Supporting Information for:

On the chemical nature of the Oxygenated Organic
Aerosol: implication in the formation and aging ofa-pinene
SOA in a Mediterranean Environment, Marseille.

Imad El Haddad"‘l'*, Barbara D’Annab, Brice Temime-Roussé| Melanie Nicolasb,
Antoinette Boreav8, Olivier Fave2?, Didier Voisin®, Jean Sciar® Christian Georgg,
Jean-Luc Jaffrez§ Henri Worthanf, and Nicolas Marcharft!

& Aix-Marseille Univ, Laboratoire Chimie Environnente 13331, Marseille cedex 03, France

® Université Lyon 1, Lyon, F-69626, France; CNRS, RB256, IRCELYON, Institut de Recherches sur la
Catalyse et 'Environnement de Lyon, VilleurbanRe9626, France

¢ Universités Joseph Fourier-Grenoble 1-CNRS, UMB3 Laboratoire de Glaciologie et Géophysique de
I'Environnement, Saint Martin d'Héres, 38402, Franc

d | aboratoire des Sciences du Climat et de I'Envieonent, CEA-CNRS-UVSQ-IPSL, Gif sur Yvette,
91191, France.

'Now at Laboratory of Atmospheric Chemistry, Pauh&eer Institut, 5232 Villigen PSI, Switzerland.
“Now at INERIS, DRC/CARA/CIME, Parc Technologique afd, BP2, Verneuil-en-Halatte, 60550,
France.

" Corresponding authors:
I. El Haddad — emailimad.el-haddad@psi.chhone: +41 5 63 10 27 85, fax: +41 5 63 10 45 25
N. Marchand — emailNicolas.Marchand@univ-amu,fshone: +33 4 13 55 10 51, fax: +33 4 13 55 10 60




S.1 Site description and sampling strategy

Description of the sampling site and meteorologmahditions encountered during the

study are thoroughly detailed in El Haddad et2011a and b, and only a brief outline
follows. Field measurements were conducted in sun#888 (30 June-14 July), at an

urban background site located in a downtown parikarseille (43°120'N, 5°2340'E,

64 m.a.s.l.). Marseille, the second most populaiéd in France, comprises the most
important port of the Mediterranean Sea. It is @fsthe vicinity of a large petrochemical

and industrial area, located 40 km northwest of thetropolitan area. The main

industries include petroleum refining, shipbuildirsgeel facilities and coke production.

Owing to a particular air mass circulation in tregion, industrial emissions can directly
impact the metropolitan area of Marseille, partéiciyl in sea breeze conditions. This area
is also well known for its photochemical pollutiespecially regarding ozone (Flaounas
et al.,, 2009), and evidence of rapid formation efandary organic aerosol has been
pointed out within the frameworks of ESCOMPTE expent (Cachier et al., 2005) and

BOND project (Petaja et al., 2007). Fig.S1 illussathe air masses impacting the
sampling site during the measurement period, shpwhat these are mostly associated

with long range transport from the Atlantic and Mediterranean.
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illustrating the overall air masses circulation wting during the entire measurement campaign.
Backward trajectories are confirmed by both MM5 edoty and local wind measurements.



PM, s collection was performed using high volume sangpl@tiVol, Digitel DA8O)
operating at a flow rate of 30%h™. The samples were collected continuously on a 12-
hour basis (5:30 to 17:30 UT, and 17:30 to 05:3Q tdTal number of 30 samples) onto
150mm-diameter quartz fiber filters (Whatman QMpAde-heated at 500 °C during 3 h.
Samples were then stored at -18 °C in aluminiurh $&ialed in polyethylene bags until
analysis. Six field blank samples were also prep&kowing the same procedure. PM
were also collected on a 24-h timescale onto petdde25 mm-diameter quartz filters
using a Dekati 13-stage low pressure cascade imp@d®l) at a flow rate of 30 | min,

for size resolved EC/OC analysis.

The chemical composition of fine PM was also inigaded every 2 min using a compact
time-of-flight (c-TOF, Tofwerk) Aerodyne Aerosol Ma Spectrometer (AMS,
Aerodyne). This instrument allows real-time measwets of PM non-refractory
components (OA, N NO; and SQ) combining thermal vaporization and electron
ionization (Drewnick et al., 2005). Aerosol sizetdbution (mobility diameters from 11
to 1083 nm), was investigated using a Scanning Nyltarticle Sizer (SMPS, L-DMA
and CPC5403, GRIMM). Semi-continuous hourly comions of elemental carbon
(EC) and organic carbon (OC) in RMwere obtained in the field from an OC/EC Sunset
field instrument (Sunset Laboratory, Forest Gr@R, USA; Bae et al., 2004) running at
8l mint. AMS results are all corrected for the collestiefficiency, using a common
factor of 0.65+0.14, estimated based on SMPS andi&&. Fig.S2 displays EC, OA,

NH,4, NO; and SQtime series recorded over the period of study.
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Fig.S2: Time series of the main PMomponentsEC, OA, NH;,, NO; and SQ) during the
period of study. Due to technical issues, AMS mesrsents are not available between the 9th
and 16" of July.



In addition to aerosol sampling, HS-PTRMS (High Stwity Proton Transfer Reaction
Mass Spectrometer, lonicon Analytic, (Lindingeraét 1998) was deployed in order to
guantify volatile organic compounds (VOCs) and axyated VOCs. In this paper, a
special focus is placed on the isoprene oxidatimuyrcts (Methacroleine, MACR and
Methyl Vinyl Ketone, MVK), tracers of aged biogen&r masses impacting the site.
Finally, 15 min-averaged NQ Os, S and PM ;s concentrations were also measured

with the standard equipment of the air quality nammng network.
S.2 Offline chemical analyses

PM,s collected onto 150mm-diameter filters was compnshely characterized.
Technical description of the analysis techniqueslmafound in El Haddad et al., 2011a

and b and only a brief outline follows.

EC/OC, ions, WSOC, HUL}s and elementsThe carbonaceous content was analyzed

for EC and OC using a Thermo-Optical Transmissi@thod on a Sunset Lab analyzer
(Birch and Cary, 1996), following both NIOSH (Schiret al., 2001) and EUSAAR-2

(Cavalli et al., 2010) protocols. It is well estaghkd that different protocols result in very
different values for EC (Schmid et al., 2001). Wasdd our analysis (i.e. Chemical Mass
Balance analysis and multiple regression analygss, below sections S.4 and S.8) on
concentrations determined following NIOSH protoca@s source profiles were

determined based on this protocol. Biases arisiom fdiscrepancies between the two

protocols are all discussed in S.8.2 of the suppprhaterial.

Sample fractions of 11.34 érmwere extracted into 15mL ultrapure Milli-Q watey BO
min short vortex agitation for the analyses of magms (NH,", SQ?, NOy), water-
soluble organic carbon (WSOC) and water-soluble ibulke substances (HULIS).
HULIS analysis was performed following the methabcribed in Baduel et al. (2009,
2010). This method involves extraction of HULIS &gsorption onto DEAE resin (GE
Healthcare®, HiTrapTM DEAE FF, 0.7 cm IDx2.5 cm d¢ém and its subsequent

guantification with an Ol Analytical 700 total orga carbon analyzer.

Finally, fifty elements were measured using ICP-N¥&gilent 7500ce) following
complete dissolution of filter aliquots in a mix¢uof high-purity concentrated HF and
HNOs;. Element concentrations were then calculated usiegock reference material BR
(Chauvel et al., 2010).



Radiocarbon measurementRadiocarbon '(C) measurements were conducted on high
volume quartz filter fractions (~40 ¢&n using ARTEMIS Accelerator Mass
Spectrometry. Each sample was first packed intoeired quartz tube containing CuO
and Ag powder to be combusted at 850°C in a miiflieace for 4 hours. Carbon dioxide
was collected and purified before its conversiaio igraphite by hydrogen reduction at
600°C using Fe catalyst. The modern fractigy) (fas determined as the ratio*d€/**C

in aerosol sample t§C/*°C in the NBS Oxalic Acid standard (NIST-SRM-4990B).

In order to account for the thermonuclear weapeststef the late 1950s and early 1960s
(Levin et al., 1985), the modern fractiop)is divided by a ratio of 1.1 to get a corrected
non-fossil fraction @) (Levin and Hesshaimer, 2000). This value is sqbeetly
subtracted from one to obtain the fossil fractifh (

Organic speciation:A chemical derivatisation/gas chromatography-mgasectsometry

(GC-MS) approach was used to quantify primary aedosdary organic markers,
including a-pinene oxidation products, a major focus of thiglg. The approach is fully
described in El Haddad et al., 2011b and will bl ontlined in the following.

Prior to extraction, filters were spiked with knovamounts of two isotope-labelled
standards: tetracosane-d50 and cholesterol-d6. ni@rgapecies were extracted from
filters with a dichloromethane/acetone mix (1/1)vusing an accelerated pressurized
solvent extraction device (ASE, Dionex 300). Extsasere then reduced to a volume of
500uL using a Turbo Vap Il concentrator. The remainwas split into two fractions.
The first fraction was directly injected, whilstethrsecond fraction was subjected to
derivation for 2 h at 70 °C before GC-MS analysising N,O-Bis(trimethylsilyl)-
trifluoroacetamide containing 10% trimethyl-chlatase. The two fractions were
analyzed following the same GC-MS conditions: Abtgiof 2 pL were analyzed using a
Thermo Trace GC chromatograph interfaced to a Rofarion trap mass spectrometer
fitted with an external electron ionization sour@dée chromatographic separation was
accomplished on a TR-5MS capillary column (Thernhecion, 30 m x 0.25 mm i.d. x
0.25 um film thickness). Field blank filters wellsatreated with the same procedure and

none of the target compounds were detected in fieddeblanks.

Primary organic markers including n-alkanes, hopapelycyclic aromatic hydrocarbon

(PAH) and levoglucosan were quantified and usednpsts in the CMB analysis to



apportion primary sources. These can all be foun&liHaddad al. (2011a-pinene
oxidation products quantified by this method areedudo estimatea-pinene SOA
contributions. As described in El Haddad al. (201ike identified and quantified &
pinene SOA markers, whose structures are presémtéid.1. These include pinic (PA)
and pinonic (PNA) acid identified and quantifiedngsauthentic standards. Seven other
multifunctional compounds (A1-A7), for which natigtandards are not available, were
tentatively identified by examining their retentibomes and MS characteristics (for more
details refer to El Haddad et al., 2011b). Theyude 3-hydroxyglutaric acid (Al), 3-(2-
hydroxyethyl)-2,2-dimethylcyclobutane  carboxylic icdc (A2), 3-hydroxy-4,4-
dimethylglutaric acid (A3), 3-acetylglutaric acid4), 3-acetyladipic acid (A5), and 3-
isopropylglutaric acid (A6) and 3-methyl-1,2,3-gtricarboxylic (A7). These
compounds were quantified using the response fa¢toralic acid as surrogate. Relative
standard deviation of the concentrations basedupilichte analysis is between 5 and
15%.

S.3 Comparison between offline and online measuremis

The aim of this section is to evaluate biases atefaxts associated with the offline and
online measurements of OA (e.g. AMS patrticle cdidecefficiency, adsorption artefacts
onto filters). Fig.S3 conveys the comparison betwédS (PM) and filter based
(PM, 5 measurements for the two major aerosol componé@s and OA. SQ is
expected to primarily occur in the RMraction and to be mostly associated with
ammonium sulfate and bisulfate (very little infleenfrom sea salt), and thus to be
guantitatively analysed by the AMS. A very goodesgnent can be observed between
the AMS-SQ and the HiVol-SQ(s~1, i~0 and &0.9; Fig.S3), substantiating our AMS
measurements and the particle collection efficiefiacyor, CE=0.65, estimated based on
the SMPS and EC data. HiVol-OA was derived from Gficentrations measured on
filter samples, corrected for differences in diaenatut-offs between the AMS and the
HiVol sampler;it constitutes our best estimate of offind®M;0A. The calculation of
PM;OA proceeds as follows: Based on size resolved EG@&surements performed on

the LPI samples, the fraction ofPM;OC in PM,50C was retrieved:
PM;0C/PM ,50C = 0.82+0.06.PM;OCis then scaled by an average OM/OC ratio of
1.67+0.05, obtained by comparing the AMS-OA to thi&l PM;OC. The comparison



betweenPM;OA and AMS-OA reveals that both fractions exhibit ism variability
(R?>>0.7), with a slope close to 1. However, a negatitercept of -1.3+0.7 pg thcan be
observed, implying that filter based measuremdpit4;OA) are systematically associated
with a positive bias 1.3 pgfrengendered by adsorption artefacts onto filtersesn As
a result, filter based measurements tend to overatst the absolute concentrations of

OA by up to 28% In contrast, such artefacts would have a minéluémce on our

apportionments, providing that they evenly impaet different components of OA.
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Fig.S3: Comparison between AMS and offline measurementss@yr(A) and OA B). HiVol-
OA was corrected for differences in the diametaraffs between the AMS and the HiVol
sampler (see text); it refers to the Pivhction. Also, shown are the 1:1 line and thepek(s),
intercepts (i) and coefficients of determinatiorf)(Bbtained by linear fits of the data.

S.4 CMB analysis

Available data used here also include source dmuitdns to OC, apportioned using a
Chemical Mass Balance analysis (CMB) in conjunctianth organic marker
concentrations, as fully described in El Haddadle(2011a). CMB model is based on
the mass conservation of individual organic markiershe mass conservation equations,
known concentrationsC) of specific markers of primary sources at receptte k are
written as the product of known source profilas and unknown primary source

contributionssy (Watson et al., 1998) as expressed in equation 1:

T The following estimation of adsorption artefactsmHliVol filter samples (positive artefacts of 289)
obtained by assuming no volatilisation artefactsuogng during sampling with the LPI. Negative &atgs

are common for sampling under low pressure and ruthaelatter assumption we tend to overestimate the
positive artefacts onto the HiVol samples.



m
Cik = D 8;Sik @)
i=1

where m denotes the total number of emission sources agnid represented by the
fractional abundances of chemical species in theceoemissions, expressed as marker-
to-OC ratios. The set of linear equations generdgdequation 1 is solved with an
effective variance weighted least square methodguEnvironmental Protection agency
EPA-CMBS8.2 software.

Primary markers and source profiles selection isiel in El Haddad et al., 2011a.
Primary markers include: levoglucosan as a speatfiarker for biomass burning
(BBOC), EC and three hopanes (i.e., 17(H),21(H}opane, 17(H),21(H)-hopane and
22S,17(H), 21 (H)-homohopane) as key markers fhicuar emissions. In addition, a
series of C27-C32 n-alkanes was selected sinceghge demonstrates high odd-carbon
preference, specific to primary biogenic sourceas. okrder to apportion industrial
emissions, four PAH (benzol[b,k]fluoranthene, beejmjrene, indeno[1,2,3-cd]pyrene,
and benzo[ghi] perylene), V, Ni and Pb were inctlids fitting species. Source profiles
comprise vehicular emissions derived from a tushally held in Marseille (El Haddad et
al., 2009), biomass burning emissions (Fine et281Q2), vegetative detritus (Rogge et
al., 1993a) and natural gas combustion (Rogge.e1293b). Three industrial-emission-
related profiles were chosen, including metalluaicoke production (Weitkamp et al.,
2005), HFO combustion/shipping (Agrawal et al., 0@&nd steel manufacturing (Tsai et
al., 2007).

In this study, emissions from the three indusii@icesses are lumped together under the
term “industrial OA”. Biomass burning, vegetativetdtus and natural gas combustion
contributed very little OC during the period of maements (El Haddad et al., 2011a)
and were not considered in the comparison betwédB @nd AMS/PMF results (see
section S.7). CMB technique is unable to direcfip@tion secondary sources; however,
the fraction of OC non-attributed to primary sosrée considered as an upper bound
estimate of secondary OC (SOC).

In order to compare CMB and AMS/PMF results, priym@A associated with vehicular
and industrial emissions were calculated applyingoé-to-OC ratio of 1.2 (based on
Aiken et al.,, 2008). SOA is considered as the rhfiee between the total OA,



determined by scaling the total OC by an OM-to-@@orof 1.67, and the primary OA.
An OM-to-OC ratio of 1.82 can be inferred for SO ( SOA-to-SOC), consistent with

an overwhelmingly secondary origin of this fracti@uken et al., 2008).
S.5 estimation ofa-pinene SOA contributions

Contributions ofa-pinene SOA to ambient OA is estimated following tharker-based
approach developed by Kleindienst et al. (2007)s &pproach consists of converting the
measured concentrations of marker compounds deriveth a given precursor

hydrocarbon (hydrocarbof|C) into a SOA concentration in pg{[soA,.), using the
laboratory-generated mass fractions of the samekersr(fsonyc) determined by
Kleindienst et al. (2007)s04,, can be subsequently calculated as follows:

Z[M ] @)

[SOA}HC = fi
SOAHC

where [M] is the concentration of the markieand J is the total number of markers

derived from the hydrocarbd#C. For the apportionment afpinene SOA contributions,

pinonic acid, pinic acid and A1-A7 were considessdmarkers and &g, factor of

0.168+0.08 was used (Kleindienst et al., 2007).

S.6 Positive matrix factorization applied on AMS masurements

S.6.1 General principle

The AMS OA dataset was analyzed applying Positivatrid Factorization (PMF2)
(Ulbrich et al. 2009). A complete description of PRand the subsequent evaluation
tools can be found in Paatero and Tapper (1994)z led al. (2007) and Ulbrich et al.
(2009). Time series of organic mass spectra, aedh@ag a matrixX), are deconvolved

into a linear combination of smaller matrices sticht

Xij = Gip fpj * & (3
p

* OM-to-OC ratio of 1.67 is calculated by comparikigS OA with LPI OC measurements, see section
S.3.



whereXj; represents the elements of matixp the number of factors in the solutiag,

andfy the elements of matricé&s andF representing respectively time series and mass
spectra of each factor, aggthe elements of matri& of residuals not fitted by the model
for each data point. This model includes both thia dnatrix of organic fragments and an
instrumental error matrix, both obtained from th®l@-data-analysis Squirrel software.
In this study, the data matrix is composed of 4848 points (time series) of 276 m/z.
The error matrix calculated in Squirrel software swanodified following the
recommendations of Ulbrich et al. (2009) and refees therein.

S.6.2 Number of factors: Assigning factors to emigms and processes

T F4 5.4%
? o4 | 1
g 20 11 :
= 10 M I ,,,,, I ] 1 1| M 1 IR I ,,,,,,,,,,,,,,
_ o1l . PTIA |1 11 1 Y 11 1Y 1Y TTTT T AT
© g i | 3
c 008—4 HOA 17.6%
o 0.06—
[ 0.04 | """ N .
‘5 992 | — 11 71 1 IS 1 I 11 N TP W
c e O e —- : ? ? ? :
O 604 He - e SV-OOA35.7%
+2 40
2 R dl [ ' '
Lt ‘; 1 1 I 1 1l I 2 I|II|I-| .I|II|II M III Las I-l.l
oais4 | : | |
010 ,,,,,,,,,,,,,,,,,,,,,,,,,,, LV'OOA 41% ,,,,,,,,,,,,,,,,,,
0.00 sl T IR | |
20 30 40 50 60 70 80 90 10C

m/z
Fig.S4: Factor spectral profiles derived from the 4 facsotution PMF2 analysis and their
average mass contribution over the period of sfad{FPEAK"=0 and “seed”=0.

The number of factors has been evaluated takimgaotount the physical meaning of the
factors, good correlations with external time serfEig.2 in the manuscript) and with

mass spectra from laboratory and ambient sampéss f(g example Tab.S1 for the 4

factor solution). Diurnal patterns of the factorerer examined as well. Ultimately, we

retained a 4 factor solution; the mass spectrag 8eries and diurnal variations of these
factors a represented in Fig.S4, Fig.2 and Fig&fpectively.
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We first examined a 3 factor solution, apportioning OA to hydrocarbon like OA
(HOA), related to traffic emissions, and to two gepated fractions related to semi-
volatile moderately oxidized (SV-OOA) and low valigg highly oxidized (LV-OOA)
OA. Adding one more factor enabled revealing titustrial influence, evidenced by the
correlation of the corresponding factor (termed With heavy metals (e.g. Pb, Cs, Mo,
Fe, La, V, Zn, Ni and Co measured on filter samplasd polycyclic aromatic
compounds (PAH, measured online by the AMS andneffl This factor exhibited
remarkable variations similar to that of industrf@A apportioned using CMB, both
characterised by episodic ten-fold enhancementghéir contributions (Fig.2 in the
manuscript). The wide variability in the contribariof industrial emissions is due to the
fact that it is a local point source, whose infloenis strongly dependent on local
meteorology (El Haddad et al., 2011a). The masstspa of F4 exhibits a similar
pattern as HOA, with high contribution from m/z %%, and 69 and higher molecular
weight fragments. F4 mass spectrum is also assdcmith high contribution from
oxygenated fragments, e.g. m/z44 (OQsuggesting to some extent the aging of the
emissions while transported to the site. Unfortalyatthe low resolution of the C-TOF

precludes an enhanced chemical characterisatitimsofactor.

11



Tab.S1: Pearson correlation coefficients (R) between F&torass spectra and reference
mass spectra drawn from previous ambient, emissidrchamber studies.
HOA SVOOA LVOOA  Factor 4

HOA (Zhang et al., 2005) 0.97 0.57 0.16
Diesel bus exhaust (Canagaratna et al., 2004) 0.96 0.66 0.25
a-pinene SOA (Bahreini et al., 2005) 0.81 0.96 0.59
OOA-type Il (Lanz et al., 2007) 0.82 0.97 0.62
Aged Rural (Alfarra et al. 2004) 0.55 0.79 0.94
OOA-type | (Lanz et al., 2007) 0.41 0.71 0.99

Overall, for this solution, the factor’'s mass speexhibit typical patterns, very similar to
those obtained in previous studies (Tab.S1). SV-QO#elates fairly well with volatile
and semi-volatile secondary components such astaiénd isoprene gas phase oxidation
products (MVK+MACR, see Fig.2). In contrast, LV-OQddrrelates with less volatile
secondary components, including HULIS and sulf&ig.2), which clearly relates this
fraction with low volatile highly aged SOA. HOA ¢haracterised by a prominent diurnal
pattern, with increasing contributions during rusburs (Fig.S5), correlating with
vehicular tracers (EC and NQFig.2). Fig.S6 presents a scatter plot of HOA &€,
from which it is possible to investigate more thaybly the sources of this fraction. As
HOA and EC arise majorly from the same source yvegicular emissions (El Haddad et
al., 2011a), it is expected that the data poinstelu around one line with a slope
corresponding to the HOA/EC ratio at the point wiigsion. However, more scattering is
observed with three different clear patterns: Mothe data scatter around one line
characterised by a ratio of HOA/EC of ~0.45, repnégtive of average vehicular
emissions at typical ambient concentrations (seeefg. Chirico et al., 2011 and
references therein). This is a clear indicatiort HH®A is mostly related to traffic. A
second part of the data scatter around anothercliragacterised by a lower ratio of
HOA/EC (<0.25), concomitant with the dilution ofetremissions occurring with the
development of the boundary layer after 10:00 &edenhancement of the photochemical
activity, favouring the oxidation of HOA. In thiggard, the depletion of traffic emission
markers with respect to EC due to photochemistrg pr@viously demonstrated in our
conditions (El Haddad et al., 2011a). The thirct pathe data presents more scattering,
with higher HOA/EC ratios (around 0.75), occurringpstly during night-time. This
enhancement in HOA over EC might be due to the tlaat HOA emitted during the

12



night peak is less impacted by photochemistry arttpning to gas phase with dilution.
Another likely explanation that cannot be ruled @ithe contamination of HOA by
another source exhibiting similar spectral profilesch as cooking emissions. Based on
the comparison between EC and HOA, this contangnasi on average less than 20%, in
perfect agreement with the very low concentratiohsholesterol (0.13-3.32 ng El
Haddad et al., 2011a).

18:00
12:00

06:00

00:00

4
EC (ug m™)
Fig.S6: HOA vs. EC. Color scale: hour of the day

Increasing further the numbers of factors resultedh splitting/mixing of SVOOA,
LVOOA and HOA and some ambiguity in assigning tlaetdr spectral profiles to
specific sources. The resulting factors shows Esselations with external tracers,
hindering the factors attribution to specific sagcTherefore, the 4 factor solution was
considered as the best solution.

S.6.3 Robustness of the selected solution

To assess the robustness of the 4 factor solutiotational ambiguity has been
investigated by varying FPEAK from -2 to 2 with Osleps. Two main groups of
solutions are identified, the first one correspagdio “FPEAK” values below O, for
which unrealistic zero time series values are aofeskfor LVOOA, and the other one
corresponding to “FPEAK” above 0. Robust soluticme found between 0 to 1

FPEAKS, with very little variability in the fact@’time series and mass spectra (Fig.S7).
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Fig.S7:Spectra calculated for four factorial PMF2factand ¢heir mass contribution for the'29

June to 138 July 2008 period, with “FPEAK” = 0 and “seed” = 0

The influence of the initial conditions “SEEDS” (cesponding to pseudorandom

starting-points of the PMF2 algorithm) ranging fr@rto 60 (with steps of 1) was also

verified (Fig.S8). No influence of different SEEDS observed, an evidence of the

robustness of the chosen solution.
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Fig.S8: Influence of the initial conditions “SEEDS” (cosmonding to pseudorandom starting-
points of the PMF2 algorithm) ranging from 0 to(@6th steps of 1) for FPEAK=0.

S.7 AMS vs. CMB
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Fig.S9: Inter-comparison of AMS and CMB results. For the 8MMF2, Traffic OA, industrial
OA and SOA denote the HOA, F4 and the sum of SV-G4 LV-OOA. For the CMB model,
industrial OA represents the aggregate contribuftiom three processes: coke production, metal
smelting and shipping/oil burning and SOA is thecfion un-apportioned to the primary sources.

Regardless a great number of uncertainties, attefaed assumptions underlying the
apportionments delivered by AMS/PMF and CiEhe inter-comparison between both

8 Uncertainties/errors include: uncertainties i@ theasurement of markers and mass spectra, untiedai
in the PMF model (e.g. number of factors considematl source profile selection in CMB (e.g. non-
representative or non-considered profiles), unogiés in OM/OC ratios, reactivity of organic marke
adsorption artefacts onto filters and differengesize cut-offs between HiVol samplers (Pand AMS
(PMy).
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models is excellent (Fig.S9). Further, as showRig?2 in the manuscript for the case of
industrial emissions, both models capture the saradability in the factor's
contributions. However, AMS/PMF2 tends to provided contribution from SOA (sum
of OOASs), as unlike POA, this component is likety lie enhanced in the BMPM;
fraction and thus would not be measured by the AM&% of the carbon mass is
estimated to occur in the BMPM; fraction, mostly related to secondary matter and
primary dust and biological particles. On the otland, the CMB model under-
apportions the industrial source compared to theSAAMF2, owing most probably to
omitted profiles for fugitive industrial emissioms the CMB and to the occurrence of
aged OA in the industrial plumes. These emissiaes aiten concomitant with new
particle formation events, when the site is impadig land and sea breezes allowing the

aging of the emissions (El Haddad et al., 2011a).
S.8 Apportionment of fossil and non-fossil OOA andelated uncertainties
S.8.1 Multiple regression model

AMS/PMF apportionments and’C measurements are combined using a multiple
regression model to estimate the fossil and thefossil contributions to both SVOOA
and LVOOA. It is worthwhile to note that such a donation is not straightforward,

involving a certain number of assumptions resuliingonsiderable uncertainties.

First of all, **C measurements are conductedRM,sOC onto filter samples that are
subjected to well-known but non systematic adsorptirtefacts of gas phase organic
compounds. In contrast, AMS provides real-time raeasents ofPM;0A with little
interference from gas phase organics. Howevericggaxollection efficiency (CE) of the
AMS estimated, here, (CE=0.65) can be highly véeiallepending on the aerosol

chemical nature and mixing state.

Second of all}*C measurement conducted in this study relatesedatal carbon (TC)
mass that can be oxidized at 850 °C under oxygen,arganic carbon (OC) and
elemental carbon (EC), whereas AMS quantifies OAt tbonsists of OC and the
associated heteroatom (H, N, O, S ...). This fundaatelifference engenders two major
limitations for the assessment of fossil and nassilocontributions of the OOA fractions.
First, as the TC apportioned BYC measurements also includes EC, assumptionsdelate

to the origins of the latter must be made. Furtleansince the separation between EC
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and OC measured using a Sunset analyser is medpmirdent, biases associated with
EC determination can impact the estimations. Sectimel AMS measurement of OA
includes heteroatom that can be unevenly distribbetween the fossil carbon and the
non-fossil carbon. Here also, this distribution ne®t empirically accessible and
assumptions have to be considered to achieve tiorad®ns. Further uncertainties can
arise from PMF calculations and residuals and fr@mability in the biomass‘C/**C
ratio. The assumptions made to achieve the appongot are explicitly presented in this
section and the resulting biases and uncertaitiesthoroughly discussed in section
S.8.2.2.

The procedure goes as follows: First, in order $tineate the fossil and non-fossil
fractions of OC, EC was assumed to be entirelytedldo fossil carbon (assumption
founded on Chemical Mass Balance calculations tedaon El Haddad et al., 2011a).

This is described in equations (4) and (5):

OC; =TC¢ —ECs =TC; —~EC(EC; =ECJ|EC =0) @)
OChs =TCpf ~ECys =TCy¢ (ECt = EC||ECyt =0) (5)
WhereTC¢ , OC¢ and EC; correspond to the fossil TC, OC and EC, respectivaid
TC,, OCy and ECy to the non-fossil TC, OC and EC, respectively.

The second step involves the transition fred, sOC measured on filter samples to

PM;0OA determined by the AMS. This conversion is achiefoeceach of the samples by
scalingOCs andOCy¢ to fossil OA(OAf )and non-fossil O/QOAhf), respectively, by a

factora :
OA; =axOCs (a = PM;0A/PM ,50C) (6)
OA, =axOCp (@ = PM;0A/PM ,50C) %

whereq is the ratio between AM8M;0A and filterPM,sOC. a is variable depending
on the considered sample, but has an average 2t@2L. The assumption underlying
this scaling is thaPM,sOC and PM;OA are associated with the same proportions of
fossil and non-fossil mass (i.e. the ratio fossilt is the same fd?M, sOC andPM;0A).

Biases arising form this assumption are discusséae section S.8.2.2.
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OA; and OA,; obtained in equations 6 and 7 can be accordingtyessed as a linear

combination of the AMS/PMF OA fractions derived rfro fossil
( fOA:POA; ,SVOOA andLVOOA; ) and non-fossil (fOA: POA.s , SVOOA s and

LVOOAs ) sources, respectively:

I
OA¢ = fOA =POA; + SVOOA +LVOOA (8)
i

wherel andm are the total numbers ofOA andnfOA fractions, respectively. AKDA
andnfOA are not directly accessible, equations 7 and &eanritten in terms of the OA
factors (OA) determined by AMS/PMF analysis and the respechare of fossil and

non-fossil fractions to these factors such that

I
fO
OA; = izai x OA =a; x POA+ a, x SVOOA+ ag x LVOOA (ai :—fOA +ﬁfOAJ (10)
0 =§h xOA = by x POA+ b, x SVOOAF by x LVOOA| by =— 10| (19
Anf i fOA +nfOA

whereg; andb, denote the relative share of fossil and non-fogaiitions taOA factors,

respectively & forPOAf ,ap for SVOOA4 , a3 for LVOOA; by forPOAhf, b, for
SVOOA+ andbz for LVOOA,¢ ). This system of linear equations can be visudlise

the following matrix equation:

[POA SVOOA LVOOA 0 0 0 ] Zl [0A ]
0 0 0 POA SVOOA LVOOA az OA
1 0 0 1 0 0 |x[3]=] 1 (12)
0 1 0 0 1 0 El
0 0 1 0 0 1 2 1
i Dl | b1

As POA is assumed to be strictly related to fossibources

(.e.POA; = POA=HOA+F 4), the parametey can be assumed to equal 1, implying
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that by is equal to O (i.ePOA,; =0, the sensitivity of the results to this assumpti®n

assessed in section S.8.2.2). Equation 12 carebestmplified as follows:

SVOOA LVOOA 0 0 a SOA
0 0  SVOOA LVOOA| |ag| |SOAs
X = ( 13)
1 0 1 0 b, 1
0 1 0 1 bs 1

With SOA andSOA,; denoting the fossil and non-fossil fractions of S@éspectively,

calculated asSOA = OA; — POA; andSOAs = OAs — POAys. The equations of the

resulting linear system (equation 13) are not iedejent and thus the system has no
solution. For that reason, a multiple linear regi@s analysis was applied instead to

solve equation (13) finding the average valuesda@nd Iy that fit best the equation, in

the sense of solving the quadratic minimization bfgm. In equation (13)
AMS/PMFOAvectors are included as independent variables @Ag andOA,s as

dependant variables.

It should be noted that the apportionment proceditewed here is not exclusive. As
this study focuses mainly on AMS measurementsytathod chosen here is AMS data
oriented in that the resulting apportionments woethibit the same variability as the
AMS/PMF factors (e.gSVOOA +SVOOAs = SVOOA. This is the result of the
equation (13), in which AMS/PMBA vectors were chosen as independent variables. As

this equation is a self-consistent system (0 + OAy; — POA=SVOOA+ LVOOA),

another approach is also possible giving the sawezage result but orienting the

variability towards “C measurements, by includin@A; andOAy as independent
variables.

S.8.2 Output quality control, uncertainty assessmea and potential biases

S.8.2.1 Output quality control and residual analyse

One of the major drawbacks of the multiple reg@ssanalysis applied here is that it

considers a constant contribution of fossil and -fumsil sources to each of the

OAfactors (i.e. constarg; andb, ratios), while these contributions may significgntary
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over the course of the measurements. Accordinglsndp, ratios should be regarded as
average contributions of fossil and non-fossil seantdDA . These ratios are reported in
Tab.S2.

Tab.S2: g andb ratios for the POA,

SVOOA and LVOOA fractions.
POA SVOOA LVOOA

3 1.0  0.33%0.11 0.082+0.085
b 00  0.67+0.11 0.92+0.08

Fig.S10 compares the measured and the modeled ntoatoens for the total fossil and
non-fossil fractions. It shows that the model captquite well the amounts and the
variability of the measured concentrations, espigcia the case of the fossil fraction
(Fig.S10-A). In the case of the non-fossil fractioihe model tends to slightly
underestimate (overestimate) the measured levdtsvathigh) concentrations (Fig.S10-
B). It should be noted though that most of the alzility observed in panels A and B of
Fig.S10, arises from discrepancies betweenPilie OA and filter-basedPM, s OC, as
shown in panel C of the same figure. Differencesvben the 2 measurement techniques
were accounted for in equations 6 and 7 prior &rttultiple regression analyses by the
coefficient a that encompasses various conversion factors. @vérase comparisons

validate the representativenessaplndy obtained in the multiple regression analyses.

-C-144s=10+012

-A- 752096+ 0.10 B- 7{s=12+ 020 :
+— 6-i=-0.13 £0.09 w  §-i=-0.72+055 ©O o 12 1=-0.29 £ 0.73
' =i = R=0.85
£ |R=0.91 £ |R=077 E 1
g =2 =
= 4 - 4 o 87
b c
- 3 5 37 |-|+J 6
Q D <
3 2- T 2- O, 4
o °© s
£ 1+ g 1+ T 2
— —] O_
T 7T T 1 T T T T 1
012345367 01234597 0 2 4 6 8 10 12 14
measured f [ugm ] measured nf [ugm ] 0.92xPM, sOC+EC [ug m'3]

Fig.S10: Scatter plots of modeled vs. measured data forfaksil (A) and non-fossil B)
fractions. Measured fossil fraction=EC+0.92x0O@nodeled fossil fraction=EC+HOA+F4+
SVOOA+LVOOA;, Measured non-fossil fraction=0.92xQCand modeled fossil fraction=
SVOOA+LVOOA,:. The 0.92 value is the average value of the factmsed in equations 6 and
7. The comparison between filter measurements av& Mmeasurements is shown in panel C.
For all panels, the slope of the linear regresg®n its intercept (i) and its coefficient of
determination (R) are also indicated (n=28 samiglesach plot).
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Assumptions underlying the residual’s distributi@me examined for the fossil and non-
fossil fractions in Fig.S11. Residuals follow noindistributions with mean values
statistically equal to zero, implying that errore domoscedastic (variance = 0) and are
not correlated. From Fig.S11, it is possible taneste the uncertainties related to the
total fossil and non-fossil OA fractions. Fossildanon-fossil OA are accordingly
estimated to contribute 1.52+0.31 pg fimplying 20% of errors) and 2.52+0.78 pg°m
(implying 31% of errors), respectively. These utmeties include: (1) measurement
differences between filter-based PMIC and AMS PM OA + EC (Fig.S10 - panel C)
and (2) variability ing; andb, obtained in the multiple regression analyses (seedlated

uncertainties in Tab.S2).
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14 - - - Gaussianfit |r 5 - = = Gaussian fit
— . [ 8- — _
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3 104 o=031ugm™=> | | 3 o=078ugm™3,
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© ' ' ®
c ' ' c
S 6 . ' ]
%] [ 0
5 K 8
4 n A}
" .
2 : ,
v \S
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Fossil fraction residuals [ug m'3] Non-fossil fraction residuals [ug m's]

Fig.S11: Residuals normal distributions (modelled — meadurderived from the multiple
regression approach applied above for the fosgiland the non-fossilB) fractions. Residuals

are fitted using a Gaussian fit, from which the me{g) and the standard deviatiqn) are
calculated for both fractions.

S.8.2.2 General assessment of uncertainties and $8s

It is worthwhile to note that a great part of thecertainties assessed for the absolute
concentrations of fossil and non-fossil OA arisesif discrepancies between AMS and
filter measurements and hence not representatitieedstatistical significance of each of
the fractions. The statistical significance of thedative contributions of HOA, F4,
SVOOA, LVOOA;, SVOOA and LVOOA; are assessed through a sensitivity test,
using a random selection technique. Inputs to #deutation are the PMF factor mass
concentrations-“C data and OC/EC measurements. The calculatiorrfermed based
on equations (4-13); it proceeds as follows:
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o For each of the input parameters a range is askigvithin which these can vary
(see BoxTab.S1). The criteria on which we basedassessment of this range are
developed below, in the TextBox.S1.

o The parameters are then allowed to randomly vatlyinvthe range predetermined
in the previous step, assuming a normal distriloutithis approach is somewhat
similar to Monte Carlo calculations and allows vastnbers of combinations of
input parameters to be computed. A Monte Carlo Etmn would involve
testing all possible combinations of input paramgtevhich is proven prohibitive
in terms of processing time. In contrast, randomgag is much more effective
and for our purposes provides essentially the s@sidts as a full Monte Carlo
analysis.

o Following the approach described above, fifty sHtparameters are generated
randomly and used subsequently in the equatior® #-Talculate the inputs for
the multiple linear regression analysis (iS04 , SOA , SVOOAandLVOOA).

This provides for each set of parameters averagjeesdora andb; plus the
corresponding uncertainties.

o For each set of the coefficierdsandb; previously generated, the average values
of these coefficients are varied assuming a binbdsdribution, derived based on
the corresponding uncertainties provided by the tipial linear regression
analyses. In this step and for each set of paramedtn values are generated for
a andb; and used to compute the contributions of SVQQAOOA;, SVOOA
and LVOOA:. This gave in total 500 different solutions.

A great advantage of this approach is that comisingtof parameters which are very
unlikely (e.g. that only the minimum-possible vaueom each parameter were used)
will represent only a small percentage of the outfine obtained 500 solutions are
presented graphically as a probability density gifiency distribution) of possible

solutions to the source apportionment problem we Isa@t up, as shown in Fig.S12.

This analysis provides strong support to our resudilowing the assessment of the
uncertainties underlying our measurements and gasams and offering a measure to
our ability in separating the different componeifssatistical significance of each

component and the likelihood between them). It shdlat the uncertainties on our
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estimations depend on the component considerederidam strictly on the PMF
analysis errors, the uncertainties associated twércontributions of POA (HOA and F4)
are less 10%. Conversely, for OOA components tloemg@inties are less homogenous.
For non-fossil OOAs the uncertainties are aroun H3 these are well resolved by the
regression model, whereas for fossil OOAs uncetrtamrare higher (~36% and ~58% for
SVOOA and LVOOA, respectively), as these are poorly resolved gy rdgression
model and strongly dependant on the EC measurerardtthe assumptions on POA. All
6 fractions are statistically significant with cahttions higher than 0 (Z equal 23, 7.4,
2.8,1.7,9.2, 12 for HOA, F4, SVOQA.VOOA;, SVOOA;; and LVOOA; respectively,

with Z=average/uncertainty).

60
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Fig.S12: Frequency distributions for the contribution of thlifferent componentassessed
through the sensitivity testhe plot gives access to the average contribatimhthe associated
standard deviation for the different componentdicated in the figure legend (Avgal

The sensitivity test offers as well the assessnoérthe biases on the apportionments
presented in the manuscript. It suggest that wéhimigderestimate the contributions of
F4, HOA, SVOOA:; and LVOOA by 9%, 6%, 5% and 23%, respectively and
overestimate the SVOQAand LVOOA; by 34% and 5%, respectively. The main
conclusion to be derived from this analysis is rbleustness of the results presented and
discussed in the manuscript. For example, Q@Aclearly the biggest contributor to OA.
It is also clear that LVOOA derives predominatefyrh non-fossil precursors (LVOQA
/LVOOA=89+7%), whereas SVOOA encompasses a biggactibn of fossil SOA
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(SVOOA/SVOOA=75+8%). Given the wide range of uncertamtiased in the
sensitivity test, these results demonstrate thagjdneral we can clearly identify the

contribution from different components.
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TextBox.S1:Calculations of the different parameters entereid@gs to the uncertainty calculation

For the parameters in BoxTab.S1, the ranges wéablehed as follows:

» For EC/OC measurements, the range is designedctorgrass biases and uncertainties associated

ith

the separation between EC and OC. This range isdsalby measurements determined follow|hg

NIOSH and EUSAAR?2 protocols, respectively. For BE@d &®C, a constant bias between the 2 proto
is obtained as 40+8% and 6+5%.
» The average uncertainty for the discrimination lesm fossil and non-fossil TC is 4%, includifig

uncertainties of’C measurements and errors on the correctiotf@®mputs from the bomb testing.

ols

= An assumption made in equations 4 and 5 relatélset@rigin of EC, estimated to only pertain to the

fossil fraction. The transgression of this assuaptvould bias high the contributions of fossil sms

to the secondary OC fractions. As there was tole linfluence from biomass burning, we assumed

an

upper limit contribution of non-fossil sources t& Bf 15%, (based on Minguilldn et al., 2011 anhd

references), and varied this contribution betweand 15%.

BoxTab.S1:Ranges [Low, High] of the different parameters mrdeas inputs to the uncertainty calculation. E

denotes equations 4-13.

E* Parameters Variables Low High Remarks
4,5 OG;, OGy OC/EC NIOSH EUSAAR2
F 0.96x%Fy 1.04xFy Uncertainties on measurements& in TC
EG 0.85xEC EC Origin of EC:EC= EG+ EGy
6,7 a=PM;0A/PM,sOC o, °° 0.76 0.88 Diameter cut-offs:
see BoxTab.S2 0,°¢ =PM,0C/PM, s0C
"¢ CI(-) CI(+) Positive artefacts based on Fig.S3:
CI(-) and CI(+) are the upper and lower bounds of
the confident interval on the linear regression
10,11 AMS/PMF2 OA Factors FPEAKO FPEAK1  AMS/PMF2 results obtained for FPEAKs betweer]
0 and 1.
12,13 POA, POAy a,;xPOA 0.75xHOA+F4 0.xHOA+F4 a;xPOA is the fraction of fossil POA. Its

uncertainty is constrained based on Fig.S6

» The conversion fromPM,sOC measured on filter samples RM;OA determined by the AMS wal
performed in equations 6 and 7, using a commomfaziwith a = PM;0OA/PM, s0C) for both fossil
and non-fossil OC. This factor encompasses thrge@eections related to differences between the
measurement techniques, including differences amdter cut-offs between AMS and filter sampli
(referred to a®M;0OC/PM,50C ratio), the adsorption artefacts on the filtersl sime OM/OC ratio.

-4

=

W

g

The assumption underlying thBM,sOC to PM;OA conversion is that the aggregate of the

aforementioned corrections is similar for both fioaed non-fossil OC and well representedchy
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TextBox.S1:Continues.

Indeed, these corrections can vary greatly betwbenprimary and the secondary fractions, wthh
exhibit variable contributions to the fossil andhAossil OC. To address the biases resulting froen|ft
application of a single conversion factoy the latter is deconvolved in equation (14) inevesal

factors, such that

Ly 14

PM{OA=ax PMp50C=Y"| [ aj |OG (14)
AN

In this equationgj; denotes the factor used for a conversjpragplied to a®G fraction.nis the total

number of OC fractions; in our case, it is limitextwo fractions representing the primary and fhe

secondary OC.pis the total number ofa; conversions applied @G ; in our case,pis equal 3,

accounting for thePM;0OC/PM ,50OC ratio (=1), for the sampling artefacts=) and for the OM/OQ

ratio (=3). The following is an example performed for ttempaign average value, representing

p =

matrix of ajj factors for primary and secondary OC (BoxTab.Sil&r calculations were performe

for all the data set to achieve the sensitivity. t&s this calculation,a;; were measured for the totgl

OC(aQCj, assumed for the primary Oéa'_jocj and inferred for secondary Cé@_socj. The
J J

J

different conversions include the following:

- aloC denotes th®M;0C/PM ,50Cratio, estimated using size resolved OC measuremeéet
0.82+0.06%. POC was assumed to pertain entirelythts PM fraction(alpoczl), resulting in

analsocof 0.77 (i.e. 77% of the PM SOC are comprised in the RK¥action).

- agcis the ratio allowing the correction for the samgliartefacts retrieved from Fig.S3, with H\n

average value of 0.72. Artefacts are assumed teveealy distributed between the primary and the

secondary fractions, i.ezzp oC - azsoc (BoxTab.S2).

- ag?cis the OM/OC ratio, obtained from the comparisoiwleen PM AMS and LPI measurements.
An averagecrg?C value of 1.67 was found, and assuming/:@)rpC value of 1.2 for primary OC a valuge

of 1.81 can be inferred for mgsoc_
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TextBox.S1:Continues.

BoxTab.S2: ajj factors estimated for
POC, SOC and total OC fractions.

ai gPOC  sSoc  ,0cC
j j j

aip 1.0 0.77 0.82
aio 0.72 0.72 0.72
ai3 1.20 1.81 1.67
p

|‘| ajj 0.84 0.98 0.95
i

p

Fromaj; matrix, overall conversion factoﬁ ajj can be inferred for POC, SOC and total OC, whieh |ar

I

p
equal to 0.84, 0.98 and 0.95, respectively. Est'emeﬂ a?c (0.95) is comparable to the average
i

empirically determined and used in equations (@) @) to convert fronPM,sOC measured on filtel
samples t®M,OA determined by the AM@r = 092+ 021).

p p
Using |_| afoc and |_| ajsocobtained above, one can apply different converagtors to POA and
i i

SOA. In the sensitivity test such a calculation besn made by considering a rangaa{ﬁcand agc

(BoxTab.S2).

» In the calculation of equations 10 and 11, we aersid for the apportionments the AMS/PMF2 resyjts,

including POA SVOOAand LVOOA One approach to assess the uncertainties on Mh®&/PMF2

apportionments consists of varying FPEAK withineasonable range, in our case between FPEAK=

and FPEAK=1.
* In the calculation of equations 12 and 13, we atereid that POA pertains only to the fossil fractign

while we observed some evidence of some inputs frooking (a non fossil primary source) to HOR.

0

To take this into account in the uncertainty catohs, we considered that these inputs contriljute

between 10% and 25% of total HOA, based on Fig.S6.
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