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Complementary aerosol mass spectrometry elucidagesources
of wintertime sub-micron particle pollution in Fairbanks,
Alaska, during ALPACA 2022
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FairbanksAlaska,is a subarctic city that frequently suffers from neattainment of national air quality
standardsn the wintertime due to the coincidence of weak atmospheric dispersion and increased local
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emissionsAs part of the Alaskan Layered Pollution and Chemical Analysis (ALPA2#&)paignwe
deployed a Chemical Analysis of Aerosol Online (CHARON) inlet coupled with a proton transfer
reaction- time of flight mass spectrometer (PIIRF MS) and an Aerodyne higtesolution aerosol
mass spectrometer (AMS) to measure organic aerosol (OA) arldMNRrespectivelyWe deployed
Positive Matrix Factorisation (PMF)analysisfor source identificatiorof the NRPM;. The AMS
analysisidentified three primary factorsbiomass burninghydrocarborike, and cooking facts
which together accountddr 28, 38 and 126 of the total OArespectively. Additionally, a combined
organic and inorganic PMF analysis revealed two further factors: one enriched in nitrates and another
rich in sulphates of organic and inorganic origlime PTRwuaron factorisation could identify four
primary sources fromesidential heatingonefrom oil combustion and threlgom wood combustion
categorised akw temperature, softwood, and hardwo@llectively, all residential heating factors
accouned for 79% of the total OACooking and road transport weedso recognised aprimary
contributors taheoverall emission profile providday PTR:naron. All PMFanalysegould apportion

a single oxygenatedsecondary organitactor. These resultslemonstratéghe complementarity of the

two instruments and their abilitp describeéhe complex chemical composition of Pihd the related
sourcesThis workfurther demonstratethe capability ofPTRcHarontO provide bothqualitative and
guantitativeinformation offering acomprehensive understandingtioé organic aerosol sourceSuch
insights intothe sourcesof submicron aerosd can ultimately assisenvironmental regulatorand
citizeneffortsto improveair qualityin Fairbanksand therapidly urbanisingregional subArctic areas

Keywords PM;, mass spectrometry, source apportionmerganicand inorganic aerosdrairbanks,
Arctic cities air quality, CHARON PTRToFMS, HR-ToFAMS, residential heating, wood combustion

1 Introduction

Extremely coldurban regions of the Earth, such as in the Arctic, experience poor dispersion of
atmospheric pollution, especially during the wintertime, when the unique meteorological
characteristics, such as extremely low solar radiation and strong radiative cooling at the surface, are
coupled with enhanced local anthropogenic emissions from heating, industry, and transport. A good
example is the sulrctic city of Fairbanks, Alaska, where air quality standards are frequently violated
during the winters with concentrations of fine particulate matter (i.e., with aerodynamic diameters
smaller than 2.5 um; PM) exceeding the 24 limitof 35 pyg/nfdef i ned by EPAOGs Nati
Air Quality Standard¢Dunleavy and Brune, 2020; Epa, n.d\pt only is Fairbanks one of the cities

with the most polluted wintertime airinthe Ussiti t has al so been -atanméenar ed a
areabd s,amade dak09% o the persistence of the probl

attai nment aread6 in 2017. l ncreased | ocal anthro
2



65 to strong surfacbased temperature inversions (> 0.5°C/m in the lowest 10 m above the ground) are
66  major causes of wintertime pollution in the reg{@nan and Mélders, 2011; Mayfield and Fochesatto,
67 2013) Many research studies have recognised biomass combustion as the major source of aerosol in
68 FairbankgWard et al., 2012; Wang and Hopke, 2014; Kotchenruther, 2016; Ye and Wang, 2020; Haque
69 etal., 2021}hat drives overall Pis concentrations across the city during strong temperature inversion
70  conditions(Robinson et al., 2023A comprehensive study covering three winters from 22081
71 apportioned 6080% of PM s mass at four locations in Fairbanksetmissions fronresidential wood
72  stoves, open burning of biomass, outdoor boilers, and otheffgelidombustion(Ward et al., 2012)
73  Source apportionment of yeasund PM;s in the past two decades [20G@®09 (Haque et al., 2021)
74 20052012 (Wang and Hopke, 20142009 2014 (Kotchenruther, 2016)and 20182019 (Ye and
75 Wang, 202() also revealed woodsmolasa major contributor to Pbg loads [47.5%(Haque et al.,
76  2021) 40.5% (Wang and Hopke, 2014)-52% (Kotchenruther, 2016)and ~19%(Ye and Wang,
77  2020]. Wildfire activity and residential wood combustion are the major sources in summer and winter,
78 respectively. The persistent role of weledrning emissions in shaping the air quality of Fairbanks
79 during winterstriggeredthe implementation of a twstage burn restriction in 2015 by the Alaska
80 Department of Environmental Conservation (ADEC). The ADEC advisories restricted the operation of
81 solidfuel heating devices and required alternative heat sources to be used owithayseak
82 atmospheric dispersion and PMevels exceedin@5 pg/n¥, asobserved or forecastdéFye et al.,
83  2009; Czarnecki, 2017; Jentgen, 20&)Iphate has been observed to be the second largest component
84 of PMzsmass in Fairbank@Vard et al., 2012; Wang and Hopke, 201fbjming ~33% of the annual
85 average PMsmass(Ye and Wang, 2020)sotope analyses have revealed 62% of this fSIphate
86 to be primary (e.g., from residential heating oil combustion) during the wiiMeaen et al., 2023)
87 The aforementioned studies on air quality in Fairbanks have focused syetAh though Pihas
88 been recognised as the major causadversehealth effectfWang et al., 2015; Mainka and Zajusz
89  Zubek, 2019¥ue to its capability to spread deeper into the respiratory or cardiovascular S\4&sms
90 etal., 2013; Liuetal., 2013; Chen et al., 20C0Orrently gfforts to monitor PMare surprisingly scarce,
91 even tian tdarcies such@s Fairbankanderscoring the need for a better characterisation of
92  submicron aerosols to understand losalrceschemical compositioand ultimatelyto inform public
93 health ancdupportpolicy decisions.
94
95  Mass spectrometric techniques have advanced over the years, featuring greatecunasgresolving
96 power, and sensitiyt For instance, the Aerodyne higbsolution timeof-flight aerosol mass
97 spectrometer (HRoF AMS; called AMS from hereon) is a wedlstablished method for quaryiiig
98 nonrefractory NRPM;. Aerosol vapourisation at high temperatures and electron ionisation result in
99 substantive molecular decomposition, facilitating quantification with high time reso(iiexrarlo et
100 al., 2006) but at the cost of molecutéavel information This limitation hasencourage the rise of
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complementary techniqueBor instanceextractive electrospray ionisation (EESIpF MS has been
successfully deployed in Beijin@fong et al., 2021and in Zurich to resolve multiple OA sources
(Stefenelli et al., 2019a; Qi et al., 2018khoughtheinstrumenprovides moleculatevel information,

its quantitative response is variable and selective for polar species, preventing its independent
application for ambient measurements. Other measurement methods, such as thermal desorption aerosol
GC/MS flame ionisation detector (TA®Yilliams et al., 2006and filter inlet for gases and aerosols
chemical ionisation (FIGAER®@IMS)-ToF MS (LopezHilfiker et al., 2014) similarly offer better
chemical resolutiothan theAMS, buta lower temporal resolutiorSemi-continuous measurements,
such as those from TAG and FIGAERDMS, may not capture the rapid variation in sources.

To improve the analysis of stthicron OA in ambient air, a novel inlet system called the chemical
analysis for aerosol online (CHARON) was developed to collectirealmeasurementgichler et al.,

2015) This inletminimisesthermal and ionisaticmduced fragmentation of sampled OA by employing
alowt emperature vapourisation system (150AC O0)
method, such as the prottmansfer reaction (PTR). The CHARON PTRF MS (called PTRnaron

from hereon) was successfully used for the characterisation of OA from ship efiiahkir et al.,

2017) ambient OA in Lyon, France, and Valencia, Spain, and OA source apportionment in Innsbruck,
Austria (M¢ller et al., 2017) Recently,the inletwas used to quantify individual compounds in
laboratorygenerated secondary organic aergsahnuque et al., 2023nd complex mixtures, such as
vehicular gasoline emissions and atmospheric organic njaietet al., 2019; Kostenidou et al., 2024)

The systentanalsomeasure gaphase specé creating the opportunity to explore VOC precursor
emissions or phase partitioni(igeng et al., 2023; Gkatzelis et al., 201®Yerall, PTRuaron and AMS

are complementary technicgj¢he former featuresiolecularlevel informationof the OA faction but

has limited ability todetectparticlesbelow 150 nm(Eichler et al., 2015%)the latter covers small
particlesizerange(i.e., > 60 nm) and detedtsorganic components tq®ecarlo et al., 2006Y ogethey

they provide an excellent combinatiorof reattime and quantitative dataon atmospheric ambient
aerosol.

The detailed compositionf sulbmicron aerosol irfFairbanks and other anthropogenicafifluenced
sub-Arctic regionsi is still notwell understoodTo address this issue deployed a PTdRaron and

an AMS in the urban centre of Fairbanks during the ALPACA (Alaskan Layered Pollution and
Chemical Analysiscampaignas part of the FrencBASPA (ClimateRelevant Aerosol Sources and
Processes in the Arctic) project in Janii&gbruary2022(Simpson et al. 2094We aimed to determine

the compositionconcentrationsand sourcesf atmospheric NFPM;. In this paperwe present (ipn
intercomparison of th@erformance of théwo instruments focusing on OA quantitation, (ii) the
identification of majorOA sources in Fairbanks, and (iii) tiseurce apportionment afrganic and
inorganic aerosol (e.g., ammonium, nitrate, aatphatg. These findings highlight the synergistic
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benefits of combining multiple analytical techniques and emphasise how soft ionisation mass
spectroscopic methods enhance moleelgiael insights into particulate organic carbon. This integrated
approach advances our understanding of the complex composition of particulate matter, offering

valuable contributions to environmental characterisation and source apportionment studies

2 Methodology

2.1 Field campaign

The data presented this study were collected during the ALPACA campaign in Fairbanks, Alaska,

US, from January 20 to February 26, 2022. ALPACA is an international collaborative field experiment
to understand sources of outdoor and indoor
winter. The scientific objectives and broad preliminary findings of the experiment were recently

reviewed(Simpson et al. 2024 All instruments used for this study were housed in a trailer parked at

air

the Community and Technical College (CTC) of the University of Alaska, Fairbanks (64.84064°N,
147.72677°W; 136 m above sea level). The CTC is in the urban core of Fairbanks, close (within 40 m)

to acentraldowntown road and parking aré@impson et al. 2024)esidential activitieslominatethe
west of thidocality, while the north and east have commercial activity.

The trailer was equipped with a suite of particle counters and mass spectspfeatering high

temporal resolutiongdngingfrom 10 seconds to 2 minuteg)scanning mobility particle sizer (SMPS)
and a multangle absorption photometer (MAAP) were utilised to measure the distribution of particles
sized 15.1 to 661.2 nm and black carbon concentrations, respectivedyparate inlet was used for
PM/PM; sPM;o measurements conducted with a commercial optical particle counter (model OPC

1.109, Grimm Aerosol Technik) at a time resolution of 1 Mo mass spectrometers, PdRron

(150' 1000 nm) and AMS (60rO0Onm) were connected to the same inlet Haahpledair at 3.5 meters
above ground | evelstaihldst abghwat 8har i/ ga dbumpr

thetrailer roof. A HEPA filter was placed upstream of the irfi@t an hourat regular intervals (twice

a

week) to measure the instrumental backgrodwdtlitionally, meteorological data, including ambient

temperatures at 3 and 23 m; wind speed and direction; and trace gases, namely, Cg),NDand
NO,, were recorded as described in a previous study associated with the cam@agys | e r
al., 2022)

Ma |

di an

one\
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2.2 Instrumentation
2.2.1 PTRToF MS: operation and data processing

The OA was quantified with a PTRoF MS (PTRTOF 6000 X2, lonicon Analytik GmbH, Austria)
coupled to a CHARON inlet in near re@the at 26s temporal resolution, i.e., the PdiRron. The
CHARON inlet hadeen described in detail by Eichler et(&ichler et al., 2015)and its applications

were further evaluated and improved in subsequent st(Migéer et al., 2017; Leglise et al., 2019;
Miuller et al., 2019; Piel et al., 2019; Peng et al., 20R&xe, the PTRoF MS was configured to
alternate between samplinfjambientair to measure VOCs for 15 minutes (not included in the current
study) and sampling of particulate matter through the CHARON inlet for 45 minutes. The instrument
was operated at a low E/N of 65 Td (i.e., drift voltage/pressure; pressure, temperature, and voltage of
the drift tube were set at 2.6 mbar, 120°C, and 265 V) and in RF mode for optimal senSitieity.
thermalesorbemwas operated dt50°C andB mbar, this combination omoderatéemperaturevith low
pressureexpands the range dktection to include ELVOCas well(Piel et al. 2021)Raw data was
obtained as described 8ection Sland preprocessed with the lonicddata Analyzer (IDA, version
1.0.0.2), followed by pogtrocessing (i.e., background subtraction, conversion of raw signal to mixing
ratios, temporal averaging, PMF input generation) with droimse data processing tool, PeTeR Toolkit
(version 6.0; Igor 6.37). The error matrix was also calculated by Refeddtg into account
uncertainties in ion counts and background signals. Among#udvedl 118 ionsspanning the range

of m/z50i 425 only 336 were retained above the S/N, and 318 ions could be gimeteaular formula
based on the criteria describedSaction S2 PTR ToFMS records raw signals in counts per second
(cps) that were converted to mixing ratios according to the molecular identity determined for the
detected ions and their protonation efficiencies (further detaieation S). For comparison with the
AMS, mixing ratios were converted to mass concentrations, i.e.,*ughmgEquation S2 Mass
concentrations calculated for the ReFkon require a critical correction for the enrichment of sampled
OA in the aerodynamic lens of the CHARON in{Eichler et al., 2015M¢ller et al., 2017) further

details are provided iBection S3 Total (or bulk) OA at a given point in time was the sum of mass
concentrations of all ions, which was corrected for fragmentation using a previously reported method
(Leglise et al., 2019which increased the total OA mass concentrations by 17%.

Species withm/z> 50 were retained for PMF of QAsmoleculeshetweerm/z18i 50 were preseat

in low concentrationandare expected to be too volatile to be present in OA and were likely detected
by PTRnaron as artefacts from the denuder. Time series were averaged to 2 minutes (from 20,seconds)
and two matricesng/zx time points) were extracted) {on concentrations and (ii) their measurement



199 uncertainties, using PeTeR. The final matrices had the following dimen8@&#s< 17,986. Where
200 required, ion intensities (in either ppb or udy/mvere normalised to the sum of all measured intensities.

201 2.2.2HR-ToF AMS: operation and data processing

202 NR-PM: was monitored with 1-minute time resolutiorby a high-resolution timeof-flight mass

203 spectrometerAMS) (Aerodyne Research Inc., Billerica, USA&ktensivelydescribedy Decarlo et al.,

204 (2006 andCanagaratna et.§2007) Briefly, ambient particles are sampled through a critical orifice,
205 focused into a narrow beam by an aerodynamic lens, accelerated tostandiardsapourisetheated

206 at600°C, and then ionised by electron impact (70 eV dttad). Finally, the ions are analysed by a

207 time-of-flight mass spectrometer. Standard calibrations were performed using 300 rselscted

208 dried ammonium nitrate and ammonium sulphate particles at the beginning and the end of the campaign.
209 Nitrate-equivalent values of sample mass concentrations were converted by applying relative ionisation
210 efficiencies (RIESs) for organics, nitrates, ammonisguiphate and chloride (1.4, 1.1, 3.15, 1.93, and

211 1.3, respectively)Collection efficiency (CE)has been calculateid PIKA using thecomposition

212  dependent CE (CDCHjethod,following the approach ofiddlebrook et al(2012) Thecalculated

213 CE valueganged from 1.00 to 0.35.

214

215 Data was averaged to 2 minutes and extracted as concentration and measurement uncertainty matrices
216 (m/z x time points) using SQUIRREL version 1.65 and PIKA version 1.25 in Igor 8.04. Separate
217 matrices (and subsequently PMF) were prepared for organic only (abbreviategy)Adis by

218 combiningorganic and inorganic speci@bbreviated AMSg+inord. The inorganic species included in

219 the analyses were nitratefz30, NO and 46, NG@"), sulphate(m/z48, SO; 64, SQ*; 80, SQ"; 81,

220 HSGsY; and 98, HSQY), ammoniumifn/z15, NH; 16, NH*; and 17, NH), and chloridert/z35, CF

221  and 36, HCI). Error matrices were calculated by PIKA based on uncertainty in ion counts, background
222 signal, air beam correction, and electronic nd¢Beeper, 2014)Atomic O/C and H/C ratios were

223 calculated based on established meth@dken et al., 2007; Aiken et al., 2008; Canagaratna et al.,
224  2015) Where needed for comparison with the Ri&Ron, mass concentrations of PAHs were estimated
225 from fragments as described previou@ijerring et al., 2015)and levoglucosan was estimated as
226  detailed inSection S4

227

228  Species withm/z12i 120 were retained for PMF in this study, excluding important PAHs detected up
229 tom/z252; such PAHs were used as external tracers for factor identification. All PAHs were included
230 in total OA quantification and associated comparisons. This exclusion is expected to cause
231 underestimatiomelow 2%of the mass of some factors, particularly HOA (hydrocaidd@organic
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aerosol) and BBOA (biomagzirning organic aerosolfzinal matrices from AMGg and AMSyg+inorg
analyses had the following dimensions: 193 x 24,762 and 205 x 24,762, respectively.

2.3 Source apportionment: Positive matrix factorisation

Source apportionment was performed using a PMF implemented in the multilinear engh® (ME
(Paatero, 1997a, 1999Yhe PMF was configured and analysed using the SoFi (Source Finder) Pro
interface(Canonaco et al., 2013yersion 8.4.1.9.1; Igor 8.04). PMF is a descriptive mathematical
algorithm that describes the input data, i.e. measurements of several variables collected over time (here,
m/z x sampling time points), as a linear combination of factors that have constant mass spectra
associated with temporally varying concentrations of the spectral constifRaatero, 1997b; Paatero

and Tapper, 1994)The mathematical expressions and functions of the PMF algorithm have been
exhaustively detailed in previous studies (e.g., (@i3ng et al., 2021; Stefenelli et al., 2019a; Chen et

al., 2022; Chazeau et al., 2028)c.).Below, we summarise the usekefined configurations applied in

SoFi Pro to optimise the PMF of our datasets, Rik&kdn, AMSorg, and AMSg+inorg

2.3.1. General methodology for PMF analysis

Preliminary PMF was performed without usiagpriori informationto explorefactor variabilityand

source contributionso guide the selection of an optimal solution before applying constraes.
consideredsolutionsrangingfrom 3 to 13 factors applyinga stepwise, cellwise downweighting
approachvariables with S/N < 0.Zbad variables)were dowaweighted by a factor of 10, while those

with 0.2 < S/N < 2 fjiwealo variables) were dowweighted by a factor of @aatero and Hopke, 2003;
Ulbrich et al., 2009)Upon establishingomeprimary factorssuch asooking and biomass burning,
which were successfully identifieid unconstrained trials, wearrowedherange ofpossible solutions

by applying the avalue approachwhich allows forimproved factorisation by constraining the PMF

with external datavhenavailable(Canonaco et al., 2013; Paatero, 1999y instance, a factor profile

from a PMF trial in the same experiment, a time series from an external tracer, orestaldished
factor profile for a source from another experin
around which it can build a factor in its overall solution. The extent to which each PMF factor can
diverge from the anchor is defined by the valua ¢(fong et al., 2021 )which varies from 0 to 1. This
anchor can be provided for one or multiple factors and has been proven to improve the quality of PMF
solutions compared to unconstrained tr{@lang et al., 2021; Stefenelli et al., 2019a; Chen et al., 2022)

Currently, there are no objective criteria for choosingamal number of factorshowever several
criteria have beeproposedn the literature tanform an appropriatehoice(Chen et al., 2022; Zhang
et al., 2011; Ulbrich et al., 2009; Crippa et al., 20T4e PMF solutions reported here were primarily
8



265 selected based on thgihysical meaningwhich was determined biyhe presence dfnown tracer

266 compounds in the factoendtemporalcorrelation with cdocated measurements of external tracers

267 (e.g., NQ, SOQ). We selectedeight, four-, and sixfactor solutiors from PTRnaron, AMSarg, and

268 AMSqg+inorg respectively. The justificatioior thesesolutionsis presented ifable 2. Once the most

269 suitable solution, i.e., the basase, was established, bootstrap analyses were performed to assess its

270 stability, evaluate uncertainties, and conduct a sensitivity analysis on the raagalwés used. In an

271 unblocked bootstrapping approach, the original matrices (both data and error) are perturbed by random
272 resampling of the rows to create a new input of the same dimensions, resulting in some duplications
273 and deletions throughout the inpftaatero et al., 2014The need and application of this approach

274 differed between the PTHRaron and the two AMS datasetas discussed idections S5and S6,

275 respectively. Ancillary data on particle size distributi@ve been associatedth mass spectrometry

276 data in an additional PMF analygBection S7. Finally, the quality othe solutions wasssessely

277  the Q/Qy values and from key diagnostic plots of residuatswell aghe statistical stability across

278  multiple runs Figure S5 S7).

279 3 Results and Discussion
280 3.1 Campaign overview

281 Figure 1 summarisethemeteorological conditions, chemical composition and particle size distribution
282 of NR-PM; observed from January 20 to February 26, 2022. High aerosol loads coincided with poor
283 atmospheric dispersion due to low wind speeds (<2 wufs)low temperature (below -10°C),
284  associated with strong surface temperature inversimstemperature differences between 23 and 3
285 m above sea leveingedrom 3°C to 10°CTheaveragesaluesof BC and NRPM; measured with the
286 MAAP and AMS werel.4 + 1.4 ug/m and 8.3 + 9.3 pg/m, respectivelyDuring intensepollution
287 events the daily average concentrations of NBM; were 24i 27 ug/n®. During the same sampling
288 periodat the NCoresite (Fairbanks) PM; s values of ~25 and ~29 pg/fwere reportedRobinson et
289 al., 2023) Ancillary OPCmeasurements at the CTC site showed that the hourlyriRgscomprised
290 up to 99% of the PWe Organics were the predominant component of-RN& throughout the
291 campaign, constituting66 = 1246 of its total mass, while chloride, ammonium, nitrate, suighate
292 contributed2 + 3, 3 + 36 + 4 and22 + 10%. Thisfinding alignswith previous studies in Fairbanks,
293 where OA was the largest component of;RhasgWard et al., 2012; Ye and Wang, 2020; Robinson
294 et al., 2024) Specifically, according to a recent study from 2020 to 2021, ACSM analysis during
295  wintertime demonstratetiatinorganicformedless than 25% of the PMmass, with sulphate (~10%)
296 and nitrate (~8%) being the predominant compongRtbinson et al., 2024Despite the different
297 average concentrations, the fractional contributions of theseefi@ttory components remained

9
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almost invariable throughout the campaidgfig(re 1D). Detailed moleculalevel composition of
organics with the PT&iaron reveals a large majoritgf organics tocomprise only C, H, and/or O
atoms, while only-9 + 4% of the OAcharon Mass measured with this instrument was attributable to
heteroatomianolecules including organonitrates and organosulphakeguie 4 and S8). Generally,
heteroatomic species cannot be distinguished at a resolving power of 5000 FWHM in complex
environmental mixtures, such as atmospheric ae(Bsamtsma, 2009)n this study, bsed on the low
formula error and lack of an appropriate alternate, we gave 58dasentration ions (< 2% of the total
signal) CHOS or CHNO identitieslowever,due to the low confidence in their formula assignments,
they were not considered for factor identification. Prominent peaks inolm17.09 (GoH12N20,),

219.09 (GsH10N2), 123.05 (GH100,S), and 151.08 (§E1140-S).

On average, the OA mass loading recovered by RERBn (i.e., OAcnaron) accounted for
approximately 85% of the OA mass measured by the AMS (i.eam§AWhile the two instruments
showed agoodtemporal agreement {R 0.60) as depicted irFigures 2Ai B, measurements were
biased either toward the ANgor the PTRuaron (i.€., distributed away from the 1:1 line in the scatter
plot of Figure 2C) during different periods of the campaign. These trends could be explained by the
variation in relative contributions of two major emission sources identified by both instruments in this
study: onroadtransportand biomass burning. QAaron Was comparable to Q#ys, when the relative
contribution of BBOAwms,orgWas more than 50% of total Qés and HOAws, org (i.€., transporénaron)

was less than 10%igure 2Di E). Similar trends were observed for some major constituents of BBOA,
e.g., levoglucosan and a PAH.(8:,), as shown irFigure S9 Part of such discrepancgan be traced

back to the sizetransmissionof particles, where subO0 nm urban vehicular emissions are
underestimated by the PERron (Guo et al., 2020; Pikridas et al., 2015; Louis et al., 2017; Kostenidou
et al., 2020)and larger than 100 nm biomass burning emisgi@egl et al., 2005are estimateavell
(Janhall et al., 2010Another @rt of the quantitative difference can be explainethbyP TRimitation

in ionisation andheinducedfragmentation of analyte ion§estsconductedn our laboratory with five

Ci6l C26 alkanes as markers of vehicle emissions revealedhibgatundergo extensiieagmentation
resuling in 2i 4 times underestimation tffieir actual concentrationsn line with this, heineffective
ionisation of saturatedalkanesby PTR (Ellis and Mayhew, 2014and theirtendency to undergo
dissociative ionisatiofGueneron et al., 2015pavealso been reported

3.2 Source apportionment
3.2.1. Overview of source apportionment
A four-factor solution was selected for the Abneasurements with three primary factors (i.e., HOA,

COA, and BBOA) and an oxygenated or aged OA factor (i.e., OOA). The mass spectra and time series
10
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are presented in the suppleménrig(ire S10. Counterparts of these four factors were diagnosed in
AMS,g+inorgbased on a high temporal correlatiod #%.9; Table 8), along with two additional factors:

a sulphurich factor (labelled sulp®A) and a nitrateich factor (labelled AmNi)Kigure 3). An eight
factor solution was selected for PdiRron and is summarised iRigures 4 and 5 To differentiate
between corresponding factors retrieved from the different datasets, they hawassigandinique
subscripts, e.g. COfs,org; COAams org+inorg OF COAawms (i.e., referring to both AMS datasets), or
COAcHaron. Amongst the three dataseBSOA, HOA  (rdnspdrie | il newgi3nIARAlYSes), and
OOA were common. A single BBOA factor was observed in Ay&1d AMSyg+inorg While four
chemically distinct but closely eearying counterpartsvere detected by PT&iaron. 3.2.2. Organic
aerosol from residential heating

Both AMS analyses indicate that biomass burning major source of PMduring the ALPACA
campaign. On average, BBOA contributed + 1.9 pg/m (28 + 18%of total OAavs) and1.6 + 2.2

ug/m® NR-PM; (19 + 14% of total NRPM; mass). The mass spectra of BBMA featured a strong

peak atm/z 60 (GH4O.") and 73 (GHsO:;") (Figure S10A B). These fragments are markers of
anhydrosugars in woeidrming polymers, such as cellulose. Wood combustion has previously been
estimated to be the largest emitter of aerosols in Fairbanks and surrounding aredasnvaygn@duce

as much as 80% of the aerosol load. Wood burning emissions are also the major driver of the spatial
variability of PMys and BC in Fairbanks during strong atmospheric temperature inversions. Other
typical residential heating sources of emissions in Fairbanks include coal, gas, and fuel oil.

The BBOAuws factor was strongly correlated with PAHS?@ 0, whifle) amoderate correlation was
observed with S©(R? = 0.4) (Table 1). While PAHs are a major component of biomass combustion
emissions, the emission of &3 largely associated with coal and oil combus{i®mith et al., 2011;
Dunleavy and Brune, 2019However, the AMS was unable to distinguish between multiple
combustionrelated sources. As shown in the diurnal plotsFigure 3, the concentration of the
BBOAAws factor enhanced at ~1800 AKST, stayed stable through the night and then decreased in the
early morning. Its lowest mass concentrations occurred during the afternoor (8G00AKST).
Therefore, BBOAws wasassociated with residential heating, i.e., the combustimardusfuels by
residentsvithin theirhomes (norcommercially), such as in wodalirning stoves, furnaceandboilers,

for heatingtheir living space. We did not find evidence of OA or NRM; from commercial heat
sources such as power plants, likely due to their small contribution to sulézed aerosql as
smokestacksypically lie above the inversion layer.

PTRecHaron apportioned?.6 + 3.4ug/m? of OAcnaron, ON average, to four distinct residential heating
related sources expressed as RégHB2 + 26% of total OAcraron). These factors closely e@ried
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368 in time and were correlated reasonably wefl 0.5 0.7; Table ) with the BBOAws factor. In

369 addition, combining all four residential heatirejated factors in PT&Raron into a composite factor
370 increased the correlation JRwith AMSerg and AMSg+inorgto 0.79 and 0.82, respectively, suggesting
371 that PMF wasunableto effectively separate these closelyvarying residential heating factorstime

372 AMS dataset

373

374  The four factors from PT&Raron Were identified as different sources based on the distribution of key
375 marker species anttheir correlation with external (e.g., trace gases, etc.) and internal (e.g), PAH
376 influences Levoglucosan is used here asimternaltracer of biomass burningeingrelatively stable

377 under atmospheric conditiofiBraser and Lakshmanan, 200Rotonated levoglucosam(z163) and

378 its fragments (atn/z85, 127, and 145)erefoundin ResH1, ResH4, and ResMih 30,26, 1446 of

379 the total signalrespectively(Figure S11), suggestinghat theyoriginate from biomass woelurning

380 (Figure 4 and S1). These three factors collectivelgcounted foR.1 + 2.5 ug/m (47 + 20%) of total

381 factorised OAHARON.

382

383 ResH1 includedow-temperature combustion marker3 his factor is small as it contributes to only an
384 average of0.5 + 0.5 ug/m (14%) of the total OAcharon, but it contains the highest fraction of
385 levoglucosan+30%). Approximately 65% of the total signal of ResH1 is due to compounds with six
386 orfewer carbon atoms, compared to heavier species present in the otherFéagtioes313. The most

387 abundant species are afz69.03 (GH4O; furan)(Palm et al., 2020; Jiang et al., 2018)/z 87.04

388 (CiHsO:; oxobutanal)(BrégonzieRozier et al., 2015)m/z 97.03 (GH4O; furfural), m/z 109.0286

389  (CsHiOs; benzoquinong)Stefenelli et al., 2019@ndm/z115.04 (GHesOs; methytdihydrofuran) (Koss

390 et al., 2018). Consistent with these molecular formulae, the concentnagighted average O/C of
391 ResH1 was relatively higher (i.e., 0.42) compared to other residential heating factors (0/G.3)0.2
392 The most abundant spec@sservedn ResHIcan beattributedto depolymerisation reactions occurring
393 during low temperatuseand the early stages of the combustion procéSsllard and Blin, 2014;
394  Sekimoto et al., 2018)

395

396 ResH2 and ResH4 include OA from hardwood and pinewood combustion, respectimety:more

397 factors associated with wodmlirning were ResH2 and ResH4. Their average concentrationd vere
398 +1.9and0.8 + 0.9 pg/m, respectivelycorresponding t@8 and20% of the OAcnaron (Figure 6). The

399 ResH2 washedominant factor in the PM&nd could reach37 pg/n¥ during the most severe pollution
400 episodesBoth factorswere associatedwvith particles greater than 300 nnFigure S13, typical of

401 woodsmokgGlasius et al., 2006andpresented unique molecular signatures of different wood types
402  (Figure S1J). Generally, the specific nature of wood cannot be inferred unambiguoersiyisehe

403 emissions of known marker species, such as levoglucosan or methoxy phenols, vary not just with fuel
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404 used and its quality but also with the type of heating appliance, opalatmmditions, appliance

405 efficiency, and stage in the combustion cy#lime et al., 2002; Alves et al., 201 Regardless, several

406 studies(Fine et al., 2002; Schauer and Cass, 2000; Kawamoto, 2@1/@) distinguished between

407  softwoodandhardwood by investigating the presencenairker compoundsvhichwerealsoobserved

408 in our study, such as substituted phenols and resin @igige S11)

409

410 ResH2 featured an abundarafemethoxy phenols, including-8s0; (guaiacol), GH100s (syringol),

411  CyoH100; (coniferaldehyde), €s0. (benzenediol or methylfurfural), andsticO. (creosol),that

412  collectively accounted for ~9% of the total signal, compared to 1, 2, and 2% in ResH1, ResH3, and
413 ResH4, respectively. These compounds are important products of lignin pyrolysis in birch, aspen, and
414  spruce and are usualfietectedin the gas phase at mild ambient temperat(ikesng et al., 2021)

415 Guaiacol and syringol are depolymerisation products of guaiacyl and syringyl units of ligniri at 200
416 400°C, and theyrapidly transition to catechols, cresols, and phenols during secondary pyrolysis
417 reactions at 4QM50°C (Kawamoto, 2017) While guaiacols are emitted by both hardwood and
418 softwood, semior low-volatility substituted syringols are emitted in higher amounts by hardwood
419 combustion(Kawamoto, 2017; Fine et al.,, 2002, 2001; Schauer and Cass,. 200t)is study,

420 derivatives of guaiacols, including:¢€1120, (eugenol), @H140. (4-propyl guaiacol), and {H1003

421  (coniferaldehydepresented highdirelativeconerrationd Equation S3) of 0.56 1.41 for ResH2 and

422 ResH4 compared to ResH{<0). Other compounds, such asgHgOs; (vanillin), CsHidOs

423 (acetovanillone), @Hi120s (propiovanillone), and @H1.0s (methyl homovanillate) were

424  predominantly found in ResH2. Similarly, substituted syringols, i.eH:@s; (methoxy eugenol),

425  CyoH1204 (acetosyringone), and:E1404 (Syringyl acetone, propionyl syringol, or sinapyl alcohol)

426  were almost entirely associated with ResH2 as well. These compounds have been reported as markers
427  of hardwood burningFine et al., 2001)mplying a greater contribution of hardwoerthissiongo the

428 ResH2 factorln Alaska, relevanhardwood species include deciduous leafy trees, i.e., paper birch,
429  balsam poplar, quaking aspen,.¢DEC, 2023)

430

431 TheResH4factor presentda unique fingerprintharacterised bgxygenated moleculdsearing more

432  than 13 carbon atomg&ifgure S13, such as @Hz00s (M/2319.21), GoH20, (M/2301.21), GoH1804

433 (M/z323.12), GoH3002 (M/z303.24)and G:H1g0 (M/z299.14),in addition to the levoglucosan marker

434  ions (26%o0f the total signgl Theintensesignak from m/z301 (GoH2:02) andm/z 303 (GeH3z005)

435 (Figure S1J are likelyrelated taresin acids, dehydroabietic acid and abietic acid, respectively, which
436 are almost exclusively emitted from the thermal alteration of resins in coniferous species, and thus, are
437 indicative of softwood burninfSimoneit, 2002, 1999Pueto the presence of these compounds, ResH4
438 wasinterpretedas an OA factor influenced by softwood combustion. Softwood species in Alaska
439 include trees with needles and cones, e.g. hemlock, cedar, and(¢alece2023)
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440

441 ResH3 includes OA from heating oil combustioithis factor contributedto 16 + 9% of the total

442  OAcharon (0.6 = 0.6 pg/m). It showed the characteristic diurnal pattern of residential heasirig

443  correlatedquite well (R? = 0.56) with BBOAws org. However, its chemical compositiatiffered from

444  that ofthe other residential heating factors. Notably, levoglucosan contributed to a smaller fraction of
445  the total signal of ResH3 (i.e., 9%) compared to other residential heating fadi@@%; Figure S11J),

446  while PAHs represented a much larger fraction of its total signal (for instance, 30, 31, and 29% of
447  CieH10(M/2203.09), GsHi2 (M/2229.10), and &H12 (M/z253.10);Figure S13. These PAHs could be

448 fluoranthene (or pyrene), naphthacene (or begaofhracene, chrysene), and bemjwmrene (or

449  benzok)fluoranthene)), which have been reported in emissions of light oil comby8#rnet al.,

450 2009) Additionally, ResH3 was strongly correlated with ;S®. = 0.61), compared to bbwer

451  correlation(R2O  0) with The otherresidential heating factors. Residential combustion of heating oil
452 s animportant source of SOn Fairbanks, compared to wood and coal, due to“@ e households

453 using oiHfired space heaters and the high sulphur content of > 1600 ppm in fuel oils commonly
454  consumed here (e.g., #1 and #2 fuel oil and waste motor oil are relevant in Fa{ibanles)vy and

455  Brune, 2019) Consistent with the possibility of the ResH3 fachaing associated with fuel oil

456 emissionsthe factor ischaracterised by particles smaller than 100 Rigure S12 and due to the

457 CHARON inlet's cuoff, its mass concentration was possibhdeestimated.

458  3.2.3. Hydrocarbonlike organic aerosol

459 The HOAuws factors werecharacterised by notable peaksn/z43 (GH7"), 57 (GH¢"), 71 (GHa11"),
460 85 (GHais"), and 99 (GHis"), belonging to [GH2nq]* series typical of n- and branched alkanes
461 Additional peaks ain/z55 (GH7"), 69 (GHy"), 81 (GHqg"), 83 (GHa11"), 95 (GH11"), 97 (GH13), 107
462  (CgHi1*), 109 (GHis"), and 111 (€His") representedCnH2na]* and [GHans]* series,related to
463 cycloalkanegMcLafferty et al. 1993)Thesdonsareassociated with engirlabricating oils, vehicular
464 exhaust, and diesel fugCanagaratna et al., 2002he HOAawms factorscontributed38 + 20%and21
465 =+ 14% of theOAams andNR-PM; mass, respectively-{gures 6 and S14).

466 The unconstrained PTRaron analysis wasunable to apportion aoad transporrelated factor,
467 however,by constraining the factorisation withe time series of a mobile gasoline facidentified in
468 the gagphase PTRIoF MS analysesf the ALPACA campaignTemime Roussel et al., 2022)small
469 road transporaissociated factovas identified.For instancethis latterwas strondy correlaed with
470 black carbon and NR? of 0.58 and 0.66Table 1) andfeatured high contributions ofs810 (xylene;
471  ethylbenzene), s (toluene), and s (benzene) Kigures 4 and S1)L Despite exhibiting some
472  reasonabla@iurnal trendpeaking athe morning (0900 AKST) and evening (17AG00 AKST) rush

473  hours Figure 5), thefactor accounted fonegligible concentrationg& 1 pg/n¥) andpresented some
14
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unlikely species, such as/z315.22 (GiH3002; possiblycannabidiolabsent in theinconstraine®MF.
For instancepnaverage?.1 + 3.0 pug/m of OA was associated with HQ#s org, COmpared to onl9.1
+ 0.1 pg/n? for theroadtransporénaron factor Figure 6). Thesediscrepanciearelargely instrumental,
partly dueto the poor transmissioof the small particles (<100 nnlpy the CHARON inletandthe
limited sensitivitytowardshydrocarbondy PTR butotherpossiblebiases can bdue to heating oil
OA signalinterfering with the HOAws, as discussed i88

3.2.4. Cooking organic aerosol

Another primary factor identified in Fairbanks was cookitigely arising from residential or
commercial activities around the CTThe COAavs factor featured a high abundance QHE ions,
along with prominent ©fragments am/z55 (GHs0"), 84 (GHsO"), and 98 (GH100") originaing
from organic acid¢Mohr et al., 2009andusedas diagnostic markers of CGA urban settinggSun
et al., 2011) Thef5557 value (i.e., the ratio of fractions ofy* to CsHg*) was ~3.00 for COAws,
compared to ~1.0fbr HOAawms (Figure S10D. As areliable tracefor COA remains uitdentifiedin
the AMS spectrunaf55f57 ratio >1 is considered a characteristic feafkiegz et al., 2021; Sun et al.,
2011) The PMF analysis of PTdRaron alsorevealeda distinct COA factor dominated by lomfain
fatty acids, GgH320., CisH340,, and GgHz60-, identified as linoleic, oleic, and stearic aaidsitributing
toll, 16, and 4% to the total CQ@éwron mass Figure 4 and S1). These fatty acids are comnign
found in OA from cooking oil and meafKatz et al., 2021; Mohr et al., 2009)he COAcHaroN
contributedto a maximum o0f9% of the total OAnaron massandexhibited a unique diurnal pattern
visualised inFigure 5 with a minor maximunin theafternoon (lunchtime) analsecond maximurnn
the evening (dinnertimeThe averagabsolute concentrations of CQ¥ere0.6 + 0.8for the AMSand
0.1 £ 0.2 pg/m for the PTRcwaron. Suchadiscrepancy can be explained by the same reason discussed
above andletailedin SectionS9

3.25. Oxygenated organic aerosol

Past source apportionment studiesve reportednultiple OOA factorsdiffering in volatilities or
oxygenation levels (e.gStefenelli et al., 2019a; Kumar et al., 2022; Cash et al., 26&0% we
diagnosed only a single OOA factor either AMS or PTRuaron measurementsSpecifically, he
OOAuws factors wereidentified based on a prominent peakvdrz 43 (GHsO") andm/z29 (CHQO;
Figure S10A) and showed astrong correlation(R? 0.74) with OOAcharon. The average absolute
concentrations of OO&aron and OOAwsorg Were 0.4 £ 0.6and 1.0 + 2.1 pg/m, respectively.
Notably,the most intense ions in the maggectrumof OOAcHaron have beenentatively assigned to
m/z73.03 (GHs0,, e.g.,methylglyoxal), m/z99.04 (CsHsO-, e.g.,0xo-pentand), m/z113.06 (GHsO-,

15



508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

e.g.,methyloxo-pentanal),m/z 127.08 (GH100; e.g., heptadienoic acidy/z137.06 (GHsOz; e.g.,
methoxybenzaldehydem/z167.10 (GoH1402), m/z171.07 (GH1004) andm/z185.10 (GsH120; e.q.,
benzyl phenol)Amongthese compoungdsomehase previously been associated witlte atmospheric
oxidation or photolysis of BBOAMontoyaAguilera et al., 2017; Lignell et al., 2013; Smith et al.,
2020) while others could be due tthe oxidationof aromatic VOCs detecteatiginating fromroad
transport (Temimdroussel et al., 2022)-ew other species overlapped with the residential heating
tracers notablym/z163.06 (GH1¢Os; e.9., levoglucosaniin/z179.08 (GoH100s; €.9., coniferaldehyde),
andm/z301.21 (GoH2:0z; e.g., dehydroabietic acidjlowever,given the prominence of wodalirning
asamajor primary emissiorthe OOAis likely linked to BBOA.A recent study in Fairbankdentified
wintertime OOA as a mixture of BBOA and SOA formed from+ptiotochemical processinging an
ACSM (Robinson et al., 2024The examination of44 versug60 in the AMS. dataset plo{Figure
S10C)is consistehwith aged OOA deriveffom biomass burningas previoushydemonstratethy Xu

et al.(2023) Anotherrecent source apportionmesitidyusingthe HRToF AMS at a site clos® the
CTC did notidentify an OOA factor, while BBOA, HOA, and mixed primary factor (HOA, COA,
etc.) comprised 45, 25, and 31% of total,@@spectivelyfYang et al., 2024A limited OOA formation

is plausible due toeducedsolar light exposura this period of the yegdCeslerMaloney et al., 2024)
However the absencef OOA is more likelya resultof anunresolvedrganic fraction

Sulphate and OOA An intriguing insight abouthe OOA factor emergedfrom the AMSig+inorg
measurementsndicating a significant content aulphurcontaining compoundéigure S15. The
AMS does not distinguish among the different sulptamtaining speciedyut following guidelines
from previous workgChen et al., 2019; Schueneman et al., 2024 ouldexplore he ratio ofsulphur
fragments tanvestigatethe presence oflifferent specis such as hydroxymethane sulphonate (HMS;
CH,(OH)SO J, HSQr (bisulphite), S& (sulphate)and (HSQy) sulphuric acidAn organosyphate
content of ~0.8 + 1.3ug/m?® (=20 + 16%) wasthenderived using the ratios of S@nd SGQ' ions
against S@, HSG*, and HSQ," ionsas detailed by Song et al., (2018his value is in good agreement
with previous reports from the same field campai@ampbell et al., 2022; Robinson et al., 2024)
Additionally, to mimicthe potential matrix effects of wood burning OA on sulphate fragmentation
patternsAMS spectradrom a solutionof (NH4)2SOs mixed with various amounts of levoglucosan (i.e.,
07 80% in massjyvere compared to ambient data &MdF factorsas showrin Figure S16A Among
the sulplaterich factors the OOAaws, org+inorg €Xhibited lower HS@ to H.SOy* intensities suggesting

a higher fractiorof organosyphatecompounds, as Blsoevidenced irFigure S160 E by the strong
correlation between derived organosulpfraction and sulphat®ns in theOOAaws org+inorgfactor (R

= 0.85 slope = 0.5).
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Further information on chemical composition was gathered by compafifhg results with 1C
measurements from RMfilters samplel as part of another ALPACA studingilian et al., 2024)
Despite the goodcorrelatiors between the twodatasets as shown in Figure 7A, the AMS
underestimatedulphate, ammonium, and nitratg 30%, 26%, and 35%respectively(seeSection
2.2.2). Both the total estimated organosulplfiaiction andthe OOAaws,org+inorg factor presentetbbust
correlations (R > 0.90) with the &, and HMS ionsfrom filter analysisand a somewhaweaker
correlation (R > 0.610.68) with the SG ion (Figures 7 and S16FI). The OOAawus,org+inorg factor
wasalsostrongly correlated with ammoniu@AMS dataR? = 0.86, Table 1; filter IC R?=0.77 Figure
7B), potentially promoting the formation of (% species(Campbell et al., 2024)This author also
reported tha& species, including HMSgpresented theajor secondary organosulphur component
of PM.sin Fairbanks during wintertimeontributing 2641% of total sulpate(Campbell et al., 2022)
Overall, the molecularlevel compositionof OOA from PTRuaron and the inorganic chemical
information from AMSg+inorg @s Well asliurnal pattems withenhance@oncentratiosin the afternoon
(Figure 3), areindicative of chemical daytime processingderscoring the need for further exploration
of theatmospheric processing pathwaygolved

3.26. Additional insights from combined analysis of organic andnorganic AMS data

Two additional factors, sulp®A (i.e., sulphurich OA) and AmNi (i.e., ammonium nitrate), were
observed from the PMF of AMG-inorg (Figure 3). Approximately 4060% of thesd a c tmasses 0
comprised sulphur and nitrogen speciggiire S15.

Sulphur-rich organic aerosol:SulphOA is composedf sulphate50%, organics30%, ammoniume%
and nitrate 4%Thechemical composition wdartherexplored via théHSOy/fH,SQu analysis detailed
in Section 3.2.4 as shown inFigure S16A where the factor is positioned betweetd,SQ: and
(NH4)2SQu. The measured [NH[SO4] ratio was0.07, considerablylower than the theoretical mass
ratio of 0.38 and 0.18f (NH4).SQ; and NHHSQ;, respectivelyindicatingan acidic naturef Sulph
OA (Chen et al. 2019)The factor waswell correlated with S©(R? = 0.6)andmoderately correlated
with the ResH3 factor f 0.33). The factor was also associated withafine particlesin the 56 80
nm range(Figure S12D. Regardless of the low correlation, we speculate that ResH3 and@Alph
originated fromthe same source, i.e., residential heatmij combustion, and their temporal
disagreement may result from instrumental biaséise CHARON inlein quantifying particles smaller
than 100 nmKigures S12Band D). For instance, as shown figures S12EF, the organic ResH3
supersedes sulgBA concentrations when larger particles are abundant, and it has lower concentrations
for smaller particles.
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This factor containe@.6 + 0.5 pug/m(~58 + 26%) of total sulphatemeasured with the AMSndit
dominated during the loyollution periods, which were more frequent and lakiaderthan the high
pollution events (Figure 1). Other primary factors, HO#sorg+inorg COAams org+inorg and
BBOAAws org+inorg CONtained an additional 11 + 9% of thephate(0.2 + 0.2 pg/m), so collectively,
primary factors made up9 + 24%(0.7 + 0.6 pg/m) of totalsulphate This value is in close agreement
with a previous ALPACA study that reported ~62 + 12% of total?’S@ass to bef primary origin
(Moon et al., 2023)

AmNi factor. The second inorganic factor was composed of 35% nitrate, 14% ammonium, and 43%
organics accountingor 71 + 23% of the total nitrate measutgdthe AMS(R? = 0.98). The average
concentration of this factor and the nitrate species in it Wdre: 1.6ug/m?® and0.4 + 0.5ug/m?. The
factor wasmore abundantvhen NOx concentrationsere high dbove 130 pply¢Figure S17B; its
diurnal trendpeaked around 1408KST (Figure 3, roughly 3-4 hours after the morning peak of
HOAaus and was associated with relatively small partiobdds110 nm (Figure S12D. A high
contribution of aliphatic moietiesharacterised the organic fractji@and according to the difference in
mass concentrations of H@is organd HOAuwis org+inorgOf 13% (Figure S17A), we speculate thabme
organic components of HQ#s orgweretransferred to the AmNi factoF{gure 6). All these elements
suggest a probable contribution from the vehicular emissions to this fakatopresence of inorganic
compoundsgprovidedadditionalvariables to the PMRhereby improvinghe resolution of factors into
distinct AmNi and HOAws,org+inorgfactors.

4. Local environmental implications

During the period of the campaigh2 48-hour-long ADEC advisoriesor wood-burning restrictions
were implemented seven timegariation in the relative contributions of ResHl during these
advisories is depicted iRigures 8 and S18 21. For all advisory events, ResH2 and ResH4, i.e.,
woodsmoke, were the predominant contribubmforeandafterthe advisories were in place. A notable
increase was observed in ResH3 contribution, i.e., heatirdudihg the 29 (Stage 1), 8 (Stage 1), 6
(Stage 1), and'7advisory eventsAt the same timeResH2 (i.e., hardwoerklated fuels) remained a
prominent contributor to OAaron duringthe 3¢ (Stage 2), % (Stage 1), and"s(Stage 1) advisories.
Most households in Fairbanks use heating oil (~72% of residents), followed by wood (~22% of
residents) (Dunleavy and Brune, 2019)which was not reflected in the relative contributions
apportioned tResH3.This canbelinked to a higher PMreleasefrom wood combustion per given
volume of fuel compared to heating a@hdor an underestimation of ResH3 by PdiRron being
associated witkmaller than 100 nni{gure S12.
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611

612 As expectedthe absoluteaverage concentrations of all factors were inversely related to ambient
613 temperaturge however,the percent change differed considerably across factors. Specifically, as
614 temperatures decreased frorh0°C to below-25°C, the average absolute concentrations for
615 transporénaron, COAcharon, OOAcHaron, ResSH14 increased 0.25x%, 0.75x, 9.0%, 1.4x, 25.1x, 3.0x,

616 and 2.9x, respectivelyF{gure S29. Thesteepincrease in the relative contribution of ResE&sociated

617  with hardwoodtracers, contrastwith previous reportdased on survey®unleavy and Brune, 2019)

618 and organic tracerdHaque et al., 2021)ndicatingbirch and spruceas the most popular firewood in

619 Fairbanks. Laboratory studies have shown that the burning of softwood pellets of Douglas Fir or eastern
620 white pine emits less PM than hardwood pellets of the same volume, and this response varies based on
621 the moisture content of the wood and the heating appliance(Meeth et al., 2022)Also, ResH2

622 comprises a broader spectrum of volatile and senaitile substituted phenolic speci@$us it is likely

623 to undergefficientgasto-particle partitioning at low temperaturésading tancreagdOA loads(ljaz

624 etal, 2025)

625 5. Conclusion

626 A CHARON inlet coupled with PTR oF MS and HR-ToF AMS were deployed during the Alaskan

627 Layered Pollution and Chemical Analysis (ALPACA) campaign. The PMF analysis of AMS data
628 revealed three primary factors: biomass burning, hydrocdik®rand cooking factorsaccounting for

629 28, 38 and 11% of the total OA, respectively. A combined organic and inorganic PMF analysis
630 provided additional insightdt revealed the presence of organosulptompounds mostly associated
631  with the OOA factor andiith another sulphatdch factor ofanacidic nature. A nitrate factor associated
632  with hydrocarborike OA and high NQlevels was interpreted as aged road transport emissions. The
633 PTRcharon PMF analysis could differentiatbetweenfour residential heating sourée®ne oil

634 combustion and three wood combustion types associated with low tempexatuseftwood or

635 hardwood combustion. Such factorisation was achieved with the support of specific tracers that
636 CHARON could successfully identify, as furans, aromatic alcohols (resorcinol, guaiacol, eugenol,
637  syringol), aldehydes (furfural, coniferaldehyde), acids (benzoic, dehydroabietic, abietic, linoleic, oleic,
638 and stearic) and various PAHs. Collectivedyl residential heating factors accoedfor 79% of the

639 total OAcuaron. COOKiNg and road transport were also recognised as primary sources &ydtR

640 All PMF analyses could apportion a single secondary organic fraction accountingXepd af the

641 total OA. This workdemonstrateshe complementarity of the two instruments and their abibity

642 describeéhe complex chemical composition of P&hdits related sources. The enhanced deconvolution
643  of closely cevarying sources of ambient pollution epitomises the novelty of our sfiudigmonstrates

644 the capability of PTBuaronto deliver detailed qualitative and quantitative insights, thus enabling a
19
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comprehensive understanding of organic aerosol sources. These advarsggposienvironmental
regulators and citizen efforts to improve air quality in Fairbanks and tharfzestising regional sub
Arctic areas.
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Figure 1. Overview of meteorological parameters and aerosol properties. The shadeihdicadsthe
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Figure 2. Comparison of total OA measured with the Rifon and the AMS. A) Absolute concentrations of OA measured with the AMS and
OAcor (fragmentatiorcorrected OA) from PTRuaron; (B) Daily average concentrations of OA; ai@) Scatter plot of total OA measured with the
AMS and the PTRuaron. Data points are coloured by the datesd the legend is written as MM/DD/YY. Data points are sized by the geometric
mean mass of the dM/dlogDp from SMPSi(500 nm). The dashed line denotes the 1:1 relationship. Coefficzeautsib, denote the slope and
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Figure 5. Diurnal profiles and complete time series of factors from the positive matrix factorisation of
PTRcHaron Mmeasurements. In the second column, time series are overlaid on those of the corresponding
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factor in AMSyy and an external tracer or marker ion. Correlation coefficiertsg® 0. 05) ar
provided and slopes can be foundTable S4or Table 1

Residential heating 2 (ResH2)  1.06 Biomass burning OA Biomass bumning OA (BBOA)

__-_ e Caing (COR

Residential heating 4 (ResHd)  0.76 ke OA (HOA)
Cooking (COA) 0.13 0.16 X Cooking (COA)

Oxygenated OA (OOA)
On-road traffic 0.08 0.07 L Hydrocarbon-like OA

(HOA)
Oxygenated OA (OOA) 040 0560
Small molecules (SM) 020 R

Figure 6. Campaigraverages of massoncentrations apportioned to each factorAh PTRcharon, (B)
AMS,r, and C) AMSg+inarganalyses. Slices of pies are equivalent to the average absolute concentrations.
A complete time series of fractional contributions can be foutkdgnre S14
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