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ABSTRACT

A high-resolution time-of-flight aerosol mass spenteter (HR-ToF-AMS) was deployed during
wintertime (5 February to 15 March 2016) at a sbharsite in Douai, northern France, in order
to investigate the characteristics and sourcebebtganic matter (OM). The campaign average
concentration of non-refractory submicron particelmatter (NR-PN) was 11.1 + 9.3 pgth
and composed of 38% OM, 36% nitrate, 16% ammonindh®6 sulfate. The average values for
the OM:OC, O:C and H:C ratios were 1.60 £ 0.152@&3®.11 and 1.55 + 0.14, respectively,
indicating a moderate level of aerosol oxidatiohe Positive matrix factorization (PMF) source
apportionment method was applied to the high-regsluorganic aerosol (OA) mass spectra,
resulting in four factors: a hydrocarbon-like (HO#agtor; one associated with oxidized biomass
burning (0BBOA); and two oxygenated factors (OOA&ndted as less oxidized (LO-OOA) and
more oxidized (MO-OOA), with average contributiotts OA of 20%, 28%, 17% and 35%,
respectively. The oBBOA factor was found to be rhyalacal as shown by non-parametric wind
regression (NWR) analysis, and to correlate wethwelative humidity (RH), suggesting fast
aqueous processing of locally emitted primary bissnburning emissions. During most part of
the campaign, the sampling site was affected bierdiit air masses. However, during the last
period of the campaign (5-16 March 2016) the sites Weavily impacted by air masses from
Eastern Europe which were rich in secondary indogand organic aerosols. The H:C versus
O:C (Van Krevelen, VK) diagram highlighted that therosol followed an oxidation process
throughout the whole campaign, with an averageesiop-1.05. The impact of continental air
masses towards the end of the campaign confinegettosol towards a narrower space in the VK
diagram, suggesting a homogenization of the diffieeerosol sources due to OA ageing during
transport. Several nocturnal NPF (new particle fafon)-like events were observed and
associated to the fast processing of BBOA emissaoialsthe formation of ammonium nitrate.

Keywords: AMS; organic aerosols; source apportionment; agsi@oocessing
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1. Introduction

Atmospheric aerosols have gained attention worldwdde to their various impacts on
human health (Kelly and Fussell, 2012), climatsibiiity and ecosystems (Hallquist et al., 2009;
IPCC, 2013; Watson, 2002). In the year 2016 onillypallution was responsible for 7 million
deaths worldwide (WHO, 2018), mostly due to inhalatof fine particulate matter (PA). In
Europe, the premature mortality associated to altupon is also alarmingly high, with
estimations for the year 2016 ranging from 208,00@48,000 for high-income and low- to
middle-income countries, respectively (WHO, 2018he region of northern France is also
affected by high levels of PM, particularly during winter and spring (Atmo NolRas-de-Calais,
2014). These high levels are mainly attributedttolocation amidst various emission source
areas including an extensive highway network, & hidpan density, and the proximity to several
European capitals (London, Paris, and Brussels)edisas a significant influence of industry and
agriculture.

While the elemental and inorganic fractions of anbi aerosols are rather well
understood, the characterization of the organiden&®M) still remains a challenge due to their
complex nature, associated to numerous emissionce®uand atmospheric transformations
(Hallquist et al., 2009; Jimenez et al., 2009). @&h represent from 20 to 90% of the total
submicron aerosol (PN mass (Jimenez et al., 2009), and hence undemtaitd sources and
transformation processes is essential in ordereteldp effective mitigation policies. OM, also
called organic aerosol (OA), is typically dividedto primary (POA) and secondary organic
aerosols (SOA). POA are directly emitted to thecsphere by a variety of sources comprising
anthropogenic ones such as traffic, industrialvéats, and residential biomass combustion; and
natural ones like sea spray, volcanic emissiongstdires, etc. (Hallquist et al., 2009; Mohr et
al., 2009). SOA are formed in the atmosphere thia@aayeral physicochemical processes of gas
phase VOCs (volatile organic compounds) or POA @kafou et al., 2005).

Different techniques have been developed in thé¢ ¢geesades to analyze the nature and
composition of OA. Most of these techniques workifline mode; post analysis of the collected
samples. These techniques can provide more extaustiormation on the nature and
characteristics of individual organic species, thdy require large amounts of samples which
generally result in a low time resolution (of setehours). Since most of the atmospheric
reactions occur at a time scale of few tens of memuthese offline techniques often fail to
elucidate the underlying atmospheric processeslqtiat et al., 2009). On the contrary, online
techniques provide less exhaustive information adividual chemical species but can
characterize bulk OA with a very high time resaduati(of seconds to minutes). Among the
available online techniques, aerosol mass spectrgrf®M S) has become quite popular, since it
allows the measurement of the chemical composiind mass loading as a function of the
particle size in the submicron range (Canagaratah,e2007).

Besides, the combination of AMS data with sourcpoafionment techniques, mainly
positive matrix factorization (PMF) and multi-lime@angine (ME-2), has allowed for the study of
the OA sources and characteristics (Ulbrich et28l09). Several AMS-PMF studies have shown
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that OA can typically be separated into secondagxggenated OA (OOA), and several primary
OA types like hydrocarbon-like OA (HOA), biomassribng OA (BBOA) and cooking OA
(COA), depending on the site location and sampdiegson (Bozzetti et al., 2017; Crippa et al.,
2014; Florou et al., 2017; Lanz et al., 2010; Mehal., 2012; Poulain et al., 2011; Saarikoski et
al., 2012; Timonen et al., 2013). In France, a &wudies have focused on the OA sources and
characteristics using real-time measurements iis P@rippa et al., 2013), Marseille (Bozzetti et
al., 2017), and in the north of France in Douai &uhkirk which showed that winter OA was
moderately oxidized and mostly composed of OOA  levkignificant contributions of BBOA,
HOA and sulfur-containing OA (SCOA) were also foy@tenn et al., 2017a, 2017hb).

In this context, this intensive campaign using ighfresolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS) and carried out imtev 2016 at a suburban site in Douai
was deployed with the aim of complementing ongdorgg-term measurements with a Monitor
for Gases and AeRosols in ambient Air (MARGA) arideo collocated instrumentation which
focused on the source apportionment of the, PMorganic aerosol with an hourly resolution
(Roig Rodelas et al., in press). This work focusesthe characterization of the chemical
composition of NR-PM and of the sources of OA obtained by PMF analgisisng winter in
Douai. In addition, the influence of meteorologichhracteristics and long-range transport on the
characteristics of NR-PMs also evaluated.

2. Materials and methods
2.1. Measurement site

Observations of the chemical composition of atmesighaerosols were carried out from
5 February to 16 March 2016 in Douai, northern Eearat a suburban location outside the city
center (Figure S1) which is considered as reprasieatof the background pollution of the area
(50°23'03”N, 3°05’08”E, and 20 m above sea levelhe city of Douai is located in a fairly flat
land and is close (about 25-30 km south) to thepgesn Metropolis of Lille. Lille is the second
most densely populated metropolis in France, aftett of Paris, with about 1.2 million
inhabitants and a population density of 1,832 inHah?. The climate in northern France is
classified as temperate oceanic, characterizedWwyskasonal thermal amplitudes, and regular
precipitations along the year, with no dry season.

2.2. Instrumentation

The high resolution-time of flight-aerosol massdpemeter (HR-ToF-AMS) (Aerodyne
Research, USA), hereafter named AMS, was deplogedrder to measure in real-time the
chemical composition and concentrations of the mdractory PM (NR-PM,) (DeCarlo et al.,
2006). The major species composing NRiRMlude NQ, NH,;, SQ, Cl and organic aerosols
(OA). Due to the principle of AMS data analysise thon-refractory species are vaporized and
ionized by electron impact (70 eV). Hence, the namikthese species as used throughout this
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article (i.e. without charges) correspond to then s all the m/z fragments related to one given
species in the fragmentation table (Allan et &048). The AMS operates in two modes according
to the trajectory of the ions: the low resolutiont thighly sensitive V mode and the high

resolution but less sensitive W mode. In this siudg time resolution of the AMS was set to 5
minutes, with 3 minutes for mode V and 2 minutesnimde W. Only the results for the V mode

are shown, since the lower sensitivity of the W mallivered a too low signal-to-noise ratio

during most of the campaign.

The mass concentration measurement accuracy of d&p8nds on collection efficiency
(CE) and ionization efficiency (IE) values. The Cé&nsiders the effects of incomplete focusing
of the particle beam and bouncing of some patrtittle® the vaporizer (Drewnick et al., 2005).
Typically, a default CE value of 0.5 is used (Mielllook et al., 2012). However, it has been
shown that the CE is dependent on particle phalsehwis influenced by the relative humidity in
the sampling line above 80%, the acidity/neutraiira of the sulfate, ammonium nitrate, and
organic content (Middlebrook et al., 2012). In tinsrk a Nafion dryer was used in order to
reduce the relative humidity in the sampling lihe.addition, a composition dependent CE
(CDCE), which recalculates the concentrations bfr& chemical species by taking into account
the NG fraction of the aerosol, was applied to the AMSadas proposed previously by
Middlebrook et al. (2012).

The IE is defined as the ratio between the numbesrs detected and the molecules of
the parent species (Jimenez, 2003), and is spspesific. Its value is determined through
calibrations. However, since it is not practical perform individual calibrations for all
compounds in ambient aerosol, a reference caltras typically performed for nitrate, and the
relative IE (RIE) of every species is obtained tietato that of nitrate (Alfarra et al., 2004). We
carried out calibrations every two weeks in oradedetermine IE(N@) and RIE(NH") using
aqueous solutions of Tomol L* NH,NO; (Sigma Aldrich, 99.0%). NENO; particles were
generated by an atomizer (TSI 3076) and then diegassing through a silica gel drier (TSI
3062). A dilution system composed of a set of valaad a HEPA (High Efficiency Particle Air)
filter was used in order to vary the particle caorication. In addition, an electrostatic classifier
(TSI 3080) and a differential mobility analyzer (T3®81) allowed selecting the particles with an
electrical mobility diameter of 300 nm. Finally, ethparticles entered simultaneously a
condensation particle counter (TSI, 3788) and tMSAAdditional calibrations were carried out
using aqueous solutions of 1énol L™ of (NH4).SOs (Sigma Aldrich, 99.0%) and Nj&I (Sigma
Aldrich, 99.5%) in order to determine the RIE fdd,Sand CI, respectively. The RIE values were
determined to be 4.0, 1.1 and 1.6 for/NBQ, and CI, respectively.

The processing of the AMS unit mass resolution (JMRd high resolution (HR) data
has been carried out by using the modules SQUIRREtQUential Igor data RetRiEval,
version 1.60E) and PIKA (Peak Integration by KeyaMsis, version 1.20E), respectively (D.
Sueper, University of Colorado-Boulder, Boulder, ,@€5A) for Igor Pro v. 6.37 (Wavemetrics,
Inc. Portland, OR, USA).

A scanning mobility particle sizer SMPS Model 393&1) was also deployed in order to
obtain the particle number size distribution (PN®Bjween 10 and 1083 nm every 7 min.
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Additionally, several other instruments were usedpart of a longer campaign (Roig
Rodelas et al., in press), whose data are usetbfaparison purposes and as external tracers to
validate the PMF identified factors. These includedMARGA 1S (Metrohm Applikon B.V,
Netherlands) (ten Brink et al., 2007) for the meement of water-soluble ions (NQSQ?,
NH;", K" and precursor gases (HONO) with an hourly reswiyt a double-
wavelengthaethalometer AE42 (Magee Scientific, USA)lack carbon (BC) and Delta-C with
a 5-min time resolution, a chemiluminescence amali#Ox 2000G (Seres environment, France)
for nitrogen oxides every 15 minutes and a BAM-1(@®&t One Instruments, USA) for the
PM, s total mass concentration every hour. The Deltaafable was determined as the difference
of light absorption between 370 and 880 nm, andessmts the enhanced optical absorption of
some specific OA compounds (Allen et al., 2004hds previously been found to correlate with
wood-burning markers such as levoglucosan ahdud therefore might be used as a tracer of
wood combustion (Allen et al., 2004; Wang et aQ12). Meteorological parameters including
temperature, relative humidity (RH), and pressumrewacquired from a BAM-1020 and a
TEOM-FDMS. The wind speed and direction, and piigtiipn were monitored on site with an
anemometer. The mixing layer height (MLH) was o from the GDAS meteorological data
(1 degree) on the NOAA website.

2.3. Source apportionment of OA

The Positive Matrix Factorization (PMF) method (eaa and Tapper, 1994) was applied
to the V mode HR OA mass spectra (m/z = 12 to m15@) in order to investigate the different
sources of OA using the PMF Evaluation Tool (PETB\O integrated into Igor Pro (Paatero
and Tapper, 1994; Ulbrich et al., 2009). PMF arialygs carried out as per the guidelines of
Paatero and Tapper, 1994 and Ulbrich et al., 2008ak species, with a signal-to-noise ratio
(SNR) below 2 were down-weighted by a factor ofr2addition, the errors of GO as well as
the four ions associated with it in the fragmemieg(O", HO", H,O", CO") were downweighted
automatically using PET in order to prevent excessieighting of the signal at m/z 44 (Allan et
al., 2004; Ulbrich et al., 2009). No fragments (SKR.2) were removed from the database. We
examined PMF solutions between 2 and 8 factors.sElection of the most appropriate solution
was made by taking into account several criterighsas the variation of the Qi ratio, the
physical meaningfulness of the mass spectra rapiiegeeach factor, the time series and daily
cycles, and the relationship with external variable

2.4. Geographical determination of sources

In order to get insight into the geographical argyof the sources of OA, we combined
the data obtained by the PMF analysis with the wapged and direction and the back-
trajectories. The wind speed and wind directionengsed by applying the non-parametric wind
regression (NWR), a hybrid source-receptor modetiwlocates and quantifies local sources of
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hourly averaged atmospheric concentrations of mufamit based on wind speed (u) and direction
(6) (Henry et al., 2009) following equation 1:

 clo,) = B )et)a
St k() ()
whereE is the concentration estimate at a wind directiaand wind speed; W, U; andC;
the wind direction, speed and atmospheric conceéoig respectively, measuredtate andh
the smoothing factors (suggested by the softwaredK: andK; are a Gaussian kernel function
for wind directiond and an Epanechnikov kernel function for wind speecspectively, used to
get the smoothing (Henry et al., 2009).
The weighed concentrations obtained from Eqg. 1 then weighted by the wind
frequency. Hence, an empirical joint probabilityndiy of wind speed and direction is calculated
using the kernel density estimate, as shown intexjua:

Eqg. 1

0= g B (S (52)

whereN is the total number of points.

The Potential Source Contribution Function (PSGR) statistical source-receptor model
aiming at determining the geographical origins ighthconcentrations of air pollutants. It is based
on the analysis of the residence times of air nsags&g air mass trajectories back in time. The
main idea is that the longer an air mass stays avaollution source, the higher the pollution
brought by the air mass to the receptor site. Gdiyethe domain covered by the backtrajectories
is meshed according to a regular grid. The PSCFemmcalculates the probability of having a
pollutant source located inside each gridcell o #homain and responsible for pollutant
concentrations measured at the receptor site adogireen threshold, following equation 3:

pScF =24 Eq. 3
ngj

where m) is the number of backtrajectory endpoints passiugr the ii" gridcell at
latitudei and longitudg and associated to concentrations measured ag¢t¢lkptor site exceeding
a specific threshold (in this case the"7gercentile was used); ang the total number of
trajectory endpoints passing over tHegyidcell.

A high value of the PSCF probability for th& gridcell indicates a high probability that
this gridcell corresponds to a source location. baektrajectories used for PSCF analysis were
calculated with HYSPLIT 4 (HYbrid Single-Particleagirangian Integrated Trajectory) for an
arrival height of half of the planetary boundarydg at 3-h intervals (8 trajectories per day at O,
3, 6,9, 12, 15, 18, 21 UTC), and 72 hours backnre. Due to spatial resolution, PSCF was
applied only to OA sources identified as regiongl the NWR approach. In addition, a
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sigmoidal-type weighing function was applied whesing PSCF in order to decrease the
influence of grid cells with a few number of points

The calculation of both NWR and PSCF was carrigdusing the Zefir v3.31 IGOR tool (Petit et
al., 2017).

2.5. Ventilation coefficient
Additionally, we calculated the ventilation coefént (i.e. the product of the mixing layer
height and the wind speed; in“ra') in order to evaluate whether the atmospheric itioms
favor dispersion or accumulation of the pollutasitshe sampling location (Goyal and Chalapati
Rao, 2007). The dispersion condition in the sitecasmsidered as bad, moderate, good and
excellent for ventilation coefficients between @&h)000, 2,001 and 4,000, 4,001 and 6,000 and
> 6,000 m2 § respectively, according to the criteria of Eaglen091).

3. Results and discussions
3.1. Overview of NR-PM;

The time series of the meteorological parametamscentrations of the main components of
NR-PM; and OA elemental ratios are shown in Figure 1. Weather conditions during the
campaign were mostly humid and cold, with averagkies for RH and T of 8212% and
5.7 £ 3.3°C, respectively. Relatively low wind sgdsevere observed during the campaign, with
an average of 1.6 + 1.2 nif,swith calm winds from north and northeast alteimgtvith strong
winds from the southwest.

Moderate to high levels of NR-PMvere observed during the measurement campaigh, wit
concentrations ranging from 0.23 to 50.9 pg and a campaign average concentration of
11.1 + 9.3 ug M. The NR-PM composition was dominated by OA (38.4%:; 4.2 +BdLni®)
and NQ (35.9%; 4.0 + 4.3 pg 1) followed by NH, (15.9%:; 1.8 + 1.8 pg 1) and SQ (8.8%;

1.0 + 0.9 pg ). The contribution of Cl was particularly low (%4 0.23 pg i) throughout the
campaign, and hence will not be further discusgedvious studies in northern France carried
out in winter also observed similar compositions KR-PM; (Crenn et al., 2017b, 2017a);
Zhang et al., in prep.). In addition, the majorrgmic species in NR-PMneasured by the AMS
(NO3, NHzand SQ) are well correlated (r > 0.95) to those measumedM, s by a MARGA 1S
(Roig Rodelas et al., in press). Some interestimanges were observed between the first part (5
February — 4 March 2016) and the second part (Ma&h 2016) of the campaign. During the
second period, particularly high concentration®\BtPM,; (up to 50 pg i) were observed. This
was attributed to an impact of air masses origmgatirom continental Europe and rich in
secondary aerosols, as will be discussed in dataéction 3.4.

The daily profiles of the average concentrationd &mactional contributions for the main
species of NR-PMare shown in Figure S2. Concentrations of;/d@d NH, are higher during the
nighttime, in accordance with the lower temperawed higher RH favoring the partitioning of
ammonium nitrate to the aerosol phase. On the dthed, the concentrations of sulfate do not
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show noticeable differences throughout the day,gssiing that it might be a result of
transformation of regionally emitted 20n addition, the daytime production of $@ight have
been masked by the expansion of the boundary layef,the nighttime lower boundary layer
values might have caused higher,3Qus the similar levels between daytime and niigiait The
daily cycle of OA shows two maxima, one in the garlorning which could be linked to the
vehicular emissions during the traffic rush houasd one in the evening, which could be
attributed to emissions from biomass burning, dé lva further discussed in section 3.3. The
difference in composition of the NR-RMetween daytime and nighttime was small, althabhgh
contribution of OA was higher through the night¥4tompared to 35% during daytime; Figure
S2b), which could be attributed to a higher contitn of OA sources such as biomass burning
during the nighttime, as will be discussed later.

The origin of the main components of NR-PMas assessed with the use of polar plots,
shown in Figure S3. We observed higher concentratad NQ and NH, for low and moderate
wind speeds from the NE sector, suggesting thabrabmation of local and regional sources
could have contributed to the observed concentratibligh levels of SQare observed for low
and moderate wind speeds in the NE sector. Howehgh concentrations of SCGare also
observed for other directions, implying that itggor could be rather regional, in agreement with
its daily cycle. The polar plot for OA shows highencentrations for very calm winds
(<1m sY), pointing out significant local contributions. fever, high concentrations of OA are
also observed for moderate wind speeds from theahE SE sectors, suggesting that regional
sources are also important.

The acidity of the NR-PMaerosol was evaluated by using the neutralizatadio (NR)
(Figure S4). This is defined as the ratio betwdendbserved ammonium and that required for
the full neutralization of nitrate and sulfate. NW&s close to 1 during most of the campaign,
implying that there was always enough NB neutralize N@and SQ.

3.2. OA characteristics

Calculation of OA elemental ratios indicates tha @as moderately oxidized during the
campaign. The elemental ratios were calculateddbasehe calibration factors from Aiken et al.
(2008). The average values for the OM:OC, O:C ard thtios were 1.60 + 0.15, 0.32 +0.11
and 1.55 £ 0.14, respectively. These values arsisiamt with previous wintertime observations
at urban sites in France (Chakraborty et al., @pprCrenn et al., 2017b; Crippa et al., 2013).

The daily profiles of the elemental ratios are showFigure 2. The OM:OC and O:C ratios
are found to be slightly higher during nighttimanhdaytime hours, which could be attributed to
agueous processing during nighttime due to very IiR¢f levels and occurrence of some fog
events. Higher or comparable nighttime OM:OC an@€ ®alues have also been observed in
previous studies (Brown et al., 2013; Florou et2017; Hayes et al., 2013). High humidity and
fog events can create a suitable environment foeaas oxidation leading to higher O:C ratios.
Li et al. (2013) and Chakraborty et al. (2015) mdpd oxidation of OA and possible changes in
oxidation mechanism (functionalization vs fragménotg from two moderate to highly polluted
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locations of Asia via AMS observations. Ge et aD12) and Dall'Osto et al. (2009) reported
formation of organosulfates during fog events frerasno, California, and London using AMS.
Sullivan et al. (2016) detected aqueous SOA formmagiven in dark under high RH conditions.
So, under foggy and high RH conditions night-tim&dation can also produce highly oxidized
SOA. Stagnant conditions during winter nights, ssjgd by ventilation coefficient values lower
than 1000 rh s* (Eagleman, 1991) (Figure S5b), may have also ailbmore time for the
processing of local air masses. For instance, agueaidation of primary biomass burning
aerosols has already been reported (Gilardoni.e@16) and this will be discussed further in
section 3.3. Relatively lower solar radiation (ahds less photochemical activity) may have led
to the observed lower OA oxidation levels duringtdae. The minima for OM:OC and O:C are
found in the early morning (7-8 am UTC, that is&ty 8-9 am local time) and afternoon (5-6 pm
UTC), during the traffic rush hours. On the contrdhe H:C ratio presents higher values during
daytime, with maximum values during the trafficidsours. In the literature, H:C usually shows
a sharp decrease after reaching its maximum imtbing (Crippa et al., 2013; Docherty et al.,
2011; Florou et al., 2017; Saarikoski et al., 20k2)wever, in this study H:C shows only a
minor dip after its morning maximum, and remaireasty until the afternoon traffic rush hours.
This could be linked to the substantial contribatfoom some primary sources such as traffic
outside rush hours (the road next to the sampliegssituated between an industrial zone and a
commercial zone, implying that there is always saratfic of cars, trucks and buses).

The Van Krevelen plot (H:C vs O:C) can reveal somportant information on the aging of
the atmospheric OA (Heald et al., 2010). In FigBr®A elemental ratios are observed to move
towards the lower right (higher O:C and lower H&S)the campaign proceeds. Some inferences
can be drawn on OA aging based on the slope otttaage of OA elemental ratios. In the same
plot, reactions involving the addition/subtractioinseveral functional groups are illustrated with
straight lines of different slope values. For ins& a slope of -2 is obtained when an aliphatic
carbon group-{CH,-) is replaced by a carbonyl group-€(=0)-), representing the loss of 2
hydrogens and the gain of 1 oxygen. The replacemtone hydrogen atom with an alcohol
group (OH-) results in a slope value of 0. Lastly, a slopelofs obtained by the simultaneous
addition of the carbonyl and alcohol groups (Heeilchl., 2010). The data plotted in Figure 3
presented an average slope of -1.05, which is énréimge of values reported for other field
campaigns (-0.8 to -1.1) (Hayes et al., 2013; Healdl., 2010; Timonen et al., 2013). It is also
observed that the elemental ratios of OA tend tedidined within a narrow area towards the
end of the campaign, when aged air masses wergngrifirom continental Europe, as will be
discussed in detail in section 3.4. This obsereedéncy implies that with the atmospheric aging
due to transport, the chemical characteristicsutk DA tend to be homogenized, as reported in
several previous studies (Pan, 2015; Williams .e28i07).

3.3. Source apportionment of OA

The PMF analysis was applied to the high resolutimass spectra of OA by varying the
number of factors from two to eight. The four factmlution was chosen based on the Q/Q
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ratio, the chemical signatures of the different sngigectra, the time series and daily cycles, and
the correlation with tracers and external variablRsasoning behind this choice is presented in
Table S1. The PMF diagnostics for the chosen swiwre shown in Figure S6. The four factors
were identified as hydrocarbon-like OA (HOA), oxdd biomass burning OA (0BBOA), more
oxygenated oxidized OA (MO-OOA) and less oxygenatedized OA (LO-OOA).

When the number of factors was increased up to, fwvedHOA-COA mixed factor was
obtained, which entailed the decrease of residatal®/z 55 among others. The mass spectra, time
series and daily profiles are shown in the suppilearg material (Figure S7). However, the
Q/Qexp barely decreased with respect to the four faahrt®n, and hence the four factor solution
was finally chosen.

The mass spectra profiles and time series for éactor are shown in Figure 4a and b,
respectively. The higher contributions are obserfigdMO-OOA (33%) and oBBOA (28%),
while LO-OOA (17%) and HOA (20%) constituted thenaning OA mass. The time series of
each PMF factor and their correlation with traceaf® shown in Figure S8. In addition, in Table
S2 the correlations between the PMF factors anddaéionally available external variables are
also presented.

As mentioned in section 2.4, linking the wind spaed direction data to the PMF factors can
bring additional information on the sources of G#ence, in Figure 6 the NWR plots for each
PMF factor are shown.

3.3.1. HOA

The HOA mass spectrum is dominated by €h&l,,_, andC, H;, ., ion series (Figure 4a),
which are characteristic of OA mass spectra fromiotdar exhaust emissions (Canagaratna et
al., 2004). Accordingly, the HOA factor has thehegt H:C ratio (2.03), and lowest OM:OC
(1.36) and O:C (0.13) ratios among all the factditse daily profile of HOA (Figure 5a) shows
two prominent peaks in the morning and evening $i@orresponding to higher traffic activities
during the rush hours. HOA is observed to be stsongrrelated with m/z 57 (r = 0.94; Figure
S8a), which is typically used as an internal trdoerHOA. Good correlations are also observed
with external traffic tracers like BC (r = 0.70)daNCy (r = 0.72) (Figure S8a and Table S2). The
obtained HOA mass spectrum is also compared toerefe ambient spectra (Crippa et al., 2013,
Docherty et al., 2011; Mohr et al., 2012; Struckenett al., 2016) obtained from the High
Resolution AMS Spectral Database (http://ciresbiamlo.edu/jimenez-group/HRAMSsd/) and
excellent correlations are obtained (r = 0.89-0.@8yure S9). As shown in the NWR plot for
HOA in Figure 6a, the highest concentrations arseoked for very low wind speeds, suggesting
that most of the HOA was locally emitted. In faatfwo-lane road is located adjacent to the
sampling site and likely contributed notably to tieserved HOA.

3.3.2. 0BBOA
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An oxidized BBOA factor was also retrieved by th& P analysis. This factor is
characterized by the presence of characteristgnfests of biomass burning at m/z 60 and 73,
associated to £1,0," and GHs0,", respectively (Figure 4a) (Alfarra et al., 200&cordingly,
oBBOA is well correlated with its main tracer m/@ @ = 0.88; Figure S8b). In addition, good
correlations are observed between oBBOA and Del(a<0.69; Figure S8c and Table S2) and
water-soluble K from MARGA measurements (r = 0.61) (Table S2).e&plained in section 2.2,
Delta-C can be used as a tracer of wood combustion.

0BBOA has a high degree of oxidation (OM:OC = 1288l O:C = 0.58), with notable peaks
in its mass spectrum at m/z 28 (G029 (CHO) and 44 (C@). The observation of a unique
oxidized BBOA factor in OA PMF analysis is not comm Instead, most studies typically report
a primary BBOA factor or two separate primary anddized BBOA factors. However, a recent
study conducted in Houston, USA (Wallace et al180also reported the presence of a single
oxidized BBOA factor (OM:OC and O:C of 2.03 and®).Gespectively).

One previous field study has provided evidence qpfeaus processing of primary BBOA
(Gilardoni et al., 2016), mainly through its coatbn with RH. Sun et al. (2010) and Li et al.
(2014) observed the rapid formation of oxidized poomds and enhancement in O/C ratios via
laboratory aqueous oxidation of phenolic compoyptienol, syringol, guaiacol, etc.) originating
from biomass burning activities, and identified g&msignatures in ambient aerosols as well. So,
both field and laboratory studies provide evideticat the aqueous oxidation of BBOA is
possible under suitable atmospheric conditions. WRitles during the present measurement
campaign were particularly high, with an averageB®ft 12%, which could promote aqueous
processing of the OA. Indeed, when the correlabetween the PMF factors and the RH (by
bins) is evaluated (Figure 7), the concentratiord (eelative contribution) of oBBOA increases
from 0.47 pg it (12% of OA) for RH < 60% to 2.27 ug ™M31%) for RH > 95%. This positive
trend is observed between oBBOA and RH, while nos$ observed for the other PMF factors.
This, together with the NWR graph for oBBOA (Figusb) where higher concentrations are
associated with low wind speeds, suggests thatoaguprocessing possibly led to the rapid
oxidation of locally emitted biomass burning enags forming oBBOA.

The daily profile of oBBOA (Figure 5) shows an iease of the concentration in the late
afternoon and a maximum before midnight, after Whiee concentrations show a sharp decrease.
This profile is in agreement with the time of bigaaburning activities (in the evening), then
lower MLH and higher RH values during the nightomioting the aqueous processing of fresh
BBOA emissions.

3.3.3. LO-O0A and MO-OOA

Two OOA factors were obtained and denoted as LO-G@d MO-OOA (Figure 4a). Even
though their mass spectra are similar (r = 0.88)y tare being considered as two separate factors
since their degree of oxidation and time seriesdidferent (r = 0.62; Figure 4b). The mass
spectra of both factors are characterized by n@agaks at m/z 28 and 44, attributed to*G@d
CO,", respectively. However, the MO-OOA also includgseak at m/z 29 associated to CHO
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whereas the LO-OOA does not and instead preserdd samtributions from alkyl fragments at
m/z 29 and 64, attributed to,lds" and GH.", respectively. Therefore, the MO-OOA factor
presents higher OM:OC and O:C ratios (2.41 and,0&pectively) in comparison to the LO-
OOA factor (2.00 and 0.61). However, both factoasenvery similar H:C values (around 1.5)
suggesting there was no evolution of the LO-OOAams the MO-OOA, but rather that each
OOA factor has a different origin and/or has beescgssed over a different timescale. While
both factors showed a high correlation with N©= 0.79 and 0.86 for MO-OOA and LO-OO0A,
respectively), the LO-OOA factor correlated betteth SQ, (r = 0.84) than MO-OOA (r = 0.59).
This suggests that the LO-OOA could have a morsnad origin. Even though the majority of
AMS studies have reported correlations betweerataiind MO-OOA higher than with nitrate,
there are a few exceptions. For instance, in Cldhay et al. (2018) reported a poor correlation
between MO-OOA and sulfate and concluded that he#ne being produced by aqueous
oxidation. In addition, in more humid and coldendiions (similar to our sampling period),
nitrate can stay longer in the particulate phasetdurelatively lower evaporative loss, so it can
be transported over longer distances just as sul&infeld and Pandis, 2006; Zhou et al., 2018).
Xu et al. (2016) reported higher MO-OOA vs. nitratarelation than with sulfate, while LO-
OOA correlated well with both sulfate and nitraf@ey attributed this finding to the fact that the
nitrate formation was primarily occurring via phobt@mistry owing to lower temperature and
humid conditions. In this study, a similar phenoomemas been observed, so most likely MO-
OOA and nitrate were both produced via photochegniahd showed good correlation, while
LO-OO0A, which has some significant regional conitibn, correlates better with sulfate.

The time series of the MO-OOA factor shows simdancentrations throughout the whole
campaign (Figure 4b). However, the LO-OOA factoeganted low concentrations during most
of the time except in the last period, where itstdbution showed a remarkable increase (Figure
4b) due to the impact of air masses from contirleBtaope, as will be further discussed in
section 3.4. The daily profiles of both factorswkd a similar cycle, with smaller concentrations
in the daytime (Figure 5a). For MO-OOA, the concatibns are observed to be steady during
the night and early morning, but showed a decraasikthe evening, and then started to increase
again. For LO-OOA, the observed daily profile shdwae similar but less pronounced trend.
Concentrations of oxygenated factors are expeatedbet usually observed in the daytime,
particularly in the afternoon, due to higher sofadiation which promotes photochemistry
leading to the formation of secondary organic agsodlowever, in this study, the concentrations
of OOA factors have decreased over the day (Fi§aje This could be attributed to the strong
dilution effect of the mixing layer, the valueswhich are higher in the afternoon (Figure S5a).
Besides, although their concentrations are goingndatheir contributions to total OA are
increasing (Figure 5b) indicating that OOA is proed but somewhat masked by the enhanced
ML heights.

The NWR plots for the MO-OOA and LO-OOA factors shbigher concentrations for low-
to-moderate wind speeds from the NE sector (Figard). This suggests that the origin of both
factors is rather regional. The PSCF plots show kigher probabilities are observed for air
masses from Belgium and Germany (Figure S10).
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3.4. Impact of meteorological parameters and long rangeransport on NR-PM;
characteristics

The entire campaign was further divided into twdfedent periods based on mass
loadings and meteorological conditions to gainkertinsights about the impact of meteorology
and long range transport on aerosol characteridtiesod | (5 February to 4 March 2016) was
characterized by moderate NR-PfAverage of 8.8 + 7.3 ug#) ranging from 0.4 to 31.5 pg'm
3, On the other hand, period Il (5 to 16 March 2046dwed high concentrations of NR-PM
(average of 17.2 10.9 pg nT) with values up to 50 ug th The average temperatures and RH
values were similar between both periods. Howeperiod Il was associated with anticyclonic
conditions, with atmospheric pressure values highan 1020 hPa, no precipitations (4 mm in
comparison to 73 mm for period 1) and calm winasrfrthe N and NE. In addition, during period
Il significantly lower values were observed for thexing layer height during the nighttime
(Figure S5a), which could favor the accumulationpoilutants. The ventilation coefficient
(Figure S5b) also shows a similar trend, with lowighttime values in period Il (< 500s™)
which indicate adverse conditions for the dispersaf pollutants (Eagleman, 1991). The
backtrajectory density maps for each period (FigBfg) show that during period | higher
probabilities of occurrence are observed for aisgea from the north of France, suggesting that
there is a higher influence from local areas. Gadbntrary, in period Il high probabilities are
observed for Belgium, Germany and Western Polanderdll, this combination of factors
contributed to the long-range transport of NR+P&hd its accumulation over the region of
northern France.

The composition of the NR-PMwas also significantly different between both pdsi
(Figure 8). In period I, the NR-PMvas dominated by OA, with an average of 43%, wthke
inorganic ions constituted the rest of the mas#H) @8% NQ, 15% NH, 8% SQ and 1% CI. In
period Il the OA contribution decreased to 32%, dhd percentage of the inorganic ions
increases notably, particularly of N@ 39%, but also of NH(18%) and S® (10%). This
suggests that during period |, local sources couteid more significantly to OA, while during
period Il the long-range transported air masseddean increase of the levels of the inorganic
aerosols.

While the total OA mass in period Il was not sigzahtly higher in comparison to period
| (as opposed to the inorganic part of the aerpsod) observed significant differences in its
composition (Figure 8). On the one hand, in pefidde OA was dominated by local sources
(59%) with average contributions of 33% for oBBOAda23% for HOA. Among the rather
regional OA factors, MO-OOA clearly dominates (358%er LO-OOA (9%) (Figure 8). This
confirms that period | was mainly influenced bydbsources.

In addition, what seems to be a nocturnal new @arformation (“NPF-like”) event was
distinguished in period I, and will be discussedhia next section. On the other hand, in period I
the total contribution from local OA decreased #igantly to 32%, with average contributions
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of 18% for oBBOA, and 14% for HOA. The lower cobtition of oBBOA during period 1l (i.e.
under the influence of transported air masses foomtinental Europe) proves that primary
biomass burning emissions are locally processeck ddntribution of the regional factors
increased up to 68% during period Il. However, titothe contribution of the MO-OOA factor
is similar to that of period | (33%), the contrilmt of LO-OOA sharply increased to 34%.
Therefore, it seems that the increase in LO-OOApadriod Il could be attributed to the impact of
aged air masses transported from continental Europe

Despite a significantly different composition of &tween both periods, the elemental
ratios were rather similar. This could be attrilbte a compensation of these ratios between the
different OA factors (i.e. lower oBBOA and higheDtOOA during period II).

3.5. Nocturnal NPF-like event
During the period where the SMPS was deployed,raémnecturnal NPF-like events were
detected, presenting a characteristic banana ghigdetzenberg et al., 2007). This type of event
corresponds to the growth of previously formed maeter-sized particles. It may be
characterized based on the apparent growth rat®g(of particles calculated from Eq. 4:

g(t,D,) = =2 Eq. 4

whereAD, is the geometric mean diameter of the particles) (between the beginning
and the end of the event antis the duration of the event (h).

In total, four significant NPF-like events were mdiied, all of them during nighttime. A
summary on the characteristics of each event isngim Table 1 together with information on
other NPF or NPF-like events observed in urbanrenments. The initial growth rates of these
events were similar (ranging between 5.1 and 6.f)nand well within the range of 0.25-39
nm h* observed for other NPF events (Cheung et al., 2Bitler et al., 2005; Hamed et al.,
2007; lida et al., 2008; Man et al., 2015; Salimak, 2017; Stolzenburg et al., 2005; Wu et al.,
2007).

In this article, the results for the most represewe event, which occurred from 15 to 16
February 2016, are presented. The event took piader anticyclonic conditions, with clear sky,
calm winds, low temperatures and high RH valuedi##@hally, the ambient concentrations of
PM, s in the previous hours of the NPF-like event weadipularly low due to the occurrence of
precipitations and marine air masses with littléhespogenic influence impacting the site. This
low level of pre-existing particles favored the gtb of newly-formed particles by limiting the
sink linked to their collision with larger pre-eliigy ones, which generally hinders the
observation of this kind of event at urban sites.

In Figure 9, the time series of the particle numbee distribution (PNSD) and the
geometric mean diameter of RPMbtained with a scanning mobility particle siz&MPS) are
shown together with the time series of the PMFdiacaind PM5 total mass and main inorganic
ions and black carbon (BC). The NPF-like eventtsthat 6 pm and finished at 4 am (local time),
with an average growth rate of 5.1 ni teaching a geometric mean diameter of 70 nm. Two
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phases of growth can be observed (Figure 9b)sadine with a steeper slope (g = 6.4 i), h
between 18:00 and 23:00, corresponding to a strangesase of the aerosol size and a second
one less pronounced (g = 2.8 nif),hbetween 23:00 and 04:00 the next day. Duringgtiogvth
phase, for a given diameter in the upper rangé@fcleation mode (e.g. 20 nm) the particle
number concentration decreased with time, whetaasreased in the Aitken mode (e.g. 60 nm).
At the same time, the concentrations of OA incréasienultaneously up to 14 pginwith
0BBOA clearly dominating with a contribution hightran 50% during most of the event. The
concentrations of soluble*Knot shown in the Figure) measured with the MAR&#%0 showed
the same increasing trend. This suggests thatpfasiessing of organic matter from biomass
burning emissions was strongly involved in thisrdv&imultaneously, increasing concentrations
of NOs;, SQy, and NH were observed (Figure 9d). It is likely that NND; played a major role in
the event by condensing on the emitted fine padidfom combustion processes, given the
simultaneous increases — by a factor of 5.4 amdspectively — in the concentrations of N&nd
NH,4 during the event. The observation of MiD; as one of the main components in particle
growth is quite rare. Indeed, previous studies aveported measurements of the main species
responsible for particle growth have shown thatrtteen constituents at urban and regional sites
are OA and S@Q(Kerminen et al., 2018 and references therein). él@n, almost none of these
studies have been conducted in North-Western Eunapere the contribution of NfNOs is
typically higher and as high as 30% (Putaud et28l04). Only one study carried out in Melpitz,
Germany, determined QCNH, and OA as the main components responsible forcagrowth,
although their fractional contributions were notiraated (Wu et al., 2015). In addition, most
NPF events have occurred during daytime, and higmoed to a photochemical origin, in which
OA and SQ are the main species involved (Kulmala and Kermir2908). Therefore, the nature
of nighttime NPF events is likely to differ from ytane NPF events, where compounds that
predominate during nighttime such as NKD; and the oBBOA fraction of OA can play a key
role. However, up to date, fewer than 10 measuréesiggs worldwide have reported nighttime
NPF observations, and their main components dieneti well-known (Kerminen et al., 2018).
Among these, Man et al. (2015) also related amnmmmitrate and OA to nocturnal particle
growth in Hong Kong.

4. Conclusions

In this study, the characteristics and sourcesibifrscron OA were investigated during an
intensive winter (5 February to 16 March 2016) erthern France. Moderate concentrations of
NR-PM; (11.1+9.3 pg nl) were observed, generally dominated by inorganitsi(62%).
Nitrate was the dominant inorganic ion (35.9%)|daked by NH, (15.9%) and S©(8.8%). In
addition, the NR (neutralization ratio) of the asbwas close to 1 during most of the campaign,
implying that there was always enough Nb neutralize N@and SQ.

OA was found to be moderately oxidized (O:C = 082) evolving along a slope of -1 in
the Van Krevelen plot (H:C vs O:C) indicating thiae simultaneous addition of carbonyl and
alcohol groups could be predominant in the oxiadatb OA. Application of the PMF analysis to
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the OA mass spectra revealed the presence of saypes of OA at the sampling location.
Identified OA were denoted as hydrocarbon-like (HOéxidized biomass burning (0BBOA),
and two oxygenated factors classified into lesgiaed (LO-OOA) and more oxidized (MO-
OOA). The concentrations of the oBBOA factor weresipvely correlated with relative
humidity, suggesting agueous processing of prinbawgnass burning emissions took place. This
was supported by high values of OM:OC and O:C duriighttime and by the NWR analysis
which showed higher oBBOA concentrations for calnmds indicating local origins. On
average, OA was dominated by MO-OOA (35%) and oBBR8%). In addition, 0BBOA,
water-soluble K and NHNO; were shown to be involved in a nighttime NPF-lésent during
period |, suggesting a condensation of SIA on figesmitted fine particles. However, during the
last part of the campaign (5 to 16 March 2016)dbetribution of the LO-OOA factor increased
up to 34%. During the first period of the campafgriFebruary to 4 March 2016) the origin of the
air masses alternated from oceanic and continemtath led to low to moderate concentrations
of NR-PM,. However, during the second period of the campdfgrio 16 March 2016) the
sampling site was heavily impacted by air masses) fEastern Europe rich in aged aerosols,
evidenced by the high contributions from secondargrganic and organic aerosols. In
combination with an anticyclonic situation and lgentilation coefficient values, this favored the
presence of high NR-PMconcentrations in the north of France. Lastly, @ confined into a
narrower space in the VK diagram during the lastioge of the campaign, suggesting a
homogenization of the different aerosol sourcestduwsgeing of OA during transportation.

These results indicate that during winter, aquemosessing of primary biomass burning
emissions in North-Western Europe could be moreomant than what was previously thought,
and even involved in NPF-like events during nighetiunder specific meteorological conditions
(clean and stagnant air masses, low temperatuggssélative humidity). In addition, air masses
arriving from Eastern Europe have a considerablgachin the region of northern France, with
higher concentrations of secondary inorganic ammic aerosols. Hence, the improvement of
the mitigation policies in neighboring countries Bfance, mainly Belgium, Germany and
Poland, should exert a significant impact on theyaality.
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922  Figure 1. Time series of NR-PMelemental ratios (OM:OC, H:C and O:C) and of thain

923  meteorological parameters (T: temperature, RHtivedumidity, P: atmospheric pressure, WD:
924  wind direction and WS: wind speed)
925
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928 Figure 2. Median daily profiles for OM:OC, O:C aHdC

929



¢ @ . +alcohol/peroxide

2.2 : ; !
0S=-2 /
% !‘ HOA r m:o

= 7 =
ER _— —

‘1;1'/02/201 6 21/02/2016 02/0?/201 6 12/03/2016

O
I 1.6
MO-OO0A
1.4 .
1.2 s
“.";""lu.'.‘_'o-
m=-1
Jr'carboxylic acid
1.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
930 0:C

931

932  Figure 3. Van Krevelen diagram for all the dataoocedl by time, with identified PMF factors
933 (HOA: Hydrogen-like OA, oBBOA: oxidized biomass burg OA, MO-OOA: more oxidized -
934  oxygenated OA, LO-OOA: less oxidized - oxygenated).O
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Figure 4. (a) Factor profiles with fragments cotbt®y chemical families, and (b) time series of
the concentrations and mass fractions of the PMEoifa (HOA: Hydrogen-like OA, oBBOA:
oxidized biomass burning OA, MO-OOA: more oxidizedbxygenated OA, LO-OOA: less
oxidized - oxygenated OA).
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956  Figure 8. Average chemical composition of NR-Pidr (a) period | and (b) period Il. The OA
957 fraction (highlighted in light green) is subdividedo its PMF factors.
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959  Figure 9. (a) Time series of the particle numbee slistribution (PNSD), (b) geometric mean
960 diameter, (c) PMF factors, (d) BM NOs;, SQi,, NH4, BC mass concentrations for the Feb.15-16,
961 2016 NPF-like event
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Table 1. Summary of growth rates (g) recorded duNRPF or NPF-like events at urban or polluted sites

Reference (n';/lner?gu?l) {; ?nn%il?'r];)g Size range (nm) Site Measurement perid
Eé)zﬁ_'lz & (1) 30-70 (1) 15-16/02/16
. ' ' B (2) 30-60 , (2) 23-24/02/16
This study E:Z%; 2‘11 28-64 (3) 20-80 Douai, France (3) 04-05/03/16
4) 6.3 (4) 20-50 (4) 04-05/04/16
, 7.7 1.3-12 1.3 : :
Fiedler et al. (2005) 90 5 1-23 305 Heidelberg, Germany Feb.-Apr. '04
Stolzenburg et al. (2005) 9.3 2.9-22 10-90 AtalJnited States Jul.-Aug. '02
Mar. '02 —
Hamed et al. (2007) 7 2.9-23 Po Valley, Italy Mar. '05
. Mar. '04 —
Wu et al. (2007) 0.1-11 Beijing, China Feb. '05
lida et al. (2008) 18 6-40 3.7-25 Tecamac, Mexic Mar. ‘06
Cheung et al. (2011) 4.6 1.8-7.8 Brisbane, Alistr Jan.-Dec. '09
. Mar.-Apr. and
Man et al. (2015) 2.4-39 Hong Kong, China Nov -Dec. '11
- 0.015-1F : . ._|Oct. ’10 —
Salimi et al. (2017) 09511 & Brisbane Metropolitan Area, AustrahaAug_ 112

2initial growth rate” second growth raté;daytime;” nighttime
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