diurnal trend, and is composed ofind were not included in the PMF analysis. Of those that
a mixture of hydrocarbons and oxygenated compounds.  were not included in the PMF analysis (i.e., semivolatile

Several figures are provided to further explore PMF resultscompounds favoring the gas-phase), those that have highest
(using the 9-factor summer solution and the 7-factor fall so-correlations with SOA1 aerosol again include mostly oxy-
lution). Separated by season, factor profiles (i.e., loadinggienated species along with a few hydrocarbons. Some cor-
of each TAG compound into a specific PMF component) arerelations worth mentioning include several ketones, the oxy-
shown in Fig. 6 (summer) and Fig. 7 (fall). Timeseries of all genated PAH anthraquinone, and several furanones, which
PMF components are shown in Fig. 8 (summer) and Fig. Shave been reported to be produced through oxidation of
(fall). Individual timeseries and diurnal plots for PMF com- alkenes and aromatic hydrocarbons (Forstner et al., 1997a,
ponents are shown in Fig. 10 (summer) and Fig. 11 (fall), andb). Other compounds with high correlation with this factor
PMF component concentration rose plots (i.e., direction ininclude aldehydes, acids, esters, and esters of aromatic car-
which component arrives to the site) are displayed in Fig. 12boxylic acids. Average contributions from each factor to total

(summer) and Fig. 13 (fall). OA mass concentrations can be found in Table 3, and will be
further discussed in the following Sects. 3.4 and 3.5.
3.1 SOAR-1 (summer) PMF Results We define Factor 2 as SOA type 2 (SOA2). Sim-

ilar to SOA1, this component also has highest contri-
The Q/ Qexp value for a 9 factor solution with fpeak set to butions during the daytime (Fig. 10) when the wind
0 (i.e., no rotation) is found to be 2.9, which is within a rea- is arriving from the west (Fig. 12) at elevated wind
sonable range according to the EPA PMF 1.1 User's Guidespeeds.  SOA2 contributes highest to OA mass con-
Varying fpeak betweent2 in increments of 0.5 displays centrations between 08:00 a.m.—12:00 p.m. pacific standard
a minimum Q/ Qexp at fpeak=0, and using over 60 seeds time (PST) (09:00a.m.—01:00 p.m. local time) as observed
(starting points) produces identio@l/ Qexp values for all so-  in Fig. 10. Highest contributions to this factor are al-
lutions (see Supplement, Fig. S6). EPA PMF bootstrappingmost exclusively from oxygenated species (Fig. 6, Ta-
efforts confirm stable model results. Of 300 bootstraps, andle S2), including large contributions from phthalic acid
of the resulting 2700 factors, only 124 factors (i.e., 4.6%) didand two methylated phthalic acids (3-methylphthalic acid
not match the factor profiles defined in the base case. Timeand 4-methylphthalic acid), oxygenated PAHs (xanthone,
series for all factors displayed a fit of = 1 between the 9- cyclopenta(d, e, f)phenanthrenone), oxygenated nitrogen
factor solution from EPA PMF 1.1 and from the Igor-based species (4-nitrophenol), and a di-ketone (dimethylisoben-

PMF Evaluation Panel v2.02. zofurandione). Many of these compounds are formed
through the photooxidation of gas-phase precursors (Wang

3.1.1 Factors 1-4: SOA1, SOA2, SOA3, and et al, 2006, 2007; Harrison et al., 2005), and are
SOA4 + Semivolatile (SV) thought to serve as marker compounds for SOA forma-

tion (Fine et al.,, 2004a). Species not included in the
We define Factor 1 as SOA type 1 (SOA1). This com- PMF analysis having high correlations with this factor in-
ponent increases during the daytime as observed in a dielude oxygen-containing acids and ketones including ben-
urnal plot (Fig. 10), arrives to the site from the west ac- zoic acid, phenylacetic acid, dihydro-5-butyl-2(3H)furanone,

www.atmos-chem-phys.net/10/11577/2010/ Atmos. Chem. Phys., 10, 11'B5023-2010
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respectively. Total compound contributions to each of the 9 factor profiles sums to a value of 1.

AS+ 204+ 104+
ag A vdd  yos VvOS VOS vos

0AUOU-XO
OAUOU
uow

gozce
SSE!
B
§%§8
£6
SE
£
3
Other

E ueg-kusudiinaiipewrp Q@
z

_“srwmﬁ&ﬁ%g_zg
‘ﬂwmu%m awoa _Mmmo %»umwoxo
M u.o:mumumxm:
o Bd o
w;:o”w_ eehals mmq_%mw St
9_2-_

wﬁwﬂwj vmi Pug e
sui

m!:o._s ssg_ueué_u

wcw_wce ozubx

auouEN; > P

Sinie oo m__
e

wmmﬁ x@ \f.w.wvw_n

o

SERI w_m__ 19,
o8 SleuidAdie
% %W _5%
18 Sibaua

3

Q¢

o
Oxygenated

T I | I [ I
RR2? K 2 P8Ke Qo9 Qe o Q
Q- IS & = - «

GOBX OB OLX 0IX OMX OMX (OkX
(1 03 swns ajyoud 10)oe} Yoea) houonn_ o} :o::n:Eoo

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIHHH

I
2 72882°

suay m e

WWES: '+ 2 ueusyd)Ayiewip

nm@% pisiae
Uets piztioy
Sustonilapauag

wcm mcmﬁaum
IS

Susakiipon
SUSDOPEWD|

00| oU-
SEoeneioofA ot
aueosbeioolAiou-

2

8

%
Hydrocarbon

Fig. 7. Fall PMF profiles. Compounds are generally grouped by hydrocarbons (compound names with blue background), oxygenated
species (red background), biogenics (green background), nitrogen-containing compounds (grey background), and others (white background)

respectively. Total compound contributions to each of the 7 factor profiles sums to a value of 1.
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Table 3. Average Factor Concentrations and Contributions to OA during SOAR 2005.

Summer Fall
Average Concentratién Contrib. to Total OA Average Concentratfbn Contrib. to Total OA
(HgnT3) (%) (HgnT3) (%)
SOAl 0.14+0.04 15 SOA 3.48:0.72 38.4
SOA2 2.24+0.44 239 SOA+FC1 0.7£0.20 8.7
SOA3 2.18£0.41 23.2 SOA+FC2 2.210.47 25
SOA4 +SV 1.8A4-0.39 19.9 SOA+SV 0.5%0.13 5.8
RPA 0.85+0.17 9 RPA 0.410.11 4.6
LV 0.27+£0.07 29 L 0.49+0.13 55
FC 0.98£0.22 104 BB 0.95-0.23 10.8
BB 0.64+0.15 6.8 RemainingOA 0.1£0.03 1.2
Bio 0.11+0.03 1.2
RemainingOA 0.1#0.03 11

aRange shown is combination of TAG error, AMS error, and fitting error from PMF components’ multivariate fit to total OA.
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Fig. 9. Factor contributions to PMorganic aerosol mass concen-
Fig. 8. Factor contributions to PMorganic aerosol mass concen- trations during the fall focus period (4 November-14 November).
trations during the summer focus period (29 July—8 August). DatesDates are labeled at the beginning (midnight PST) of that day.

are labeled at the beginning (midnight PST) of that day.

There is some overlap between species that are as-
phenylpentenone (Table S2). Measurements made by oth&ociated with SOA3 and the previously defined SOA
instrumentation that are highly correlated with SOA2 include factors. Phthalic acid, naphthofurandione, and xan-
acetone, propanal, methyl ethyl ketone (MEK), and totalthone contribute highly to both SOA2 and SOAS3 factors,
particle-phase OC, OA, ND NHjlr (Table 2), some of which  while dodecanoic acid, dihydro-5-dodecyl-2(3H)furanone,
have both secondary and primary origins. dihydro-5-tridecyl-2(3H)furanone, and octadecanone are

We define Factor 3 as SOA type 3 (SOA3). Similar to the highly correlated with both SOA1 and SOA3. How-
other SOA identified components, SOA3 has highest contri-ever, there are several uniqgue compounds in SOA3
butions during the daytime (Fig. 10) when the wind is arriv- including many oxygenated species containing ke-
ing from the west (Fig. 12) at very high wind speeds. SOA3tone functional groups (dodecanedione, undecanedione,
contributes highest to OA mass concentrations later in thedioxaspirononanedione, dimethoxydiphenyl-ethanone,
afternoon, between 01:00 p.m.—06:00 p.m. PST (02:00 p.m.€ihydro-5-ethyl-2(3H)furanone,  and dihydro-5-decyl-
07:00 p.m. local time), and may have had more time to age?(3H)furanone), and oxygenated compounds that contain
in the atmosphere compared to SOA1 and SOA2. Againphosphate and chlorine (chlorophosphatepropanol, bis-
contributions from oxygenated species dominate this factorchloropropylphosphate, and chlorothalonil). The presence
(Fig. 6, Table S2). of several diketones in this factor may be further indication

www.atmos-chem-phys.net/10/11577/2010/ Atmos. Chem. Phys., 10, 11'B5023-2010



11590 B. J. Williams et al.: Major components of atmospheric organic aerosol in southern California

. € g 8 % & c £
Az3ffiiéizigifB
02 T a1 | | o
iy | v | I i @
Y TERVAR AW VERT AL AWV A L AR IR IRE A IR =T ul T o O Al
q i R
| | |
: A 4 A_AN_ m%%é Poa "
g
. Y
I
2 i
T ; A-,‘—L A, A ok éﬁtﬁlé 3
) ej ‘ g
g N vans " | W N AN _enntollanBontainlalnAAnd
5 2>
e r A AINAN |siibiihe, | setit 3
10 ef 2
: Vs N e lat éﬁ B0s.1t 8
10 o
: 3
Ny \Tjiiit\rgﬁii T T z
05 IAT AL U TA I AT i | 8
ao LM A A L e pP000 00, @
2 3 2 3 ¥ % % § 3 3 %2 0 6 12 18 24
§ §8 8§ 5 8 8 8 ¢ 8 Hour of Day
g8 % 58 8588 5838
§ 88 58 ¢ 3 8 8¢5 2

Fig. 10. (A) Individual PMF factor timelines over the summer fo-
cus period (29 July-8 August)YB) Diurnal averages for summer
factors. Time is in PST (=local time-1hr during summer).

Fig. 12. Rose plots of the 9 summer PMF factors using only factor
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Fig. 11. (A) Individual PMF factor timelines over the fall focus
period (4 November—14 November(B) Diurnal averages for fall
factors. Time is in PST (=local time during fall).

of the advanced photochemical age of this factor. Mea-
surements obtained by other instrumentation that are highly
correlated with SOA3 include air temperature, wind speed,
odd oxygen, @, pentanal, isoprene, methacrolein, and
methyl vinyl ketone (Table 2), all of which are elevated fig 13 Rose plots of the 7 fall PMF factors using only factor con-
during the daytime. Odd oxygen, a better indicator of centrations>1 standard deviation of mean factor concentrations to
gas-phase photooxidation products thag, @as a much emphasize dominant source directions. Frequency of observations
higher correlation with SOA3 than with SOA1 or SOA2 are represented by the length of each wedge, and labeled by con-
(r =0.84,0.39,0.24, respectively), further suggesting a true centric rings. The shade of each wedge represents source concen-
distinction amongst these three SOA factors, with SOA3trations in quartiles (dark = higher concentrations).

being related to airmasses with the highest level of oxidation.

We define Factor 4 as a component containing SOApentylcyclohexanone, and dioxaspiroundecanone. Several
species along with oxygenated and nonoxygenatedther ketones not included in the PMF analysis are also
semivolatile species (SOA4+SV). SOA species con-highly correlated with this factor (Table S2). Many biogenic
tributing to this factor include the ketones: methylfuranone,compounds contribute to this component, however, as
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explained below, are not considered to contribute all of OA (OOA/OA) is displayed in Fig. 14. Figure 14a shows the
the mass associated with this component. Examples o€omparison between AMS OOA/OA ratio to TAG-derived
known biogenic compounds contributing to this factor are SOA/OA, where SOA is defined here as the sum of SOA1,
the terpenes: p-cymenengsphellandrene, and-3-carene. SOA2, and SOA3 PMF components. It is clear that there
Other biogenic compounds not included in the analysisis additional nighttime OOA seen by the AMS. Figure 14b
that display a high correlation to this factor include certain shows an improved correlation between AMS OOA/OA and
terpenes (i.e.y-terpinene, and-terpinene) and oxygenated TAG SOA/OA after including SOA4+SV to the sum of
terpenes (i.e., pinonaldehyde, nopinonrecampholenal, TAG-defined SOA components.
and cuminic aldehyde). Many of these species are too It has been suggested that phthalic acid could potentially
volatile to exist in the aerosol phase according to partitioningbe used as a single-species surrogate for the contribution of
theory (e.g. Donahue et al., 2006), and may again represer8OA to ambient aerosol (Fine et al., 2004a). Our results con-
decomposition products in the GC-MS (Tobias et al., 2000)firm that phthalic acid has the highest correlation with the
of larger biogenic species, or are present as gas-phase sampam of all 4 SOA components & 0.83). Of the compounds
in the TAG system. The latter point is further explored by observed here, phthalic acid does appear to remain one of the
Williams et al. (2010). best candidates for a single-species tracer of SOA in an urban

This component is primarily associated with airflow from environment. However, multiple sources/transformations of
the southeast (Fig. 12) during the night. It is suspected thaBOA, as observed here, are only derived using additional,
these biogenic compounds may have a contribution fromless ubiquitous, secondary species. An exact interpretation of
the local agricultural test crops and botanical gardens foundhe differences between these SOA factors based on chemi-
to the south of the University of California-Riverside cam- cal composition alone is limited by the lack in unique source
pus. Unlike the factor that will be described in Factor profiles for various secondary anthropogenic sources, com-
9, which contains lower volatility primary biogenic com- bined with the potential for multiple formation pathways for
pounds, a majority of these biogenic compounds favor thesecondary species.
gas-phase, and are likely condensing into the particle phase During a study of air mass outflow from the Eastern United
under wetter and cooler atmospheric conditions as is indi-States, TAG defined two separate aged anthropogenic parti-
cated by the anticorrelation between this factor and air temcle compositions, one highly associated with phthalic acid
perature £ = —0.52) and the positive correlation with rela- (US Outflow 2), and the other high associated with 1,6-
tive humidity ¢ = 0.57). Potentially these species partition dioxaspiro[4,4]nonane-2,7-dione (US Outflow 1) (Williams
to the particle phase during the daytime as well, but are nokt al., 2007). During the summer period in Riverside, CA,
observed due to the suspected emission region being dowrnFAG has again observed a particle type with its largest sin-
wind of the measurement site during daytime hours. Thisgle contribution coming from phthalic acid (SOA2), and an-
factor also includes compounds of unknown origin (methy- other with its largest single contribution coming from 1,6-
loxaadamantane, methoxypyridine, pelletierine, and N-[(2-dioxaspiro[4,4]nonane-2,7-dione (SOA3), arriving with air
methoxyphenyl)methylene]-benzenamine). Some fraction oinasses which are seemingly more photo chemically aged.
this component is composed of biogenic SOA, which even
in urban regions has recently been indicated as an importar8.1.2 Factors 5, 6: Regional Primary Anthropogenic
source of SOA (Hodzic et al., 2009). (RPA) and Local Vehicle (LV)

This factor contributes greater than 5 pghduring sev-
eral nighttime episodes (Fig. 10). However, even in theWe define Factors 5 and 6, respectively, as regional pri-
middle of the Amazon Basin, typically less than 1 ygdm  mary anthropogenic (RPA) and local vehicle (LV) OA com-
of biogenic aerosol is generated (Chen et al., 2009). Whaponents. The diurnal profile of the LV component exhibits
is more likely occurring is SOA that was created during a distinct maximum in the early morning hours (06:00—
the daytime is still present (e.g. SOA3), and locally gener-09:00 a.m. PST, 07:00-10:00 a.m. local time) corresponding
ated semivolatile tracer species are adsorbing onto the prewith rush-hour traffic (Fig. 10). The diurnal profile of the
existing SOA aerosol. Therefore, while marker compoundsRPA component is less pronounced and appears to have con-
suggest this is a separate nighttime component, it is moréributions throughout the day (discussed in more detail be-
likely a transformation of the preexisting daytime aerosol vialow in Sect. 3.5. Both components have high contributions
semivolatile phase partitioning of local emissions. when air arrives to the site from the west, but the LV compo-

Further support of this hypothesis is seen by compar-nent also contributes significantly when air arrives from the
ing the fraction of total OA that is derived through sec- northwest and east (Fig. 12), indicating local influences.
ondary processes between what was observed by AMS anal- The chemical composition of the RPA component is dom-
ysis and TAG analysis. The AMS is capable of determininginated by hydrocarbons, including alkanes, cyclohexanes,
mass concentrations of oxygenated organic aerosol (OOAand PAHs (Fig. 6). The hydrocarbons observed in this
(Docherty et al., 2008). The diurnal profile over the sum- component are typical of vehicular emissions (Schauer et
mer focus period of the AMS-derived ratio of OOA to total al., 1999, 2002; Fraser et al., 1998; Rogge et al., 1993),
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sume the portion that is collected maintains the variability of

19 ] ° '.Lr\z"(?sogpf‘/gﬁ —e—, A the entire hopane mass. If this assumption was not true, then
08 t/.\ /07 \9\-\. the TAG would likely collect hopanes even more efficiently
067 — / as fresh emissions age and aerosol mass shifts from the ul-
0.4 / NG trafine mode to the fine mode. This is not the case, as hopane
02 +—Ft—+—" ’ concentrations measured by the TAG are only elevated in the
0.0 1 . . . morning, during heavy traffic and low atmospheric dilution.

0 6 12 18 24 The presence of acephenanthrylene, and possibly hopanes,

indicates that the LV component has not been subject to ex-

Time of Day (hours) . ) . ) e
tensive atmospheric aging and, together with contributions

1:071@ Ams coa /oA e—=1=—o=, B from a variety of different wind directions, supports our as-

0.8 1+ TAGSOA/OA| _~ . . . ) -
Teo—o—o_ " —~e—p signment of this component as local vehicle emissions.

06 +_+\+__+/ RPA does not display a regular daily maximum, but does

0.4 7 have a midweek maximum, as could be expected from a re-

0.2 1 gional vehicle source based on previously observed traffic

0.0 . . . patterns (Lough et al., 2006). It is likely this component
0 6 12 18 24 arises from vehicular or other primary anthropogenic emis-

Time of Day (hours) sions from the western and central South Coast Air Basin.

RPA and LV components do not seem to represent a split
Fig. 14. (A) Average diurnal plots of AMS oxygenated organic petwegn diesellan.d gasc_)line vehicle emissions. Since there
aerosol (OOA) fraction of total OA (circles) and TAG secondary OA IS @ higher emission ratio of elemental carbon (EC) from
(SOA) fraction of total OA (plus symbols), with SOA defined as the diesel fuel, EC is often used to differentiate diesel emis-
sum of only SOA1, SOA2, and SOA3 PMF componeiiB).Same  sions from gasoline emissions. However, it appears that EC
as previous figure, except now including SOA4 + SV with the three has some correlation with each of these factors. EC has
previous TAG SOA components. clear morning maxima, indicating some local diesel emis-
sions associated with the LV component (see Supplement,
Fig. S7). However, EC persists throughout the day, un-
but do not include the hopanes and steranes typical of difike LV, and has an elevated background concentration dur-
rect vehicle emissions. Similarly, the LV component hasing midweek similar to RPA. EC has a weekly Tuesday
high contributions from alkanes, cyclohexanes, PAHs, andmaximum (1.5 0.44 pg n3) and a minimum on Sunday
branched alkanes and PAHSs, all of which are characteris{0.66+ 0.12 ugn13), as averaged across the entire 4-week
tic of vehicle emission profiles (Schauer et al., 1999, 2002;summer study. This pattern is similar to what is observed in
Fraser et al., 1998; Rogge et al., 1993) but, unlike RPA,RPA, where there is aTuesday maximum of 2.4 L]’d’nand
has contributions from hopanes (28noig{f)-hopane and g minimum on Saturday and Sunday of 0.2 pgfmnduring
17-(H)-218(H)-hopane). the focus period, however the amplitude of this variation is
The presence of hopanes in this component, but notin RPAnuch larger for RPA (12 vs. 2.3), the reasons for which are
may suggest that hopanes have a short atmospheric lifetim@inclear. LV does not display this trend. LV has a Friday max-
This is consistent with recent chamber oxidation experimentdmum and a Sunday minimum. A combination of RPA and
(Weitkamp et al., 2008b; Lambe et al., 2009b). Acephenan4V best explains the trends in EC. It is therefore more likely
thrylene, which has been shown to be significantly depletedhat the factor split between RPA and LV is more related to
in the South Coast Air Basin during the daytime comparedemission proximity and less to fuel type.
to related PAHs (Arey et al., 1989) was also found in the
LV component and not in the RPA component. It has been3.1.3 Factor 7: Food Cooking (FC)
suggested that hopanes can have atmospheric lifetimes as
short as 1 day during summer periods (Rudich et al., 2007)We define Factor 7 as OA from food cooking (FC). This com-
On average, it only takes approximately 10 h for air to tra- ponent is associated with many wind directions (Fig. 12) and
verse from Los Angeles to Riverside. While this transit lower wind speeds, indicating that this component originates
time is shorter than the expected lifetime of hopanes, atfrom a more local set of sources. TAG compounds having
mospheric oxidation and daytime dilution may cumulatively highest contributions to this component are alkanoic acids
lower hopane levels below the TAG system'’s detection limits (tetradecanoic acid, hexadecanoic acid, octadecanoic acid),
during RPA impact periods. Hopanes have been shown to faalkylnitriles (hexadecanenitrile and octadecanenitrile), and
vor the ultrafine aerosol mode (diameter$80 nm) in River-  nonanal, all molecular tracers for various types of food cook-
side (Fine et al., 2004a). The TAG system does not collect ang (Rogge etal., 1991; Zheng et al., 2002; Zhao et al., 2007).
significant fraction of aerosols90 nm in diameter. A por- Note that nonanal is too volatile to be present in the aerosol
tion of the hopane mass is therefore not collected, but we asand could represent a decomposition product of the GC/MS
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analysis (Tobias et al., 2000), or as a reaction product of olei.1.4 Factor 8: Biomass Burning (BB)
acid (Reynolds et al., 2006). Regardless of its exact derivati-
zation, it can still carry important source information. While We define Factor 8 as biomass burning aerosol (BB). BB
many of these Compounds can have Secondary sources, tHi@.S highest contributions in air from the southeast, but
component is not elevated in the afternoon as would be exalso frequently in air transported from the west (Fig. 12).
pected of a secondary source (Fig. 10). Although there isCompounds having large contributions to this factor in-
likely as much, and potentially more, food cooking in the af- clude retene, vanillin, norabieta.4.8.11.13.tetraene, and
ternoon, the afternoon atmospheric concentrations are muchorabietatetraene-mixture, all of which are known biomass
lower due to increased dilution and oxidation as was seerpurning marker compounds (Fine et al., 2001, 2004b;
with LV particles. All of these compounds have been identi- Rogge et al., 1998; Simoneit, 1989). Additional com-
fied in meat cooking source profiles, but most have also beeffounds with high correlations to this component are nora-
identified in other food cooking source profiles. There is not bieta.3.8.11.13.tetraene, 19-norabieta.8.11.13.triene, abieta-
enough information here to estimate emissions from specifidriene, galaxolide 1, and precocene II, most of which are
food types (e.g., beef, pork, chicken, seed oils) and prepaagain known markers for biomass burning aerosol (Simoneit,
ration methods (e.g., pan frying, charbroiling). We propose1989). Large alkanes and the paramefggy, a tracer for
that this Component represents an integration of OA from a||plant waxes, contribute significantly to this factor. There are
food cooking operations. a few nitrogen-containing compounds associated with this
Marker Compounds often used Specifica"y for meat Cook-faCtOI’ as well. Nitrogen-containing organics have not been
ing were detected (monostearin and monopalmitin), but theifeported in biomass burning aerosol source profiles, although
timelines are dominated by elevated concentrations on Frihydrogen cyanide (HCN) and acetonitrile (§EN) are well
day and Saturday mornings (likely from a specific local known gas-phase markers of biomass burning (Singh et al.,
source). This is the same day-of-week pattern previously2003), thus it is reasonable to assume that there would be
observed in Los Angeles for these compounds (Lough esome N-containing compounds in biomass burning aerosol.
al., 2006). By removing these elevated events (all valuesThis factor his highly correlated with gas-phase measure-
more than 1 std. dev. above the mean) for monopalmitin andnents of acetonitriley-pinene, ang-pinene (Table 2).
monostearin, there is an increased correlation between these We note that the amount of the BB factor estimated from
compounds and the food cooking factor. Monopalmitin in- this study (-0.64 pg n3) is higher than that estimated from
creases from a correlatign) of 0.08 up to 0.35, and monos- the CMB method applied to molecular markers measured in
tearin increases from 0.10 to 0.30. Still, the food cooking filters during SOAR-1 (0.1 ug i) (Docherty et al., 2008).
factor does not fully capture local meat cooking aerosol. This difference illustrates the uncertainties in current source

Monopalmitin and monostearin have the largest fraction ofapportionment methods, which may be larger for smaller
unexplained variance from the PMF analysis, with nearlysources which produce smaller tracer concentrations and are
half of their variability left unexplained. A separate “Meat harder to disentangle from the variations of the larger sources
Cooking” factor does eventually appear when solving for ad-(Ulbrich et al., 2009).

ditional factors, but not until several of the larger sources Biomass burning aerosol measured by ATOFMS as sin-
have undergone further divisions. This is typical of PMF gle particles rich in potassium correlates better with SOA2
ana|yses where very small factors cannot be re|iab|y rethan with this BB factor. This observation could indicate

trieved among the noise and variations of the larger factorghat some of the biomass burning aerosol from non-local

(Ulbrich et al., 2009). sources has undergone photochemical processing, hence di-
Several biogenic compounds have high correlations to théninishing traditional primary organic marker compounds

identified food cooking aerosols. A few of them are sali- such as PAHs, but preserving inorganic tracers observed by

cylate compounds, which recently have been shown to havéTOFMS (e.g., potassium). If this is the case, then this

high emissions from desert plants, and mesquite in particuBB factor as defined by TAG compounds is representative

lar (Matsunaga et al., 2008). Another compound contribut-0f only the less-processed portion of the biomass burning

ing to this factor is dimethoxydiphenyl-ethanone, which is plume. It is possible in principle that additional organic

structurally similar to compounds found in biomass smokeaerosol mass is originating from biomass burning sources,

(Simoneit et al., 1993). This factor appears to build up overbut is attributed to SOA2 after undergoing some degree of

the weekend periods, with the two maxima both observeddtmospheric aging.

on Sundays. It is not possible to indicate how representa-

tive this is of a seasonal trend, given that the focus period

only includes two weekends. Nonetheless, with the apparent

elevated weekend concentrations and the nature of the cor-

related compounds’ known sources, this additional informa-

tion could suggest a portion of food cooking particles coming

from weekend barbeques.
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3.1.5 Factor 9: Biogenic (Bio) also contributes significant aerosol mass during the morning
hours as SOA2 did during the summer. This SOA factor has
We define Factor 9 as primary biogenics (Bio). This the highest correlation with,Oduring the fall (Table 2).
component has a very weak relation to wind direc- Factor 2 contains many of the same molecular marker
tion and is observed as air moves to the site from al-compounds as summertime SOA1, SOA2, and FC, and
most every direction (Fig. 12), indicating local sources. will be referred to as SOA plus food cooking type 1
Compounds with contributions to this factor include (SOA+FC1). Compounds that have high contributions
many biogenic compounds such as monoterperse3- ( to this factor include several associated with summertime
carene, a-phellandrene), homomenthylsalicylate, norabi- FC aerosol (tetradecanoic acid, hexadecanoic acid, octade-
eta.4.8.11.13.tetraene, norabietatetraene-mixture, vanillincanoic acid, and nonanal), and some associated with sum-
and a portion of the paramet€iax that is used as a marker mertime SOAL (nitrophenylbenzenamine) and summertime
for plant waxes. It is likely that this component is dominated SOA2 (4-nitrophenol).
by biogenic emissions. In addition to biogenic compounds, a All amine-containing compounds contribute significantly
tracer for pesticides (chlorothalonil), a compound commonlyto SOA +FC1 (Fig. 7). Additionally, there is a high corre-
used for anti-scalding of fruit (diphenylamine), and a couplelation between the SOA + FC1 component and the ATOFMS
PAHSs contribute to this factor. On average, very little masssubmicron Amine cluster (Table 2). Stable aminium salts

is associated with this OA component. could be formed from the presence of both amines and or-
ganic acids in SOA+FC1 aerosol, and could explain the
3.2 SOAR-2 (fall) PMF Results presence of high volatility amines and organic acids in the

particle phase. For example, 4-methoxy-pyridine has an esti-
The Q/Qexp value for a 7 factor solution with fpeak set to mated vapor pressure of3 torr (EPA, 2008) and heptanoic
0 (i.e., no rotation) is found to be 3.3, which is within a rea- acid has an estimated vapor pressure~@.1 torr (EPA,
sonable range according to the EPA PMF 1.1 User’'s Guide2008). Both are far too volatile to be in the particle phase,
Varying fpeak betweent2 in increments of 0.5 displays but have a measureable mass fraction present in the particle
a minimum Q/Qexp at fpeak =0, and using over 60 seeds phase according to TAG collection and analysis. Aminium
(starting points) produces identio@l/ Qexp values for all so-  salts have been observed as contributing to nanoparticle
lutions (see Supplement, Fig. S8). EPA PMF bootstrappinggrowth in the atmosphere and are detected through thermal
efforts confirm stable model results. Of 300 bootstraps, anddesorption techniques as individual low molecular weight
of the resulting 2700 factors, only 32 factors (i.e., 1.2%) did amines and acids (Smith et al., 2010). As mentioned ear-
not match the factor profiles defined in the base case. Timelier, these low molecular weight compounds detected by
series for all factors displayed a fit of = 1 between the 7-  TAG could also be thermal decomposition products of larger
factor solution from EPA PMF 1.1 and from the Igor-based molecular weight organic species (Tobias et al., 2000), or

PMF Evaluation Panel v2.02. oligomers (Denkenberger et al., 2007).
Factor 3 contains many of the same molecular marker
3.2.1 Factors 1-4: SOA, SOA + Food Cookingl compounds as summertime SOA3 and FC, and will
(SOA +FC1), and SOA + Food Cooking2 be referred to as SOA plus food cooking type 2
(SOA+FC2), SOA + Semivolatile (SOA +SV) (SOA+FC2). Compounds that contribute to this factor

include several associated with summertime FC aerosol
Factor 1 contains many of the same molecular marker com{hexadecanenitrile and octadecanenitrile). =~ Other com-
pounds as summertime SOA2 and SOA3 components, andounds contributing to this factor are also associated with
will be referred to generally as SOA. The factor profiles summertime SOA3 (naphthofurandione, undecanedione,
and time series of fall SOA are shown in Figs. 7 and xanthone, dihydro-5-ethyl-2(3H)furanone, and dihydro-5-
9, respectively. Individual factor time series and aver- dodecyl-2(3H)furanone). Many other measurements were
age diurnal profiles are shown in Fig. 11. Compoundshighly correlated with SOA + FC2, including total OA, many
that display high contributions to this factor include sev- ATOFMS clusters, VOCs, and OVOCs.
eral associated with summertime SOA2 including phthalic Other TAG compounds not used in the analysis display
acid, 3-methylphthalic acid, and 4-methylphthalic acid andhigh correlations with the two SOA+FC factors, includ-
others associated with summertime SOAS3 including do-ing many acids, ketones, and aldehydes (Table S2). These
decanedione, dioxaspirononanedione, dimethoxydiphenyltwo factors appear to be an accumulation of various pri-
ethanone, and dihydro-5-ethyl-2(3H)furanone. This factormary and secondary compounds. TAG data suggest the pri-
arrives to the site most frequently from the west (Fig. 13), asmary compounds originate from food cooking operations.
was seen during the summer for SOA2,3. The diurnal profilelt is not certain what ties these seemingly unrelated pro-
of this factor suggests that its highest impact on the site oceesses, but it is probable that aged particles high in SOA
curs between 02:00 p.m.—08:00 p.m. PST (same as local timare mixing with more freshly-emitted food cooking particles.
in fall) (Fig. 11), resembling SOA3 from the summer, but The difficulty of separating components with PMF2 during
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periods of lower photochemical activity has been previouslythis factor and air temperature £ —0.44) and a positive
reported for AMS spectra, where the difficulty of separat- correlation with relative humidity-(= 0.48). As was hypoth-
ing the mixed factors was due to the larger importance ofesized of this factor during the summer, it is more likely that
meteorological transport (Lanz et al., 2008). In that study,SOA which was created during the daytime is still present,
an improved separation was possible with the use of a morand locally generated semivolatile tracer species are adsorb-
advanced linear model implemented with the multilinear en-ing onto the preexisting SOA aerosol, and therefore this fac-
gine (ME-2), which is of interest but outside of the scope of tor may be dominated by preexisting SOA material.
the present study.

Both SOA + FC components have highest concentrations3-2.2 Factor 5: RPA
in air arriving at the site from the southeast, and less fre- .
quently from the west according to measurements made Jractor 5 contains many of the same molecular marker'com-
the SOAR site (Fig. 13). Backward trajectories, performedPOUnds as summertime RPA, and we, therefore, retain the
using HYSPLIT (Draxler and Rolph, 2010; Rolph, 2010) designation for th|_s fa_ctor._ _Thls compqnent is most fre-
and run at 3 elevations (10, 50, 100 m) for a 36-h duration,ql_‘e”“y observed in a|r. arrllvmg.at Fhe site from the west,
suggest these air-masses were relatively stagnant during tﬁlélth Ie;s frequent contnpuuons in air _from thg southeast as
highest concentrations of SOA+FC2 on 7 November, andNeIl (F_|g. 13). The chemical cor.nposn'lon of this component
on 8 November , also high in SOA+FC2, air masses hadS dominated by hydrocarbons, including several straight _and
traversed San Diego and moved north to Riverside (see Sug2fanched alkanes, cyclohexanes, and branched PAHSs (Fig. 7)
plemen, Fig. S9). Backward trajectories for the three largesf/ONd With a few oxygenated species. Similar to summer

SOA+FC1 events (6, 13, 14 November) suggest that thes&PA: the particulate hydrocarbons observed in this aerosol

air masses came from the San Joaquin Valley, a highly agri;ype are typical of vehicular emissions (Schauer et al., 1999,
2002; Fraser et al., 1998; Rogge et al., 1993), but, as pre-

cultural region. Both SOA + FC components appear in dis-<; i
crete events, not as a regular diurnal cycle as is observeiously observed, does not include hopanes and steranes of-
with the SOA component (Fig. 11). The events are highestten characteristic of direct vehicle emissions. While RPA in
during the night and occur between Saturdays and Mondayi€ fall increases midweek as was observed in the summer,
as was observed for the summer FC factor. It may be possita” RPA also has a slight diurnal trend with elevated con-
ble that, as was observed for SOA4 + SV during the Summer’centratlons during the daytime (Fig. 11). Other parameters
these SOA +FC factors are dominated by SOA which wasWith high correlation to RPA include air temperature, visible

created during the daytime, and locally generated FC traceli9ht; and wind speed, again indicating daytime transport of
this component from a regional source, and potentially indi-

species are adsorbing onto, or mixing with, the preexisting ) k '
cates that evaporative sources may contribute to this factor,

SOA aerosol. ) . .
Factor 4 contains many of the same molecular markef@nother potential explanation for low volatility hopanes not

compounds as summertime SOA4 + SV aerosol, and the de26iN9
ignation of th|s co_mponent is retalneq. Many primary and 323 Factor6: LV
secondary biogenic compounds contribute to this factor. Ex-

amples of known biogenic compounds are the terpenesg,cior 6 contains many of the same molecular marker com-
a-phellandrene,y-terpinene, 5-3-carene, ands-selinene. 5 n4s as summertime LV aerosol, and again we retain the
Oxygenated biogenic compounds such as pinonaldehydeyegignation of this factor. This component has large con-
cuminic aldehyde, and methyl chavicol also contribute to thisyintions from hopanes (norhopane and hopane), several cy-

factor. As discussed above many of these compounds argiohexanes, PAHs, and branched PAHS, all of which are char-
too volatile to be in the aerosol phase and may represent deyqteristic of vehicle emission (Schauer et al., 1999, 2002:

composition products in the GC-MS (Tobias et al., 2000) of £rager et al., 1998; Rogge et al., 1993). LV is observed most
larger biogenic species, or are present as gas-phase Sampl@qyently in air arriving at the site from the west (Fig. 13).

in the TAG system. The latter point is further explored by e giyrnal trend of this factor is similar as was observed in
Williams et al. (2010). Included in this SOA4+SV factor e summer, with highest concentrations occuring during the

are the same compounds of unknown origin that were asss,qming hours of 06:00 a.m.—12:00 p.m. PST (same as local
ciated with this factor during the summer period (methylox- time) (Fig. 11). CO, o-xylene, and small alkanes, alkenes,

aadamantane, methoxypyridine, pentylcyclohexanone, andq gikynes, are also correlated with this factor, all of which

N-[(2-methoxyphenyl)methylene]-benzenamine). _have known vehicular sources (Millet et al., 2005, 2006).
This component was observed in air arriving at the site

from the east-southeast (Fig. 13) during the night. Itis again3. 2.4 Eactor 7: BB

suspected that some fraction of these biogenic compounds

are from local agricultural test crops and botanical gardend=actor 7 contains many of the same molecular marker com-
found within the University of California-Riverside campus. pounds as summertime BB aerosol, and our designation is
As during the summer, there is an anticorrelation betweernretained. Biomass burning aerosol is observed in air arriving
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at the site almost exclusively from the southeast (Fig. 13).contributions, with repeatable daily variations of each factor
Compounds that contribute significantly to this factor include in the summertime, and less repeatable “events” dominating
norabieta.4.8.11.13.tetraene, norabietatetraene-mixture, &uring the fall, which is consistent with the much higher me-
isopropyl-1,3-dimethylphenanthrene, retene, dehydroabieti¢eorological variability during the latter campaign.
acid-methyl ester, and 7-oxodehydroabietic acid-methyl es- Table 3 reports the average mass concentration contribu-
ter, all known biomass burning marker compounds (Fine ettion from each of the major PMF factors over each focus
al., 2001, 2004b; Rogge et al., 1998; Simoneit, 1989). Addi-period. The reported error incorporates the fitting error as-
tional compounds with high correlations to this componentsociated with fitting our PMF components to total OA as
are 19-norabieta-3,8,11,13-tetraene, 19-norabieta-8,11,13%reviously described, as well as propagated TAG and AMS
triene, dehydroabieting-campholenal, lily aldehyde, and measurement errors. The summer period appears to be domi-
pinonaldehyde, many of which are potential markers fornated by SOA, where the sum of all 4 SOA-associated factors
biomass burning aerosol. BB aerosol during the fall has high-averages 6.4 pgnt of OA, or 68.5% of total OA. The sum of
est concentrations during the night, not necessarily indicatingll primary-associated anthropogenic OA factors (RPA, LV,
more burning occurred at night than during the day, but BBand FC) averages 2.1 pgrhof OA, or 22.3% of total OA.
aerosol concentrations may simply increase at night due t@B aerosol contributes an average 6.8% of total OA. Primary
trapping of fresh emissions in the stable nighttime surfacebiogenic (Bio) aerosol contributes an average of 1.2%, and
boundary layer. the remaining organic mass contributes only 1.1% to total
summer OA on average. Docherty et al. (2008) recently re-
ported an intercomparison of five commonly used methods to
estimate the SOA/OA fraction during SOAR-1, and reported

0, _ 0,
The residual variability from summer and fall PMF analyses 75% (range 68-84%) as the average of the methods. The
results of the present study are on the lower end of the five

have both positive and negative values, meaning that at timersnethods reported in that stud
the solution over-explains the variability and other times the The fall period Iis domiLrj1a¥éd by SOA and SOA+FC
solution under-explains the variability. The net residual term P y

) o . . : factors. The sum of SOA, SOA+FC1, SOA+FC2, and
was slightly positive for both sampling periods, with an av- SOA+ SV contribut N aver f 6.9 LO%TDf OA. or
erage value of 3 4% of the total variance during the sum- 77 9 ftctol OAU_?E a fa etagtzoh 2 Mg | d, 0 K
mer and more variable in the fall, with an average value of " ° o oftota - 1Nese factors do however Include mark-

1+ 11% of the total variance (Fig. S10). The higher variance®’™ for both SOA and primary €missions. Othgr primary-
of the residual term in the fall could partially be due to dif- associated anthropogenic factors (RPA, LV) contribute an ad-

ferences in local sources between the SOAR site and the Rdj_itional 10.1% of the OA mass. BB aerosol contributes a sig-

- ; 0 ;
bidoux site, which was used to interpolate missing OA datagligiggwogn;;fo?ﬁ)g Ia gi\%gsngutzz;allgi(igfb/o)t’hlgg\enngc-
from the SOAR site. Individual compounds that remained gL.cv0 p y

nearly 50% under-explained (i.e., the reconstructed signa‘ors’ a similar amount to the remaining OA mass during the

from the chosen PMF solution is only half of the measuredsu{_?g::r jgdg(')m are our observations of source contribu-
signal) during the summer included monopalmitin, monos_tions to,total OA gror anic matter (OM), to previous studies
tearin, methylnitrophenol, and methyldiamantane, where oc- . N 9 » 10 previ

which have typically reported source contributions to total

tadecanoic acid was the most over-explained parameter bESC Recent measurements of the OM/OC ratio (Turpin and

about 35% (Fig. S11a). In the fall, monopalmitin and . .
X . . . Lim, 2001; Aiken et al., 2007, 2008; DeCarlo et al., 2008;
0 _ - L 1 L 1 1 L 1
oleic acid were~35% under-explained and nitrophenylben Dunlea et al., 2008) report that SOA has a significantly

X 5 ) . )
“ Resicual valuos were not nluded n e mulivariate fof I9NET OMIOC (1.7-24) than urban POA~(.3) and
PMF components to total OA. Differences between measure(];lreSh biomass burning aerosot1.6-1.7). Since we will be

i - comparing time averaged results that include sources of both
OA and OA from the sum of fitted components is displayed _ . . .
in Fig. 8 (summer) and Fig. 9 (fall), where the dashed line primary and secondary material, we use our separation of

; 06 i N
represents measured OA and the sum of all factors represen%fmmemme SOA (68.5%, includes SOAL,2,3, SOA4 +SV

fitted OA mass concentrations. Average diurnal differences, th an estimated average OM/OC value=2.05), POA
. 0, H i 0, 1
are displayed in Fig. 15 (summer) and Fig. 16 (fall). (23.5%, includes RPA, LV, FC, and Bio), BB (6.8%, with

an estimated average OM/OC value = 1.65), and remaining
OA (1.2%, with an estimated OM/OC value =1.67 averaged
3.4 Source contributions to OA mass from all 3 categories) to estimate a total average OM/OC
ratio  (=685x 2.05+235x 1.3+068x 1.65+012x 1.67)
Cumulative mass concentration timelines for summer (fall)equal to 1.84. Our comparisons to previous work will be
OA factors are shown in Fig. 8 (Fig. 9), and individual time- primarily focused on the summer period (SOAR-1).
lines are shown in Fig. 10a (Fig. 11a). Here, it is clear that Almost all previous studies have concluded that primary
there are significant differences between summer and fall OAsources dominate all PM OA in the inland region of

3.3 Residuals
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the South Coast Air Basin, with the exception of short tions (Weitkamp et al., 2008a), although those marker com-
periods during intense photochemical episodes with morgounds in question are not the only food cooking markers
than 200 ppb @ (Docherty et al., 2008). Thus our study is used in our PMF analyses.
consistent with the recent results of Docherty et al. in the Biomass burning aerosol in this region is variable from
dominance of SOA-associated factors that account8%  season to season and from year to year. Periods of in-
of OA in Riverside during SOAR-1. tense fires in Southern CA can lead to a dominance of BB
Sawant et al. (2004) estimate that only a small amountover other OA sources over periods of weeks (Phuleria et
of the concentrations resulting from primary emissions ofal., 2005), while the influence during other periods is much
gasoline and diesel particles in Mira Loma, CA are from lo- smaller (Docherty et al., 2008). During our selected focus
cal sources, a finding that is supported by our PMF resultsperiods, biomass burning aerosol contributed greater mass
Applying a chemical mass balance model to characteristicconcentrations and a larger fraction of total OA during the
OC/EC profiles for various emission types, Na et al. (2004)fall in comparison to the summer.
estimated that an average of approximately 35% of the OC To our knowledge, there has not been a previous measure-
comes from gasoline and diesel primary emissions. Our findment of biogenic aerosol mass contribution in Riverside, CA.
ings show a fraction of total OA on the order of 11% during However, the presence of a primary biogenic factor during
both seasons coming from primary vehicle emissions. As-the summer and none during the fall is consistent with sea-
suming OM/OC = 1.3 for this primary fraction, and applying sonal photosynthesis and biogenic VOC emission patterns.
our estimated OM/OC ratio (1.84) for the remaining aerosol
fraction, then our findings would estimate that primary ve- 3.5 Average diurnal variations in OA composition
hicle emissions contribute approximately 16% of the OC. It
is possible that we find a smaller vehicular contribution dueDiurnal trends as averaged over the 11-day focus period and
to the incorporation, within the PMF analysis, of several ad-with 2-h time resolution, are shown using time-of-day pie
ditional sources not accounted for by some previous studiesharts in Fig. 15 (Fig. 16) for summer (fall), and as continu-
(e.g., biogenic emissions, biomass burning, food cooking),ous timelines in Fig. 10b (Fig. 11b). Total OA mass concen-
and due to our inclusion of a variety of oxygenated speciedrations fluctuate between 5.3—-13 pg#rduring an average
not analyzed in previous studies. The sum of reduced OAsummer day in Riverside (Fig. 15). The fraction of fine par-
species, which are taken as a surrogate of POA and likely inticle mass (AMS species + EC) that is composed of organics
clude vehicle emissions, food cooking, etc., contribute 36%during the summer varies throughout the day, with a max-
of the OA in Pittsburgh (Ulbrich et al., 2009), still higher imum (52%) in the afternoon between 16:00-18:00 PST, a
than our combined POA contribution of 23.5% to total OA minimum in the morning (37%) between 08:00-10:00 PST,
in Riverside. In a recent urban air study, vehicular emis-and a total daily average of 435%. Fall diurnal trends,
sions were determined to contribute an annual average ofvith 2-h time resolution, show total OA mass concentrations
14% of total OC concentrations in Toronto and Vancouver,fluctuate between 5.7-10.3 ugf(Fig. 16). The fraction
Canada (Brook et al., 2007). This result is more similar of fine particle mass that is composed of organics during the
to our findings of 16%, although there may be other differ- fall also varies throughout the day, with a maximum (43%)
ences between the airsheds in both studies. It has also beat night between 02:00-04:00 PST, a minimum (29%) in the
shown recently that atmospheric reactions may react awagpfternoon between 16:00-18:00 PST, and a total daily aver-
some of the primary vehicle emission tracers, which mayage of 35:4%. The fraction of fine particle mass that is
lead to an underestimation of vehicle emissions OA whencomposed of organics is highest in the afternoon during the
using tracers (Weitkamp et al., 2008b). However this effectsummer and lowest during the afternoon in the fall. This
is likely smaller when more tracers are used such as in theégain reflects the large influence of afternoon SOA during
present analysis. the summer. Because EC was not measured during the fall,
Hildemann et al. (1989) calculated through emission in-the same fraction of total Pp mass (measured by BAM)
ventories that up to 20% of total OC in the South Coast Air composed of EC (measured by OC/EC monitor) during the
Basin can be composed of aerosol derived from food cookingsgummer (i.e., 4%) was used to calculate an approximate fall
operations. This estimate is above our derived contributiong&C concentration. This is the same fraction of total 2M
from food cooking operations, at least during the summer-that EC has been observed to contribute in this region during
time. It has recently been shown in the Pittsburgh region thathe fall in previous years (Sawant et al., 2004).
food cooking operations can contribute an average of 10% Figures 10b and 15 show that summer local primary
of the total OC (Robinson et al., 2006) which is closer to components (LV, FC, Bio) tend to reach a maximum dur-
the summertime food cooking contributions observed hereing the morning hours, while SOA components (SOAL,
It should be noted that recent studies have questioned the us0A2, SOA3) are elevated later in the day, other compo-
of some food cooking molecular marker compounds in thenents (SOA4 + SV, BB) are at their highest concentrations
ambient atmosphere due to potential contributions from soil-during the night, and the regional factor RPA does not have
related sources (Jaeckels et al., 2007) and atmospheric reaa-clear diurnal trend. The RPA component is elevated during
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Fig. 16. Average diurnal concentrations of TAG-derived PMF fac-
tors over the fall focus period. P)Mbrganic aerosol mass concen-
trations labeled outside of pie chart ring, and time of day labeled
d’nside of pie chart ring.

Fig. 15. Average diurnal concentrations of TAG-derived PMF fac-
tors over the summer focus period. PMrganic aerosol mass con-
centrations labeled outside of pie chart ring, and time of day labele
inside of pie chart ring.

hours (12:00-18:00 PST), which is consistent with previous

. : . : . : estimates using five different SOA/OA estimation methods
midweek and likely has high concentrations during mldweek(DOCherty etal., 2008),

afternoons due to transport from regional primary sources
b 9 P y In the fall, secondary sources of OA (SOA, SOA+FC1,

and high nighttime midweek concentrations due to decreasegoA +FC2, SOA+SV) are more difficult to separate with

dillution in a shallow atmospheric boundary layer. .
I_It_jhl ! di .W i pher . ud. yl Y iabil PMF and appear more mixed than summer SOA sources. In
ere are distinct differences in diurnal variability, as Figs. 11b and 16 it is apparent that SOA and RPA contribute

well g(s):hemlcal compg%lt'leln, among thﬁ 3;] daytlm_e Sum'significantly to midday OA at the site. LV aerosol has a max-
mer components. appears with the moming sUn,m i the morning. BB and SOA + SV both have a maxi-

light (07:00 PST) and remains eIevqted unt Iatg afternponmum contribution to OA mass during the night, as was also
(18:00 PST). SOA2 also appears with the morning Sunl'ghtobserved in the summer.
(07:00 PST), typically reaches a maximum just before noon

(10:00-12:00 PST), and has significantly lower concentra-

tions by early afternoon (14:00 PST). However, SOA3 doesq  Conclusions and implications

not appear until later in the morning (09:00 PST), reaches a

maximum later in the afternoon (14:00-16:00), and slowly The first ever hourly measurements of speciated organic
decreases in the evening (22:00 PST), interestingly, at th@erosol in an urban region were successfully obtained. Sam-
same time SOA4 + SV begins to increase. SOA3, which conpling was completed at Riverside, CA, over the summer and
tains diketones and has the highest correlation with odd oxyfall of 2005. Approximately 300 different organic com-
gen, is clearly representative of a different atmospheric aggounds ranging from nonpolar hydrocarbons to polar acids,
distribution than the other SOA components, and based orldehydes, and ketones were analyzed in detail over 11-day
wind speeds and wind directions, is likely more representaferiods for each season.

tive of a transported, aged, regional SOA. Since SOA1 and Select compounds were used to complete a PMF analy-
SOA2 still have measureable concentrations later in the afsis to identify the major factors contributing to fine-mode
ternoon, a fraction of SOA1 and SOA2 may also be dueOA. Similar contributing factors were discovered over both
to regional SOA in addition to SOA from local sources. seasons, including factors associated with local vehicle
SOA4 + SV has been discussed previously, and is likely theemissions, regional primary anthropogenics, several types
result of local semivolatile species mixing and/or adsorb-of SOA, food cooking operations, particle-phase biogen-
ing onto SOA3 that remains during the evening and night.ics, semivolatile anthropogenics and biogenics, and biomass
The sum of the four summertime SOA factors has an esti-burning aerosol. This analysis offers a more detailed view
mated average afternoon concentration of 9.4pd,nand  of diurnal contributions to organic aerosol mass from ma-
accounts for 8& 2% of the OA mass during the afternoon jor components/sources than has been reported before. Only
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with the high time resolution TAG measurements of speci-with phthalic acid (U.S. Outflow 2), and the other high as-
ated organic marker compounds is it possible to view organicsociated with 1,6-dioxaspiro[4,4]nonane-2,7-dione (US Out-
aerosol contributions at such high time frequency. One unflow 1) (Williams et al., 2007).
certainty in our approach arises from the method of appor- The majority of the aerosol mass arriving in Riverside, on
tioning total OA to the factors resulting from the tracer PMF the eastern edge of the South Coast Air Basin, is secondary
analysis. in nature. This indicates that by the time air masses escape

Summertime organic aerosol factors had very regular di-the basin, much of the atmospheric organic matter originat-
urnal contributions, with SOA-associated factors contribut-ing in the South Coast Air Basin has undergone some de-
ing as much as 8& 2% of fine OA mass during the after- gree of chemical aging, and additional SOA has been created
noon (68.5% when averaged diurnally), which is within the from gas-to-particle photochemical processes. This aging in-
range of SOA/OA fractions reported by five other methodscreases particle hygroscopicity (Kanakidou et al., 2005), and
during SOAR-1 (Docherty et al., 2008). There appears to ben turn increases the aerosol’s ability to alter cloud forma-
contributions to OA from biogenics and other local anthro- tion and precipitation (Ramanathan et al., 2001). Addition-
pogenic emissions during the night and morning. Regionalally, high concentrations of SOA ands;@bserved during
primary anthropogenic particles plus local vehicle particlesthe summer causes concern for the health of those residing
contributed approximately 11% of OA over both seasons.within and downwind of the L. A. region (Dockery et al.,
While primary vehicle factors, local and regional, account 1993; Folinsbee, 1992; Schwartz et al., 1996, 2001; Jang et
for a relatively small fraction of the OA during both seasons, al., 2006).
volatile vehicle emissions are photochemically processed in
the atmosphere and are likely responsible for creating larg&supplementary material related to this
amounts of observed SOA. article is available online at:

A substantial amount of SOA was also observed in thehttp://www.atmos-chem-phys.net/10/11577/2010/
fall, however three of the SOA-containing PMF factors were acp-10-11577-2010-supplement.pdf
mixed with either food cooking tracers or tracers of biogenic
and anthropogenic primary emissions, making it impossible
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