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Abstract

The characterization of the molecular composition of organic carbon in both gaseous and aerosol is
key to understand the processes involved in the formation and aging of secondary organic aerosol.
Therefore a technique using active sampling on cartridgesfiters and derivatization followed by
analysis using Thermal Desorpbn-Gas Chromatography/mass spectrometer {&0D/MS) has been

used It aims atstudyingthe molecular composition of organic carbon in both gaseous and aerosol
phases during an intensie field campaign which took place in Corsica dutiregsummer 2013: the
ChArMEx (Chemistry and Aerosol Mediterranean Experiment) SOP1b (Special Observation Period 1B)

campaign.

These measurementsd to the identification of 51 oxygenated (carbonyl amdhgdroxyl) compounds

in the gaseous phaseith concentrations comprised between 21 ng®mnd 3900ng n® and of 85
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compounds inthe particulate phase with concentrations comprised between 0.3 and 277 fig m
Comparisons of these @asurements withcollocated datausing other techniques have been
conducted showindair agreementin generaffor most species except for glyoxal in the gas phase and
malonic, tararic, malic and succinic asith the particle phase with disagreemerthat can reach up

to a factor of 8 and 20 on average, respectively for the latter acids

Comparison between the sum of all compounds identified bY5TIMMS in particle phase with the total
Organic Matter QM) mass reveal that8% of the total OM mass can be explained iy ¢bmpounds
measured by TEBEC/MS for the whole campaign. This number increase to 24#ieofotal Water
Soluble OMWSOM measured by PIEBOC if we consider only the sum of the soluble compounds
measured by TEEC/MS. This highlights the noegligible fration of the OM mass identified by these
measurements but also the relative important fraction of OM mass remaining unidentified during the
campaign and therefore the complexity of characterizing exhaustivelyQltganic AerosolGA

molecular chemical composition.

The fraction of OMmeasured by TEBEC/MSis largely dominated by diarboxylic acids which
represents 49% of the PMcontent detected and quantifiely this techniqueOther contributiorsto

PM. s compositionmeasured by D-GC/MSare then represented by tgarboxylic acids (15%), alcohols
(13%), aldehydes (10%);Hdidroxy-carboxylic acids (5%), monocarboxylic acids and ketones (3% each)
and hydroxylcarboxylic acid (2%). These results highligite importance of poly fuctionalized
carboxylic acids for OMhile the chemical processes responsible for their formation in both phases
remain uncertain.While not measured by FTBC/MS technique, HUmldke Substances (HULIS)
represent the most abundant identified species in therosol, contributing for 59% of the total

identified OM mass on average during the campaign.

14 compounds were detecteahd quantifiedin both phases allowing the calculation of experimental
partitioning coefficient for these species. The comparison afs¢éh experimerdl partitioning
coefficiens with theoretical ones, estimated by three different models, reveals large discrepancies
varying from 2 to 7 orders of magnitude. These results suggest that the supposed instantaneous
equilibrium being establishdoetween gaseous and particulate phases assuming a homogeneous non

viscous patrticle phase dgiestionable

1 Introduction
It is now recognized that aerosols have an impact on human health, climate and ecosystems. However,
large uncertainties still exist on their effects, especially on climate (Fiore et al., 2015). One of the key

solutionto reduce these uncertainties t® study the chemical composition of thaerosolorganic
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fraction since organic aerosols represent a large fraction of fine particles (Jimene2608)which

impacts are compund-dependent.Molecular characterization of organic aerosol is therefore crucial.

The OAfraction has been widely studied (elge Gouw and Jimenez, 2009; Fuzzi et al., 2006; Glasius

and Goldstein, 2016; Jacobson et al., 2000; Jimenez et al., 2009; Kanakidou et al., 2005; Pdschl, 2005;

Robinson et al., 200 Bamake et al., 201%einfeld and Pankow, 2008nd many studies allowed to
improve our understanding of themolecularcomposition(e.g.Gallimore et al., 201MNlguyen et al.,
2013; Noziére €al., 2015; Zhang et al., 201 their sourceqe.g.Alves et al., 2012Jiang et al., 2019;
Shrivastavat al., 2007; Woody et al., 20},&ndtheir formation and evolution processés.g.Chacon
Madrid and Donahue, 2011; Donahue et al., 2012; Hethl., 2010 Li et al., 2016Ng et al., 2011
Organic aerosol can be primary or seconddimary Organic Aeros(POA) ardirectly emitted in
the atmosphere whereasSecondary Organicefosols (SOA) are formed aftexidation of gaseous
organic precursorsuch as Volatile Organic Compounds (VO8gse gaseous compoundming
from anthropogenic or natural sourceare progressively oxidized by atmosphericdaxits (OH, Q
and NQ). Duringthis multigenerationaloxidation process, the O/C ratio tife product formedrises
and their volatility decreases allowing them to condense on existing paticli® form new partites

through nucleation processe&ulmalaet al. 2013) leadingto SOA formationSome of the Semi

Volatile Organic Compounds (SVOC) formed during the process can be split between the particulate

and gaseous phaseHamilton et al. (2004) have studied the chemical composition ofsRMllected

in the urban atmosphereof London using a FBCxGa oF/MS(Thermal desorptiorcomprehensive
two dimensionaiGas Chromatographyime ofFlight mass Spectrometgnstrument highlighting the
presence of more than 10 000 different organic compouridsthe same stug 130 Oxygenated
Volatile Organic Compound®VOCyere also identified while the total number of different VOC in
the atmosphere is estimated to be between @00 and 10M00 (Goldstein and Galbally, 200The
large number of speciesomposing the gaseous and particulate phaseakes an exhaustive

characterization of the atmosphie organic matter challenging.

For this reasomanalysis of principal componeis often used to describe aerosol compositiémong
them, Positive Matrix Factorization (PM&pplied toAerosol Mass Spectrometer (AMectra allows
retrievingmore information on the sources and nature of organic aero&ibhough thisclassification
allows gettinginsight irto the oxidation state ofOA it is not possiblgo identify chemicalprocesses

involved in SOA formation and aging.

It is therefore essential tperform molecular characterization of organic aerosol. Sevedniques
allow this molecular characterization of Qfor example making usef off-line analyses of filter
samplings or online analysis following direct samplidgupling Particle Into Liquid Sampler (PILS) to

ion chromatography allow foexamplethe measurement of organic species such as acetate, formate,

3
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oxalate and methane sianic acid (MSA) (Orsini et al., 2003; Sciare et al., 2@Hk¥shintsev et al.
(2009) also coupled PILS with gas chromatography mass spectrometiSB3&hich allowed the
measurement of species such as algiaene, pinonaldehyde, cjginonic and pinicacids. More
recently, PILS was coupled tdtra-high performance liquid chromatographynd electrospray
ionization ¢ quadrupole¢ time of flight ¢ mass spectrometry (UPLC/ESTOFMS) allowing the
measurement of species as diverse as adenine, adonitdditsh adipic acid, vanillic acid, azelaic acid
cispinonic acid and palmitic acidZlfang et al., 2006 Several studies also use tandem mass
spectrometry (MS/MS or M¥to gd some structural information onompounds present in the organic
aerosol thankgo multiple fragmentation (e.g. Fujiwara et al., 2014; Kitanovski et al., 2011; Liu et al.,
2015; Nguyen et al., 2011Jhis technique has led to the identification sfecies such as carboxylic
acids, polycyclic aromatic hydrocarbons (PAH), oxy and-Ridd but also oligomers from isoprene
photo-oxidation experiments in the presence of low or high NOx concentratioeselopmenbf two-
dimensionalchromatograply (GCxGC or LCxLC) allawachinglower detection limit separation
capacityand allows measuringa larger range of compounds (Hamilton et al., 2004; Parshintsev and
Hyotylainen, 2015). Online chromatographic systeafso existto analyzethe composition ofthe
particulate phase.However, difficulties in particle sampling madhkis type of development
challengingWilliams et al. (2006) developed a therrdesorption Aerosol GC/MBlame lonization
Detector (FID) allowing the online measurement of compounds of low polanity with a small
number ofchemicalfunctions.GC analysis is usuallystected to compounds of low polarity which
excludes a lot of secondary component of @Akrivatization step is therefore often used before the
analysis or even during the sampling to perform OA chemical characteriz&mwnexanple, G
(2,3,4,5,6PentafuoroBenzyl)HydroxylAmine (PFBHA) can be used for measurements of carbonyl
compounds, and NDis(trimethylsyliltrifluoroacetamide (BSTFA) is used to reduce the polarity of
hydroxyl canpounds (Chiappini et al., 200&lores and Doskey, 2015; Pietrograreteal., 2009;
Schoene et al., 1994).

In addition of sample preparation and detection system, different gygfeextraction systeraexist to
avoid multiple stepprior to analysis. Faxample, Chiappini et al. (200Bave developed a technique
using Suparritical Fluid Extractio (SFEEC/MS. With this technique&ompounds are extracted from

the filter by supercritical Cncluding a derivatization step with BSTFA as reagent inside the extraction
cell. Extractiorefficiencydepends orcompound solubilitisin the supercritical CQvhich has avery

high solvatation power.Thermodesorption (TD) is another techniquallowing to free from
preparation steps prior to analysis. Tkeshnique relieon the volatilization of collected compounds
and is suitable fosemivolatile constituent of SOAL has the advantage to beommerciallyavailable

with fully automatized systems, high sensibility allowihg analysis of verfow quantity of aerosol
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and low preparation time requirement limiting the risk lossor contamination of analyzed samples
(Hays and Lavrich, 2007; Parshintsev and Hydétyldinen, 2015jedtisquehas been used by Bates
et al. (2008) andranDrooge et al. (2009) to quantify particulate PAthile Ding et al. (2009) used it

to measure PAH, alkanes, hopanes and steranes iis.PM

Although umerous analytical methagkexistfor SOA chemical characterizatiashe multiphasic state

of lots of compounds isarely studied. Indeedgaseous phase cheoal characterization isften
studied separately usinggchniques such as Proton Transfer Reaction (PTR)/MS (Hansel et al., 1995;
de Gouw and Warnek@007 Holzinger et al., 20)%r onlin€ offline GQechniques coupled to various
detectors (e.g. FID, MSe.g. Barreira et al., 2015; Kajos et al., 2015; Valach et al., Zids}jite this
disconnected treatment between aerosol and gaseous phasalerstandingnechanisms controlling

the partitioning of SVOC between both phases is key to understand the formation and fate oASOA.
partition coefficient is defined according to the thermodynamic equilibrium to calculate the mass
transfer of SVOC into particulate phase (Pankow, 1994). This equilibribpught to be dominated

by absorption phenomendLiang et al., 1997and partition coefficient is therefore calculated
accordinglyn modek. However, the validity of the instantaneous equilibriuntiaeen both phases as
well as thepredominance of absorjin processes in the mass transf@rocessare questionable
(Bateman et al., 2015; Fridlind et al., 206aly et al., 2008; Rossignol &t 2012; Virtanen et al.,
2010. It is therefore crucial to test the theoretical partition coefficient agavatesmeasuredn the

field for which in situ measuremesibf organic compoundsiboth phases araeeded.

The Mediterranean Basin i; @&xcellentocation to study organic aerosol formation and aging since it
experiencesntensive natural and anthropogenionssions as well as strong photochemistry (Lelieveld
et al., 2002). The ChArMEx project (Chemistry and Aerbddetiterranean Experiments) aimeat
assessing the present and future state of the atmosphere in the Mediterranean lbashis frame,
an intensive field campaign was performed at Cape Cafsr 3 weeks during summer 20E&tting

up numerous instruments to investigate the chemical composition of aerosol and gaseous phases.

As part of this project, this study aims at characterizing the mdég composition of organic carbon

in both the gaseous and aerosol phasguring the campaigsingTD-GC/MSmeasurementsThese
measurements were first compared to measurements performed with other techniques (offline
cartridges analysis using HPLC a@dREDMS as well as PTIRS for gaseous measurements and filter
analysis using lon chromatography, GC/MS ldRd.& Thesemeasurementsvere used to assess the
composition oforganic carborand to estimatethe experimental partition coefficient of compounds

measured in both phasde be compared withiheoreticalvalues
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2 The ChArMEXx field campaign

2.1 Description of the Cape Corse ground site

The ChArMEXx field campaign took place from Jul§y th5August 8 2013 atErsa in Cape Corsica
(42.97°N, 9.38°E) at the top of a hill (533 meters above sea l&be)site is located at the northern
tip of a thin peninsulaa few kilometersfrom the sea in all directia(between 2.5 and 6 knmgnd
approximately 3&km north from the nearest urban area (Basti®&)ountains(peaking between 1000
and 1500 mare limiting transport of urban air masses to tsamplingsite. The site is surrounded by
typicalvegetation of Mediterranean aregmaquis shrubland)Apart from ths local biogenic influence,
the site is mainly influenced by marirend othernatural (e.g. dustgmissions, and bgontinental and
aged air massedue to long range transportDuring summer, recirculation of air masses favors
secondary aerosol and ozoheild up (Millan et al., 1997More details about the siteatmospheric

conditionsencounteredduring the campaigand air mass origican be found in Michoud et al. (2017).

2.2 Sampling devices and TD-GC/MS analysis for the molecular

characterization of multiphase organic carbon

Simultaneous sampling of gas and particulate pbdmes been conducted using a parallel sampling
system with two independent pungallowing the selection of flow rates specifically adjusted for each

phase

Following the samplinghe molecular characterization of gaseous and particulate oxygenated organic
compounds sampled during the campaign has been made using-@CIMAS analysis after

derivatization stepfollowing the method developed by Rossignol et al. (2012).

2.2.1 Gaseous phase
2.2.1.1 Gaseous phase sampling

Sampling of gaseous oxygenated compounds was achieved by using commercial sorbent cartridges

containing Tenax TA (porous polymers based ordpbBenylp-LIKSy &t Sy S 2EARST t SNJ

al NJ S a uhas béeipretriously impregnated with suitable derivatization agefsee below)
following an improved protocol from Rossignol et al. (20I2)maximizehe adsorption surfacesmall

particle size of 60/80 mesh has been select&ohbient air amplingswere performed during 6h at a

flow rate of 100mLmin'® | ¢SFf 2y FALGSNI 0%SFEdz2NK YSYONI yS

upstream from the cartridges to trap particulate compound that copbtentially be adsorbed on

Tenax adsorbenGaseous phase sampling hasyee LIS NF 2 NY SR dzaAy3 AYRA DA RdzZ f

model LFE13DC)Priorto sampling, cartridges were heated at 320°C undsmallhelium flow rate

during 4h to eliminate any trace of contaminatidgvery single cartridge was then analyzed to ensure
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its cleanlinessvith quantities below Limit of Detection (LOD) for all measured compaubdsng the

campaign, 177 gaseous samples were collected following this protocol.

2.2.1.2 Sample preparation for gaseous phase

For the analysis of mulfunctionalized OW@C by gas chromatography, a derivatization step is needed.
It allows the suppression of the reactivity of functions, improving their thermal stability and rising their
volatility. Thedual derivatization reagergused in this study are PFBHA for carbomyhpounds and
MTBSTFAN-tert-ButyldimethylsilyiN-methyltrifluoroacetamide)for hydroxyl compounds. The two

derivatization processes aperformedseparately.
2.2.1.2.1 Carbonyl compounds

PFBHA has been used as derivatizateagent for the analysis of daonyk. Cartridges have been
impregnated prior to sampling thanks to a glass balloon with 8 arms, containing 0.33mg of solid PFBHA
per cartridges mounted on the balloon, and on which the cartridges are installed under a IAhvmL

L nitrogen flow rate per cartridges at 110°C during 20 minutes. The impregnated cartridges are stored
at room temperature until the sampling. After sampling, cartridges are stored at room temperature
during 5 days, optimum for the derivatization step usPEBHA (Ho and Yu, 2002), before their

analysis.
2.2.1.2.2 Hydroxyl compounds and carboxylic acids

MTBSTFA with 1% of TBDMCS -fheityyldimethylchlorosilane, used as catalyst for the reaction) has
been used as derivatization agent for the analysis of hydrmompounds. Cartridges are impregnated

prior to sampling vaporizing 0.3 pL of MTBSTFA at 275°C using a commercial thermal tube desorber
(Dynatherm Analytical Instruments, model 890) unddlow of Helium of 30 mL mifrfor 11 minutes

The cartridges arthen stored at room temperature and sampling is performed within 10 days after
impregnation. After sampling, cartridges are stored at 4°C. To ensure complete derivatization of all
compounds bedre the analysis, two depositsf 0.3 L of MTBSTFA aehieved on each side of the
cartridges which arekept at 60°C during 5h after that. Once the cartridges are back at room

temperature, analysis is performed within 5 hours.

2.2.2 Particulate phase

2.2.2.1 Particulate phase sampling

Sampling of particulatenatter was performed over regular (not impregnated) fitandderivatization

was performednly after samplingto avoid chemisorption of gaseous compounds on filters) following
a protocol adapted from Rossignol et al. (2012)e sampling deviogsed duing the campaign was a
modified Speciation Sampler Partisomodel 2300 (Rupprecht & Patashnick Co, Thermo Fisher

Scientific). Three ChemComb cartridgesith PM.simpactors,were mounted to this device to allow
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the sanpling of particulate phase diilters of different nature according to targeted compounds. For
carbonyls compounds and néhE & 3Sy | (SR 02 Y LR dzy Ra v dzl weile Usedf A f (G S NEB
For hydroxyl compounds, quartz filters are not suitable because of silanol groups present at their
surfacesthat can bederivatized instead othe hydroxyl compounds reducing considerably their
derivatization yield (Rossignol, 2012). Therefore, for the sampling of this type of compaunds
selected filters of borosilicate glass fibers coated with tetrafluoroethylene (€&lEEd hereafter

G¢ STt 2y | dzlCMIDBIS NF AFfAE SYNER Activatetl @afb&nEhmnEycomby dehudlets were
installed upstream from the filters to avoid positivditacts due to adsorption ofageous oxygenated
compounds orthe filters. For cleaning and a best efficiency, denuders were heated at 250°C before
being used for each new samplehe sampling flow rate was of 13t for each samp@ step Quartz

and Tefbn quartzfilters were carbonizegbrior to the sampling respectivelgt 500°Cand 300°C to
eliminate any possible contaminatioburing the campaign, 240 particulate samples were collected

following this protocol.

2.2.2.2 Sample preparation for particulate phase

2.2.2.2.1 Carbonyl compounds

Sampling ar@erformedon quartz filters which are stored &t6°C after sampling waiting for analysis.
Then thefilters are cut into two pieces, both inserted into empty and clean stainless steel tubes. These
tubes, including grids, are previouslynicatedn several bath of ultrgoure water and acetonitrile and

then are heated at 400°@hder a flow of heliun@80mLmin™) during 4hDepositionof 50 pL of PFBHA
saturated solution (eetonitrile/water (90/10, v/v) with 27 mg ria* of PFBHA) ar@chievedn the tubes

to expose adsorbed compounds to the derivatization reagent. Tubes are then stored at room

temperature duing 5 days to allow derivatization of adsorbed compounds before their analysis.
2.2.2.2.2 Hydroxyl compounds and carboxylic acids

Sampling are performed on Teflon quartz filters which are stored &tC after sampling waiting for
analysis. Derivatizatiois performed after sampling directly on filters. Filters are put in stainless steel
tubes cleaned following the same protocol than for carbonyl compounds. Tubes are then sealed and
maintained vertically with 1@ul of MTBSTFA put in the bottom cap for passmpregnation during

24h at room temperature.

2.3.3 Analytical system
The analytical system used in this study is composed by three successive modules: a thermal

desorption system, a gas chromatography unit and a mass spectrometer.

The thermablesorption allovgthe extraction of adsorbed compounds on sample support by increasing

the temperature without any preliminary solvent extractiand collecting them on a cold trap before

8
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flash injection in GC/MS instrumeriThe thermal desorption systena (- N] Saxnz Y2RSft dzyA
O2dzLJt SR gAGK |y Idzi2Yl SR & &herin& desofpioh phlarBeiers dre Y 2 RS f

listed inTablel.
The GC/ MS instrument (Agilent Technologies Inc.) used during this study is composed by two modules:

- A GC unit, model 6890 A, associated with a capillary column In@&ggad Rxi®Sil MS
(stationary phase: 1:is(dimethylsiloxy)phenylene dimethyl polysiloxane, length: 60m,
diameter: 0.25mm film thickness: 0.25um, with 5m palumn deactivated without any
stationary phase; Restdékorporation).

- A Mass spectrometer, model 5973N, equippedhwan ionization source in EElectronic

Impact)or Cl Chemical lonizationysing Chlas reagent gas) and associated with a quadte.
GC/MS parameters are listed Tmblel.
2.3.4 Internal calibration protocol

For a more efficient quantification, internal calibration has been set up for both family of compounds
(carbonyl and hydroxyl) and for both phases. This procedure aims at taking into adcifuint MS
sensitivityand derivatization efficiency. Two type$ internal standards are used: substitutes which
are deuterated compounds getting at least one derivatized function;aaridternal standard which is

a compound with no derivatized functioB0 ng of Substitutesare added prior tothe derivatization

step to take into account every stepof sample preparation as well as analysis steéfhe list of
substitutes selected is given Trable2. The internal standard selectésl pentadecangbecause of its

low volatility which limit signal variability due to evaporation of the internal standard before the

analysisand 50 ng is addedn cartridgegyrid just before the analysis.
2.3.5 Estimation of uncertainties

Overall uncertainties have been determined taking into account precision, detection limit and
systematic errors (including uncertainties on standard concentrations, on calibration, on blank
determination and on sampling volummllowing Gaussiarerror propagation) Overall uncertainties

have therefore been estimatetb be 35% and 54% on averaged in gas phase for carbonyls and
hydroxyls and carboxylic acids respectively and to be 41% and 47% on averaged in particulate phase

for carbonyls and hydroxyls and carboxgaids respectively.
2.4 Ancillary measurements

An important set of complementary instruments, dedicated to the measurement of both gaseous and
particulate phase, has been deployed at the supersitpportingthe interpretation and validation of
the TDGC/MXataset.
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2.4.1 Gaseous ancillary measurements
2.41.1 PTRIS

Measurements of OVOCs (e.g. nopinone, sum of methacrolein and methyl vinyl ketone, propanoic acid
and methyl ethyl ketone), among other species (e.g. aromatics and biogenic VOCs) were performed
using aProton Transfer Reactiomime of FlightMass Spectronter (PTRToFMS, KORE Inc® 2nd
generation) A detailed description of these measurements was given by Michoud et al. (2017, 2018).
Briefly,ambient air was sampled through and long Teflon PFA (PerFluroAlkoxy) line held at 80a4C

flow rate of 1.2 Lmin?, leading to a residence time of 3.1s in the sampling. [ifee PTROFMS
sampling flow rate was set at 150Lmin™. The instrument was operated at a reactor pressure and a

temperature of 1.33nbar and 40°C, respectively, leading to an E/N ratio ofTki35

An automated zero procedure was performed every hour fomli® Humid zero air was generated by
passing ambient athrough a catalytic convertan perform zeros at the samelative humidity than

ambient air.

Signalsfrom protonated VOCsvere normalized by the signals ofs;8" and the first water cluster

H:O'(HO) as proposed by de Gouw and Warneke (2007). Concentratenecalculated using E@L):

R] = IR net 150000 ()
(i o + X " Rig

r H3O*(HZO))

Where [Rrepresents the mixing ratio of a given VQGeithe net signal of this VOGizo+andinzo+(H20)
the signals of 0" and HO*(HO)at m/z 19 and 37 respectively recorded at m/z 21 and 39 to avoid
any saturation of the detector and recalculated using the isotopic ratio betw#@rand'®O. Xr is a
factor introduced to account for the effect of humidity on the PWIB sensitivity (de&Gouw and
Warneke, 2007) anis determined experimentallyhrough calibrationsperformedat various relative
humidity. Rris the sensitivity determined during calibration experiments (in ppts) and normalized
to 150000 counts 3 of KO ions. The latter is the number of counts of reagent ifmst corrected for
ion transmission into the ToFM8pserved orthis PTRToFMS instrumentData were reorded at a

time resolution of Imin. During the campaign, calibrations were performed evedags using various

standards, including a canister containing 15 VOCs (NMHCs, OVOCs and chlorinated VOCs; Restek®), a
gas cylinder containing 9 NMHCs (Praxair®) and a gas cylinder containing 9 OVOCs (Praxair®).

Information about the composition of thes¢amdards can be found in Michoud et al. (201@yerall

uncertainties are estimated between 6 and 23% depending on the compound considered (Michoud et

Ff®X wamto F2f{t2¢Ay3a GKS a! SNRaz2tax /f2dzRasz | yR

guidelines for uncertainty evaluation (ACTRIS, 201

2.4.1.2 GEFID/MS
10
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OVOCs, including aldehydes, ketones, alcohols, ethers, esters, asatelWdVHCs, including BVOCs
and aromatics, were measured using an online GEGMEINstrument This instrumengas well as its
setupduring the campaign was described by Michoud et al. (2@rrefly, ambient air was sampled
via a Kl ozone scrubberand&5 f 2y 3 t C! f Ay S 0O mlkmn?usinglai Airlserverf 2 &
unity | (Markes International®). Tlsample was praliluted (50% dilution) with dry zero air to keep
relative humidity below 50%. The sample was then collected in an internal trap, consisting mra 1.9
i.d. quartz tube filled with two different sorbents ¢(Bg of Carbopack B and nag of Cabopack X,
Supelco®) and cooled at 126 by a Peltier system. Compounds trapped on the sorbents were then
thermally desorbed at 280C and injected into the column of a GC (Agilent®) equipped with a FID for
detection and quantification and with a Mass $pemeter (MS) for identification. The compounds
were separated through a high polar {@ox column (30nx0.53mmx 10um) (Varian®). The time
resolution of these measurements is 1h30nMalibrations were performed during the campaign using

a gas cylindecontaining 29 VOCs (Praxair). Information about the composition of this standard can be
found in Michoud et al. (2017verall uncertainties are estimated between 5 and 14% depending on
the compound considered (Michoud et al., 2017) following ACTRIliges for uncertainty
evaluation (ACTRIS, Z)1

2.4.1.3 Active sampling on DNPH cartridges

Carbonyl compounds were collected continuously foh 8lurations by active sampling on DNPH
cartridges (Waters®) using an automatic sampler (Tera Environm@&a®dges were then eluted

with 3 mL of acetonitrile to extract these compounds; and an aliquot of 20ulanalyzed later by

High Performance Liquid Chromatography (HPLC) with UV dete&tidiiert air was sampled via a 3

Y t C! f Ay SLminmand gassedIthiiougia &kl ozone scrubber and a staistess particle

filter (porosity: 2um). More details about these measurements are given by Michoud et al. (2017;
2018). Calibrations were performed at the laboratory using Supelco® standard for DINVEEll
uncertainties are estimated around 25% (Michoud et al., 2017) following ACTRIS guidelines for

uncertainty evaluation (ACTRED12.
2.4.1.4 Inorganic trace gases

During the campaign, NO and N@ere measured by a commercial ozone chemiluminescanedy/zer
(Cranox Il; Eco Physics®) with a time resolution of 5 min. NO was measured directly, whiesNO
converted into NO using a photolytic convertegv@s measured using a commercial analyzer (TEI 49i;

Thermo Environmental Instruments Inc®) usingadbsorption with a time resolution of 5 min.

2.4.2 Particulate ancillary measurements

11
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Mass concentrations of Pliyland PM were measured during the campaign using two tapered element
oscillating microbalance (TEOM) equipped with a filter dyicaneasurement system (FDMShéFmo

{ OASy (AT A OpaéreBol thgmichl Bofpositior? was measured by ontewhnique (aerosol
chemical speciation monitertACSM) and offlinenethod (lon chomatography, GC/MS artdPLEon
filters collected daily witt2 HiVol samplers (30%hr?) equipped with PMand PMsinlets.

2.4.2.2 ACSM

Measurements of the chemical composition of A@ifractory submicron aerosol (NRVL) have been
carried out using a quadrupol®CSM (Aerodyne Research Inc., Billerica, MA, USA). These
measurements have been described in detail by Michoud et al. (2017). Biteflgalibration of this
instrument with monodispersed (300 nm diameter) ammonium nitrate particles was performed 2
months bebre the campaign Because ambient air was dried by a Nafion membrane and because
ammonium nitrate wadow during the campaign, constant collection efficiency (CE) oh&@s5been
kept. The QACSMwasoperated continuouslyluring the wholecampaignat a time resolution of 30

min.
2.4.23 lonic ChromatographylC)

Soluble anions and cations were analyzed by ionic chromatography (IC, ThermoFisher ICS3000)
following protocol similar to that described elsewhere (elgffrezo et al., 1998Briefly, 38 mm
diameter subsamples from each filter were soaked for 20 min in 10 mL di®liwater with orbital
shaking, and then filtered using 0,22 parosity Acrodisc filters before analysis. ASAIll and CS16

columns were used for anions and cations analyses, respectively.
2.4.24 GC/IMS

Organic markers were analyzed by gas chromatogrd@C) coupled with mass spectrometry (MS)
dzaAy3a GKS YSUK2R RS@OSt2LISR o0& 9f I FRRFR S Ffo
a solution containing the internal standard {0®olesterol (&HioDsc). Accelerated Solvent Extraction

(ASE Dioex 300) was performed with a mixture of acetone/dichloromethane (1/1 v/v) at 100bar and
100°C during 10 min. Sample extracts were concentrated using a Turbo Vap Il pimdendterbath

regulated at40°@ 2 | FAYLFf @2tdzy¥S 2F pnn>[ & | TN OlAzy
F2NJ bn YAYy 0@ [|-BhisRriimétRylsilm)miffuordacétanfide (BSTFA containing 1% of
TMCS). Derivatized extracts were then analyzed using a Thermo Trac&Oltoupled with a Polaris

Q ¢ ion trap operating in the electron impact mode. The GC was equipped with5MBRcapillary

column (30 m x 0.25 mm i.d. x 0.25 pym film thickness). Aliquots of 1 pL were injected in split mode
(split ratio 50) at 280°C. Thelamn temperature program was held at 65°C hold for 2 min, and ramped

at 6°C/min up to 300°C, followed by an isothermal hold at 300°C for 20 miklS3€sponse factors

12
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were determined using authentic standards. Compounds, for which no authentic standard a
available, were quantified using the response factor of compounds with analogous chemical
structures. Field blank filters were also treated with the same proceduiireit of quantification are
comprised betweer®.02 and ®0ng m® and overall uncertaities are estimated between 5 and 14%
depending on the compound considered followib@ anduncertainty evaluationdescribed by El
Haddad (2011)

2.4.2.5HPLC

The analysis of a large array of organic acids (including pinic and phthalic acidsM&TiC3) &as
conducted using the same water extracts as for IC analyses. In brief, this was performed #SHPLC
(GP40 Dionex with a LEREET Thermddsher ion trap), with negative mode electrospray ionization.
The separation column is a Synergi 4 um Fugi®P 8A (2503 mm ID, 4 pum particle size, from
Phenomenex). An elution gradient was optimized for the separation of the compounds, with a binary
solvent gradient consisting of 0.1% formic acid in acetonitrile (solvent A) and 0.1% aqueous formic acid
(solvent B)n various proportions during the 4@inute analytical rurfsee supplementary materials
Column temperature was maintained to 30 °C. Eluent flow rate was 0viinm) and injection volume

gla wHpn >td [/ EAONIGA2yaE oaSwItl IBINBR Nivadtkentid 2 NJ S|
standards. All standards and samples were spiked with internal standards (pt&/4aiccd4 acid and
succinie2,2,3,3d4 acid). The calculation of the final atmospheric concentrations was corrected with
the concentratios of internal standards and of the procedural blanks, taking also into account the

extraction efficiency varying between -18.6% (depending on the acid).
2.4.2.6 OCEC SUNSET field instrument

Concentrations of elemental carbon (EC) and organic carbonii@®8} swere obtained in the field

from an OCEC Sunset field instrument (Sunset Laboratory, Forest Grove, OR, USA; Bae et al., 2004)
operated at a flow rate o8 L mifi* with a denuder set upstream to avoid adsorptiohsemivolatile
compounds orthe filter collecting particles in the instrumeriData were obtained every 2 hours with

this instrument.
2.4.2.7 PILSOC

PM: water-soluble organic compounds (WSOCs) wereasured by a modified PILS(Brechtel
Manufacturing Inc., USA; Sorooshian et al., 2006) coupled withnalyzer ototal organic carbon
(TOC; model Sievers 900; lonics Ltd, USA). Sciare et al. (20Mithodd et al. (2017) described this
technique and operating procedures usedrithg the ChArMEX field campaign. Briefly, the AIOE
instrument was operated at a flow rate of 15 L hiwith a dilution factor of 1.30A0.45 pmpore size

diameterfilter in polyethylenewas set idine in the aerosol liquid flow to analyze the watluble

13
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OC fractiononly anda VOC denuder was set upstream the collection to avoid -setatile VOC
contamination.Daily blanks wereonducted every day for 1y placing a total filter pstream of the

sampling system.
2.4.2.8 HULIS measurements

The waer soluble HULIS fraction is analyzed according to a protocol descritethinin Baduel et al.
(2009) Briefly, the wateisoluble fractions obtained from aerosol samples are passed through a weak
anion exchange resin (GE Health&itdiTrap™ DEAE FF, 0.7cm ID x 2.5cm length) without any pre
treatment. After this concentration step, the organic matter adsorbed is washed with 12mL of a
solution of NaOH 0.04M (J.T.Bdkearo analysis) to remove neutral components, hydrophobic bases,
inorganic aion, mone and dtacids initially retained in the resin. Finally, HukEBe quickly eluted in

a single broad peak usidgnL of a high ionic strength solution of NaCl 1M (Norm§pul flow rates

are set at 1.0nLmin™. U\Vis absorption spectra ameasured odine after the extraction system,
using a diode array detector (Dionex-W\& 340U), and recorded in the range -BB0nm. The HULIS
fraction is subsequently collected manually and the carbon content is analyzed with a DOC analyser
(Shimadzu @GVcericep by catalytic burning at 680°C in oxygen followed by-dispersive infrared

detection of the evolved GO

3 Results

3.1 Main conditions during the campaign

3.1.1 Meteorological conditions

Meteorological and environmental conditions are presented able3. Relatively high temperatuse
were monitored during the campaign (up to 32°C) coinciding with higgenic emissions from local
vegetation and strong photochemistry (Michoud et al., 200IHese conditions led thigh ozone
concentrationgduring the campaign (65 pbbwaveragdor the overall sampling period and up to 111
ppbv for 5 min measuremenistypical of this region duringummer(e.g. Lelieveld, 2002; Di Biagio et
al., 2015). igh relative humidity was encountered at night with values reaching 100% coinciding with
foggy condition®bserved duringseveral nights at the sitddigh wind speedsere monitored with
maximum reachednthe 30" of July 2013 (13.2 m's During the campaign, almost 40% of air masses
came fromthe south-west sector and 20% from the western sector (Bégurel). Winds coming from
southwest sector are predominant during daytime and nighttime amdrespond towind geed
maxima.Windsfrom the west and northeast are also recordedut during daytime onlyLow NQ,
concentrationsvere observedluring the campaign (0.57 ppbwaverage) wittafew spikes above 1
ppbv corresponding to local influence from traffic especially wagmmasses came from the south
(e.g. 27 July).
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3.1.2 Particles and organic fraction

Mean, medianmaximum and minimum of ass concentrations of Ply) PM, and organic fraction in
NRPM; are summarizedn Table 3for the whole campaignThe aieraged mass concentrations for
PMy is 12.0 ug m®, comparable to observationperformed at other remote sites loated in the
western Mediterranean basin (e.g. 15.5 pg’ mt Montseny, Spain; 11.6g m® between 2010 and
2013 at Montsec, Spain; 14.6 pgrat Monte Martano, Italy; 13 pg rhbetween 2010 and 2013 at
Venaco, France Moroni et al., 2015; Nicolas, 201Querol et al., 2009a, 2009b; Ripoll et al., 2015).
The aeraged mass concentrations for PMas 8.3 pg m during the campaign and represented an

important fraction of PMo (69% on average). The amount of PM Esais alsocomparable to what

has been previously measured in other remote sites in the western Mediterranean basin (e.g. 8.2 ug

m3at Montseny, Spain; 7.1 ughbetween 2010 and 2013 at Montsec, SpaMinguillén et al., 2015;
Ripoll et al., 2015Ppuring the campaigrihe organic fration representedetween 40 and 55% &k

mass concentrationsr{ean of3.7 ug nt representing 44% of P\bn average.

Time series of mass concentrations of gNPM,. and organic fraction in PMare presented irFigure

2. Highest mass concentrations f&®Mi, and PM are observedbetween 12and 21 July(15.7 and
11.0ugmon average respectively for Rb&and PM). According to back trajectory analysis (Michoud
et al., 2017}his periodcorresponds tdow wind speed and hencstationary air masse# decrease of
PMo concentrations is observeftom 21 to 25 July12.0 pg ¥ on averageyvhile the ratio PM/PM1o
and organic/PMare the highes{comprised betweer®.5and1 and 0.3and 0.7 respectively)During
this period,the PMyo and PM fractions are almostthe same This period is characterized by higher
wind speedand air masses coming from the nosmlastern sector and therefore characterized by
anthropogenic influence from northern Itallfrom 26 to 29 July, a rise in Rivhass concentrations is
observed coinciding with the warmest temperature of the campaigd air masses coming from the
south and characterized by biogenic influen@se Michoud et al., 2017From 29 July to 3 August,
PM: concentrations strongly decreagffom 9.3 to 2.6 ug mon average) coinciding with higher wind
speed and relative humidityvhile winds came from nortivest and northeast directions (see
Michoud et al. 2017)During the last perio@3-5 August) increase of PM and PM concentrationss
observed anda clear diurnal cycle is monitored for both fract®rorresponding to a raise in

temperatures.Overal| the organic fraction evolution follows the one tife PV massfraction.

3.2 Results from the TD-GC/MS analysis
3.2.1 Compound identifications

Detection of functionalized compounds led tioe identification of 23 carbonyl compounds and 28

hydroxyl compounds and carboxylic acids in the gaseous phase and of 30 carbonyl compounds and 55

hydroxyl compounds and carboxylic acids in therticulate phase.The entire list of thesed7
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compounds is presged in supplementary materié together with their retention time their O/C

ratio, theircalculatedsaturation vapor pressur¢he main fragments of their mass spectra, the method

used fortheir identification, the substitute used to account for the derivatization efficiency, the

external standard used for their quantification, the fragment used for quantificatiom averaged
concentrations measured in both phas#eeir limits of detectbn and quantificationandthe averaged

overall uncertaintiesAn example of chromatogram is alsileownin supplementary material.For the

carbonylcompounds the mono-functionalizedcompounds identified contained from 3 (e.g. propanal)

to 10 (e.gdecanal) carbon atosand from2 (e.g. glyoxalp 5 (e.g.4-oxopentanal) carbon atosfor

the bi-functionalized compoundsFor the hydroxyl compounds and the carboxylic acidsntbao-

functionalizedidentified compounds contained from 3 (e.g. propancidato 18 (e.g. octadecanoic
acid) carbon atorm Several pohfunctionalized compounds have also been identified: hydaocigds
and diacids from 2 (e.g. glycolic acid) to 8 (e.g. mandelic acid) carbon atoms; trim&lrdky-acids,

hydroxytdi-acids, ti-acids from 3 (e.g. glycerol) to 9 (e.gHZdroxy4-isopropythexanedioic acid)

carbon atoms; and two tetréunctionalized compound@nethyHetrols andcitric acid).

It is worth noting that several compounéshibitedvery closequantitiesin the air sampleand in the
of 'yl o0RSaA iy & supplamenitadyt ntatgrigk). Therefore, the presence of these
compounds in the air sampled cannot be certdiior the compounds that have been quantified
successfully angbresent concentrationssignificanty above the quantification limit(10 6208
averaged blank measurementshigher levels are observed in the gas phaShke averaged
concentrations ranged from 2hg n1® (Mandelic acid) t01600 ng m?® (glycero) for hydroxyl
compoundsin the gas phase and from 0@yruvic acid) to 277 (oxalic acid) ng im the particulate
phase. For the carbonyl compounds, teeragedconcentrations ranged from 8&g m (hexanone)

to 3900 g nT (4-Oxopentanal) in the gas phase and fromglm? (e.g. methylpropanal or glyoxal) to

20 ng n® (4-methylpentanal) in the particulate phasé&igure 3 presents the distribution of all
guantifiedcompounds along their saturation vapor pressure #meir O/C ratio The phases in which
thesecompoundswvereidentifiedarealso shown ifrigure3. Whilecompounds only present in the gas

or aerosolphaseexhibit high and low saturation vapor pressurespectively,some exceptions are
noticeable. Indeed, some gasus compounds have low vapor press@dewn to 10°¢ atm) such as

long chain linear mono carboxylic acids (up to 15 carbon gt@md some compoundsnly found in

the particle phase have high vapor pressuig to 10°® atm), normally incompatible with their

presence in such phasseuch as small mono carbonyls (e.g. methylpropanal, methylbutanone, 2

YS i Kef o dielalgolfouni éompounda both phasegxhibitinghigh vapor pressure (up to 10

04 atm), whichis normally inompatible with their presence in aerosol phase, suckraall carbonyls

(e.g. propanal, acrolein, 10 K ONRB f SA Yy >

atYX0®d ¢ KA anséctio3.a (i
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3.2.2 Data intercomparison
A comparison of data measured BYD-GC/MSwith other techniques available on site has been

performed,for both phases, to test the reliability of these measurements.
3.2.2.1 Gas phase

Comparisons offDGC/MSdata with PTRIoOFMS and GC/FID/MS dataveragedover the same
sampling duration at aimilar time stephave been performed and are shownRigure4 andFigure>b.
Fairagreement is found for nopinongelative differences observed from 1% to 133%g sum of
methacrolein and methyl vinyl ketorn@-155%) propanoic acig3-107%)and methyl ethyl ketong0-
140%) between TDGC/MSmeasurements and measurements performed by FORMS. Good
agreement is also found for methyl vinyl ketof3168%)and 2hexanong3-99%)betweenTDGC/MS
measurements and measurements performed by GC/FIDR&Bges of measured concentrations are

similar between these techniques as well as the temporal variation

Comparisons of DGC/MSneasurements with DNPH cartriglganalysis are presentedRigure6. For

these latter, only the first ten days of the campaign have been validated because of a leak issue in the

sampling systenof DNPH cartridgesafter that period (see Michoud et al., 2017). Ranges of
concentrations aren the same order of magnitudeetween these twaechniques for propanal5-
93%) acrolein(18-90%) methacrolein8-83%) methyl ethyl keton€17-87%) methylglyoxa(19-99%)
hexanal(1-73%)and benzaldehyd€10-115%)even though it is difficult to conclude ondln co
variation regarding the smaflumber of data available and thew time resolutionfor these two
techniques. Howeverglyoxal and methyl vinyl ketonpresent large differences between the two
techniques (factor of 15 and 12 respectivellfpr glyoxal, Matsunaga (2004) recorded maximum
concentrations of 154 ng %o £ ppiv) at a forested siteat Moshiri in Hokkaido island, in summer
Washenfelder et al. (2011) recorded maximgiyioxalconcentrations of 50@ptv at an urban site in
Los Angeles in summer, while numerous glyoxal precursors exist in urban enviromimenatfore, the
concentrations measured byDGC/MS seem overestimated ah measurements from DNPH
cartridges analysis seem more consistent with these previous observations. Tdegradation of
other heavier compounds adsorbed on thentixcartridges leading to glyoxal could Be hypothesis
for this overestimationln the cae of methyl vinyl ketone, the good agreement observed betw&Bn

GC/MSmeasurements and GC/FID/MS orsseFigureb) tends to indicate that the disagreement

observed hee is related to an underestimation of the concentrations measured by DNPH cartridge

analysis.Furthermore, recent studies on humidity dependence of the DML GUV method for
some ketone compounds, revealed that the collection efficiency is inversedjedeko relative

humidity, with up to 35 %80 % of the ketones being lost foHRalues higher than 50 % at 22 (Ho

et al., 2014) Furthermore, dimerization issues for MVK during analyses using DNPH method has also
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been identified, during more recemheasurements, that can cause strong underestimation of this

technique (>50%).
3.2.2.2 Particulate phase

Comparisons afesults fromfilter analysis by DGC/MSand by lon chromatography, GC/MS &atéLC
have been performed and are shownhkigure7 and Figure8. The range of concentrations between
TDGC/MSanalysis and other techniques arethe same order of magnituder oxalic acidrelative
differences observed from 1% to 111%inic acid13-136%) 2-methylglyceric acig15-87%) MBTCA
(12-95%) glycolic acid16-104%)and phtalic acig3-90%) However, a discrepancy is found for malonic
acid and tararic acidwhich measurements differ both of a factor of 4 on averaged betwide@®C/MS
and HPLCanalyses For methytetrols, the analysis performed byDGC/MSdid not allow to
distinguish the two isomers. Temporal evolution of compounds showigure7 and Figure8 are also

similar from one technique to another, especially for oxalic acid and pinic acid.

NeverthelessJarger disagreements have been observed for soommpounds (sed-igure8). An
overestimation of TE5C/MS analysis compared HiPLGnalysisof a factor of 8 and 20 on average
respectively for malic acid ad succinic a@dbservedFor malic acid, the external standard used for
the estimation of the response factor (glycolic acidnaybenot appropriate which may explain this
discrepancy. As a test, succinic acid and gltacid (two other dacids) have been used as external
standard for malic acid quantification with no improvement in the agreement observed. For succinic
acid, the authentic standard has beenused and such problem cannot explain the discrepancy
observed.No interference in the peak region is observed and this cannot neithptaiex the

differences observed.

On the whole, comparisons dD-GC/MSwith other techniques deployed during the campaign are
satisfactory for both phases with results at le@stthe same order of magnitude for the measured
absolute concentrationsexcept for some compound$herefore, hese observationallow us to use

TDGC/MSdata both in gas and aerosol phase to study further the behavior of organic carbon at a
molecularlevel atcape Corsica during ChArMEx campaign, keeping however in mingatential

biases revealed during this data comparison exercise.

4 Discussions
4.1 Description of organic compounds behaviour during the campaign
Time series of every compounds measured TYGC/MSin both phases are presented in the

supplementary materiad.

Concerninghe gaseous phase, several linear mesddehydes (€to Go) have been detected and

quantified in the same range of concentratio@s what has been previously reported by the same
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technique at another site in Corsica (Rossignol et al., 200tt&gse compounds are mainly primary
compounds emitted by vegetation under stregmditions For propanal and butanal, some chemical
processes andnthropogenic primary sources (especially ship emission) can also be involved (Agrawal
et al., 2008)During the campaign, these compouridshe gaseous phasae characterized by daily
maxima during daytime and daily minima during nighttjrmenfirming he predominance of biogenic
sources.This diurnal cycle is also found when these compounds are also measured in the particulate
phase whichmay indicatea thermodynamic equilibrium for these compounds between both phases.
Their concentrations are highet tne end of the campaign (80of July) coinciding with the warmest

period suggesting higher local biogenic emission.

At the end of the campaignan elevation of concentrations is also observed for nopinone, 4
oxopentanal, 2oropenoic acid, methacryliacid, mandelic acid, glycolic acid and levulinic és&d
supplementary materiad), all known as oxidation products of biogenic compouralg.fFruekilde et
al., 1998; Matsunaga et al., 2004; Rossignol et al., 2@12)ng this period, air masses werenting
from the southern sector and travelled during a short period of time (12 to 24h) al@nrsica and
SardinigMichoud et al., 2017; Zannoni et al., 201&).increaseof concentratiorsis also observed for
some monocarboxylic acids such as propanaeid,gpentanoic acid, hexanoic acid, tridecanoic acid,
tetradecanoic acid and pentadecanoic ag¢gke supplementary material). Several sources are
possible for these compounds that can be either primarysecondary anceither biogenic or
anthropogenic¢ especially for small carboxylic acids #€CG; Chebbi and Carlier, 1996). Longer chain
carboxylic acids areften considered aprimary compounds both from biogenic and anthropogenic
sourcesNevertheless, the results we obta&id here underline the ubigitous nature of organic acids
(including long chains) in the atmospheteis remarkable to observe that despite their widespread
detection, the knowledge on their sources (including chemical processes) remain scarce. Ozonolysis of

alkenes, reactions bateen aldehydes and HQor hydrolysis of oligomers could be involved.

At the beginning of the campaign (from™8 15" July) we observed a rise in concentrations of 4
oxopentanal, zhexanone, glycolic acid;@openoic acid and monocarboxylic a&ftbm Gto G ((see
supplementary materia#). A spike of methacrolein is also observed th& ©8 uly, highlighting local

emission of biogenic precursors as it is during the calm low wind cluster period (Michoud et al, 2017).

Concerning particulateompounds observations are differenthan for that gaseous compounds.
Indeed, an important peak of concentratigis observed for many compounds from™tp 19" of July,
e.g. 3-isopropylglutaric acid, -Bydroxy4,4-dimethylglutaric acid, ketonorlimoniecid, ketolimonic
acid, tricarballylic acid and methyltartronic acf{dee supplementary materiad). The four first
compounds correspond to oxidation produaibiogenic precursors such as pinenes and limonene.

O/C ratis for these compounds are high, wamg from 0.5 (dsopropylglutaric acid) to 1.3
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(methyltartronic acid). This period corresponds to a rise in aerosol mass concen{sggifigure?),

with stagnant ai masses and very low wind speed (Michoud et al., 2017). Associated with strong
photochemistry, this favored chemical processing #relformation of secondary products with high

O/C ratio. Other compounds also show a rise in their concentrations atiithes($ee supplementary
material 4): unsaturated carboxylic acids (crotonic aciehy@iroxy3methyt2-pentenoic acid), long

chain monocarboxylic acids (hexadecanoic acid and octadecanoic acid), dicarboxylic acids (malonic
acid, succinic acid, glutaric agidpsaturated dicarboxylic acids (maleic acid, fumaric aemwethyk2-
pentendioic acid), erythrose (a triol compound), -BjBydroxypropanoic acid (a dihydroxy acid),
hydroxydiacids (2hydroglutaric acid, zhydroxy4-isopropylhexandioic acjd 3-hydroxy2-
pentenedioic acid3-hydroxy3-methylglutaric acid3-hydroxyhexandioic acid, malic acat)dalso 2

MGA,3-MBTCA and DHOPA.

Higher concentrations for DHOPAMEGA, MBTCA, and HGA are observed from 20 to 24(skdy
supplementary materiadl). 2-MGA isformed, in presence of NQ(Ding et al., 2014, Fu et al., 2009
Giorio et al., 201y through the oxidation of methacrolein and methacrylic acid, both oxidation
products of isopreneThis period is characterized by the highestN@hcentrations of the capaign
(averaged concentrations of 1 ppbv against 0.6 ppbv for the rest of the camp@ang dicarboxylic
acids (e.g. malonic acid, succinic acid and glutaric acidjlatsoa rise in their concentrations during
this period. This suggest a strong photenfical activity with an important aging of the air masses
collected and an advanced photochemical &gethis period, also characterized by high OH missing
reactivity observed at the site (Zannoni et al., 201% the contrary, from the 27of July to the end

of the campaign, levels of concentrations for these compounds decfsasesupplementary material
4) suggesting less aged air masses. This is also revealed by the (uig@nonic acid + pinic
acid)/MBTCA ratio observed during tlhést period (see supplementary materid). Indeed, this ratio
allowsthe evaluation othe oxidation state of air masses sinceisonic acid and pinic acid are first
generation oxidation products of monoterpenes while MBTCA is known to be a highenatieme

oxidation product (Ding et al., 2014).

Observations of MSA (methanesulfonic acidz$IBH) and water soluble HULI&e reported in
supplementary material & MSAis an oxidation product of dimethyl sulfide (DMS)gaseous
compoundemitted by marine phytoplankton activityand is mostly present in particulate phaMSA
can therefore be used to identify influence of marine chemistry on aerosol compositiorerfiigA
concentrations are observed on 23 to 28 July and on 4 August when air massesoming from the
west sectors and spent days above sea (see Michoud et al.,, 2017) and on the first period of the
campaign (1588 July) when air masses were stagnant with very low wind speed (see Michoud et al.,

2017).In summer, HULIS are mostly form#t@ough secondary oligomerization processes in the
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particulate phase (Baduel et al., 2010). Higher water soluble HULIS concentrations are observed on 20
21 July when air masses are originating from neist sector bringing continental aged-aiasses
(Michoud et al., 2017) and on 27 Juiyien air masses were coming from the southern sector with
large biogenic influence (Michoud et al. 2017). This is consistent with the formation of HULIS through
secondary oligomerization processes in summer from botlhr@mpogenic and biogenic precursors
(Srivastava et al., 2018).

4.2 Molecular characterization of particulate matter

A time series of total mass quantified by-G/MS in Phkis presented irFigure9. This sum has been
calculated using the QL/2 (quantificatioimit/2) value when data were below th limit of
guantification. The sum of all the compounds measured byQO/MS represents an erage of
630 ng m for the whole campaigmwith a minimum of 54 ng and a maximum of £00 rg n?®

measuredon the 17" of July.

This sum is also compared to the organic matter mass concentration i @bk Figure9). OM is
calculated using the organic carbon (OC) concentration measured by the SUNSET field instrument with
a ratio between OC and OM of 1.9 for €&jorsica as proposed by Michoud et al. (200On average

18% of the total OM mass can be explained by the compounds measured®¢/MS for the whole
campaign. From 12 to 29 July, oxygenated compounds measured-8&CMIS represent more than

20% on average of measured OM while they representssd flean 10% between July 29 and August

4. If measured water soluble HULIS are added to these compounds, analysed compounds represent

36% of measured OM on averaged and up to 100% on 16 July.

Some of the compounds identified and quantified byGO/MS, especially carboxylic acids, are soluble

in aqueous phase. To allawcomparison between THGC/MS measurement and WSOC (Water Soluble
Organic Carbonneasurementsconducted by PILBOC only solble compounds measured by ID
GC/MS have been selected (sEgurel0). Indeed, we considered only the compounds having a

I SYyNEQa fI g O2y aN anfliFa kvers sospaundskntegSurad by -GT/MS, the

| SYNEQa g O2yadlyita KIS 0SSy RSGSNYAYSR o8
by Raventouran et al. (2010) using the online platform of GE@K@odel (Aumont et al., 2005;

http://geckoa.lisa.upec.fr/generateur_form.phjp At the end, 39 different compounds have been

selected for the calculation of this sum and no aldehyde or ketone were kept in this selection.

Comparingthe sums of compounds measured by-BO/MS considering only soluble ones or
consideringall of themreveals very similar behavi®and level of concentrationeeFigurel0). On
average, soluble compounds represent 72% of the total concentration of PM measured®g/W>

despite the inportant number of compounds natonsidered as soluble (26 compounmger 58not
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considered).Time series of soluble compounds measurgdTi®GC/MS and of WSORave similar
behavioswith higher concentrations during the period comprised between 17 and 23 July and smaller
concentratons at the end of the campaigtt.is worth noting that WSOM corresponds to Pihile
TDGC/MS measurements concern PMOn average, the sum of the soluble compounds measured by
TDGC/MS represented 24% of the total WSOM measured byTRIC3f measured water soluble
HULIS are added to these soluble compounds, analysed watelesalutmpounds represent 58% of

measured WSOM on averaged and up to 100% on 15 and 17 July.

Time series and average composition of the;BMeasured by TEEC/MS are presented respectively

in Figurell and Figurel2. Almost half of the Pt measured by TEEC/MS are characterized by di
carboxylic acid49%)with oxalic acid being the most important by f&@ther contributorsto PMs
compositionmeasured by TEEC/MSare tri-carboxylic acids (15%), alcohols (13%), aldehydes (10%),
di-hydroxy-carboxylic acids (5%), monocarboxylic acids and ketones (3% eddhydrnxyicarboxylic
acids (2%)High concentrations ofietarboxylic acigl are observed from 13 to 28 July (441 ngaon
average; 51% of the total OM measured byGO/MS). After the 29of July, the contribution of di
carboxylic acids decreassignifcantly to reach 30%Tlhe end of the campaign is characterized by
intense fresh local biogenic emissions leading to less processed air masses and OM composed mostly
by moncfunctionalized compoundsOn a general basis, organic acids constitute the principal
contributors tothe fraction oforganic aerosaneasured by TESC/MSduring this campaign while only
few chemical processes aradwn to lead to their formatior(see sectiort.l). The dentification of
many dicarboxylic acids impligbe existence of uknownchemical processes both in gaseous phase
and even more probabliy particulate phase to explain their formatigdlammes et al., 2019These
missingprocesses in chemical mechanism includedniodels might contribute to their inability to
reproduce correctly the formation and aging of STAHULIS areonsidered inthis analysis, they
represent 59% of the total identified OM mass on average, ranging fromo2t¥ntribution at the

beginning othe campaign to more than 80% at the end of the campaign (from 31 July to 3 August).

4.3 Partitioning of organic carbon between gaseous and particulate phases

Manyof the compounds identified during the campaign are presehbbith the gas anderosol phases.
The partitioning coefficient is therefore key to understand processes governing the equilibrium
between both phases. Fohé compounds presenin both phases, an experimental partitioning
coefficient can be determined following eg. 2 relyionthe Pankow equilibrium.

O%Y"Yf’ )

0 § 5

Koei cOrresponds to theexperimentalpartitioning coefficient for the compounds i, éorresponds to

the concentration in the particulate phase,odrresponds to the concentration in gaseous phase and

22



A W DN PP

ol

10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

TSP (Total Suspended Particulate matter) corresponds to the total mass concentration of particles
measured by TEOADMSor PMyo (ug m®). Uncertainties for experimental partitioning coefficients
take into account uncertainties on the measurement of concentrations in both phéssss section
2.3.5)and on the TEOM measurement (estimated to be 25%).

Further, another expression ofhe Pankow equilibrium allows for the determination of theoretical
partitioning coefficients using eq. 3.

o5 KeMR @
VW —p Ty

Koti corresponds to the theoretical partitioningoefficient for the compound$§ R to the ideal gas
constant, T to the temperature in Kelviginfto the OM mass fraction, MW to the averaged molar
mass of compounds constituting organic particulate matter(gidito the activity coefficientr) j

to the saturation vapor pressure (TorSaturation vapor pressusehave been determined at BK
(averaged temperature of the campaign) using three different models (Moller et al., 2008; Myrdal and
Yalkowsky, 1997; Nannoolal et al., 2008). has been set to 0.8 using the averaged OC/TC ratio
measured byhe SUNSET field instrument.

Experimental(averaged over the campaigand theoretical partitioning coefficients obtained for
compounds identified in both phases are presentedable4 and Figurel3 and are compared to
experimental coefficient obtained in a previofield study in Corsica and chamber studyn the
EUPHOREimulation chamber (Rossignol et al., 201&pr most of the compounds, experimental
partitioning coefficients obtained for the three campaigns sgativelycloseto each otherwith some
differencesthat canhoweverreach up to an order of magnitude (e.g. dimethylglyoxal or acrpésian

two orders of magnitude for glyoxal These observed differences are small compared to the
differences recorded between experimental and theoretical coefficietdéth an observed
underestimation of theordtal coefficients varying fromtb 7 orders of magnitudelt is worth noting

that the three models used for theoretical coefficients determination are in good agreerRigtier
differences between experimental and theoretical coefficients are observed for hydroxyl compounds
and carboxylic acids with a shift tife equilibrium toward the particulate phase for experimental
partitioning coefficients. It is worth noting that a denuder is used upstream the filter collection to avoid
overestimation of particulate organic matter due to adsorption of sgoiatile compainds onto the

filter, therefore excluding potential positive artefact for concentraaf compounds in particulate
phase that could have led to overestimation of experimental partitioning coeffici€uithermore,
underestimation of gaseous concentrations for these compounds in such high proportion is unlikely,

especially when we look at the comparisons performed for OVOCs with other measurement
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techniques(see section 3.2.2.1gven for compounds thashows strong disagreement between

various analytical methods (e.g. glyoxal)

The differences observed between experimental and theoretical partitioning coefficient may be
explained by the high humidity conditions encountered during the camp@agan RH alue of 70%,
seeTable3). Indeed, theoretical partitioning coefficient as describedhm/Pankow equilibrium does

not take into account the presence of an aqueolmage or a deliquescent aerosol, while, soluble

organic compounds can split between gaseous, agueous and particulate phase. Concerning the
partitioning betweenthe gaseous and aqueous phaSe (G KS | Sy NEB arfd Ithg aclvityO2 y a i |

coefficients areconsiceredto calculate the thermodynamic equilibrium.

These differences could also be explained by the fact that the equilibrium between both phases is not
reached.This could be due to the viscosity of particles. Some studies showed that organic aerosol can
befound in various statg from liquid to sembolid (viscous) (Bateman et al., 2016; Booth et al., 2014,
Shiraiwa et al., 2011; Virtanen et al., 20IMe viscosity of the particle can limit the diffusion inside

the particle which can lead to amhomogeeity in the compositionwith the formation of a gradient

of concentratiors between the surface and the center of the particle (Chan et al., 2014; Davies and
Wilson, 2015; Zobrist et al., 2011). The equilibrium could theredoig concern an external layef

the particle andhe gaseous phag@®avies and Wilson, 201%)r on the contrary a sensolid external

layer, caused by the aging of the particle, could prevent the equilibrium to settle between the

particulatebulkand thegaseous phase

Furthermore Soonsin et al. (2010) showed that the physical state of the particle can influence the
activity coefficient of some compounds and especially of dicarboxylic d&adstioning coefficients

are calculated considering a liquid phase for aemms@Gbnsideing a solid or sersolid phase for
aerososwouldlead to a decrease in thepor pressure estimation for such compounds and therefore

to higher theoretical partitioning coefficients.

In addition, polymerization and oligomerization processesthia particulate phase have been
highlighted in previous studies through the identification of compounds with high masses (Hallquist et
al., 2009; Kalberer et al., 2004; Lim et al., 2010; Tolocka et al., 2004). The formation of oligomers
increase the viscosityof the particle during its aging (Abramson et al., 2013). These reactions could
also explain the presence of sewulatile compounds in the particulate phase in such high proportion,
especially for carbonyls that hateghvapor pressure and/hichshouldnot be detected irthe aerosol
phasebased on the theoryindeed, numerous studies reveal the possibility of formation of oligomers
inside the particleF N2 Y O ND 2 ydécarBonyis,dnd &anplé glyoxal or methylglyof@ho

et al., 2004a, 2004b; Hastings et al., 2005; linuma et al., 2004etlahg2002, 2003; Jang akdmens,
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2001; Liggio et al., 2005a, 2005b; Lim et al., 2010; Tolocka et al., Zb@4preactions are favored
under lowwater content in the particlegven though oligomer production from other react®oan

also happen at high relative humidity and in the aqueous ph@ase the contrary, under higher
humidity conditions, oligomers can form ddlamonomer compounds which in case of viscous particle
can be trapped into the particulate phask.is worth noting that higher experimental partitioning
coefficients are found for most compounds on 20 July and2@uly while water soluble HULIS
concentations are at their maximum. HULIS are known to be formed through secondary
oligomerization processes in summer (Baduel et al., 2010), supporting the hypothesis that these kind
of processesnight bepartly responsible for the disagreement between expetitad and theoretical

partitioning coefficient.

Even if an analytical artifact cannot be ruled out, for example a fragmentation of oligdonéram

back the monomer compounds during the analysis, numerous evidences support the experimental
results presentd here and suggest that the instantaneous equilibribaing establisked between
gaseous and particulate phases assuming a homogeneousisoous particle phase is not fully

representative of theeal atmosphere
Conclusion

A multiphasic molecular characterization of oxygenated compounds has been carried out during the
ChArMEx SOP 1b field campaign held in Ersa Corsica duri@®I8lysing an analytical technique
based on multsupport sampling (filters and adsorbent comtizig cartridges), derivatization
procedure andiDGC/MSanalysis. The deployment of this analytical techniguthe field allowsthe
identification of97 different compounds ithe gas(24 different compoundsandaerosol(50 different
compounds)phases some of them being present in both phag@8 different compounds)These
compounds include simple carbonyls, alcohols or carboxylic acids as well adumuilanal
compounds up to four functiodagroups. Among all thguantified compounds, the important
contribution of organic acids (67% of the organic aerosol concentration measurdd-®C/M3
emphaszes the existence of unknown chemical processes botthingaseous phase and even more
probably inthe particulate phase to explain thewmrmation. The absence of such processes in chemical
mechanisms may contribute to the inability of modelsctorectlyreproduce the formation and aging

of SOA.

GComparisons of theseneasurementswith other measurements performed at the site when available
reveal fair agreemenbn the whole for almost all compounds experiencing redundant measurement
in both phase with concentrations at least in the same order of magnitude. Noticeable disagreement

(larger than a factor of 8 and up to a factor of h&ye hovever been found for glyoxal in the gas phase
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betweenTD-GC/MSmeasurements and DNPH cartridges analysis and for malic and succinic acid in the
particulate phase betweefDGC/MSmeasurements and HPlaDalysis. Nevertheless, comparisons
of TDGC/MSwith other techniques deployed during the campaign aregeneral agreement,

validating their use¢o conductfurther analysis.

While the data obtained are very valualtteprovide additional insight intthe composition of organic
matter for air masses encountered during the campaign, wasth notingthat it represens only a
fraction of the totalmass of organic mattedindeed, an attempt to close the mass budget of organic
aerosol using th8 DGC/MSmeasurements reveal that the sum of phrticulate oxygenated organic
compounds measured by this technique accountX8f6 of the total OM mass on average for the
whole campaign. This portion of OM identified at the molecular scale is not constanmastiy
depends on the oxidation state othe sampledair masses. If wenly consider the soluble compounds
measured byTDGC/MS they represent 24% of the total WSOM on averafjeerefore, a sizeable
fraction of the OM mass was identified BYp-GC/MSanalysis, but a venalge fraction of OM mass
remained unidentified during the campaign, highlighting the complexity af exhaustive
characterization othe OA chemical compositicat the molecular scaléAn important fraction of this
unidentified OM mass is due to HULIS.

Finally, for the compoundguantified inboth the gas and the aerosol phase comparison between
experimental and theoretical partitioning coefficiexttas been performed revealing in masises a
large underestimation byhe theory reachingl to 7 orders of magnitudelt indicates that the
partitioning theory is most often inappropriate, since it is basedtlos instantaneous equilibrium
being established between gaseous and particulate phaaesiming a homogeneous neiscous
particle phase Furthermore, the partitinoing of semivolatiie compounds is influenced by
meteorological conditions (humidity, temperature) and inherent properties of particles (viscosity,
water content, organic fraction concentrations, acidity, etc.). In addition, the way these conditions
impact the partitioning of semvolatile compoundsstrongly depends on the physiechemical

properties of the considered compounds (solubility, saturation vapor pressure, reactivity, etc.).

Data availability.

Access to the data used for this publication istnieted to registered users following the data and
publication policy of the ChArMEx program (http://mistrals.sedoo.fr/ChArMEx/ -Data
Policy/ChArMEx_DataPolicy.pdf).
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1 Tablel: Thermal desorption methodnd GC/M$arameters

Thermal temperature 300°C
desorption time 15 minutes
parameters for| flow 50 mL mirt
samples split flow No split flow
Thermal Temperature From-10°C to 300°C
desorption Time 12 minutes
parameters for| flow 10 mL mirt
the trap
Temperature of transfer lines 200°C
Carrier gas He
Carrier gas flow 1 mL mint

GC Parameters

Temperature gradient

40°C / 10°C mik/ 305°C (10 min)

Split flow

0.2 mL mirt

Transfer lindemperature to MS 305 °C
Scan m/z 40 to 800
Solvent delay 5 min
MS parameters| Quadrupole temperature 150°C
El
-Source temperature 230°C
-lonization Energy 70 eV
Cl
-Source temperature 250°C
-Reagent gas CH
-lonization Energy 50 eV
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1 Table2: List of substitutes used for internal calibration

Substitutes used for carbonyl compounds

Substitutes used for hydroxyl compounds

3-methylbutanatd2

Pentanoic acidl9

Butanaid8

Heptanoic acietl13

4-methyl2-pentanoned5

Succinic acidl4

Benzaldehydel6

2-methykd3-2-propyt1,3-propanediol

Acetophenoned8

Glycerold8

2-hexanoned5

Tartaric acie,3-d2

2,3-butanedioned5

2,5-hexanedioned10
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Table3: meteorological conditionenvironmental parameterand mass concentrations of RWMPM

and organic fraction in PMiuring the ChArMEx campaign at ERSA

Meteorological and Environmental Parametel  Mean Median Max Min
Temperature (°C) 23 23 32 19
Relative Humidity (%) 70 73 100 27
Wind Speed (mY 3.6 3.1 13.2 -
Os (ppbv) 65 65 111 42
NGO (ppbv) 0.57 0.45 4.93 0.06
Mass concentrations (ug rf) aSly ( Median Max Min
PMo 12 (+4.8) 12 31 2
PV 8.4 (x4.4) 8.4 22 0.2
Organic fraction (PM 3.7 (x1.7) 3.5 8.1 0.2
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over the campaignandtheoretical partitioning coefficients determined for this study and compared

to previous field and chamber campaigns.

This study Corsica EuPhoRe Kpt,i MOL® Kpt,i NAN Kpt,i MYR
Propanal 6.1x10° £ 75% 2.2x10° £ 50% 2.6x10%° 2.6x10% 4.7x10%
Pentanal 6.5x10%+ 106%+* 1.8x10°+ 51% 3.2x10° 3.2x10° 3.8x10°
Hexanal 1.3x10°+ 61% 1.0x10° 1.0x10° 1.1x10°
Heptanal 5.1x10%+ 91% 3.3x1C° 3.2x1C° 3.4x10°
Acrolein 7.3x10% £ 74% 6.1x10° + 50% 3.6x10%° 3.6x10% 3.7x10°
Methacrolein 7.3x10% £ 69% 7.2x10% 7.2x10%° 9.0x10%°
Methyl Vinyl kéone 5.8x10%+ 57% 1.3x10° 1.3x10° 5.6x10%
Nopinone 5.5x10%+ 53% 1.7x107 1.7x10° 1.9x107
Dimethylglyoxal 5.0x16°+ 65% 5.6x10°+ 70%  6.2x10°+ 47% 3.4x10°* 7.0x10°*
Methylglyoxal 3.6x16°+ 60%  2.2x107+ 132%* 1.3x10°+ 84% 8.6x10w0* 2.1x10°*
Levulinicacid 5.1x10%+ 77% 1.7x10° 4.4x10° 2.9x10°
Methacrylic acid 1.5x10%+ 198%* 8.4x10° 7.6x10° 8.9x10°
Glycolic acid 3.1x107+ 268%* 8.5x10° 1.3x10° 2.0x16°
Glyceol 1.1x10°+ 62% 7.1x10 8.4x10* 1.3x10°

aRossignol et al., 2016Moller et al., 200&coupled withNannoolal et al. (2004pethod for boiling point determination) Nannoolal et
al., 2008coupled withNannoolal et al. (2004hethod for boiling point determinatior))® Myrdal and Yalkowsky, 199Zoupled with

Namoolal et al. (2004nethod for boiling point determination)
* Coefficients extracted frorRossignol, 201t temperature of 30K other paramete(MWonm et ¥i) kept similar.

** Partitioning coefficients are comprised between 0 an@Edperimental ncertainties greater than 100% mean that the experimental

value is comprised between 0 and more than twice its values.
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Figurel : Wind rosedrom July 1% to August %' 2013 (top panel), during daytimenly (bottom left
panel) and during nighttime only (bottom right panel). Wind direction is expressed in ° and radial axe

express the relative occurrence of wind in e@€isector (%).
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Figure6 : Comparison of AFBCMS data with DNPH cartridges analysis for 9 OVEEer bars
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uncertainties of TBGC/MS measurements.
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