©CoOo~NOoOUTA~,W N -

Wintertime aerosol chemical composition and source
apportionment of the organic fraction in the metrop olitan area
of Paris

Crippa Monica *, DeCarlo Peter F. *", Slowik Jay G. *, Mohr Claudia *”, Heringa Maarten

F.1™, Chirico Roberto ™, Poulain Laurent 2, Freutel Friederike 3, Sciare Jean *, Cozic - { Deleted: )
Julie ®, Di Marco Chiara F. °, Elsasser Michael "°, Nicolas José B.",Marchand ~ { eleted: Nicolas ", )
Nicolas °, Abidi Ehgere °, Wiedensohler Alfred 2, Drewnick Frank 2, Schneider " { Formatted: Font color: Auto |
Johannes 3, Borrmann Stephan *'°, Nemitz Eiko °, Zimmermann Ralf "2, Jaffrezo Jean-

Luc®, Prévét Andre S. H. !, Baltenspergerurs * - { Deleted: . )

[1){Laboratory of Atmospheric Chemistry, Paul Sategr Institute, PSI Villigen, 5232,
Switzerland}

[2]{Leibniz Institut for Tropospheric Research, R@serstr 15, 04318, Leipzig, Germany}
[3]{Particle Chemistry Department, Max-Planck-lhgte for Chemistry, D-55128 Mainz,
Germany}

[4]{Laboratoire des Sciences du Climat et de I'Eomnement (LSCE/IPSL), Laboratoire CEA-
CNRS-UVSQ, 91191 Gif-sur-Yvette, France}

[B]{UJF — Grenoble 1 / CNRS, Laboratoire de Glagimpé et Géophysique de I'Environnement
(LGGE) UMR 5183, Grenoble, F-38041, France}

[6]{Centre for Ecology and Hydrology, Bush EstakRenicuik, Midlothian, EH26 0QB, United
Kingdom}

[7]{Joint Mass Spectrometry Centre, Cooperatioror Comprehensive Molecular Analytics,
Helmholtz Zentrum Minchen, Ingolstadter Landsti89764 Neuherberg, Germany}

[8{Joint Mass Spectrometry Centre, Universitat ®eok, Institut fir Chemie, Lehrstuhl fir
Analytische Chemie, Dr.-Lorenz-Weg 1, 18059 Rostock

[9H{ Aix:Marseille Université, CNRJ.CE FRE 3416, 1333Marseille, Francg}y «_ - { Formatted: Font color: Auto
[10){Institute for Atmospheric Physics, Johanneddbiberg University, Mainz, Germany} } - { Deleted: Univ., Laboratoire
[*l{now at: Department of Civil, Architectural, anBnvironmental Engineering, Drexel University, . L Chimie Environnement

N
\{ Formatted: Font color: Auto

Philadelphia, PA, USA, 19104} |
[**}{now at Department of Atmospheric Sciences, Meisity of Washington, Seattle WA 9819
USA}
[**]{now at: Italian National Agency for New Teclwlogies, Energy and Sustainable Econom
Development (ENEA), UTAPRAD-DIM, Via E. Fermi 450044 Frascati, Italy}
[****){now at: WIL Research, 5203 DL 's-Hertogenbosch, The Nedheld}

| Formatted: Left, None, Line
spacing: single, Adjust space
between Latin and Asian text,
Adjust space between Asian
text and numbers

{ Formatted: Font color: Auto

)
|
]
)
‘[ Deleted: ]
)
)
|
)

| Deleted: ), Equipe
Instrumentation et Réactivité
1| Atmosphérique (IRA), 3 Place
'l Victor Hugo, 13 331

Correspondence to: A.S.H. Prévét (andre.prevot@psi.

Abstract

[ Formatted: Font color: Auto
Deleted:

Formatted: Font color: Auto,

long field measurement campaign in the Paris metitap area during winter 2010. Here we || pattern: Clear

present source apportionment results from threesabmass spectrometers and two aethalometers
deployed at three measurement stations within #res Pegion. Submicron aerosol composition is
dominated by the organic fraction (30-36%) andabétr(28-29%), with lower contributions from
sulfate (14-16%), ammonium (12-14%) and black car@®13%).

Organic source apportionment was performed usirsifipe matrix factorization, resulting in a set
of organic factors corresponding both to primaryission sources and secondary production. The
dominant primary sources are traffic (11-15% ofamig mass), biomass burning (13-15%) and
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The effect of a post-industrial megacity on locad aegional air quality was assessed via a month-f
[ Formatted: Font color: Auto




51 cooking (up to 35% during meal hours). Secondagawic aerosol contributes more than 50% to
52 the total organic mass and includes a highly ordifactor from indeterminate and/or diverse

53 sources and a less oxidized factor related to vimwding emissions. Black carbon was apportioned
54  to traffic and wood burning sources using a mo@eleldl on wavelength-dependent light absorption
55 of these two combustion sources. The time serieggdnic and black carbon factors from related
56 sources were strongly correlated. The similaritieaerosol composition, total mass and temporal
57 variation between the three sites suggest thaicpbate pollution in Paris is dominated by regional

58 factors, and that the emissions from Paris itsgleha relatively low impact on its surroundings.

59
60 1 Introduction

61 The last two centuries have seen the global risdenfsely populated urban areas. Megacities,

62 defined as urban areas with a population of ovemilllon people (Molina and Molina, 2004b),

63 potentially serve as major sources of gas and gbargémissions. Evaluation of megacity air

64 pollution and its effects on the surrounding arisasequired for the formulation of effective air

65 quality policy (Lawrence et al., 2007;Gurjar et, a008). For this reason, intensive field

66 measurement campaigns have been proposed to gatesthegacity effects on regional air quality.

67 Here results are discussed from the intensive meamnt phase of the MEGAPOLI project

68 (Megacities: Emissions, urban, regional and Glosimhospheric POLIution and climate effects,

69 | and Integrated tools for assessment and mitigatitin,//megapoli.dmi.dk/index.htrylfocused on_ - - { Formatted: Font color: Auto |

70 Paris (France). This experimental phase of MEGAP®LImodeled on the example of the
71  MILAGRO campaign performed in the Mexico City mgiaditan area during 2006 (Molina et al.,
72 2010;Molina and Molina, 2004a). Integration of tRaris MEGAPOLI dataset with existing
73 datasets for other megacities will lead to a movengrehensive assessment of the effect of
74  megacity air pollution on atmospheric compositiain,quality, and climate, covering local to global
75 scales. Paris is one of the largest European mteggcwith a population of approximately 12
76  million (including its surroundings). As a modermregacity, Paris may have a significantly different
77 pattern of anthropogenic emissions than, for exampMexico City, but more similarities to
78 European agglomerations, such as London (Allan.e2@10). Compared to worldwide megacities
79 situated in developing countries, Paris is charasd by having modernized, less polluting
80 factories and major anthropogenic activities spi@adss the metropolitan area. Therefore it can be
81 considered as a post-industrial megacity. A detadlssessment of the factors controlling Paris air
82 quality is therefore crucial for evaluating glolna¢gacity characteristics.
83  Within the broader context of Paris air qualityistbtudy focuses specifically on the quantification
84 of submicron aerosol sources affecting Paris. Assosonsist of small solid or liquid particles
85 suspended in the atmosphere. Their important sffeat the environment, ecosystems, human
86 health (Dockery and Pope, 1994;Pope and Docker@6)2@nd climate (IPCC, 2007) are well-
87 recognized. Aerosol climate effects occur by péadtion of the Earth’s radiative budget, both
88 directly through scattering and absorption of salad terrestrial radiation, and indirectly by agtin
89 as cloud condensation nuclei (Albrecht, 1989;Twomegl., 1984). Quantification of these aerosol
90 effects is highly uncertain, in large part due be rganic fraction. Organic aerosol (OA) is
91 ubiquitous in the atmosphere, constituting fromt@000% of the total submicron aerosol mass
92 (Jimenez et al., 2009), and is difficult to accalatmodel due to the complexity of its sources,
93 composition and atmospheric aging mechanisms. OAypscally classified as either primary
94 organic aerosol (POA), or secondary organic aer¢S@A). POA is directly emitted into the
95 atmosphere by anthropogenic sources such as trafflastry and domestic combustion, and by
96 natural processes such as wildfires. Secondarynargarosol species are formed in the air through
97 physical-chemical processes such as oxidationpvi@t by nucleation or condensation. While
98 submicron secondary inorganic aerosols are maiotyposed of ammonium nitrate and sulfate
99 (Seinfeld and Pandis, 2006), SOA may be composdatofsands of compounds, many of which

100 are unknown (Goldstein et al., 2008), and furthecemtainties exist in SOA formation pathways

101 (Hallquist et al., 2009). Investigation of both elit emission sources and secondary formation
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mechanisms is crucial to better understand the viehaf aerosol particles and constrain their
uncertainty in climate models (IPCC, 2007;Volkaratal., 2006)

Highly time-resolved measurement techniques, suhaerosol mass spectrometry, have been
developed to characterize complex and rapidly cimgn@A sources. Receptor models have been
utilized to represent the observed mass concemtrathemical composition or other additive
aerosol properties as a linear combination of faptofiles and time series. Examples of such
models includem/z tracer apportionment, positive matrix factorizatiPMF), and multi-linear
engine (ME-2) (Lanz et al., 2007;Lanz et al., 2Q0Bsich et al., 2009;Lanz et aR010:Zhang et

al., 2011y -
Recent studies have investigated aerosol charstitsrand behavior in the Paris region, including
aethalometer measurements of wood burning emisgiemsez et al., 2009), source apportionment
of volatile organic compounds (VOCSs) during spr{gimoz et al., 2011) and the quantification of
these efforts by identifying the major aerosol sesrin the Paris region, focusing on particle
chemical speciation of the submicron fraction and €ource apportionment. This requires
chemically-specific measurements with high timeohetson, coupled to sophisticated data analysis
techniques. In our work, non-refractory particlempmsition is measured with aerosol mass
spectrometers (Drewnick et al., 2005;DeCarlo et28l06;Canagaratna et al., 2007) and analysed
with positive matrix factorization (Paatero and pap 1994;Paatero, 1997). Optical measurements
of black carbon mass are apportioned to traffic wodd burning sources using a model based on
the wavelength dependence of the aerosol lightrptien coefficient (Sandradewi et al., 2008).
Black carbon (BC) is the principal source of parite light absorption, therefore its source
apportionment is important for quantifying aerosfiécts on climate through direct interaction with
solar radiation (Bond and Bergstrom, 2006). Congoeriof these two independent apportionment
efforts helps to validate the results of each o#iret provides insight into the variations caused by
regional versus local sources.

2 Methodologies

2.1 Measurement campaign

As noted above, the greater Paris area (populdtomillion) is one of the largest metropolitan

areas in Europe. This densely populated area asrtdig circular region with a diameter of 20 km
and is surrounded by flat, rural terrain. The motpgy of the region and the relative isolation of
Paris from other urban areas make it a suitablatime for the investigation of both megacity

effects on regional air quality and the physicall @hemical evolution of urban pollutants within

the Paris plume.

As part of the MEGAPOLI project, an intensive, ntefdng field measurement campaign was
performed in Paris during winter 2010 fiﬂ!anuary—l@ February). Measurements were performed

[ Deleted: 2010)
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at three stationary ground sites, located in bbéhurban core and urban background areas around

Paris. A map of the measurement sites is providedection 1 of the supplementary material.
Mobile measurements were also performed througRauis; however this work focuses only on
the stationary measurements. The urban core siselacated at “Le laboratoire d’hygiene de la

Ville de Paris” (“LHVP”, 48.83° Latitude, 2.36° Longitude, 55 m above seal)esituatedin the - { Formatted: Font color
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13" Arrondissement of Paris in the southeastern (fattheo city center. Several field experiments
performed at this station indicate that the LHVI@ & representative of the particulate pollutién o

(“SIRTA” and “GOLF” sites) were located to the roehst and southwest of Paris, 20 km from the

city center. The Site Instrumental de Recherche par Télédétectiano8phérique’(“SIRTA”, - { Formatted: Font color

surrounded by cultivated areas, forests, small oamd few industrial activities (Haeffelin et al.,
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from the SIRTA site. The station is surrounded igydé to the north/northeast, and by residential
areas and villages to the south and east.

2.55°E Longitude, 60 m above sea levela small parking lot at the southeast end ofGb# de la
Poudrerie. A park and a visitor parking lot lie Maast of the site, with some road construction
occurring during the campaign about 100-120 mederay. The site is bordered on the South by
gardens, and it is about 30 meters to the neavadt r

Additionally, measurements performed in a ruraliestalocated at approximately 58 km northeast
of Paris (49.087°N Latitude, 3.077°E Longitude)lWw# discussed in section 3.4.

2.2 Instrumentation
2.2.1 Aerosol mass spectrometers and sampling lines

High-resolution time-of-flight aerosol mass spestaters (HR-ToF-AMS) (DeCarlo et al., 2006)
were deployed at both the SIRTA and LHVP sites,leviai compact ToF-AMS (C-ToF-AMS)
(Drewnick et al., 2005) was deployed at GOLF. THdSAmeasures quantitative, size-resolved
mass spectra of the non-refractory (NR) specié®Mn aerosol, where NR species are operationally
defined as those that flash vaporize at 600°C a@f Torr. These NR species include particle
components except black carbon, sea salt, minest) dnd metals. A detailed description of these
instruments can be found in Drewnick et al. (20f@6)the C-ToF and in DeCarlo et al. (2006) for
the HR-ToF-AMS. Briefly, aerosols are sampled tigio an aerodynamic lens, where they are
focused into a narrow beam and accelerated to aitglinversely related to their aerodynamic
size. The particles are transmitted into a highuuat detection chamber (<@ orr), where the NR
components impact a resistively-heated surface °®0@nd flash vaporize. The resulting gas
molecules are ionized by electron impact (El, ~X0 end analyzed by time-of-flight mass
spectrometry. The particle beam may be either (t€yrately blocked and unblocked to yield a
mass spectrum of the particle ensemble termed Bpsstrum (MS) mode, or (2) modulated by a
spinning chopper wheel (~150 Hz) to yield size-hestb mass spectra called Particle Time-of-
Flight (PToF) mode (Drewnick et al., 2005). AMS spa were recorded with a time resolution of
1, 5, and 10 minutes at the GOLF, LHVP, and SIRTAss respectively, with the details of the
sampling protocols described below.

The C-ToF-AMS was deployed at GOLF from 16 Januz0¢0 to 16 February 2010 and was
located within a measurement container along wétvegl other instruments for aerosol particle
characterization (see section 2.2.3). The sampileg (flow rate of ~100 I/min) was located at ~
8m above the ground and several impactors andumstnts with high flows were connected. The
particles were transmitted from the main inletite AMS through 4 meters of 1/4" outer diameter
(0.d.) stainless steel tubing at a flow rate ofwbb.1 I/min. The tubing in the container was
insulated and the aerosol was not dried. No impag#s located in front of the main inlet, but a
separate cyclone (PMwas deployed for the MAAP (Multi-Angle Absorptid*hotometer). The C-
ToF alternated between 20 seconds in MS mode, @hds in PToF mode and 20 seconds in light
scattering/single particle mode (Cross et al., 2009

A HR-ToF-AMS was deployed at LHVP from 12 Janua®l@ to 16 February 2010 together with a
suite of instrumentation for the characterizatioh ptysical-chemical particle properties. All
instruments were connected to the same samplingraysThis consisted of a RMinlet ~6 m
above ground directly followed by an automatic aetaliffusion dryer system that maintained the
relative humidity in the line below 30%. The AMSehated between lower and higher mass
resolution modes (V and W, respectively) every hutes. In V mode it sampled for 20 and 40
seconds in the MS and PToF modes respectivelyewdrily MS sampling was conducted in W
mode.

_ - [ Formatted: Font color: Auto J
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The HR-ToF-AMS deployment at SIRTA ran from 13/01¥2 to 15/02/2010. The AMS was

results from which will be presented elsewhere. SHRTA AMS was located in a trailer (6.4 m x
1.95 m), with the Plyp main inlet fixed atop an external tripod ~ 4 mabground. The main
sampling line was built with 3/8" 0.d. stainlesses tubing and had a flow of 16.4 I/min. Inside th
trailer the total flow was divided into 11.4 I/mito provide the necessary flow for several
instruments (Nephelometer, SP2, VHTDMA, CCNC, eanyl 5 I/min for the AMS-TD system and
the aethalometer. The AMS-TD sampling line condisiE6 mm o.d. stainless steel tubing with a
total flow of 1 I/min. The aerosol was not drieddahe trailer temperature was maintained at 20°C.
The SIRTA AMS alternated MS and PToF modes witledga of 5 seconds in the V configuration
and remained only in MS mode for the W configunatieith data saved every 150 seconds for both
configurations. Ambient and thermodenuder measun&sradternated every 5 minutes yielding 2.5
minutes of ambient V mode measurements every 1Qitesn Two additional AMS were used in
two mobile laboratories (see section 2 of the saipehtary material), but detailed analysis on the

performed mobile measurements will be presentsgparate publications. - { Formatted: Not Highlight

AMS spectra were analyzed using the toolkit prodidey Aerodyne and the University of
Colorado-Boulder (Squirrel v1.51, D. Sueper, Unsitgrof Colorado-Boulder, Boulder, CO, USA)
for the IGOR Pro software package (Wavemetrics,, IRortland, OR, USA). lonization efficiency
calibrations and collection efficiency correctiotise to particle bounce {Ewere applied to the
data (Canagaratna et al., 2007) and the air imarées were accounted for in the fragmentation
table (Aiken et al., 2008;Allan et al., 2004). Téwlection efficiency due to particle bounceXE
was estimated at 0.5 for the SIRTA and GOLF sites @4 for the LHVP site by comparison with
independent measurements at each location (see @H1SI-2). Additional intercomparisons
between the AMS and collocated instruments weréopaed to assess the uncertainty associated
with both measurements (see SI-3).

Relative ionization efficiencies for ammonium (WM and sulfate (S§3) were determined by
laboratory experiments with (NJ3SO, and calibrations with NHNO; during the campaign.
RIEnw4 Was equal to 4 for the SIRTA and LHVP sites wheitpial to 4.05 for GOLF. The default
RIE values for S@Qwere assumed for SIRTA and LHVP since no ammorsuifate calibrations
were performed while for GOLF was 0.76 from (4$O, calibrations.

A scaling factor of 1.3 was applied to the orgasbacentrations measured at the stationary GOLF

site after comparison with the mobile laboratorpldged at the same locatidhRreutel et al., 2012). - [ Deleted: .

This factor is attributed to the lower ion transsios efficiency for highm/z observed for the C-
ToF-AMS during the campaign, which also causeddher RIEso4 0f this instrument (see SI-3b).

2.2.2 The 7-wavelength aethalometer

7-wavelength aethalometers (MAGEE Scientific, modlEB1-ER) were operated at the SIRTA and
LHVP sites. These instruments collect aerosol glagion a quartz fiber filter and measures the
resulting light attenuation (ATN#ll) at 370, 470, 520, 590, 660, 880, and 950 nnis Vields the
aerosol absorption coefficient,(d, defined by the Beer-Lambert’s law as:

| =1, &= (1)

wherelg is the intensity of the incoming light aids its intensity after passing through the filter
medium with thickness. In addition to aerosol light absorption, attemuatin the aethalometer is
affected by multiple scattering from the filter mierane, and by a shadowing effect due to impacted
particles at high mass accumulation. These effeei®e corrected using a previously published
algorithm (Weingartner et al., 2003). The blackboar (BC) mass concentration was estimated
from the ba,s Measurements using a mass absorption efficiendyE(Mqual to 5.78 AigC at 880
nm) obtained by comparison of the aethalometer wimental carbon (EC) data from a semi-
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continuous Sunset OCEC Field Analyzer (Sunset Latboy, Forest Grove, OR, USA) which was
operated at LHVP in PM during the MEGAPOLI campaign (Sciare et al., manips$ in
preparation). This comparison was performed ugieg880 nm channel for the aethalometer, which
is less affected by optically-absorbing brown carlfi§irchstetter et al., 2004). Both aethalometers
recorded data with 5-min time resolution and opmtawvith a 50% size cut-off of 2.pm
aerodynamic diameter.

2.2.3 Other instruments

Data from several additional instruments deployedha SIRTA and LHVP sites were used in
estimating the AMS collection efficiency and validg the PMF results. These instruments
included a particle-into-liquid samplgOrsini et al., 2003) coupled with two ion chronmgraphs
(PILS-IC) and filter collection for off-line analgs. A brief description of these measurements
follows.

The PILS-IC measures the chemical composition tfcsed inorganic species in BM In this
instrument, the aerosols are grown into dropleiw po collection by inertial impaction on a quartz
surface. Two ion chromatographs are used for séparand quantification of the main inorganic
species (N§ NH4", K*, C&*, Mg*, CI, NOs, SQ?). Chromatograms were obtained every 4 and
10 minutes for the LHVP and SIRTA sites, respedyiv&ettings used here for the PILS-IC
measurements are similar to those reported in Seizal. (2011).

Collection of PM 5 particles on high volume DIGITEL filters for ofirle chemical analyses took
place at both the SIRTA and LHVP stations with Xduds time resolution. Levoglucosan was
measured by liquid chromatography — electrosprays@iion — tandem mass spectrometry (LC-
ESI-MS/MS) (Piot et al., 2012). OC and EC were mead by an ECOC Sunset laboratory
analyzer (Birch and Cary, 1996) using the EUSAARn&hod, (Cavalli et al., 2010%tearic acid | Field Code Changed )
was analyzed by gas chromatography-mass spection@€/MS) following the analytical ~- [ Formatted: Font color: Auto }
methodology described in El Haddad et al.(2011) aqunantified using an authentic standad.

comparison between the organic carbon mass coatientrestimated from the high resolution

AMS analysis and the OC concentration obtained ftloefilters is presented in the supplementary

information (SI-4).

Meteorological data (e.g shown in Fig. 12) werawet from radiosonde measurements at SIRTA.

Wind speed and direction measurements reportedveme obtained at an altitude of 100 m above

ground level (agl). SIRTA includes a permanent dgplent of active and passive remote sensing

techniques for monitoring cloud, aerosol, and nrelegical parameters (Haeffelin et al., 2005).

NOy concentrations were measured at GOLF by an AitBoifrecordum Messtechnik GmbH)

which uses a molybdenum converter and chemiluméeresecdetector, while at SIRTA and LHVP a

chemiluminescence instrument (Environment S.A., 81dC31M) was used. The BC (RMmass

concentration was provided by a MAAP (Thermo Sdientmodel 5012) at the GOLF site.

Additionally, SMPS (scanning mobility particle sixe FDMS-TEOM (filter dynamics

mobility particle sizer) measurements were usedstimate k for the AMS (see section 2 in the
supplementary material).

2.3 Source apportionment techniques

2.3.1 Positive Matrix Factorization
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Positive matrix factorization (PMF) is a bilineanraixing receptor-only model used to describe
measurements (in this case the matrix of AMS oamass spectra as a function of time) as a
linear combination of several static factors, asnghin equation 2 (Paatero and Tapper, 1994).

xij=ki(fik B, )+e, @)

Herex; fi, 0y, ande; are matrix elements of the measurement, factdil@réactor time series, and
residual matrices, respectively. The subscripbrresponds tanz, j corresponds to time, and k
corresponds to a discrete factor. The number abfadn the PMF solution is determined by the
user and denoted @s Note that in Eq. 2 the factor profiles are stdhiut their concentrations are
allowed to vary with time. Additionally, PMF regas that alfy, andg; are> 0.

The PMF algorithm attempts to minimize the objertdtion Q, defined as

Q=YY€ /s) ©)

wheres; is the measurement error.

The AMS uncertainty matrix accounts for electramiise, ion-to-ion variability at the detector, and
ion counting statistics (Allan et al., 2003). Fdr g a minimum counting of 1 ion is applied
(Ulbrich et al., 2009). Following the recommendatiof Paatero and Hopke (Paatero and Hopke,

2003), m/z with low signal-to-noise (SNR < 0.2, wheéSNR = injZ/Zsijz) are removed,

whereas “weak” variables (0.2 < SNR < 2) are dowgtted. Downweighting is performed by
increasing the error of the weak variables by dofaof 2, thus reducing the influence of these
points in the PMF model, because they are presuoled strongly affected by noise.

In the AMS data analysis procedure, certain orggeiaks are not directly measured but rather
calculated as a fraction of the organic signahat44 (Allan et al., 2004). The errors for thesk

are adjusted to prevent overweighting of thiz 44 signal following the method of Ulbrich et al.
(2009); of thesen/z 44-dependent peaksyz 19 and 20 are simply removed due to their nedbgib
masses (Ulbrich et al., 2009).

The PMF analyses were conducted using the CU AM% EMaluation Tool (PET) version 2.02B
(Ulbrich et al., 2009) which serves as a front fmdhe PMF2 model (Paatero et al., 2007).

In this work, PMF analysis was applied on orgamagfments withm/z < 300 for all three sites.
Thesem/z account for more than 99% of the total organicsnasth ~90% of the mass occurring
belowm/z 100. For HR-ToF-AMS data, only unit mass resoluifiéS from V-mode data were used
for PMF because of their higher SNR.

The selection of the number of factors used toritesthe observations is subjective, but it can be
assessed using several criteria. These includedfjparisons of the factor mass spectra with

group/AMSsd/#Ambient (2) comparison of the factor time series witlcibary measurements
performed during the Paris campaign, and (3) etialieof the Q-value. Q corresponds to the
number of the degrees of freedom of the systeg{LFQex=mn-p(m+n), where m and n are the
dimensions of the matrix and p(m+n) the free patarsdfitted to the data. Assuming that all the
errors are Gaussian in distribution, Q{¢>>1 if the errors are underestimated or the idienti
sources can not describe completely the variabilftthe measurements, while QQ< 1 if the
errors of the input data have been overestimatadtéfo et al., 2002). The dependence of this ratio
on p is explored in the section 6 of the Suppleamgrinformation. Q decreases as factors are added

number of factors allows the identification of gmurces which are significant in the explanation of
the data variability.

Solutions produced by the PMF model are not mathieally unique since equally correct
solutions may be found through linear transfornretti¢rotations) of the factor time series (G) and
mass spectra (F):

Go=GeT (4a)




348 Fi=T F (4b)

349  GoF=GeTsThF (4c)

350

351 where G and k are the rotated matrix, T is the rotation matrid &* its inverse.

352 Positive elements of the rotation matrix T createotation by adding the mass spectra and
353 subtracting the corresponding time series, whetteaseverse occurs for negative elements of the
354 rotation matrix (Paatero and Hopke, 2009). A sulo$aghe possible rotations can be explored in
355 PMF2 using the “fpeak” parameter. The rotationabamity was analyzed in this work by varying
356 the fpeak parameter between -1 and 1 with a stdplofSome of the obtained solutions at given
357 fpeaks were either non-convergent or not physicaianingful; a detailed of the fpeak analysis is
358 presented in the supplementary material. The swisitpresented here use fpeak=0 for the SIRTA
359 | and GOLF sites and fpeak=-0.1 for LHVPhe selection of the fpeak=-0.1 solution for tHéMP

360 | site was motivated by the clearer separation obthfor several sources as discussed in section Sl-
361 | 6.3.

362 The possibility of local minima for Q (Paatero, I9%vas investigated by initializing the PMF2
363 algorithm with 50 different pseudo-random startpaints (“seeds”) (Paatero, 2007). These results
364 are presented in Sl 6.4.

365

366 2.3.2 BC source apportionment

367 Black carbon (BC) is defined as the visible lightarbing component of carbonaceous aerosol.

368 Here BC source apportionment is performed withnadr regression model utilizing the source-

369 specific wavelength dependence of BC light absompt{Sandradewi et al., 2008). Aerosol

370 absorption coefficients follow the relationshig,s = A, where is the wavelength and the

371 absorption Angstrom exponent. Literature valueshef BC absorption Angstrom exponent vary

372 | betweenl.9 and 2.2 for wood burning (Sandradewi et al., 2088) 1+0.1 for traffic (Bond and _ - { Deleted: 0.9

373 | Bergstrom, 2006;Bond et al., 2004). In the prestidy absorption Angstrom exponent values for - Deleted: estimated

374 | traffic and wood burningvere chosen ag=1 andow,=2 coherently with Sciare et g2Q11) The | peleted: are

375 | choice of suchu values is in agreement with previous sensitivitalgses performed in the Paris - {pejeted: . as discussed in sect
376 | region in order to evaluate the influence of déf@rabsorption exponent values on the aethalometer[ 33

377 | model (Sciare etal., 2013). [ Field code Changed
378 Therefore using the aethalometer-measured absorgtiefficient and a source-dependentalue, - {Deleted: (Sciare etal.,
379  baps can be apportioned to traffibfsy and biomass burniniags ) sources (Sandradewi et al., \{De,eted:.

380 2008):

n
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381
382 babs (470']m)" - (470] (5)
b,. 880nm), \880
383 M = (470] 6)
b,. 880nm),, \880
384
385 b (A) = by (A) +bapg (A (7)
386
387 Apportionment of the black carbon mass concentraicalculated as follows:
388
b
389 BC, = BC,, [ 2=iresm (8)
babstot 880nm
390
b
391 BC,, = BC,, -==&m )

abs tot 880nm



392
393
394

395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

434

435
436
437
438
439

3 Results and discussion

3.1 Bulk PM ; chemical composition

S - { Formatted: Font color: Auto J
During the Paris winter campaign, the total subaricmass concentration of the non-refractory

species measured by the AMS varied from a tE{W’T‘IS to ~80 pg/m3. A comparison of the

chemically-resolved mass concentration measuretidAMS at the 3 sites is presented in Fig. 1.

Averaged over the entire campaign, Pparticles consist of 30-36% (5;@/m3) organics, 28-29%

(4-5 pg/n?) nitrate, 12-14% (2ug/nT) ammonium, 14-16% (2-Bg/nT) sulfate, 0.8-1.2% (0.1-0.2

pg/m3) chloride and 7-13% (1—ag/m3) black carbon; the variability represents the mealues

obtained at each site. The higher black carbonriboibn measured at the GOLF site (13%)

probably results from its exposure to local trafimissions and/or to the use of the MAAP

instrument instead of the aethalometer to calcidatgThe average composition and time series are-| Deleted: BC, although
surprisingly similar among the sites for both thgamic and inorganic fractions. The relatively | comparisons betweena MAAP
uniform chemical composition throughout the Panieaasuggests that particle composition is | deployed at LHVP shown pretty
dominated by regional factors rather than localssions. B e e Siope oty
The observed homogeneity in terms of chemical caitipa, mass concentration and sources
among the three sites could theoretically indi@t@gominant impact of Paris on its surroundings,
however the reduced impact of Paris itself on tlmgosinding air quality indicated the opposite
conclusion. The urban core of Paris covers ~20 kmdiameter, while the greater Parisian
metropolitan area is ~ 40 km in diameter; the SIRAM GOLF sites are located near the edges of
this metropolitan area. Beekmann et al. (2012) gubthat the yearly impact of Paris emissions is
on average equal to only 30% of P§while the remaining 70% is advected to Paris iammhcted

by long-range transport of continental pollutionofdover PM levels measured at the GOLF site
were much higher for air masses coming from ceifitabpe than for air masses with SW winds,
which contain the urban emissions from Paris durihg summer and winter MEGAPOLI
campaigns (Beekmann et al., 2012;Freutel et all2R0Crippa et al. (2012b) showed also the
ability of Atlantic Ocean air masses to signifidgnibfluence air quality in the Paris urban core
(200 km from the ocean), suggesting that partieutahissions from Paris are unlikely to be the

major regional influence. Our results agweth the conclusions of Sciare et al. (2010) wparted - { Deleted: This agrees )
long-range transport to be the major source of Pd¢condary aerosol in Paris during springtime.
Small mass concentration enhancements at the dewinvei. upwind urban background site with - { Deleted: )

SIRTA site), and could also be caused by inhomaitjeaein the regionally transported aerosol
rather than the influence of the Paris plume. Lasalregional effects on the aerosol composition
are further discussed in Fig. 12 and section 3.4.

The degree of aerosol neutralization is given leyritio of the measured ammonium concentration
(NH4" mead to the amount of NiH needed for the neutralization of the anions measby the AMS
(NHz"heut) (EQ. 10). Mean values for this ratio were 0.886).0.87+0.13 and 1.04+0.23 for LHVP,
SIRTA and GOLF, respectively, therefore the aeros@s neutral within the uncertainty
measurements range evaluated with the error préipadaw (Zhang et al., 2007).

NH,meas _ NH," (2[5042‘ NoS ch

- 96 62 355

- o1
NH " neur 18

This complete neutralization of sulfate and nitlayegammonium is consistent with similar results
obtained in parallel by the PILS-IC measuremenSIRITA and LHVP.

Similar diurnal patterns are also observed for AMS at all 3 sites (Fig. 2). However, clearer
patterns are identified at the city site (LHVP) digeits proximity to local emission sources,
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whereas meteorological factors and mixing durirggngport make these trends less pronounced at
the urban background sites.

A weak daily pattern is seen for NHand S@* due to the lower volatility of sulfates and their
regional distribution, while temperature-regulatggs/particle partitioning is observed for
particulate nitrate (higher concentration levelsimy the night and coldest hours of the day and
decreasing concentration with increasing tempegqturhe organic species peak during the
morning and evening rush hours but a large incréase late afternoon to late evening has also
been identified at all 3 sites, due to secondaryn&tion and biomass burning contribution (as
described in section 3.2.3). The LHVP station shawanch time peak due to cooking activities.
These complex features in the organics daily patseiggest contributions from multiple sources,
formation mechanisms and/or influence of meteoiickdgonditions.

3.2 Investigation of organic aerosols sources
3.2.1 Summary of PMF results

In this section, the investigation of the PMF solu$ in terms of mass spectra, time series and
correlations with external data is described. Fiestgeneral characterization of the sources is
presented, followed by discussion of the specifiutions obtained for each measurement site.
Figs. 3 to 5 show the factor mass spectra andgaries for the selected PMF solutions at each site.
Further support for the selected PMF solutionshisioed by comparison of the factor mass spectra
with preexisting reference spectra (DeCarlo et2110;Ng et al., 2010;He et al., 2010) and factor
time series with ancillary measurements of relaspdcies. Comparisons with reference mass
spectra and tracer time series are presented béoth primary (POA) and secondary (SOA)
organic aerosol sources are identified, althoughctintribution of each source varies between sites.
Each identified source is characterized by spesifijnificant masses in the organic mass spectra.
Hydrocarbon-like organic aerosol (HOA), biomass iy OA (BBOA) and cooking-related
organic aerosol (COA) are classified as POA. TheAhitbfile is dominated by peaks characteristic
of aliphatic hydrocarbons, includingVz 27 (GHs"), 41 (GHs'), 43 (GH;"), 55 (GH;"), 57
(C4Hg"), 69 (GHo"), 71 (GH11") (Canagaratna et al., 2004;Aiken et al., 2009k BBOA profile is
characterized by higher contributions at masse&CPD"), 60 (GH40.") and 73 (GHs0,") which
BBOA likely consists of monosaccharide derivatifemm the pyrolysis of cellulose, with lesser
contributions from straight-chain aliphatics, oxggted compounds such as cellulose and lignin,
and terpenoids. Levoglucosan is produced by calufnyrolysis and it is frequently used as a tracer
for biomass burning emissions (Simoneit et al.,99%owever, recent studies have shown that
levoglucosan is not completely stable in the atrhesp due to oxidation (Hennigan et al., 2010). It
has been also shown that the fraction of solubtagsaum not related to sea salt can be associated
to the combustion of biomass (Gilardoni et al., 23@iare et al., 2011), therefore potassium from
the PILS is included as a biomass burning tracecisp in Fig. 3. The COA profile is similar to the
HOA one, however high resolution spectra from éitere suggest that it contains more oxidized
species at the same nominal masses (massessdd (C,HO"), 43 (GH;", C;H30"), 55 (GH-",
C3H30") and 57 (GHe", CzHsO")) (He et al., 2010;Mohr et al., 2012). At unit reassolution, some
specific patterns appear in the COA spectrum, witeeeratios of some organic masses, such as
org4l (organic mass at/z 41) to org43 (organic mass at 43) for COA and br@gzganic mass at
m/z 55) to org57 (organic mass &tz 57) are higher for COA than for HOA. An elevated
org55/org57 ratio has recently been shown to bebast marker for COA in Barcelona (Mohr et
al., 2012), as shown in Fig. SI-6.6.2.

Paris wintertime SOA mainly consists of a low-viiat fraction of the oxidized organic aerosols
(OOA). This component is highly oxygenated, as enabd by the large contribution from org44
(CO;Y) (Aiken et al., 2009). Additionally, factor domied by org 44 (indicating oxygenation) and
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oxygenated BBOA components has been resolved (EEBOA). The OOA-BBOA profile is
characterized by both the masses typical of biorhassing and literature spectra of semi-volatile

OOA (OOA) spectra (org29 (CHD, org43 (GH30O"), org44 (CQ"), org60 (GH40.") (Alfarra et | Field Code Changed

al., 2007). It is unclear whether this factor re@rts BBOA SOA, processed BBOA POA, or an
atmospheric mixture of BBOA POA with OOA from anettsource. The OOABBOA time series
correlates with LHVP levoglucosan, supporting antéss burning influence (Fig. 6). Note that the
OOA,-BBOA spectrum is compared with the BBOA SOA soumdentified by DeCarlo et al.
(2010) for airborne measurements during the MILAGR®npaign. The higher contribution of
organic at mass 44 and the lower fractional sigridiarger masses compared to primary wood
burning emissions might indicate the presence obrsgary products in this factor. In addition, the
OOA,-BBOA mass spectrum presents more similarities with aged BBOA than primary
woodstove emissions (Grieshop et al., 20@@)ditional source apportionment analysis performed
combining gas (PTRMS) and particle phase (AMS) measents for the LHVP site allowed a
clearer discrimination of a pure BBOA source andegondary semi-volatile OOA (SV-OOA)
(Crippa et al., in preparation).

The correlation coefficients of the obtained sowpafiles at the 3 sites with the reference ones ar
summarized in Tablel.

The interpretation of each source is supportechbycomparison of the PMF factor time series with

0.63 for the LHVP site, 0.36, 0.52 and 0.2 for, BOLF site and 0.6, 0.53 and 0,63 for e (beesed corites i
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concentration event (26-28 January) was missdussite.

The HOA time series correlates with traffic relatesters such as BC and N@R’=0.71, R=0.64,

Deleted: ,

R’=0.48 with BC and R0.76, 0.66, 0.50 with N for the LHVP, GOLF and SIRTA SiteS| ' ( rormattea: engish (US)

respectively). For COA, a high correlation with oofits characteristic masses, org55, is foun

[ Formatted: English (U.S.)

(R?=0.59, R=0.72 for the LHVP and SIRTA sites, respectiveljhie org60 signal above ambient'

Deleted: and

background is assumed to derive entirely from fif@ddfires, biomass burning, etc.). Typical

ambient backgrounds féy, (defined as org60 divided by the total organimalyare approximately '\ Formatted: English (U.S.)

BBOA vs. org60 are 0.85, 0.89 and 0.86 for the LHIVAOLF and SIRTA sites, respectively. | Formatted: English (U.S.)

'| Deleted: respectively).

Figure SI-6.6.1 shows the correlation between ttaetibnal BBOA contribution andg,. An

(
b
0.003 (e.g DeCarlo et al. (2008) and Aiken et 2000), Docherty et al.(2008)).“Rialues for % Deleted: sites,
(
(

additional comparison was performed between BBOA lawoglucosan concentrations from 12- | Formatted: English (U.S.)

hour filters measurements obtained at the SIRTA ahtVP sites (R*=0.81 and R=0.69,

respectively) showing a high correlation with both the averagddF biomass burning and OGA _ - { Deleted:,

(N o U G 0 . L

BBOA components (Fig. 6). A higher correlation withe levoglucosan measurements was
obtained when considering the sum of the BBOA a@R@BBOA PMF factors for the LHVP site
(R?=0.83) than for either factor considered separa{@fy0.69). This suggests that O@BBOA
represents an atmospheric mixture of primary BBQ# dackground OOA. From the filter
measurements, the organic carbon to levoglucodamisaon average 10.86+5.48 for the SIRTA
site and 16.03+7.23 for the LHVP one. These vales comparable to the ones measured by
Puxbaum et al. (2007) over Europe, which range féotm 12.5. The BBOA-to-levoglucosan ratio
is very low for both sites and on average equd.&8 for LHVP and 2.11 for SIRTA, suggesting
that the BBOA alone does not present the total @At wood burning. When considering the sum
OOA,-BBOA and BBOA, the ratios with levoglucosan ar¢77and 6.03 for the SIRTA and LHVP
site, respectively. Although no O@BBOA was separated at the SIRTA site (see se&ig)) the
five factors PMF solution provided a split of th©A@ factor containing a non-negligible fraction of
m/z 60 which was included in the calculation of the@8Bto-levoglucosan ratio (see section 3.2.2).
However, the R between the sum of the biomass burning relatetbf@cand levoglucosan
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541 decreases compared to the one obtained using baBBOA factor. This might be partially
542 | explainegby the poor split OOA/levoglucosan correlationidgrtwo high pollution events where. - { Formatted: Font color: Auto
543 | the split OOA factor is strongly affected by aggd/AS The evaluated BBOA-to-levoglucosan ratios
544  are comparable to those observed in several ambliedies (Szidat et al., 2009) but slightly lower
545 than the value of 10.3 (OM biomass burning/levoghan) obtained for PM by Sciare et al.
546  (2011) at the SIRTA site in winter 2009. Howeveghter values of levoglucosan contributions to - { Field Code Changed J
547 biomass burning compared to literature studies tese been found by Elsasser et al. (2012)

548 during ambient measurements in Augsburg, Germany.

549 To validate the cooking source identified at theMRBHand SIRTA sites, correlations with fatty

550 acids from PMsfilter measurements were performed. Figure 7 shibesscatter plot of the COA

551 factors vs. the stearic acid concentrations; theali correlation provided &Rf 0.57 and a COA-

552 to-stearic acid ratio of 55. Similar results hawei observed by Robinson et al. (2006) where a

553 COA-to-stearic acid ratio of 53 was obtained ustigemical mass balance and stearic acid

554 measurements.
555
556

557 | L
558 3.2.2 Comparison of PMF results between sites

559

560 A general overview of the PMF results was presemtiedve; here we focus on details of the
561 solutions that are unique to the specific sites. the LHVP station three POA sources (HOA,
562 BBOA and COA) and two SOA factors (OOA, O@BBOA) were identified. The LHVP station is
563 located in the Paris centre and is heavily inflighby primary emission sources (traffic, resideéntia
564 heating, restaurants, etc.). Therefore the separaif these components and of the oxidized
565 fractions by PMF was possible due to the differtagiporal variation of these sources. For the
566 urban background sites (SIRTA and GOLF), the omgya&ource apportionment provided slightly
567 different solutions, possibly because the distafioen primary sources made them harder to
568 distinguish. Such an effect of distance and trarispme has previously been observed in PMF
569 analyses (Lanz et al., 2008).

570 For the SIRTA station a five-factor PMF was seldcéad reduced to four by combination of two
571 closely related factors to form a single OOA. Thsulting four factors consisted of three POA
572 source (HOA, BBOA, COA) and one SOA source (OOA)isTwas required lower order solutions
573 were unable to resolve the COA factor (see SI-6TRe two combined OOA spectra are very
574  similar except for a different contribution to ofy.5¢10'% and 0.5%), the latter of which is only
575 slightly above background levels (0.3%) (Cubisomlgt2011). This org60 could be related to the
576 oxidation and aging of the primary wood burning €sions or atmospheric and/or mathematical
577 mixing of sources. Since no clear separation ofltleenass burning and pure OOA contributions
578 was possible, the SIRTA OOA time series is takethassum of the two OOA factors, while the
579 mass spectrum is calculated as their mass-weigivieihge.

580 The GOLF site yielded only two POA factors (HOA aBBOA), while two SOA factors (OOA
581 and OOA-BBOA) were resolved. Here the O@BBOA component is a recombination of two
582 split factors within the 5 PMF factors solutiongthigher-factor solution (5 factors instead of 4)
583 was selected for its improved differentiation amtkeipretation of the factor mass spectra (see
584 section 6.2 of the supplementary material). Faotmombination followed the same method as
585 previously explained for SIRTA.

586

587 3.2.3 PMF factors diurnal patterns

588 The absolute contributions from the PMF factorsyvaith time of day, as shown in Fig. 8. The
589 daily pattern of HOA follows BC and is charactedZsy the strong peaks during the morning and
590 evening rush hours, suggesting an important traffilence. COA peaks at 13h and 20h-21h,

- [ Formatted: Font color: Auto ]
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consistent with mealtimes. BBOA increases signifigafrom late in the afternoon until the night,
probably mainly due to wood combustion used for dstic heating. The OOA pattern is relatively
independent of the time of day. In contrast, Q@BOA increases significantly from the late
afternoon through the night, similar to BBOA. Asntiened before, the diurnal patterns are more
distinct for the urban core site (LHVP) becauséhef mixing and aging processes occurring during
transport to SIRTA and GOLF.

On average the total oxidized fraction of OA acdeunr more than 50% (57%, 58% and 74% for
the LHVP, SIRTA and GOLF sites, respectively), Higiting the importance of regional SOA
even in downtown Paris. The HOA contribution rangesaverage from 11% to 13% (16-19%
during the morning rush hours) and the BBOA conutiin from 13% to 16% (17-19% during the
evening peak). The COA fraction contributes on ager11% at SIRTA and 17% at LHVP to the
total organic mass, but reaches 35% during thehltnowr for LHVP. Cooking has previously been
recognized to contribute significantly to the toteganic mass in several cities, e.g. London and
Manchester (Allan et al., 2010), Barcelona (Mohalet2012), Zurich (Lanz et al., 2007), Toronto

Formatted: English (U.S.)

(Slowik et al., 2010Q), Beijing (Huang et al., 2030n et al., 2010), New York (Sun et al., 2011) and { Formatted: English (U.S.)
o

An alternatlve method of estimating the presenc€Of based on mass spectral markers rather[,:,e,d Code Changed

than a resolved COA PMF factor was developed byméolal. (2012). Figure 9 shows this analysls { Formatted: Engiish (U.S.)

for the LHVP site. Here the primary organic masacfions at m/z 55 and 5%s4ooasn and [F.eld Code Changed

f5700asub, With contributions from OOA and OQMABOA subtracted) are shown colored by t .
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time of day, with the space bounded on the left&iole by the literature values for “pure” cookmé
factors and on the right/bottom by literature valé@e HOA. The points within the “pure” cookin

(
[ Formatted: English (U.S.)
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and traffic lines represent the mixture of HOA, COBBOA and all the primary sources!: | Formatted: English (U.S.)
contributing to the organic composition. Similar Fiy. 8, Fig. 9 clearly shows the different! | Field Code Changed

temporal variation in HOA and COA spectral mark@eganic fragments$ss andfs7). The fsg/fs; 1 Field Code Changed

ratio peaks around midday and evening hours, wbekieg sources are stronger. An appropriate’ [Formatted- English (U.S.)

estimation of the cooking contribution for the GO&ite using the approach by Mohr et al. (2012)

could not be performed due to the non-negligibletgoution of biomass burning in the Parisian (2910
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obtained when inputs for the parameterization waeined from the SIRTA PMF solution.
However, COA was underestimated when SIRTA dataugsas in conjunction with LHVP-derived
coefficients. Therefore the uncertainty and/or seuvariability associated with the Mohr et al.
(2012) parameterization must be accounted for timasing cooking source contributions at a
given site.

3.3 Black carbon apportionment

Here we present the results of the BC apportionrbased on the wavelength-dependent light
absorption model (Sandradewi et al., 2008) desdribsection 2.3.2.

Black carbon is produced exclusively by combustmocesses. As a result its major sources
include both fossil fuel combustion (mainly trajfend wood burning (Bond et al., 2004). BC from
these sources can be apportioned using the Uni@#e fRctors corresponding to these processes
were also resolved using PMF: HOA is related tdficaand BBOA to wood burning emissions.
Comparison of these OA factors with the BC optiapportionment results provides additional
information on the contribution of these emissionrses to a toxic and carcinogenic component of
particulate matter (McCreanor et al., 2007) andhir supports the interpretation of each method.
The time series of corresponding factors from egagportionment method are shown in Fig. 10, and
the mass concentrations of the corresponding OAB&hEactors are plotted in Fig. 11.

JFigures 10 and 11 present the results obtained) as#il anda,,=2. The average ratios of HOA+o. - [Formatted Font: 12 pt

)

BGC;, found from the slopes in Figure 11 are 0.37 (oept=0.33) and 0.61 (intercept=-0.12) for the" {Formaued Comment Text
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two sites, and the BBOA to B ratios are 3.16 (intercept=0.14nd 3.62 (intercept=-0.12) both

ratios are thus quite consistent between the tatiosis. Considering the SIRTA case, a positive

intercept is found both for the HOA vs. B@nd BBOA vs. Bg, comparison (0.33 and 0.106,

respectively), representing an underestimation@f &1d BGy, for this site. For the LHVP case the

opposite situation is observed: negative intercepes found for the HOA and BBOA vs. the

corresponding BC fractions (-0.12 for both sourcesaning that the BC associated to these two

sources is slightly overestimatethe observed HOA to Bfratio is smaller than values reported

for, tunnel measurements at low OA concentrations {€hiet al., 2011) because of different - Deleted: The choice of such
measurement conditions (lower temperatures durimgewime), different vehicles fleets and in | /s &1 seenen
urban areas stop-and-go traffic might be differé@n constant speed driving in a tunni. . performed in the Paris region in
addition smog chamber experiments revealed an gee@MW/BC ratio for primary diesel car | g o Smomon omonon <
emissiong of 0.28+0.15 (Chirico et al., 2010). Srabgmber studies (Heringa et al., 2011) ,'DQ“Cate values on the aethalometer model
high variability of the BBOA to B@, ratio depending on the burning conditions, theetgpwood| |1 | Giare sta 2220 The sveres
used etc. However, the ratios found in the prestmy are comparable to those found from other the slopes in Figure 11 are 0.56
ambient measurements (Szidat et al., 2006). 11 | and 07 forthe two sites, and the
On average traffic contributes 76% and 80% to dtal BC mass at SIRTA and LHVP, while the

combustion of biomass is a minor source of BC (24 20%). |

The good agreement between the HOA andg B@pports the individual apportionment strategle
and validates the correct identification and sejaraof the cooking factor from HOA for both ' \( Formatted: Font: 12 pt )

LHVP and SIRTA. ' | Deleted: , but slightly lower tha
| the PM.s OM/EC ratio of 0.9

'1| reported by Sciare et al. (2010) for

'| the LHVP site.

4.06; both ratios are thus very
. | consistent between the two
stations. The observed HOA to
BC; ratio is consistent with

‘u‘( Formatted: Font: 12 pt

3.4 Relative contribution of regional and local sou  rces ( Formatted: Font: 12 pt )
( Formatted: Font: 12 pt J

The top panel of Fig. 12 shows the temporal vamabtf the total AMS and black carbon mass
concentrations for all the sites, together with doeresponding wind speed and wind direction
measured at 100 meters agl at SIRTA. Using the wingction and mass concentration data, the
entire campaign was separated into 6 time peribdsacterized by different chemical composition
and organics apportionment. These periods are rigsid in the top panel of Fig. 12, and the bar
graphs in the lower panels show the overall andmicgcomposition. For the low concentration
event on 17 January 2010, organics and black caab®mlominant, suggesting fresh emissions in
agreement with similar observations reported at PHldring springtime (Sciare et al., 2010). The
three periods defined as “medium” are characteribgd around 20ug/m3 of PM; mass
concentration and the aerosol chemical composiiartomparable with the average values for the
whole campaign. During the two high level evenwniified in the middle and in the end of the
campaign, air arrives from the northeast and tHeT3l site is downwind of Paris. Despite this,
concentrations at SIRTA are only slightly higheartrat the other two sites, indicating the stronger
effect of air masses from regional and long-rangadgport relative to the Paris plume. The
influence of the transported (aged) air massesbeaseen in higher fractions of NOSQ? and
NH," (secondary inorganic aerosols) compared to orgaaicl also in the major contribution of
SOA (50-70%) compared to the organic primary sairce

Another important feature of Fig. 12 appears in tbeer bar graph, where the OA source
apportionment is classified according to meteorglagncentration, and air mass trajectory. During
the clean period (labeled “low”) the air masses edrom the ocean in contrast to the medium and
high pollution events (see SI-8). For the low ptidin periods, the organics are mainly affected by
local primary emission sources and less by secgrfdamation due to the wet deposition of all the
accumulated and oxidized pollutants by a rain ewenthe night of the 16 In contrast, the two
high pollution events are dominated by SOA (50-76Rthe total organic mass) compared to the
primary sources, suggesting more processed air.
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sources. Further support for this finding is seerthie rather uniform temporal variation of the | petween Asian text and

aerosol chemical composition measured by the AM®rgmthe three sites (see Fig. 1). An [ numbers, Tabs: Notat 9.11
analogous comparison has been performed in terr®d/67 results for both the factor mass spectra
and time series (see Fig. SI-6.7.1). The identiRdF factors have similar mass spectra at all three
Paris sites, with the exception of m/z 15 and 29BBOA and m/z 44 for OOA, for which the
differences are probably associated with differerindfragmentation and/or thermal decomposition
among the AMS instruments (as discussed in se@leB). Similar to the inorganic species, the
OOA time series are comparable at the three s#feggesting that regional SOA production
dominates over sources within the urban core. firest, the contribution of local emissions affects
the variation of the primary sources (mainly HOAI&ZOA), whereas local biomass burning spikes
can be seen in addition to the wood burning baakgtoln addition, Fig. SI-5.1 shows that the
identified organic sources at the three sites aveged in different regions of the trianqular space
defined by Ng et al. (2010). Some of the differena@thin each group of sources are probably due
to the deployment of different types of instrumefdsy. C-ToF vs HR-ToF-AMS), different ion
transmission and fragmentation etc.

To assess the impact of regional and local sowaoemng the sites, a linear correlation between the
time series of each PMF factor at the two urbarkdpamind stations (SIRTA and GOLF) and the
city site (LHVP) was performed using the orthogodiatance regression method. As expected the
OOA values measured at the urban background lotatiorrelate very well with LHVP (slope of
1.1 with R equal to 0.89, and slope of 0.97 with &jual to 0.73 for the SIRTA and GOLF site,
respectively). The linear regression applied toBB®A components resulted in slopes of 1.15 and
0.86 for the SIRTA (R=0.53) and GOLF sites {R=0.49), respectively, indicating both background
contributions and local emissions for biomass lmgr®A. However, the influence of primary local
emissions can be found especially in the HOA tieres, where the SIRTA versus LHVP slope is
1.07 (with B=0.38) and the GOLF vs. LHVP slope is 1.07°4&31). Finally the cooking
contribution shows clear local features, and theetation between the COA time series of SIRTA
and LHVP is very low (slope equal to 0.52 ané=®04). Further evidence for the regional
influences on Paris aerosol is provided by a comsparbetween the SIRTA and GOLF sites (urban
background) with a remote rural site located 58 &ast/northeast from the center of paris.
Aethalometer measurements at this site do not sigmificant differences from the SIRTA BC
levels (see SI-7), indicating that the GOLF andBARites can be considered as urban background
locations, and are far enough from the Paris megéaziassess its effects on the surrounding areas.
However the surprisingly homogeneous distributidnttee BC and the other aerosol species
concentrations over the Paris area support théfisgmt finding that Paris has a very low impact on
the air quality of its surroundings. As already m@med, measurements outside the Paris
metropolitan area have been performed by two mdélieratories; the detailed discussion of those
results is beyond the scope of this work and wdl ddldressed in companion papers (Von der
Weiden-Reinmiiller, in preparation).

4 Conclusions

To assess the effect of a post-industrial megaeityregional air quality, measurements of
submicron aerosol composition were performed duwirger 2010 in the Paris metropolitan area,
including three stationary measurement sites aral nwbile laboratories. Here we discuss the
stationary measurements, covering a domain of krd@round Paris. The aerosol non-refractory
composition and black carbon content were deternmeaerosol mass spectrometer (AMS) and
aethalometer measurements, respectively. AMS ims&nds were deployed at one site in the urban
core and at two suburban background sites, whileakmmeters were deployed in the urban core
and at one suburban background site. The aerosgbasition was similar at all three sites, with
mean concentrations ranging from 30-36% organi82®4 nitrate, 12-14% ammonium, 14-16%
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sulfate, 0.8-1.2% chloride and 7-13% black carbdme homogeneity of the particle composition
and highly correlated time series across the thites suggest a dominating influence of regional
factors on Paris air quality during the MEGAPOLhgaaign and a surprisingly minor influence of
the Paris megacity on its surroundings in agreemht previous studies (Gros et al., 2011;Sciare
et al., 2010).

The surprisingly low impact of Paris on its surrdings can be seen also in the reduced role of
local sources which affect mainly the primary efoiss and the significant contribution of specific
urban sources, such as cooking, only in the cotheo€ity.

Organic source apportionment using the PMF teclnigdicates a dominant contribution from
secondary organic aerosol (57-74%, depending onsitieg, with the major primary emissions
sources consisting of traffic, biomass burning, endking emissions. While lower on average than
the secondary sources, these primary emissionsdiextrong diurnal cycles and can become
significant aerosol sources during peak hours. &@mple, the cooking factor contributes up to
35% of the total organic mass during lunch houlscB carbon was apportioned to traffic and
biomass burning sources using the wavelength demeedof light absorption by black carbon,
which varies based on the source. A comparisorh@forganic factors from traffic and biomass
burning with their corresponding black carbon fastshows very good agreement, supporting the
individual apportionment techniques, and providiagher evidence of the major role of such
sources on PM composition in the region of Paris.
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Table 1. Comparison between reference spectra kel fRctors. The COA reference spectra are
calculated as the mean of all cooking emissionstspeneasured by He et al. (2010); other
reference spectra are provided by Ng et al. (2@t@) by DeCarlo et al. (2010) for the O@A

BBOA spectrum.

Reference spectra (R )

PMF factors  OOA  HOA BBOA COA OOA2-BBOA
GOLF
OO0A 0.88 0.08 0.24 0.17 0.65
HOA 0.22 0.98 0.64 0.76 0.40
BBOA 0.26 0.36 0.69 0.37 0.29
OOA,-BBOA  0.85 0.15 0.47 0.18 0.77
LHVP
OOA 0.96 0.08 0.45 0.26 0.81
HOA 0.22 0.98 0.62 0.76 0.40
BBOA 0.71 0.30 0.76 0.41 0.71
OOA,-BBOA  0.80 0.36 0.80 0.38 0.84
COA 0.34 0.72 0.71 0.86 0.54
SIRTA
OOA 0.92 0.12 0.36 0.21 0.44
HOA 0.30 0.90 0.79 0.71 0.49
BBOA 0.48 0.18 0.71 0.24 0.44
COA 0.29 0.77 0.58 0.86 0.47
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Figure captions:

Figure 1.Comparison of PMchemical composition from AMS (organics (Org),fatds (SQ),
nitrates (NQ), ammonium (NH"), chlorine (Chl)) and black carbon (BC) measuretién the

Paris region.

Figure 2 Diurnal variation of organics, inorganics and blaekbon in the Paris regidnolid line =

median values, dashed line = meatues).

- [ Deleted: (median

Figure 3. PMF results: time series and mass spectmaparisons (SIRTA site). The COA reference
spectrum is calculated as the mean of all cooking&ons spectra measured by He et al. (2010);

other reference spectra are provided by Ng el ().

Figure 4.PMF results: time series and mass spectral congreri@GOLF site). Reference spectra
are provided by Ng et al. (2010) for BBOA, HOA, a6®A, and by DeCarlo et al. (2010) for

OOA,-BBOA.

Figure 5.PMF results: time series and mass spectral congresrid HVP site). The COA reference
spectrum is calculated as the mean of all cookingg&ons spectra measured by He et al. (2010),
and the OOA-BBOA spectra is from DeCarlo et al. (2010), andeotreference spectra are taken

from Ng et al. (2010).

Figure 6. Comparison of biomass burning-related PMF factonsl dilter measurements of

levoglucosan at the LHVP and SIRTA sites.
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Figure 7. Comparison of stearic acid (GC-MS) and COA (PMénaentrations.

values). For comparison, the OOA total, which repris the sum of OQAand OOA-BBOA
when these two sources were identified separateBNdF, is shown.

Figure 9.Mass fraction of/z 55 and 57 f§s andfs7) for primary organics at the LHVP site.
Reference lines for pure COA and HQZefined as CO4qand HOA, o respectivelyare shown.

Figure 10.Time series comparison of AMS and BC factors reldatetraffic and wood burning at
the SIRTA and LHVP sites.

Figure 11.Comparison ofHOA and BBOA apportionment using PMF and the Aathwdter
methods. Orthogonal distance regression providggeslof 0.55 and 0.56 for the HOA-B@lots
and 3.83-3.9 for the BBOA-Bf ones.

Figure 12.Temporal variation of the chemical composition amganic source apportionment for

different wind sectors and mass concentrations (@EGsite, L=LHVP site, S=SIRTA site). The
total mass is the sum of the AMS species and BGureaents (blue lines).
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