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Abstract. Wildfires have become more common and intense in the western US over recent decades due to a combination o

historical land managemeptacticesand warming climate. Emissions from large scale firew frequently affect populated

regions such as the SamaRcisco Bay Area during the fall wildfire season, with documented impddise resulting

particulate matteon human healthiealth impacts of exposure to wildfire emissions depend on the chemical composition of

particulate matter, buhe molecular coposition ofthe real biomass burningprganicaerosol(BBOA) that reaches large
population centersemains insufficiently characterized/e took PM. s(particleshavingaerodynamic diameters less than or
equal t Josamplesd theeUmiversity of California, Berkeley campus60 km downwind of the firesjluring the
October 2017 Northern California wildfirggeriod and analyzedanolecularcompositionof OA using a two-dimensional
gaschromatography coupled with high resolution tiofeflight massspectrometespectromety (GCxGCToFMS). Suga-

like compound were the most abundant component of BBOA, followednigno-carboxylic acids, aromatic compounds,
other oxygenated compounds and terpenoiflse vast majority ofcompounds detected in smoke have unknown health

impacts

Regression models werteainedto predict the saturation vapor pressure amdraged carbon oxidation stat@"Y) of
detectedcompoundsThe compoundspeciatechavea wide volatilitydistribuion andmost ofthemare highly oxygenated.
In addition, timeseries ofprimary BBOA tracer®bservedn Berkeleywere found to be indicative dfie types of plants in
the ecosystems burned in Napa and Sonomagaud be used to differentiate the regidrmm whichthe smoke must have
originated Commonly usedexondary BBOAmarkerslike 4-nitrocatecholwere enhanced when plumes agleat their very
fast formationcaused them to havamilar temporal variation aprimary BBOA tracers Using hierarchical clustering
analysis, we classified compounds into 7 factodicative of theirsourcesand transformation processedentifying a

unigue daytime secondary BBOA fact@hemicals associated withis factorinclude multifunctional acids and oxygenated

aromatic compoundd hese compoundbave highi"Y, and theyare also semivolatile.We observedo net particlephase
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organic carbon formation, which inditesan approximatéalance between thaass ofevaporagd primary-and-secondary

organiccarbonaceous compountdsthe additionof secondary organic carbaceous compounds

1 Introduction

Biomass Burning (BB)s thelargestsource of carbonaceous aerosols and the sdaogebktsource of normethane organic
gases i n Ear(QAKkag et ala20lh;dBsml leteak, 004Priven by forest management practidesich adire
suppressionand climate change, the size and frequency of wildfires in the western United States have been steadily
increasing over the past 20 ye@fdatzoglou and Williams, 2016; Dennison et al., 2014; Westgrit al., 2006)which

results in worsening air quality this region(McClure and Jaffe, 2018)

Organicaerosolparticles(OA) arethe main component gfarticulate matte(PM) emitted inbiomass burningFine et al.,
2004; Nolte et al., 2001Many gas phaseolatile organic compounds (VOCsjtermediate-volatile and semivolatile
organiccompoundg(l/SVOCSs) are also emittedin biomass fireqGrieshop et al., 2009a, 2009b; May et al., 20T3je

oxidation and condensation gas phaserganics in addition to the evaporation of particulate organatisaffect the mass

and composition of biomass burning organic aerosol (BB@®#dshire et al., 2019aNumerousstudieshave connecéd

human health outcomes with exposure to wildfire sm¢Resd et al., 2016; Sigsgaard et al., 20BBOA was shown to be

the mosttoxic component ofwater-soluble PMs(par t i cl es having aerodynamic)indi ame
the Southeastern United Statés terms of the abilityd generataeactive oxygen speciéwhich can causeell damageper

unit masqVerma et al., 2015)The chemical compositioof BBOA, which is related to the fuetombustioncondition and
atmospheric agingaffectsthe potential toxicityof BBOA. On a perpermassof PM;sbasis, aerosolgenerated in flaming
combustionhave stronger mutagenicity and lung toxicity potencies than smoldBB@A (Kim et al., 2018) A recent

study shows atmospheric aging for two days can increase the oxidative pdteatability of particle to generate reactive

oxygen speciex)f BBOA by a factor of 2.1 + 0.0Nong et al., 2019)

The chemicalcompositionof particlephaseBBOA emissios hasbeencomprehensivelgharacterized in laboratory burning
experimentse.g.,Hays et al(2002, Jen et al(2019 andSimoneit et al(1993) Thesestudiesprovideextensiveinventoies

of BBOA emissiors and discovered many chemic#dacer compounds for differenvegetation typesHowever, there is
evidence showing the emissiafi BBOA in wildfires are different from that in the laboratory settinB8OA emissios

from natural fires dependnothe moisture of the fuels and many environmental factors such as wind and temperature, which
is hard tomimie-simulatein laboratory fireqAndreae, 2019)The aging processes of BBOA have also been studied in many
laboratory oxidation experiments, suchBestrand et al(2018, Fortenberry et ali2018 and Sengupta et a(2020) These
studiesprovide substantial information ghe-oxidation mechanisms, andlentified many potential marker compounds for

biomass burning secondary organic aerosol (BB SGwever the oxidation environment in chambers or flow reactors
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are also different from the wildfires.Variabilities in dilution and levels of background a®sols, in addition to the
variabilites in emission and chemistry, all affect OA evaporation andSBR\ formation (Hodshire et al., 2019b)n
laboratory studies, aging was often shown to increase the mass of BR®#&ver,increase of BBOA maswithin aging
plumeswas only observed in a fefield studies(Hodshire et al., 2019appeciated measuremergeable us to examine
whether primary BBOA marker compounds emitted in ftrest differ in fuel type, intensity, or other factoase suitable for
use insource apportionment, andittentify usefulmarkercompoundgand formation pathway$pr BB SOA. Speciation of

agedwildfire BBOA also inforns us abouto whichthe compounds people were exposeduring the fires.

Traditional speciatedmeasurements of BBOAypically rely on the-gas chromatographyassspectromefc (GC-MS)
analyses of filter sampleBue tothelimited capabilityof conventional GEMS in separating compounds high fraction of
BBOA is typically assignedreatedas unresolved complex mixture (UCNKBine et al., 2004; Hays et al., 200Bbr ambient
BBOA measurementdpw sampling frequency (e.g. one or two sampleper day) typically makes it challenging to
distinguishBBOA from other pollution sourceand to capture short timescalariability indicative of changing emissions,
transport, and atmospheric processiige-gAdvances imanalytical instruments, such as the tdimensional GC coupled
with high resolution masspectromey (GC x GC HRMSkignificantly expands the ability separate, identify and quantify
organic compounds in aeros@lam and Harrison, 2016; Laskin et al., 2018; Liu and Phillips, 1991; Worton et al.,.2017)
Usingthis approach, an unprecedentetihberof compoundsn OA can benow speciated and quantifiednd traced back to
sourcegZhang et al., 2018Here we apply\GC x GC HRMSto theanalyss of 3-4 hourtime-resolutionsamples oextreme

levels ofambientparticulate mattegeneratedy distant wildfiresaffecting a populated region

In October 2017, a series of wildfires took plac&lapa and Sonoma CountiesNierthernCalifornia. The emissions caused
extreme air pollution conditions with pouwisibility throughout the highly populated San Francisco Bagafor more than

10 daysAccording to US EPAG6s me asahowe\neemnmtelevdiacbrnent@to®oh PMAsS r No w
e x c e e d e d 3skwr@l tinsegt moitiplemeasurement sitegithin the Bay AreaA recent epidemiological study shows

exposure to wildfire smoke in California during 262617, including the 2017 fires nasured heresignificantly increased
the risk of outof-hospital cardiac arregbdds ratio 1.70, 95% confidence interval 12L83) (Jones et al., 2020 hese
densesmokeperiodsprovide a unique chance to stuthe speciated chemical composition and transformations of BBOA
occurring during the same tintieat adversehealth effect§rom smokehave been documented/hen these fires first began,
we set up a comprehensive set of online measurementsedtniversity of California, BerkeleyfUCB) campus, and
collectedparticulatefilter samples for offline analysis. This article focuses ondiganic aerosols collectezh thefilters.
Main objectives for this studinclude (1)measuing the chemical composition &BOA after several hoursf atmospheric
agingand estimang the volatility and the average carbon oxidation stistributionof BBOA; (2) testng whethermarker
compoundscan be used tadistinguishthe fuelsburned inthe fires (3) tesing whether traditional BBSOA tracersan

indicate-thare indicative ofaging processs (4) using a statistical approach d¢tuster all the compounds by their temporal
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behaviorto examinetheir sourcesand transformation processeand (5)identifying BBSOA marker compounds, and

exploringthe temporal trend of BBSOBased on the clustering analysis

2 Methods
2.1 Fires, measurerant site, characterization of backward trajectoriescalculation

The 2017 Northern California wildfirestarted in Napa and Sonoma CountiesOmtober 8 under the influence of thet,

dry, and strongDiablo winds (coming from the east of the S&mnancisco Bay Area over the Diablo Rangandcontinued
for more thartwo weeksThe northeasterly wind carried the smoke to the San Francisco Bagr&egang multiple separate
events of high particulate matter concentrations and human expdaja fires include the Atlas Firesize: 209 kn?) in
Napa Countyandthe Tubbs Fire(149 kn?), the Nuns Fire(220 kn?), andthe Pocket Fire(70 kn?) in Sonoma County
Emissions from suclarge wildfires haverarely been extensivelgneasured in previous field campaigit$odshire et al.,
2019a) Descriptiors of these fires can be found on the Cal Fire website: https://www.fire.ca.gov/incident&238dstfire
survey by the Sonoma County Agricultural Preservation and Open Space District comprehensively measured the vegetatio
burned in the Sonoma County fréhttp://sonomavegmap.org/datawnloads/).The canopy damag#ataobtainedin that
surveywas used to estimate tlgeiantity offuels burned inthe Sonoma County FireBor the Atlas Fire, we overlaid Cal
Firebs f i r eandocempareitewitrear vegetcign map in 2004 to estimate the vegetation buffiearne et al.,
2004) The NASA Near Reallime VNP14IMGTDL _NRT VIIRS 375 m Active Fire Detectionproduct
(https://earthdata.nasa.gov/actiire-datg wasused to confirm thelaily fire points during the sampling perig8chroeder

et al.,2014) Geospatial calculations were performed with Geoprocessing Todls ArcGIS Pro.

Our measuremesistarted on October ®n a balcony on the"2floor of a 3story building on theJCB campus(37.873N,
122.263W) in an urban areapproximately 5-65 km downwind of thosefires. The Hybrid Particle Lagrangian Integrated
Trajectory (HYSPLIT) model was uséd calculate24-h backward trajectées from our campus at a height of 50 m above
thegroundevery hourvithin the sampling perigdisingGlobal DataAssimilation Syster@d 6.5° x 0.5° resolution product as

the meteorological inpufStein et al., 2015)Backward trajectories were grouped using the clustering function in the
HYSPLIT software.Fhethreeclustersolutionwas-choseWe classified the air mass#sat arrived in Berkeleyduring the

fire periodinto 3 clusterdased ortheir origins, as shown in Figuréa and discussed in Section 3.1.

2.2PM2zssampling andfilter analysis by GCxGC

A total of 74 timeresolved 8-4-hour resolutior) particulate mattersamples were collected using our custoade
sequential filter sampler. Ambient air passed through a sharp.sytmcyclone at 2 Ipm andthe particulate mattexas
collected on102 mm diametequartzfiber filters (Pallflex Tissuquartz)The filters wee stored imna -20°C freezerbefore

analysis One or twa0.41 cn? punches obamplewere taken from each 102 msampledilter. Isotopically labeledriternal

4
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standards weraddedto the filterpunche prior to analysisto correctfor anydrift in system responggen et al., 2019)The
sampleswere themally desorbedin Helium at 320°C in athermal-desorption autosampler (Gerstelith online
derivatization by MSTFA (imethykn-trimethylsilyltrifluoroacetamideSigma Aldrich beforebeingfocused orthe Gerstel
glass wool cooled injection systefB0°C). The derivatization step conved hydroxy groups into trimethylsily(TMS)

|135 esters,making the compounds easier to elute from columHse analytes werahen guickly-injectedoutedinto the GC
system (Agilent 7890). The first column in the &C system is a senpiolar capillary 60m x 0.25mm x 0.25 um column
(Rxi-5Sil, Restek) which mainly separatescompounds by volatility.The temperature of the first GC column was

| programmed toramp from 40 to 320°C at 3.5°C/minnd-tethen held-held for 5 min at 320°Cwith helium carrier gas
flowing at 2 mL min' * Analytes eluted from the first column were focused on a guard column (Restek, 1.5m x 0.25 mm,

140 Siltek) in a duaistage thermal modulator (Zoex) and tHeaded ontothe second columiiRestek, Rx200MS, 1m x
0.25mm x 250 pm)where the analytes were separateinly by polarity A Tof wer k hi gh resol-uti or
of-flight mass spectrometer (HROFMS) was used as the detectédl samples wereanalyzed under electron impact
ionization (70 eV). Selected samples were analyzed by Vacuum-Mitlet (VUV) ionization (10.5 eV) provided by
Beamline 9.0.2 at the Advanced Light Source, Lawrence Berkeléprdha Laboratory.The VUV analyseswere for

145 identification only.To minimize fragmentation in VUV, the temperature in the ionization chambsrwasmaintainedat
170 °C, instead of270 °Cwhich-wagypically usedfor El analysis(lsaacman et al., 201.2yhe GC chromatograms were
analyzedusingGC Image software (GC Image, LLC).

2.4 Compound identification, classification, and quantification

We first identified compounds in the samples matching withauthenticstandardsA custommade biomass burning
150 standard mixture of 99 compounds including alkanes, acids, sugars, aromatic compounds, and polycyclic aromatic

hydrocarbons (PAHSs) as injected-entoapplied to blank filters and analyzed by the same instrumefhe standard

compound lishas beemublishedin Table S4 inJen et al(2019) For compounds not in this standard mixture,used the

NIST MSSEARCH software to compateem with entries inNIST-14, MassBankGolm MetabolomeDatabasg GMD),

Adams Essential QIMANE2010flavor and fragrancenass spectral databasasd the GoAmazon, SOAS aRtREX mass
155 spectral librariegreatedat UC Berkeleyin previous studiessing the same instrument as this st(ithn et al., 2019; Yee et

al., 2018; Zhang et al., 2018&)inear retention indexXRI) on the # dimensiondescribes the elutiorrder of compoundfom

the first column(Yee et al., 2018)For compounds ahaed by-usingthe same type of column, the elution order is expected

to be the same. The Rlatch is considered in thmatching proces§ he parent iosaof the compounslwere confirmedvith

the VUV mass spectrdPositive identifications were achieved #8% of the speciated compoun@®etailsfor compound

160 identificationarediscussed ithe Supplement

A total of 572 compounds separated by @@xGCwere classifiebased on functionality, intmono-carboxylicacid (acid

hereafter), alcohol, alkane, aromatinonacyclic only), nitrogencontaining other oxygenated (with 2 or moréOH or -

5
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COOH groups),(substituted/oxygenatedAH, sugar(and sugar derivativaacluding anhydresugarsand sugar alcohgls
(di-/tri)terpenoidand unknown groupsDetailed procedurs for classiying unidentified compoundare providedin the

Supplement

The mmpoundquantification procedurappliedhasbeen documented in detail ihe main text and supplementls#n et al.

(2019) In brief, we injected-applied multiple known levels of the99-compoundstandard mixalong with the internal
standird mix to blank filters and obtainethe-a response curvébased on total ion counfpr each compoundSample
compounds within this list were quantified using these cu@empoundsot in thisstandard mixvere quantified using the
response curve of the nearest standard compound (preferably in the samétleldfss compound being quantifiedn the

GCxGC spaceAs estimated byJen et al. (2019)compounds exactly matched with a standard compound have an
uncertainty ~ £10%Compounds quantified by the nearest compound in the same class have an uncertainty of ~ +30%.
Compounds withunknown functionalityhave a systematic uncertainty of 2008te expect compounds widecondcolumn

retention time > 1.6 ®© also have such higlincertainty becaugberewere no standard compounds with that high polarity

and a surrogate standard with lower polarity was used for quantifickteever,only 7 reportedcompounds were in that

chromatographicegionwith extremely high quantitative uncertaintyalibration was performed down te1® ng for most

compounds, antb 20 ng for very polar compounds such as-dpitrophenol, 5nitrovanillin and 4nitrocatechol. In such

concentrations, tlee analytes wereobserved atl0-10000 timesthe chromatographic signaloise ratio. We can very

conservatively assume the detection limit to be 1 ng. When we todkoar3sample at 2llpm, the limit of detection was

equivalent to ~ 0.26 ng 8. That is far below the conceations of most compounds measured.

2.4 Supporting measurements

Organic carbon (OC) and elemental carbon (BfJ)unched sampéfrom the filterswere analyzed on Sunset_aboratory
Model 5 OC/ECAerosol Analyzerat the Air Quality Research Centerthé University of California, Davissth-usingthe
NIOSH870thermal protocolat-the-AirQuality-Research-Centerat-the University-of California—DaAviproton transfer
reaction timeof flight mass spectrometePTR-ToFMS, PTR-TOF 8000, IONICON AnalytikGmbH)was used to measure

time-resolvedconcentration of acetonitrile (a stable tracer for biomass burning) aticer VOCs at a 1 Hz sampling

frequency The instrument wasalibrated with a authenticvOC gas standard mixtur@pel Riemer Environmental Inc.,
Miami, FL) containing 23 compounds spanning a wide range of Rtz compounds not directly calibratesknsitivity
factorsderived from known proton transfer rat@Sappellin et al., 2012; Pagonis et al., 2048y detector transmission
curveswere usedto convert the response (normalized count rates) to concentration Qxth)s of the PTRTORMS
operation and data processing have been documented elsélwheztal., 2019; Tang et al., 2016Hourly concentrations
of carbon monoxide (CO) anBM.swere continuously measured lilge Bay Area Air Quality Management District
(BAAQMD) at various sitesn the region Solar radiation data measured at Bethel Islanthetweenthe fire sites and
Berkeley)werealsoprovided by BAAQMD
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Volatility (effective saturatiortoncentratioh and averagecarbonoxidation state distribution are important parameters for
predicting thechemistryof OA (Donahue et al., 2011, 201Ryoll et al., 2011) Isaacman et al2011) showed that the

200 effective saturationconcentratios (C*) and oxygefio-carbon ratios of compounds can be estimated by their two
dimensional retention timeklowever, thamodel does not woriswell when the sample contains a mixture of aliphatic and
aromatic compound®lso, derivatization can affect the saturation vapor pressure of compdliedsherefore trained two
regression models using the MATLAB (varsi 2019b)RegressiornLearner to predict the saturation vapor pressuref
every compoundand the)"Y for compounds with unknown formula€ompound class, first column retention indexd

205 second column retention tinveere chosemsthe inputs. The compound class is related to the number of derivatized groups
and thus corrects for theffect of derivatization on the retention tim&ge first found the standard compounds and a few
positively identifiedoxygenated aliphatic compoun@gich as malic acid,-Bydroxyglutaric acid, and pinic acidh the 2D
chromatogram and classified them using the same method for classifying compounds in the samples. The MPBPWIN v1.4¢
componen{modified Grain methodn the EPI Suiteandthe EVAPORATION modelwereusedto retrieve orcalculatethe

210 saturation vapr pressureof these compoundat 298K (Compernolle et al., 2011; US EPA, 201Zhe average carbon

oxidation state of each compound was calculated™y ¢ - - v -, where O, C, H and N are the numbers of

oxygen, carbon, hydrogemand nitrogen (+V oxidation statg atomsin this compoungdrespectively Then we trained the

modelsusing the retention times/indices, classes of the knmawmpounds as the inputs, and their saturation vapor pressure

from databasesr 0"Y as responsesvith 5-fold crossvalidation The saturation vapor pressure modetl thed"Y model
215 achievedan R? of 0.93 and 0.96 betweenthe modeledresponsg and the true responsg respectively (Figure 8. The

uncertainty for the predictions of compounds in different chemical classesisershown in Figure SRiore details about

the modek can be found in the Supplemeihe saturation vapor presswgeof each compound was then converted to C* (in

ug ) by:

8" ———F (1)

220 where MW is the molecular weight of compoumdn g mol* (assume MW = 200 g mdlfor compoundswith unknown

formulag, 3r is the unitless activity coefficient of compoundassumed to be 1¥p; is the saturation vapor pressure of

compound (Torr), R is the gasonstani{8.21 x 10 >m® atm mol K" } and T is the temperature (assume 29§l&3acman

et al., 2011; Pankow, 1994)

2.6 Hierarchical clustering analysistHCA)

225 Agglomerative Ferarchical clustering analys{$1CA) was performd to group the compounds infactors based on their
temporalbehaviors usingthe MATLAB Statistics and Machine Learning Toolbdkhas been demonstrated th#EA can

identify major groups of compoundfis)from timelinesand patterns of behaviofiiom chamber measurement d#kaoss
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et al., 2020) A major advantage of the hierarchical clustering analysis over the positive matrix factorization (PMF) method
is eachcompound will only end up in one factdsbiquitous biomass burning tracers like levoglucosan will not be split into

multiple biomass burningactors.

The concentration timelines were first normalizedprevent allof the high (or low) concentration compndsfrom get
beingclustered into the same factdihen theEuclideandistance between each pafrmmrmalizedtimelines (e.g.compound

concentratiorvectorsu andv) is calculated by

dy, =W W2 Gy WP Hy + Y @)

whereu; andv; are the normalized concentrationscompound u and v at time stgm is the number oflatapoints f = 74

in this caseyespectivelyThe War ddés met hod noamlizad sineelihe dacoordingl taitisetdistarféédard) e
1963) This algorithm starts with one compound as a cluster of its owntlemfinding the nearest compound amderge
merdng them (for example, compoundandv were merged in to cluster AyWhen twoclusters A and Bare merged, the
increase ofhewithin-cluster sum of squarés calculated by

d(AB= -2 A T @
(N, + 1)
wherena andng are the number of compoundsdiusterA and B A 6 £is the Euclidean distance between the center of
cluster A and cluster Bl'he goal is to find B that minimizeXA,B). The number of clusters were s¢#-8, and the €luster
solutionwaschosenmainly because of interpretabilityrhe costof merging (ircrease ird) was also considerday making

sure there was not a jumpdrwhen an extra meegvas performed.

3 Results and discussion
3.1 Fires andfuels, backward trajectories and spread of the fire plumes

Figure 1a displays the perimeters of thitgdfires in Napa and Sonoma Counti€sgure 1b shows the satellite image and the
fire points detected by VIIRS on Oct 12 as an example. The UCB casiteusind many regions in the Bay Ansare
directly affected by the smokeansported to the Bay Ardeom these firesFuels burned in the Atlas Fir&ify. 19 were
dominated by hardwood (includirgyapevinesvariousoaks andeucalyptuy and shrubgchamiseandwhite-leaf manzanita)
Conifer vegetationenhy-accounted-for-0-3%ecounted for less than 18f the areawithin the perimeter of the Atlas Fire.

Hardwoodforest (various oaksilso dominated theanopiesburned in fires in the Sonoma County. However, cosife

(Douglasfir, knobcone pineredwood ponderosa pineetc) contributed 20.9% ofhe canopyburned The shrubsshrubby
oaks, chamise, manzanitgpnstitute 8.9% ofanopyburned inthe Sonoma CountyFig. 1d)
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The mean backward trajectory of each cluster is also shown od&iBlumes in cluster 1 arrived from tmertheast at

relativdy low speed.Their plume ages were quite variable, randiogn around 5 hours t&2 hours.They mainly picked up

smoke from the Atlas FiréPlumes in clusteR originated from the west coast. They pickedampokefrom the wildfires
(mainly Sonoma County fires) and thieansportedt to the Bay Arealhe plume ages weestimated to beetween Go 10

hours.Smoke in clusteR is expected to be more aged thanokmin clustei3. Plumes in cluster 3 traveleds3hours from
the fires tothe UCB campus, as estimated from HYSPLIT. They mainly transported smoke from the SonomaFd®snty
to the Bay Area.

Figure 2 shows the impact tfree representatiwildfires on the air quality in the Bay Areén the Octll daytime plume,
hourly PM, s concentration ifNapa and Vallejo exceed&$0 € g .M slevels in otherBAAQMD monitoring stations

(with locations shown in Fig. S3pachedheirp e aks of a b¥swceessitelyughlygfollawing the distanse
from the fires.Even the San Jose Jackson Street site (around 120 km downwind of the fires) recdrdedy averaged

PMzso f  ~ 1 2%0The Qgt 1innighto Oct 12early morningttime plume and the Oct 17 daytime pluwere less dense

in terms of PMs. The temporal profilesef PM.sat different measurement stelearly show that they were all affected by
the same plume$n Oct 2017, wen there was no influence from tvddfires, the PM s at these BAAQMD sites typically

stayedb e | o w £ Fherefgre, when the smoke cartes BBOA wasthe dominant component pérticulate matter

3.2 Chemical mmposition of particle-phaseorganic aerosols

The concentratiaiof different classes of compounilseach sample measured by the GCx&€&displayed in Fig3. In the
three samples with highest total quantified mass (all from cluster 3 plumes), the compounds quantified can e@ain 15
of total OCby massHowever,in samples with minimabiomass burningnfluence only 510% of OC can be explained/e
define periods with t otasplumegpermd (17 dampies)totadduantfibdoOAe0.84 g g m
background pericgl(30 samples)and samples withjuantified OA in-the-middidetween 0.8 g 2and 4e g ° ras BB

influence periodg27 samples)The background periods were not totally unaffedsgdBBOA. The mean and standard

deviation ofconcentrationgor each group o€ompoundsthe sum of all measured compounds (total quantified @4d,the
total OCin the three kinds of periods are shown in Tabl&dgars dominated by levoglucosaagccountfor more thana
third of total quantified OAIn plume periodsBased on thatructures, rast of these suga(# underivatized)can fragment

into C;H402" (m/z60) underEk-electronionization, whichcancontribute to the signal @&,H4O,* when measured by aerosol

mass spectromete(Babbri et al., 2002)Terpenoidgespecially resin acij@ndnitrogenrcontainingcompoundgdominated

by nitrocatechols) were also specific to BBO#hile otherfamilies of compoundhad other sourcegor instance,hte acids
were enrichedvhen smoke wasaffecting Berkeleybut thér fractionsin OA arelower than in background plumégcause

of dilution by the BB-specificcompounds
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In all samplesthe fraction of PAHs remained beldh3% of total quantified OAThe low PAHfraction in OA measured at
UCB could be a result of both low PAH emission and photochemical Thgsemission, exposure, and health impacts of
PAHSs in biomass burningasreceiveda greatdeal ofattentionin previous studie¢Shen et al., 2013; Sun et al., 2018; Tuet
et al., 2019)Hewey workhas , Bislh so0r OC
thanwith-total- PAHs(Bglling-et-al2012; Kim-et-al—2018owever, OQother groups of compoundsuch asmonocyclic

aromatic compoundsicluding hydroquinone, catechol and cinnamaldehy@@anderson and Tagesson, 1990; Muthumalage

A

et al., 2018) may also makesubstantial contributiato the toxicity of biomass burning sm@kThe effect of compounds
other than PAHs male worthy of attentbn in future toxicological studies of BBOAhe maximum concentrations tife
most abundanpositively identifiedcompoundsand most abundant PAHsbserved at Berkelegnd their possible hazards
are listed in Table SKnowledge of thehealth impactof inhding compoundsn this list are still lackingFor example,
many nitroaromatic compounds were found to be mutag@nicohit and Basu, 2000)he nitracompounds wrefound to
be the main contributor to the mutageniaiyPM;sin Northern Italy(Traversi et al., 2009)The sum of concentrations of
(methyk)nitrocatecholobserved at Berkeley x ¢ e e d e d . Howéver,sng toxioological research of sgecompounds

was found in PubCherfhese

Figure 4 displayshte volatility andG Y distributionof speciated compounds in two relatively fresh samples (witthBurs
aging. The two samples have almost equal total quant@iddoy massin the twosamplesthevolatility distribution and
the0"Y distribution wee almost identicalThe volatility distribution obtained is similar fearticlephaseprimary BBOA
reportedby Hatch et al.(2018)in the way that most compounds residel® < C* < 1(0? pg n bins. But the standard
deviation of logoC* in our study is higher than that in Hatch et al. (2Qa8hich could be related to fuel differencasd
aging Compoundsn the10? pg n® < C* < 10 ug n® bin weremainly aliphatics and tierpenoidswhile 1 pg mé to 1¢
ug m bins consisbf sugars, aromatic compounds, and other oxygenated compdrels”Y distributiors measured at
UCB differ remarkablyfrom that inferred from thermodenuder AMS measurements of primary BBOfom wood

combustion(Donahue et al., 2012; Grieshop et al., 2008t)that measurement, most of compounds h&dnear-1.5.

However, our measuremeal
mone-carboxylicacids shows thatsugars and oxygenated species cause a larger pe@kYofbetween-0.5 and 0.5

although there is a peak of OA withY between-2 and-1.5 contributed mainly by morcarboxylic acids The

fragmentation probability is an important parameter for simulating SVOCs in fire pl(ihesrado et al., 2015)The
probability of an SVOC compound foagment when reacting with OH can be estimateg by(O:Cy?° (Donahue et al.,
2013) Assumingd"Y o 0dd ¢, for compounds witl)"Y between-0.5 and 05, the probability for them to fragment
and form more volatileompounds are roughl§.84 - 0.96. Stronger fragmentationould reducenet growth of mass of

particlephaseBBOA in aging processes.
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320 3.3.1Primary BBOA markers can indicate vegetation burned

Figure 5 shows the timelines of OC, commonly usedn&sker compounds and the backward trajectory cleifteoughout
the campaignLevoglucosan and mannosareing the decomposition products of cellulose lagohicellulose respectively,
areemitted in the combustion ofiostplants(Jen et al., 2019; Nolte et al., 2001; Simoneit, 2008yoglucosars the most
abundant BBOA speciaaeasured in this campaigits abundancesachedaround 20% of total quantified OA in the plume

325 periods.Comparing Fig. 5d and 5&henthere was a peak of OC, there were usually peaks of levoglucosan agheell.
levoglucosan to mannosanassratio can be used to differentiate hardwood and softwioonifer) fires. Hardwood fires
usually have emission ratios of levoglucosan/mannosan around 20, while for softweddisimatio isusuallyless than 5
(Cheng et al., 2013y he levoglucosan to mannosan ratio stayed abova &tbst sampleswhich confirms the dominance
of hardwoodas fuelin the October 2017 Northern Californigildfires asshownin Figure 1 (c) and (d)

330
Diterpenoids including resin acidgse unique markers biomass burning emissiorigr conifer combustion(Hays et al.,
2002) Figure 5c shows the time series of dehydroabietic acid (DHAAJetlydroabietic acid (DHAA), abietic acid and
retene.The concentration ahe most abundant resin acid, dehydroabietic acid, e d o v e Fin ® plughe.Thegge m
conifer tracergnainly showed up in three plumes on Oct 11, 12 andritdire 5a showghatthose plumes were associated

335 with backward trajectories in cluster 2 and 3 which matrdysportedsmokeform-from the fires in Sonoma County, in

which more than 20% dthe vegetation burned was conifer. In contrast, the BB plumes on October 10 and 1iotwere
accompanied by peaks of these conifer fire makerat @grees with the fact that those pluréginatedin the northeast
(Fig. 5a) which mainly transportedsmoke from theAtlas Fire with little conifer combustionDimethopxyphenolsand
amyrins arenarkers of hardwoadlhey wereenriched in the plumes on Oct 10 and 17, as well as the plom®@st 1113,

340 which further confirms theubiquity of hardwoodfuels in all the fires affecting BerkeleyHydroquinone and two other

‘ compound were also shown to be good tracers for manzaénisburningin our previous workJen et al., 2018 hey were

presentin most of the plumes, which is Ime with theour finding thaterevalence-emanzanitas widely distributedn that

region

3.3.2 Traditional specificsecondary BBDA markers

345 We focus on the behaviors of two groups of -Bpecific SOA compoundlere 7-oxo-dehyroabietic acid (bxo-DHAA)
was proposed to be an aging product of resin d%fds et al., 2008)However, oher sudieshave suggestethatDHAA can
thermally degrade t@-oxo-DHAA and finally retenen fires, and the differences in the abundance of these compounds can
be attributed to the combustion temperai@®amdahl, 1983; Simeit et al., 1993; Standley and Simoneit, 1994) figure
out whether this process mainly ocgunr the fires or in the atmosphe@comparison between source and receptor profiles
350 of these compounds needed.The ratios and concentratiotimelines & DHAA, 7-oxo-DHAA and retene are shown in
Figure 6a and 6bBoth the 7-oxo-DHAA/DHAA ratio and the retene/DHAA ratioreached-pegleakedafter the peak of
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DHAA. In addition, as shown in Figui®4, the Zoxo-DHAA/DHAA ratio andtheretene/DHAA ration theprimary BBOA
were far below the ratios detectadthe ambient sampdeat Berkeley Therefore, itis likely that the conversion to-ako-
DHAA (and retene) mainly happendtirough oxidation during transpoih the atmosphereOur observations were

consistent with the hypothesis thabXo-DHAA to DHAA ratio is a useful indicatowe-conclude-thatthé-oxo-DHAA-to
DHAA ratio-provides-a-usefdhdicaprfor the formation of BB SOA.

Another group of compounds often used as tracers for BBSOA in source apportionmentratre-tr@matic compounds
(Watson et al., 2016)When catechol or methylatechols react with OHNOz or HONO with the presence of NO4-
nitrocatechol omethyknitrocatecholswill be produced(Bertrand et al., 2018; Finewax et al., 2018; linuma et al., 2010;
Vidovil e.tThe oW vapor @Zdssuredf these compoundsause them to be mainly the particle phas and
thereforeare expected to be useBB SOA markergFinewax et al., 2018)Figure 6d shows the concentratithme serig

of the nitrocatechls. The sum of the nitrocatechols reached7l3g - im the early morning on Oct 1,3which is9.1% of
total quantified OAThe nitrocatechol/OC rat&dn daytime plume$Oct 11, Oct 12 & 13 afternoons)ere lower than in the
nighttime/early morning plunsgFig. 6c) Since the plumes came from the same fires, the diel difference was either caused
by the differences in day/night combustignocessesor oxidation chemistry.The concentration of catechol and 4
nitrocatechol are shown in Fi§b. In thedaytime plumes, there were more catechol relative-t@rdcatechol than in the
nighttime/early morning plumesinewax et al. (2018has shown that the molar yield éfnitrocatehcol when catechol
reacts with OH and N@are 0.3 £ 0.03 and 0.91 * 0.06, respectivélye dominance foNOs3 radicak as the nighttime

oxidans can help to explain the higheitrocatechols/OC ratiat night It was recentlyreportedthat these nitrocatechols can

be furthe oxidized by OH radicalghe major daytime oxidaifPalm et al., 2020)The difference in oxidation mechanism is

thus a more plausible explanatimrfor the dieldifferencechange®fin thenitrocatechol$DC ratioobserved at Berkeley

Qualitatively, the nitrocatechols are good markers for BBA. Howeverassuming [OH] = 2 x fOmoleallescni®, and
[NOg] = 5 x 1¢ moleailescm?, the lifetimes of catechol againgDH or NQG; oxidation are only 1.4 h and 20 s, respectively
(Finewax et al., 2018)As shown inFig. 6o and @, the timelines ohitrocatechols are very similar to tipgmary BBOA
tracers like dehydroabietic acidspecially in the nighttime plumesitrocatechols and dehydroabietic awidre categorized
into the samdimeline factorin all 4-factor to 8factor solutiongn the HCA analysis(seeSectiors 2.6 and3.4). Although
these smoke plumes traveled approximately IBours from the fires to Berkeley,vitaslong enough for the formiain of
substantial amougbf nitrocatcholsin addition, 4nitrocatechol was also detected in fresh BBOA in the Fire Lab gfledy

et al.,, 2019) This issuecould bea challengeef-usindor the use ohitrocatechols as BEBOA markers irtimeline-based
source apportionment analyses.
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3.4 Clustering of compoundsy HCA

To reduce the complexity of interpreting the time series of each of the 572 compoursis)plifeed theminto 7 factors
based on the similarity in temporal behaviofrigure 7a displayshe-a dendrogram of théactors. The predicted volatility

and calculated/predicted’Y of eachcompound are displayed in Fig. 7b, colotgdthe factor the compound belongs to.
Factor 1(N = 85) compounds include levoglucosan, mannosan, vanillic adiyddoxybenzoic acid and pentacosanoic acid,
etc. These compads are universally emitted in burning most kinds of biomass flibks.grass fire tracerp-Coumaryl
alcohol(Nolte et al., 2001; Oros et al., 2006; Simoneit et al., 1993)Iso in this factor. It indicates the presence of gaass
understonyfuel in all the fires.This factorcontributes around/3 of thetotal quantifed mass(Fig. 8). Factor 2(N = 78)is

also dominated by primary BBOA compounddost aliphatic acidsalcohols, and allenes above & (including n-
nonacosafi0-ol) are in this factor. The most abundant alkameasuredthe n-nonacosane, is also this factor. These
compound arelikely from theplantwax sourcegMedeiros and fhoneit, 2008; Simoneit, 2002)ike Factor 1, compounds

in the second factor were present in almost all BB plufastor 3(N = 100)is also a primary BBOA factor. But it is hard

to associated witht with any specififuelsbased on the chemical compositon and it i s therefore c:
unknowno factor. C o erp movenabundarit im the @ct 51 ddytime tplomme than the Oct 12 and 13
plumes.This factorcontainsboth hardwood tracers likgyringic acid,as well as galactosaand pinito] which are more
abundant irconifercombustion emission@®ledeiros and Simoneit, 2008; Munchak et al., 200ther sigar alcoholssuch

as myoinositol, ononitol, erythritol and xylitol aren this factor. These compoundare more abundant in green (moist)
vegetationfires (Medeiros and Simoneit, 2008; Schmidl et al., 2008)e most abundant sugar alcoycinositol is
present in both plants and animals well (Loewus and Murthy, 2000; Medeiros and Simoneit, 20@8) concentration

reached -0nth2 6ct£lglunmeriginated fromheSonoma County

Factor4 (N = 35)is the most volatile factor, with more than htilé compounds having C* above 28 gn3. This factor

contains urbanOA, such asnicotine, deltab-tetrahydrocannabinol, glycerognd terephthalic acid. However, several
compounds emitted in hardwood fires, suchpgsogallol syringol and sinapylalcohol are also in this factorTheir
concentrations in the Oct 17 plumes were compartbte even highethan in the Oct 1-13 plumes.Since the Oct 17

plume mainlycame from the Atlas Fire, the high abundances of these tracers were expected. However, it is unclear why
other hardwood BBOA markers like syringaldehyde aithpaldehyde did not follow this trd. The concentrations of
syringol and pyrogallol were found to increasederatelyin aging experimentsdue to partitioning or chemical formation
(Bertrand et al., 2018; Fortenberry et al., 208ihce the Oct 17 plumeerewasmore aged than the Oct-1B ones, it is
possible that the two compounds were forndedng transport.Factor 5(N = 124) is a BBOA factor. Its concentrations
exceeded Factor 16s i n -18. AlEs fadternemesents BBOA frametlse Sonoma Qounty fited
according to the backward trajectory clusteconsists of many hardwood tracrs uc h as si napanyrthe hy d ¢

and syringaldehyde)na ftwood tracers(such as DHAA, pimaric acid, sandaracopimaric acid, abietic acid and redsne)
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well as fastforming SOA such as nitrocatecholhe ceoccurrence of both hardwood and softwodrhcersindicatesthese

fuelswere burned simultaneously the fires in Sonoma County

Factor 6 (N =100)is thedaytimeBBSOA factor.This factor has a moderate correlation with levoglucosan(@.68). The
dendrogranshows this factor haslarge distancésmall correlationrom any other factor(Fig. 7a) Figure 9 displays the
concentration of this factor versus tinThe major peaks of this facteitherhappened in the afternoan in the plumethat
arrived in Berkeley at night buthad previously experienced daytime aginddigher daytime concentratisnof these
compoundsndicatk stronger agingprocessesf BBOA in daytime.The Oct 11 afternoon plume was relatively fresiith
~3 hours daytime agin¢in backward trajectorgluster2). The Oct 12 & 13 afternooplumes were more ageih(backward
trajectory cluster 3). Although the OC level in the Oct 11 plume was the highest, the concentration of Fastugeewin
Oct 12 & 13afternoon plumesThis factor accouedd for 9-14% of total quantified OAIn those plumesMore than 90% of
the mass of this factor residén C* volatility bins between 1 and 16 g -3, which indicates the semivolatiteature of this
factor. Positively identified BBSOA compoundsdude multifunctionakliphaticacidsandoxygenatedaromatic compounds
(Table 2) All the multifunctional aliphatic acidbave less than 10 carbon atorAdthough they wereabundantin aged
biomass burning plumesnany of themare not specific tracers of BB SOA. Hostance malic acid and tartaric acid were
found in aged wood smoke in oxidation experimefitartikainen et al., 2020However, theycan be produced in the
oxidation of 1,3butadinene and isopreri€laeys et al., 2004; Jaoui et al., 2Q1Mlic acidcan also be produced by the
hydroxylation of succinic acidan oxidation product oflong-chain unsaturated fatty acidéKawamura et a] 1996;
Kawamura and lkushima, 1993pinic acid and3-methyt1,2,3butanetricarboxylic acidMBTCA), commonly usedas
biogenic(monoterpenepOA tracergJenkin et al., 2000; Szmigielski et al., 2007; Zhang et al., 2@t&)also in this factor
Monoterpenes and oxyionoterpenes can account for more than 5% of totalnmethane organic gas emissian certain
conifer fires(Hatch et al., 2019)The biogenic SOA could be oxidation productsiué terpenes emitted in fire#t is also
possible that biomass burning emissions enhanced the formation of biogenicASG@g. aomatic compoundsisted in
Table 2,phthalic acid, 4,imethy}t1,3-isobenzofurandione and t¢¥hdroxynaphthaleneould bePAH oxidation products
(Wang et al., 2007Protocatechuiacid and gallic acidre likelymore specific tdiomass burningProtocatechuic acid is a
product ofconiferyl alcohol anaonifetyl aldehyde ozonolysis, and the vanillic acid + N@reaction(Liu et al., 2012; Net
et al., 2010, 2011 Protocatechuic acid and gallic acids were also found to be the Hereaoxidation products of biomass
burningrelated small aromatic acids in the atmospheric aqueous pBastos et al., 2016a, 2016)hese compounds

could be monitored in future field and lab studies to verify whether they are suitable BB SOA tracers.

Factor 7(N = 51)is an urban OA factoRalmitic acid, stearicacid, benzophenone, 6,10;fr#methyl-2-pentadecanone are
all in this factor. The concentration of this factess more constamver timethan the otherdt did not sharply increase in
the fire plumesgC (not included in Fig. 8) was also grouped ititis factor, which indicates that EC measured at the UCB

campus was not dominated BZ from fires.
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3.5 Effect of aging ornthe mass offire induced PM2sand OC

To investigatewhether PMsmass increased or decreased during transport and aginqgRhigy/ (pCO r at i o at

BAAQMD sites affected by the Ocl,1Oct12-11 night to Oct 12 early morningndOct 17 plumesarecomparedn Figure

10. The Napa measurement statiesnaround 5 km and 10 km from the perimeters of the Atlas Fire and the Nuns Fire,

respectively. Therefore, the plumes captured at the Napa saédriéalyhad ages of at least 3P0 minutesand likely longer

In this period, rapid chemistry and SOA formation might have taken place. The Vallejo measurement station is 24 km from

the Napa station. Measurement stations in Berkeley, San Francisco and Oakland@ierb8way from the Napa station.

The farthest masurement stations in San Jose are more than 110 km away from the NapaTdtatiexwes of PM. sat the

sites considered here reacliedirpeals0-5 hour s after t hlepC@praatsia®.i Thea ot Mf i
at different sites hava narrow distribution, gpecially in the OctL1 noon time plume?M. s were dilutedby 2 to 3 times in 2

hours. In this process, the evaporation induced by dilutiost have approximatelybalanced SOA formatiorMinimal
increase of partide OC massin agingwere observeat UCB campusas well Acetonitrile is a stable compound that is
commonly used as a biomass burning tréGéliman et al., 2015; Holzinger et al., 200B)gure 11 shows that particle OC is
linearly correlated with acetonitrileThe relationshipwas not affected by the fraction of the BB SOA factor in total
guantified OAor day/night differencelhe strong correlation and other indicators sugtiedtalthough substantial chemical
transformabn happenedthere must have been nelaalance betweeavaporatiorand secondaryOC formation in terms of

the particle OCbudget The evaporatiolfand fragmentation-type-exidatiaxidative fragmentationof primary BBOA could

reduce the néhcrease of Pisand OC masslso, since many BB SOA compounds are also semivolatile, their evaporation

and further oxidation could also reduce the net increase of particle BaE®aged BBOA has slightly higher O/C ratio,
it can be inferred thatging still resulted in a small increase of BBOA mass in aging. However, this increase was much
smaller than the resulteported byVakkari et al. (2018)in which PM mass more than doubled in only three hours of

daytime aging.

4. Conclusiors

The chemical composition of organic aerosol during the October 2@drthern Californiawildfires was characterizedn
detail tracking nearly 600 chemicatg 3-4-hour time resolution We demonstrated thaising easily obtained parameters
from GC x GC measuneents,the volatility and0"Y of compounds can besatistacterily predicted.The OA consisted of
compounds spanning 10 orders of magnitude in volatility. The BB@4 high0"Y, and possiblya high chanceto
fragmedof fragmentationWe found thathe time series of primary BBOA traceas the receptor sitean be usetb trace
backthe fuels burnedand thetimelines ofBB SOA markers can indicate the transformation proces$esughhierarchical
clustering analysis, we traced back the sourcahefOA measured &erkeley andliscovered a unique daytime BB SOA

factor. Compounds in that factor ahéghly oxygenatedut are still semiolatile. Usingthe PM.sand CO measurely the
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BAAMD network we found the growth of particle madaring aging was small. Similar analysis could be usedttaly
other fires Relatively fresh and aged samples had similar OC/acetonitrile ratio, which indivatsaporation of particle

organiccompounds®nd thecondersation of gas phase organic compounasre balancedh terms of carbon

The thermal desorption GC x GC measurements remarkably improved our ability to separate and quantify the chemicals
which residents in the San Francisco Bay Area wexposedio. We hopethe resulting databassan contribute to more
accurate exposure assessments from wildfire smoke in general. Also, with better speciation of compounds in wildfires, more
targeted toxicological studies could be carried out to elucidatbehlth impacts of BBOA.

5. Data availability

The concentration timelinesf-each—compoundand the-other information of each compoundill be deposited on

https://nature.berkeley.edu/ahg/resourcElsé data used in thiesearchs alsoavailable fromthe authors upon request.
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Table 1: Concentratiorof eachchemical family total quantifiedOA by GC x GG and OJ ¢ ¢9] ofrthe three regimes

Compoundamily
Acid
Alcohol
Alkane & alkene
Aromatic
Nitrogencontaining
Other xygenated
PAH
Sugar
Terpenoid
Unknown
Total gquantf
OC [€lg m
755

BB plume periods

Mean St. Dev.
1.25 0.39
0.20 0.08
0.16 0.06
1.01 0.46
0.56 048
1.12 0.32
0.03 0.03
3.39 0.40
0.40 0.39
0.23 0.06
8.28 3.82
42.2 10.2

23

BB influence periods

Mean St. Dev.
0.43 0.18
0.05 0.03
0.08 0.04
0.19 0.13
0.10 0.09
0.34 0.18
<0.01 <0.01
0.46 0.28
0.03 0.04
0.05 0.02
1.75 0.71
17.8 6.4

Background periods

Mean St. Dev.
0.18 0.11
0.02 0.01
0.03 0.03
0.08 0.03
0.03 0.03
0.14 0.05
<0.01 <0.01
0.05 0.06
<0.01 <0.01
0.02 0.01
0.55 0.16
7.7 3.4



Table 2 Concentratioa of selectedpositively identified compounds in factor 6 in the plumes in Oct 11, 12 and 13

afternoons
Compound Formula Concentration [ng m=3]
11-Oct 12-Oct 13-Oct
Multifunctional aliphatic acids
3,4-dihydroxybutanoic acid C4HgO4 13.3 13.9 20.3
citramalic acid CsHsOs 0.0 8.4 115
pimelic acid C7H1204 26.8 26.0 26.0
2,2-bis(hydroxymethyl)propionic acid CsH1004 175 32.8 16.9
malic acid C4HsOs 32.3 32.8 50.5
suberic acid CgH1404 0.0 114 11.9
threonic acid C4HgOs 14.9 10.3 9.9
2,3,4trihydroxybutyric acid C4HsOs 7.3 4.9 4.5
2,3-dimethylsuccinic acid CsH1004 5.2 5.3 5.8
Uketoglutaric acid CsHeOs 0.0 7.4 3.7
2-pentenedioic acid CsHeO4 5.7 2.8 3.1
maleic acid C4H404 0.0 6.5 6.3
pinic acid CoH1404 12.7 8.2 10.3
2,3-dihydroxy-4-oxo pentanoic acid CsHgOs 2.2 5.9 9.3
3-methyt1,2,3butanetricarboxylic acid (MBTCA) CsH1206 2.6 0.0 2.4
Oxygenated aromatic compounds
4,7-dimethyt1,3-isobenzofurandione Ci10HgOs 0.8 1.3 2.0
1-phenytl-penten3-one Ci11H120 2.4 6.4 9.1
1,3-dihydroxynaphthalene C10HegO: 6.3 3.3 3.3
protocatechuiacid C/HsO4 435 25.3 35.2
phthalic acid CsHsO4 27.7 45.9 68.5
gallic acid C7HeOs 2.2 2.6 2.6
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|760 Figure 1: (a) Perimeters of firesand the mean backward trajectory of each cluster withasrssymbolper hour(b) satellite image of
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Figure 3: Concentrations of speciated compounds classified by chefaitdly in each sampleEach stacked bar shows the sum of
concentrations of compounds in each class in a 3 Fhaample.
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influence periods as described in Section 3.2.
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785
Figure 6: Time series of(a) mass ratios of -bxo-DHAA/DHAA and retene/DHAA(b) concentrations of DHAA, -6xo-DHAA and

retene(c) mass ratios of the sum of nitrocatechols/OC and solar radi@jaroncentrations of-#itrocatechols and methylnitrocatechols

Solar radiatiorin (c) was measured at Bethel Island, a measurement site in the middle of Napa and Berkeley
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