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Abstract. In order to identify and quantify key-species a&ssted with non-exhaust emissions and exhaust
vehicular emissions, a large comprehensive datdipetrticulate species has been obtained thardisiataneous
near-road and urban background measurements coujifedietailed traffic counts and chassis dynamemet
measurements of exhaust emissions of a few in-eb&les well-represented in the French fleet. Elgale
Carbon, brake-wear metals (Cu, Fe, Sh, Sn, Mn)kamas (C19-C26), light molecular weight PAHs (Page
Fluoranthene, Anthracene) and two hopaneaZ1Norhopane and Li213hopane) are strongly associated with
the road traffic. Traffic-fleet emission factorsviedbeen determined for all of them and are con#isté¢h most
recent published equivalent data. When possilgbt-iluty and heavy-duty duty traffic emission fastare also
determined. In absence of significant non-combuastnissions, light-duty traffic emissions are inodo
agreement with emissions from chassis dynamometasutements. Since recent measurements in Europe
including those from this study are consistentpgainvolving copper (Cu/Fe and Cu/Sn) could bedusebrake-
wear emissions tracers as long as brakes with @airein use. Near the Grenoble ring road, wheeetrtffic
was largely dominated by diesel vehicles in 2010 %), the OC/EC ratio estimated for traffic emissiavas
around 0.4. Although the use of quantitative datasburce apportionment studies is not straightfodsfor the

identified organic molecular markers, their pregeseems to well-characterized fresh traffic emissio

1 Introduction

Traffic is a major source of particulate matteruirban environments through both exhaust and noatesth
emissions. Thanks to stringent regulations, vehighth more efficient catalytic converters and digsarticle

filters have been progressively introduced intoEheopean fleet. As a consequence particulate exleanissions
have strongly decreased and non-exhaust particeaigsions (particles resuspended by moving trafiitt those
from the wear of brakes, tyres, road surface...) edghtribute to the major part of particulate velaciemissions
in the near future (Amato et al., 2014). Curresesech estimates that non-exhaust emissions alseddyantially
contribute to traffic emissions, with differencestween sites due to local meteorology, local emissior traffic

characteristics (e.g. Omstedt et al., 2005; Thame Harrison, 2007; Bukowiecki et al., 2010; Lavae®t al.,

2016). Even with electric vehicles, traffic willgtinue to be a source of PM through non-exhausssiois (Pant
and Harrison, 2013; Timmers and Achten, 2016).
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Also, knowledge on the deleterious impacts of Pdfrfivehicular emissions on human health is incrgagihere
is now strong evidence that traffic-related PMéasponsible for adverse health effects due to th#heffect of
both carbonaceous material from exhaust emissindsedox-active metals in traffic-generated dustuding
road, brake and tyre wear (Kukutschova et al., 20@8see et al., 2013; Amato et al., 2014 andeefes wherein;
Pardo et al., 2015; Poprac et al., 2017). Recemtiyhe one hand, Shirmohammadi et al. (2017) aabédNet al.,
(2018) have shown the important role of non-ta#gpgmissions to the oxidative potential of partite/lmatter
species identified as tracers of vehicle abrasama; on the other hand, the health impacts of cqzadicles is
now better documented (Beelen et al., 2014; Cheaf,2015; Malig et al., 2013). Therefore, a &eknowledge
on vehicular emissions is required to better unidacstheir contribution to urban atmosphericiptbncentration
levels and related health effects.

Chassis dynamometer measurements allow the detiannof exhaust vehicular emissions under corgdoll
testing conditions but, because of high costs,ethtests often include small sets of vehicles tlzatnot be
representative of large variation in engine tyge and maintenance history of vehicles. They abtsoad represent
the variability of driving types in various envinments. All of these are parameters that strondlyénce real-
world vehicular emissions. Additionally, these sesannot simulate accurately the effect of dilutionparticle
equilibrium in the road atmosphere (Kim et al., @)1he possible rapid aging effects (e.g. Pla#l.e2017), and
non-tailpipe emissions (e.g. Thorpe and Harris@98. For all these reasons, it is thought thatamealistic
estimates of vehicle emissions are determined &onuality measurements in the near-road atmosuleria
et al., 2017), including car-chasing, tunnel ordsidde measurements (Pant and Harrison, 2013 aacknees
therein; Jezek et al., 2015).

In this study, a large comprehensive dataset owclieenical composition of PMfrom exhaust and non-exhaust

emissions has been obtained thanks to two complkamyenampaigns: 1) simultaneous near-road and urban

background measurements coupled with detaileddrediints for the estimation of real-world vehicwaissions
including non-exhaust emissions and, 2) chassiamgmeter measurements of exhaust emissions of imfage
vehicles well-represented in the French fleet lieritlentification of key species in exhaust emissid his study
focuses on PMin order to take into account for the entire binahte fraction of non-exhaust particulate emissions
a large part of which are coarse particles (Thapa Harrison, 2008; Grigoratos and Martini, 20Qssible
particulate tracers of exhaust and non-exhaustilekimissions are examined and quantified. Emisfgiotors

and when possible, typical ratios, are derived ftbase data.
2 M ethodology

2.1 Chassisdynamometer measur ements

Vehicles were operated on a chassis dynamomet@mexraust emissions were measured using a samping
including a Constant Volume Sampling (CVS) systamwlhich emissions are diluted with filtered air asasnpled

using quartz filters and polyurethane foams (PUF).

2.1.1 Vehicletypesand driving cycles

Five vehicles representative of the most frequetiicle classes in the French fleet in circulati@revselected
(Euro 3 Diesel, Euro 4 diesel, Euro 4 diesel réteaf with particle filter, Euro 2 petrol, Euro £tpol). They were

in-use private cars since rental vehicle may natepeesentative of the national fleet (low mileagd) vehicles
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were operated using commercial diesel and petedéfibelection criteria and characteristics oe@skehicles are
described in the Supplementary Information (SI).

Driving cycles designed to be representative of deiwing conditions in Europe are performed instlstudy
(André, 2004). The ARTEMIS urban cycle represenmitgmnty conditions in urban areas (repeated acceterand
vehicle speed below 40 km/h), while the ARTEMISaftnoad cycle represents driving conditions on nraads
in suburban and rural areas outside cities (flowiradfic conditions). These cycles represent madtirty
conditions encountered on the RN87/E712 highwagre/the road side experiments took place, duringested
and flowing traffic conditions, respectively. Singgban journeys include cold vehicles, the inflieen€ the cold

start on urban emissions has been systematicaligde
2.1.2 Exhaust sampling

Vehicles were operated on a chassis dynamometeg asCVS system to dilute exhaust emissions withréd
ambient air. The filtration system included foutefis and a cartridge in series: a M6-F7-F9, M5ENF779-2012
filters; a HEPA H13 EN1822-2009 filter; and a cyliical cartridge of charcoal scrubber.

Regulated emissions were determined with continuoositors for CO, C@ NO,, and total hydrocarbons
(HORIBA system). Particulate matter (PM) and vddéatirganic compounds (VOC) were sampled out froen th
dilution tunnel with a servo-controlled system desid by Serv’instrument for this study. Two drivicgcles in
series were performed in order to collect enoughtendor molecular speciation. PM was collectedquartz
filters (Tissuquart?”, diameter 47 mm), at flow rates depending on festitssion levels of the vehicles being
tested and the types of analyses (from 5 to 50r:rfor EC/OC measurements and from 30 to 50 Linfor
organic molecular speciation). Dilution factorsgad from about 15 to 40. Conditions of vehicledese detailed
in the supplemental section (Table I-2). Filterefa@locities for chassis dynamometer samplingsodéeil to
organic speciation were similar or close to the @iretmospheric near-road measurements, while Useaaf very
high concentration levels, lower sample flow ratee used for PM samplings dedicated to EC and OC
measurements in the exhaust of diesel vehiclesretoofitted with Particulate Filter (Euro 3 and Buf diesel
vehicles). These very low filter velocities maylugnce the adsorption of organic vapours by therQudter
(McDow and Huntzicker, 1990; Turpin et al., 2000ecchi et al., 2009), while EC would not be affelchy filter
face velocity (Vecchi et al., 2009). Quartz filtevere pre-baked at 500°C for 8h before being uSathples were
stored at -18°C in aluminum foil and sealed in ptiylene bags until analyses.

Analysis of test blank filters (collected followinige same procedure as vehicle test filters inolydiriving cycle
durations with filtered air) showed contaminatidnsm the CVS system. It was obvious that some dogan
compounds measured in test blanks result from éisergption of semi-volatile organics deposited it CVS,
that is favoured by cleaner air. Since blank ledelsreased in time with passing air dilution thitotige system,
our procedure included such a step maintained fluration corresponding to at least two drivinglegdefore

each vehicle test. Test blanks are used to cameasurements.
2.2 Near-road and urban background measurements

The joint PM-DRIVE (PM-Direct and Indirect on-roatehicular Emissions) and MOCOPO (Measuring and
mOdelling traffic Congestion and POllution) fieldirapaign took place from Septembét © 23¢9, 2011. It
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included meteorology and traffic measurements,-neaad/urban background Riysampling (this study) and near-

road on-line measurements (discussed in DeWitt,e2@L5).
2.2.1 Description of traffic and urban background sites

The Grenoble conurbation is a large city with ab&@,000 inhabitants. It is located in the southefBrance in
the French Alps and is surrounded by three moumgaiges (Vercors, Chartreuse, and Belledone). rHffiectsite
was located (45.150641 N, 5.726028 E) about 15 ay&vom the southern part of the Grenoble ring r(ihd
RN87/E712 highway with 2x2 lanes) (26 m from thadway central axis). Total traffic flow for the @nles was
on average 95,000 and 65,000 vehicles a day ondagrknd weekend, respectively, with frequent cotmges
during extended commuting hours. Stop-and-go traffiboth directions generates large braking agtiat that
time. This sampling site was highly equipped durithg joint PM-DRIVE / MOCOPO field campaign.
Simultaneous measurements took place at an urbzkgiwauind site (Les Fresnes) which is located aBokin
away from the traffic site, on the rooftop of a @ch This site belongs to the regional air pollatinetwork
managed by Atmo Auvergne-Rhoéne-Alpes (http://wwm@dtauvergnerhonealpes.fr/). The locations of bités s

are presented on Figure 1.
2.2.2 Aerosol and gas measur ements

On both traffic and urban background sites,PMiVol (DA8O, 30 n? hY) samplers collected Pion quartz
fibre filters (Tissuquarf?’, diameter 150 mm) with a time resolution of 4 soilters were preheated at 500 °C
during 3 h. After sampling, filters were individbaplaced in aluminum foil, sealed in polyethylelbags and
stored at —18 °C until analysis. In addition, bsities were equipped with NONO and NGQ) and CO monitors.
PMio and PM.s mass concentrations were also continuously medaigiag 8500C series TEOM-FDMS (Filter
Dynamics Measurement System and Tapered Elemeiritailsg Microbalance mass sensor housed in a singl

cabinet compact enclosure).
2.2.3 Traffic measurements

Traffic counters (double electromagnetic loops)en@sstalled in order to identify the passing ofwadhicles, the
length of their chassis and their speeds, thermiatation of the 2 vehicle classes used in thishstilight-duty
and heavy-duty vehicles), and the identificatiopefiods of stop-and-go or flowing traffic. Vehigleean speeds
are computed as the harmonic mean speed of th@assig over the detector (flow speed i.e. théi@paean
speed) (Hall, 2001).

Traffic cameras mounted on a roadway gantry wese ased to monitor traffic at the measurement Sitey
were used to capture the license plate numberssdipg vehicles. Plate numbers were later usedassify
vehicular traffic into different categories: EUR@isdards and fuel type (diesel or petrol). Thefitradf the
highway is detailed elsewhere (DeWitt et al., 20E&llah Shorshani et al., 2015). On weekdays, tlezage
hourly traffic included 2,850 diesel vehicles (imding about 200 heavy-duty vehicles) and 1,0250pgshicles.
The harmonic vehicle mean speed was about 80 kna/neanged from 52 to 94 km/h (note that the RNgjhivay

has a speed limit of 90 km/h). A sample is congdeaffected by congested traffic above a threshblchore
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22,000 vehicles during the 4-h sampling periodsrésponding to vehicle speed below 70 km/h) (seéleI
However, braking may occur below this thresholddongestion.
The vehicle fleet was close to the national onetlieryear 2011, with 72% diesel vehicles, and EUBR&nd 4

vehicles representing most of the vehicles (3026% respectively). Virtually all heavy-duty vehislare diesel.
2.2.4 M eteor ological measur ements

A Young meteorological station was installed atttladfic site to capture wind speed and directighile relative
humidity, and temperature data and rain data at@redsl from two stations located in Grenoble coatidn (see
Sl file section 1V).

The wind speed was low during the field campaigm dgwerage 0.98 m/s, ranging from 0.50 to 2.5 ni/kg
temperature was warm (on average 17.6°C, peak2t’t@) and was higher before the first rain event$anday
17/09/11) with average temperatures of 21°C andC188spectively, before and after the rain evemto Tain
events occurred during the campaign, the firstfoora the morning of 17/09/11 to the night of 18/DPhight (34
mm of rain) and the second one from the night d02&o 19/09/11 afternoon (12.7 mm). They corresieainto

summer storms.
2.3 Chemical analyses

The measurements of carbonaceous material (EC &)drOPM samples were performed using the Thermo-
Optical Transmission (TOT) method on a Sunset lrathyaer (Jaffrezo et al., 2005; Aymoz et al., 2006pwing

the EUSAARZ2 temperature protocol (Cavalli et &01@). lonic species were analyzed with lonic Chrageaphy
(IC) following a well-established method (Jaffreztoal., 1998; Waked et al., 2014). Metals were yareal using
Inductively Coupled Plasma Spectrometry (ICP-MS)}Red et al., 2014)The chemical speciation of organic
particles are performed by Gas Chromatography—8psstrometry (GC-MS), except PAHs that were measure
by liquid chromatography (HPLC) using a fluoreseedetector (Piot, 2011; Golly et al., 2015).

Hence, a large number of particulate chemical ggeleave been measured in the filter samples sinadtesly
collected at the traffic and urban background sitesuding EC, OC, 9 major ions (CNOs, SQ?, oxalate, N3
NH4*, K*, Mg?*, C&"), 33 metals and trace elements (Al, As, Ba, Ca,&d Co, Cr, Cs, Cu, Fe, K, La, Li, Mg,
Mn, Mo, Na, Ni, Pb, Pd, Pt, Rb, Sb, Sc, Se, Sn,T$r,Tl, V, Zn, Zr), 3 sugars (galactosan, manngsan
levoglucosan), 15 PAHs (phenanthrene, anthracémmahthene, pyrene, retene, benzo(a)anthracengseste,
benzo(e)pyrene,  benzo(b)fluoranthene,  benzo(k)dinthhene, benzo(a)pyrene,  benzo(ghi)perylene,
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyren@nene), 30 n-alkanes (from C10 to C40), 2 braneliezhes
(pristane and phytane) and 10 hopanes (trisnormeotey 1@-trisnorneohopane, &7213-norhopane, 1a213-
hopane, 1d,213,-22S-homohopane, t7213,-22R-homohopane, &7213,-22R-bishomohopane, &7213,-22S-
bishomohopane, 1i7213,-22S-trishomohopane, @7213,-22R-trishomohopane).

The same array of chemical species were also dieahth the filter samples from the chassis dynareten

experiments.

2.4 Data analysis
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A series of multivariate data analysis tools hagerbused in order to define which species areeclat traffic,
to identify influential parameters, and to quantifigeir respective influencesThanks to simultaneous
measurements at near-traffic and background siteal increments in concentration at the traffie $siave been
calculated as the difference between near-traffit @rban background concentrations. Sign and Raghe8-
Wilcoxon tests have been used to estimate if cdnatons measured at the near-traffic site arefsogmtly higher
than concentrations measured at the urban backgsitenand can possibly be ascribed to local tra&ifissions.
As a complementary indication of relation to traffSpearman correlations with traffic data (totaffic, light-
duty traffic, heavy-duty traffic), with NO(as an indicator of traffic emissions) and with B8 an indicator of
diesel traffic emissions) (Morawska and Zhang, 20R&che et al., 2011) have also been examined.ltRdsu
species for which concentrations are significamiigher at the near-traffic site (then including tbgositive
increments and p-values below 0.05 from Sign agde?l Wilcoxon tests) are presented in Tables 1dbnd
Increments in concentrations for all species stiyragsociated with traffic are transformed into ssins
according to a well-established procedure (e.gt Bad Harrison, 2013; Charron and Harrison, 20@%its in
the Sl section V). This method enables the calmriaif average emission factors for the mixed icefféet of the
RN87 highway assuming that (1) increments in cotieéion (near-traffic site minus urban traffic 3igre from
local traffic, (2) emissions of NQOare known and estimated from emission inventof@@®PCETE that uses
emission functions from European COPERT4 averagefilet composition and speed) and detailed trafiunts
and (3) atmospheric dilution affects similarly pbllutants. Average emission factors (EFs) are esged in
mg.veht.km? or pg.veh.km? (Tables 2a,b,c,d). Since it is thought that neambystrial activities influence the
concentrations of Ti, Cr, Fe and Mn in the mornitiiese data are excluded from the calculationsidatal
multiple Linear Regression analyses (SPSS softveaeeperformed between computed average emissiaradd
light-duty and heavy-duty vehicle counts. The ciogdhts of the regressions represent average Efodal
heavy-duty and light duty traffics (Table 3). Thenstants represent the parts not related to loafict They are
all not significant (p-values above 0.4 for metatgl organics, p-value of 0.061 for EC) confirmihg tabove
assumption that mostly local traffic contributeddcal increments in concentration. Results fronltidle Linear
Regressions are not available for all species glyorelated to traffic since its use requires ndiyadistributed

data and the model must be validated through residnalyses.
3 Results

Average concentrations measured at the traffic aie presented in the Sl (section Il). Four-hour:PM
concentrations ranged from 4.9 to 45.1 pg(on average 24.1 uginand was strongly dominated by EC (on
average 5.9 pg.® and OC (on average 5.4 ugmAt this site in the vicinity of traffic dominateby diesel
vehicles, EC and OC concentrations were of sinmlagnitude. EC concentrations peaked at commuting tin
the early morning and at the end of the afternamnl follows quite well the evolution of traffic;ahtemporal
evolution of OC is closer to that of sulphate wsttmewhat stronger variability following those ddffic. The
other major constituents of Riywere sulphate (on average 1.2 pélnron (on average 1.0 pginand calcium
(on average 0.8 pg:fh Strong showers during the weekend in the midéitbe two-week campaign led to RM

concentrations below 10 pglduring a few hours (see Figure 3 and Sl VI foriidlial particulate species).

3.1 Identification of speciesrelated to local on-road traffic
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Tables 1a and 1b present species for which coratemts are significantly higher at the near-traffite and
assumed from local emissions and Figure X presedian concentrations measured at both sites. TdpEsges
could be distributed into two main groups accordiagooth the significance of the contribution ddffic to

atmospheric levels and the strength of relatiork twaffic indicators (traffic counts, NGnd EC concentrations).
3.1.1 Species strongly associated with local traffic

Cu, Fe, Mn, Sb, Sn have concentrations stronglyetaied with traffic indicators (Table 1a). Theocél
increments in concentration due to traffic rangans54% to 84%. The concentrations of these space&knearly
related to each other with near-zero interceptgufféi 4) confirming that they come from the samersmu
Similarly to this study, Amato et al. (2011a) andrkison et al. (2012) measured strong incrememtBdpCu, Sb
and Sn concentrations at traffic sites with strongelations between them. Here, Cu, Fe and Stharenetals
that are the most closely related (Pearder.8), while relationships with Mn and Sb are mesattered (Pearson
r? < 0.5) and more closely related to the heavy-dhatffic (Table 1a).

Cr and Ti are also species significantly correlatettaffic indicators but to a lower extent than, e, Mn, Sb
and Sn. Cr (Boogaard et al., 2011 ; Amato et &112) and Ti (Amato et al., 2011a) also showed drigh
atmospheric concentrations at street locations #thamban background sites in previous studiesur@drTi show
a behaviour different from that of other elemensning from brake wear. They present sharp peakbean
morning, poorer correlations with copper, and digant correlations with Al (Figure 4 and Table 1@jhen the
very high morning concentrations are removed (nmgsiof workdays), their temporal variations are mcioser
to the ones of metals from brake wear emissionss $hggests that another source influenced Cr and T
concentrations near the traffic site in the morpipgssibly nearby metalworking activities. Similarvhile
morning peaks are less obvious in the temporadtiaris, the exclusion of morning data for Fe andiiviproves
their correlations with Cu (Figure 4).

Many of these species are metals that are knowrnige from brake wear emissions (Thorpe and Haryi2008;
Pant and Harrison, 2013; Grigoratos and Martini,l£®015). Indeed, Fe could come from the linirntgglsor
iron powder) in semi-metallic brake, from fibressasel, or cast iron rotor wear for low metalli@ke. Cu is a
high-temperature lubricant present in linings ahdsialso included in fibres as brass to increasakibg
performance. Sb is an element of brake lining botfiller as antimony sulphate and in lubricantaagimony
trisulphide. Chromium oxides are elements of thlerfiof brake linings used for their thermal prapes, and
potassium titanate fibers are present as a strengthin organic linings (Sanders et al., 2003; @&tps and
Martini, 2014 and references therein). Cr could alsme from lubricant oil combustion (Pulles et 2012).
Only three light molecular weight PAHs (An, Fla,rPgre strongly associated with traffic indicatexen though
only the particulate phase is determined (Table th$ well-established that light molecular weighAHs are
emitted by diesel vehicles, while higher molecwaight PAHs are rather associated with petrol yelémissions
(Zielinska et al., 2004; Phuleria et al., 2006 &0@7; Pant and Harrison, 2013). Not surprisingtythis site
dominated by diesel vehicles, high molecular welAHs (from 5 rings) are more significantly corteld with
levoglucosan, suggesting a closest relation to Ag&smburning emissions than to on-road petrol vesicl
Proportional concentrations of An, Pyr, and Flagasy that they mainly come from the same sourkelylidiesel
exhaust emissions (Figures 3 and 4). Specific&lly, and Fla show high increments in concentratis gn

indication of the low contribution of the urban kgmound compared to strong traffic contributiongdém rapid
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photochemical degradation) and strong linear mhatiip without any significant intercept (as ani¢ation of
common origin). Concentrations of An have moreafaitity and larger contribution from the urban baakund.
The n-alkanes C19 to C26 and two hopanesiZ1fZnorhopane and bi213hopane) are species that are not
significantly, or only weakly, correlated to totahffic. However, they are significantly correlateith NO, and
EC and some of them with heavy-duty traffic. Thalkanes between C18 and C25 are the predominaatione
vehicle exhaust and correspond to the high bopioigt components in diesel fuels (Alves et al.,@0Hopanes
are known to arise from unburnt lubricating oil esidbns (Rogge et al. 1993a; Zielinska et al., 20a4y
17021nNorhopane is considered as a tracer for lubngatl (Kleeman et al., 2008). While n-alkanes &deen
measured in the exhaust of test diesel vehiclesumstudy (Table 4), hopanes and steranes weravhible
quantification limit for all selected vehicleswhs assumed that the tested vehicles (passengenoae of them
was a super-emitting vehicle) did not emit enougbuwint oil for the proper quantification of hopanés the
sampling site, the temporal variations of the comregions of these species show higher values ers¢icond
week of the field campaign than on the first onkisTobservation can be explained by much largevyrdaty

traffic during this period (almost twice the traff the first week).
3.1.2 Other species

This second group corresponds to species with limcaéments below 50% and no significant, or onkaky
correlations with traffic indicators. It is highheterogeneous since it includes OC,sN®&a', C&*, Mg?*, Ba, Co,
Phenanthrene (Phe), Benzo(a)Anthracene (BaA) ane sealkanes (C18, and from C27 to C33). Most et&s
from this group are obviously emitted by the traffiut they seem to be less specific than speaies the first
group since other sources can largely contributbéo emission levels.

Not surprisingly N@ is not significantly related to primary trafficditators. However its concentrations are
significantly higher at the traffic site (p<0.0Ghd median increment of 28%). Additionally, the pemal pattern
of NOys is different from that of indicators of regionaigin (for example S@-, Sl sectionVIl). Amato et al.
(2011a) found similar contributions of traffic toaO concentrations at two traffic sites in BarceloB4% and
25% respectively). They assumed thatsNBs is quickly formed in the road plume enriched in M\gtnitted by
vehicles. Indeed, the important introduction dfiicées equipped with DeNOx technology such as 3-gedglysts
or selective catalytic reduction systems have ¢ebtent increasing vehicular NiEmissions (Kean et al., 2009;
Suarez-Bertoa and Astorga, 2016) responsible fygmifstant changes in the chemistry of the atmospher
roadside areas.

OC concentrations are significantly higher at ttadfic site (p<0.001; increment of 23%), and arealhg but
significantly correlated with traffic indicators.mato et al., (2011a) found slightly higher incremsesf 34% and
41% for OC at their 2 traffic sites. Deconvolutiof sources from simultaneous PMMS measurements
concluded that about 20% of the total PdAganic mass could be attributed to vehicular siois (DeWitt et al.,
2015). Additionally, the temporal pattern of OC centrations clearly shows a dominant regional doution
(Figure 3 and Sl section VII). All these resultsesgthat in summer time, the majority of OC isagional origin,
despite a clear influence of traffic.

Na*, C&*, Mg?* and Sr concentrations are also significantly higti¢he traffic site (p<0.05, increments from 33%
to 43%, except for Sr for which urban backgroundoemtrations are most of the time below detectionit).

When three high concentrations for Mgoncentrations and one for Sr concentration ackudrd (all probably
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not related to traffic), both present temporal @dwins close that of calcium (Figure 3). All ardeatst significantly
correlated to the heavy-duty traffic (p<0.05). i@Z*, Mg?* and Sr are strongly affected by rain events (assum
to influence the silt loading of the road), theiciemental concentrations are believed to be fresnspended
dust, as concluded in other studies (e.g. Lougth. £2005, Amato al., 2011a).

Ba and Co concentrations are significantly highethe traffic site (p<0.05, increments of 37% ar@Pe3
respectively). Ba concentrations present a tempoeahviour close to the ones of Cu, Fe, Sn and Mh a
accordingly, is known as an element of the fillebrmake linings. Higher Ba atmospheric concentragiat street
locations than at urban background sites havelsdsn observed in previous studies (Harrison eR@l2). On
the contrary, Co concentrations do not show angetation with traffic indicators and are correlateith tracers
of regional origin (Table 1a). Co is sometimes rmead in brake pads (e.g. Hulskotte et al., 2014d; Amato et
al. (2011) found similar increments for Co at theaffic sites (respectively 33% and 47%). All bEse suggest
that a possible contribution of brake wear to Cacemtrations cannot be excluded, despite the lackroelation
with traffic indicators.

The concentrations of Phe, BaA, C18 and C27-C38r&& are significantly higher at the traffic sitel some of
them are significantly correlated with N@nd EC. Accordingly these species were detectetthanexhaust
emissions of diesel vehicles sampled from our éhaly;iamometer experiments. However most of thenakso
significantly correlated with levoglucosan measuetdhe traffic site, particularly BaA. Indeed ttemporal
pattern of BaA shows similarities with both the afi@yr (strongly related to traffic, see belowjldavoglugosan
(tracer of biomass burning peaking in the even{Rgure 3). It is therefore believed that mosthah are largely

emitted by biomass burning and are not specifiwafl traffic emissions.
3.2 Quantification of traffic fleet emissionsfor speciesassociated with traffic

Average emission factors (EFs) are presented ine$dta,b,c,d. Most EFs show large standard dewitibhis

variability reflects the presence of vehicles witirious emission levels (diesel/petrol; differetatnslards and
engine load; cold start/hot vehicles; presence fd@wahigh emitting vehicles). It could also be tethto the
variability of the vehicle fleet (on-average 5% Weaehicles but ranging from 0.3% to 12%) and te #arious
traffic conditions (from fluid with speeds up to Rf/h to congested with stop-and-go traffic).

Table 3 presents average EFs for heavy-duty aind tigty traffics, their standard deviations and fience

intervals at 95%.
3.2.1 EC/OC emissions

The traffic-fleet EF for EC determined in this spu@9 mg.veH.km?) is slightly higher than the ones determined
in tunnel studies in Austria, China, Californiadamear a heavily-trafficked highway in Switzerlagabout 21
mg.veht.km? for Handler et al., 2008; Hueglin et al., 2006; €ual., 2016; and 31 mg.vélkm? for Gillies et
al., 2001), while it is similar to the one of a mah study in Portugal (39 mg.vékm?) (Alves et al., 2015).
Conversely, the traffic-fleet EFs for OC in Austaad China (about 19 mg.vékm™) are similar to ours, while
the ones for urban tunnels in Portugal (Alves gt20115) and U.S. (Gillies et al., 2001) are hig{8¥F mg.veh
Lkt and 25 mg.vehkm? respectively). Different traffic fleet and traff@onditions may explain these small
divergences. Part of the differences may also be tduthe different measurement techniques usedhfor

distinction between EC and OC.
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The average light-duty traffic-fleet EF for EC msaxcellent agreement with the EFs of Euro 3 ane Buliesel
vehicles obtained from chassis dynamometer measuntsnm our study for which the highest EFs wesaudy/
observed when vehicles are cold (Figure 5a). Indibede two types of vehicles represented thesameportion
of passenger’s cars on the RN87 freeway in 201laf-&horshani et al., 2015), as well as in then€nenational
fleet. Similarly to results for diesel vehiclestezs by Fujita et al. (2007) and Lough et al. (20@&¢ has the
highest emission factor in diesel exhaust. It ataadd be noted that the heavy-duty traffic-fleetfBFEC is about
5-times higher than the one determined for lightydraffic.

The emissions of OC could not be discriminated ketwlight-duty and heavy-duty traffic (coefficiemst
significantly different from zero). However, it che observed that the traffic-fleet EF for OC igéa than could
be expected from exhaust measurement of test esh{@lable 4, Figure 5b). Note that traffic-fleetsEBr OC
from other studies (Handler et al., 2008; Alvealet2015, Cui et al., 2016; He et al., 2008) dreast as high as
ours, and the EFs for exhaust OC from Cheung €2@lL0) for Euro 4 diesel vehicles (with and with@iesel
Particulate Filter) is similar to ours. There ar@ny likely explanations for the traffic-fleet ER-fOC being higher
than expected: proportionally larger contributidrtree heavy-duty traffic to OC than to the EC; cdmnition of
non-exhaust emissions to the OC (e.g. tyres weanjribution of high emitting vehicles; and rapadrhation of
secondary OC in the roadside atmosphere. Furtheiestare required to assess the respective inmpertsf these
processes. In particular, a better knowledge diglarsize distribution of OC emitted by traffic ghit be useful.
Average OC/EC ratios on increments in concentrataord emissions are respectively 0.33 and 0.44€ R lthat
is in excellent agreement with observations inaaveay tunnel in Lisbon and with roadside enrichnudi®@C/EC
in Birmingham, U.K. (Pio et al., 2011; Alves et,&016). Pio et al. concluded that OC/EC ratio®9.&-0.4
characterizes vehicle fuel combustion at theissitied similar conclusions could be made for Gremndbbwever,
the OC/EC ratio is expected to depend on vehiekt findeed, in the exhaust of test diesel vehigidwut particle
filters (Table 4), OC/EC ratios are lower than @uhjle they are respectively 6.1 and 1.7 in theagh of Euro 2
petrol vehicle (urban cold cycle) and Euro 4 petrehicle (road cycle) (no average OC/EC ratios Ihasn
determined for petrol vehicles because of many oreasents below detection limit). Other recent cisass
dynamometer measurements (Lough et al., 2007) shtlved most OC/EC ratios are above 2 for petrololes
(except for two smoker vehicles) and below 0.5dwmsel vehicles (except idling conditions), witheevower
ratios for older and heavier diesel vehicles. Bseamn 2011, diesel vehicles represented about 7D%tal
vehicles on the RN87 highway, the OC/EC ratio foimthis study is lower than the ones of many o#itadies.
For examples, OC/EC ratios from EFs or incrememtsancentrations were 0.90£0.21 in a tunnel in Aast
(Handler et al., 2008); on average 0.52 for aitrdiéet with 40% diesel vehicles in Spain (Amatak, 2011a)
and 0.5 in Marseille where petrol two-wheelersrateh more numerous (El Haddad et al., 2009). Howeirgce
the OC/EC ratio in the exhaust of the diesel vehérjuipped with particle filter was higher (0.7sgibly due to
the more efficient trapping of EC than OC by thetipke filter, one can expect that in the future tAC/EC ratio

reflecting vehicle fuel combustion would increasthwhe progressive introduction of vehicles eqeigpvith PF.
3.2.2 Metalsfrom brake wear emissions

Fe presents by far the third highest traffic enoissiate after those of EC and OC (6.7 mgkim?, Tables 2).
Cu also shows a high emission factor from traffieéq pg. vett.km! respectively). Similarly, major contributions

of Fe and Cu to PM vehicular emissions were found in other locatifeg. Kam et al., 2012; Harrison et al.,
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2012). The analysis of brake wear debris (Apeagyal., 2011 ; Sanders et al., 2003 ; Kukutschdwh. €2009 ;
Hulskotte et al., 2014) and brake material (Gigmsand Martin, 2015; Hulskotte et al., 2014) canéd that Fe
is the major element of brakes and that Cu is amathportant element. Indeed, maximum contents08t by
mass for Fe (Gigoratos and Martin, 2015) and of I&2€u (Denier van der Gon et al., 2007) have breported
for brake lining materials. Fe, Cu, Zn, Sn wouldresent about 80-90% of metals presents in brafte pad Fe
95% of metals in brake discs (Hulskotte et al.,401

Our results can be compared with other EuropedfictiaFs determined for PM species measured in roadside
environments or tunnels, and with data derived fem@rage brake wear composition (details in Sktice/111).
Most PMio-EFs are consistent with other roadside traffietflemissions (Johansson et al., 2009; Bukowiecki et
al., 2009) and with data corresponding to brakimissions of 8 mg.vehkm* (Hulskotte et al. 2014), but larger
than the estimations aimed to quantify brake wedy (Bukowiecki et al., 2009). Our traffic-fleet BBr Sb is
much lower than similar EFs determined in othedigts, while Ba emissions show large variabilitynfra study
to another. EFs related to brake wear componergséonis are lower in tunnel environments (Handlet.e2008;
Alves et al., 2015), except for the oldest studillig et al., 2001). This could be explained bgslestop and go
traffic in such environments. Indeed, interestinghany EFs determined by Handler et al. (2008)a@ut half
the ones found in this study. Even though this prtpnality is not found for Ba, Sb and Ti, thispports that
brake wear metal EFs are strongly related withibgaktrength. The low Sb emissions of our study massibly
be related to the introduction of Sh-free brakesp@dn Uexkill et al., 2005; Apeagyei et al., 2011)

EFs for brake wear metals (Cu, Fe, Sb and Sn) tord 8 times higher for the heavy-duty traffic tanthe light-
duty traffic (Table 3). The estimations from Bukeeki et al. (2009) for brake wear only are muchdowhan
ours but somewhat proportional (factors 4.6 tofér8ight-duty EFs and from 4.3 to 8.5 for the healuty traffic

— Sh excluded). This consistence between brakelggafuggests that brake compositions would belasirm
different European countries. Traffic-fleet lightitgt EFs for brake wear metals are much higher tharones
from chassis dynamometer exhaust measurementssftidy: Table 4; Cheung et al., 2010), confirmihg t
dominant contribution of braking for these elements

The sum of traffic-fleet EFs for metals relatedtake wear (Ba, Cr, Cu, Fe, Mn, Sb, Sn, Ti - Talligleads to a
total of 7.3 mg/km that should be lower than thed emmission factors for brake wear dusts sincealiy ;ncludes
metals, and does not take into account of carbanuscmaterial and other unquantified compounds akéds (S,
Zn, Al, and Si, for the most important ones). Holsk et al. (2014) determined a brake profile friti analysis
of 65 brake pads and 15 brake discs from 8 veryneomcar brands in Europe. The consistence betwdéén w
their data and ours suggests that brakes spemirc& are quite similar to the ones spent in Thiaétkands.
Then, their average brake profile data are usesbtinate the average emission factor for brake wssuming
that the total proportion of metals is kept, amztaading to Hulskotte et al., that 70% of the waase from the
disc. This latter assumption is supported by oteésearches (Sander et al., 2003; Varrica et d32@ven though
the generation mechanisms of brake wear partidee hot been fully understood yet (Grigoratos arattivli,
2014).Since exhaust emissions (chassis dynamometer nesasnts or EFs from COPCETE inventory when
available) represent less than 5% of total emissfonCr, Cu, Fe, Mn, Sb, Sn, and Ti, traffic-fl&dts for these
elements are assumed to be entirely due to thesemssof brake wear dusts. So by adding to the clumaffic-
fleet EFs for metals related to brake wear theigorthat corresponds to the elements and componatls
quantified in this study (C, S, Zn, Al, Si, Zr, Mdg, Ni, Bi, W, P, Pb, Co), the rough estimation92 mg/km for

11
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emissions related to brake wear is got for the RNighway traffic. This estimation includes part&ldirectly
emitted during braking and those resuspended, amdgs®ons from light and heavy-duty traffic. It sldube
highlighted that this EF for brake wear emissianalmost twice the particle emission standardshferexhausts
of the most recent vehicles (Euro 5 and Euro 6ckedj 5 mg/km).

According to inventories atmospheric copper iséirdrom brake wear. Indeed brake wear represéhigsBo of
European Cu emissions (Denier Van der Gon et @07pand 64% of French Cu emissions (CITEPA, 2018).
Since Sb is another well-known constituent of brekit very few other atmospheric sources, Cu/Sio ratis
often considered as a candidate to trace brake evemsions (Gietl et al., 2010; Pant and Harrigii,3). Pant
and Harrison (2013) reviewed Cu/Sb ratios in bnakar particles and found ratios from 1.3 to 9.1 gteongly
depend on the PM size fraction. The estimatioriferCu/Sb ratio (11.7+5.1 for incremental BMs close to the
ones for PMo elemental concentrations in other European lonatiocluding London, U.K. (on average 9.1, Gietl
et al., 2010), Barcelona, Spain (7.0-7.9, Amatal.e®011a); Bern and Zurich, Switzerland (respetyi13.2 and
8.5, Hueglin et al., 2005) and in road dust bel®yin collected in Barcelona, Zurich and Gironafeesively
6.8+0.9, 13.5+6.1, 17.04£8.9, Amato et al., 20119wdver, lower PNy Cu/Sb ratio are found for other European
traffic sites, in Sweden (4.6+2.3, Sternbeck et26102 and 3.8, Johansson et al., 2009); in Pdrabaut 2, Alves
et al., 2015) and in Vienna, Austria (1.6, Handleal., 2008). To complicate the matter furthehlimhed data
from the analysis of brake pads and discs are ma@e scattered, roughly from 1.3 to 2000 (Adackilgt2004;
Canepatri et al., 2008; ljima et al., 2007), anémffifferent than the chemical composition of brakar particles
(Grigoratos and Martini, 2015). The poorer relasioip between Cu and Sb (Pearstn(.4) than those observed
between Sn, Cu and Fe (Pearsei18) and the lower EF for Sb of this study thareskations at other sites may
be explained by the introduction of Sb-free brakd$ Thus, while the occurrence of Sb may be Igmgdlained
by braking activities, the use of a typical fadir braking activities using Sb seems to be leasouls.

The very strong linear relationships found betweenCu, Mn and Sn with no significant interceptt(wlly equal
to zero) suggests that ratios including these camg® also worth attention. Even though Fe is mash $pecific
of brake wear emissions than Cu or Sb, Hulskottal.e2014) observed a stable Cu/Fe ratio of adoWi in
different European kerbside locations (The Netmelta Boogaard et al., 2011; England: Gietl et 20]0;
Switzerland: Hueglin et al., 2005). They concludeak brake wear is probably the single source ¢ lsopper
and iron in urban aerosols. The review of otheemecstudies leads to similar conclusions. Pio e(2013)
determined an average Fe/Cu ratio of 21 (and f@iaffe = 0.048) from tunnel and busy roads measurtsie
Portugal. Cu/Fe ratios at two traffic sites in Bdona ranged from 0.034 to 0.058 (Amato et al.,1201Except
for the site of Weerdsingel in Utrecht, Cu/Fe ratitalculated from average Révelemental concentrations
measured at 8 street locations in The Netherlalstsranged from 0.039 to 0.048 (Boogaard et all5200nly
Alves et al. (2015) found a much higher Cu/Fe ratiB Mo collected in a tunnel in Portugal mainly due tceay
low EF for Cu compared to other studies. The Cu/&® determined in our study for light-duty traffi
(0.041+0.010) is very similar to the ones foundhie majority of these European roadside sites €r&hlwhile
the ratio determined for the heavy-duty trafficO{0+0.017) is slightly larger due to proportionahigher
emissions of Cu. Again, this suggests that brakeeniads used in different European countries amy gamilar
and that the Cu/Fe ratio could be used as an itidicaf brake wear emissions.

Ratios with Mn and Sn are more rarely discussékdriterature, and published information is sca€@'Sn ratios
of 6.2 and 4.3 can be calculated from data pubtistye Handler et al. (2008) and Johansson et aD9R0
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respectively. Amato et al. (2011a) found Cu/Siortitat ranged from 4.7 to 4.8 and did not estimat®s with
Mn because of the possible influence of a locatlsteurce. Cu/Mn ratios of 3.7; 4.9 and 3.0 (Banjl 4.4
(Zurich) are respectively calculated from the stgdif Handler et al. (2008), Johansson et al. (2@0@ Hueglin
et al. (2005). All these ratios are close to thesoof this study (Cu/Sn=4.1+1.0; Cu/Mn=3.6+1.6,[€d), showing
that they are possible other candidates to traaesbwear emissions. Cu/Sn would be the strongesiidate since

the relation between these 2 elements is clo$e0.84 for Cu/Sn vs20.47 for Cu/Mn, see Sl).
3.2.3 Emissions of organic markers of diesel exhaust and lubricating oil

As previously observed (Schauer et al., 2002; PPeret al., 2014; El Haddad et al., 2009), n-alkamesbundant
organic compounds of total quantified organic coomuis emitted by vehicles on road.

In agreement with other chassis dynamometer measmts (Rogge et al.; 1993a; Cheung et al., 20 @R et
al., 2014; Cui et al., 2017), the most importamtikanes in diesel exhaust emissions are C19 to Wi2ie, most
emissions were below detection limit for the twdrpkevehicles (Table 4). Schauer et al. (2002) stmwhat n-
alkanes are present in particulate exhaust emssibnon-catalyst equipped petrol vehicles, buy e almost
absent in the exhaust of catalyst-equipped petotbnvehicles. In 2011 virtually all petrol vehislevere catalyst-
equipped (Fallah Shorshani et al., 2015). C19-Gatanes are also the most important in roadsideeents
in concentration and as a further indication ofdrd@ffic contribution, the Carbon Preference Ind€¥®lI, for
calculation see Sl section VI) is very close totyii0.99) indicating equal distribution between aalttd even
carbon number typical of anthropogenic emissioreriatl et al., 2003; Cincinelli et al., 2007; Kanakt 2012;
Alves et al., 2016). Light-duty traffic-EFs for C281d C24 are in agreement with the ones of the Bui@sel
vehicle from chassis dynamometer measurements (wuppge) and with the ones determined by Perrora. et
(2014) for Euro 3 diesel vehicles (C23: 16.3 pg/{kag?4: 12.7 pg/km). Good agreements are also féan@25
and C26. However, the traffic-EFs determined byréter et al. for C21 is half the one of this stuiihg one for
C20 is 1/5 of the one of this study. All EFs detered by Perrone et al. for Euro 4 diesel vehicleslarger the
ones of the Euro 4 diesel vehicle of this study,diisimilar size of magnitude.

The relative contributions of the n-alkane senediesel exhaust show Gaussian-like shapes pebkimgen C20
and C22 (Rogge et al.,1993a; Morawska and Zhar@®; 20 Haddad et al.,2009; Cheung et al., 2010fdhijet
al., 2012; Perrone et al., 2014; Cui et al., 20kv}his study, the dominant alkanes are C21 irettteaust of test
diesel vehicles and C22 in traffic RN87 emissidfigifre 6). Fujitani et al. (2012) showed that shifom C20 to
C22 and differences between real-atmosphere measuots and exhaust measurements are entirely egglain
gas-to-particle partitioning at different dilutioatios (dominant n-alkanes were C20 and C22 atidiiuatios of
14 and 238 respectively). Accordingly, in this stu@21 is the dominant n-alkane at diesel exhailigi@h ratios
of about 80; and a shift toward a heavier n-alkhas been observed in the roadside atmosphere.axesk
normalized by OC (ug/g) (Figure 6) show values Baro 3 and Euro 4 diesel emissions and RN87 traffic
emissions that are about half of the values medsaora tunnel in Marseille (El Haddad et al., 200@uch higher
values are found with the vehicle retrofitted witlk (Figure 6). These high values are due to veny @C
emissions by the vehicle equipped with PF and Blednow less effective reduction of n-alkanes ttatal OC.
Because of their semi-volatile nature, n-alkaney pass the particle filter in their gaseous phashigher
temperatures. While the n-alkanes series from @126 peaking around C20-C22 seems to be charstaterdf

diesel emissions, increase of the n-alkane/OC gatoald be expected for the future.

13
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Low molecular weight PAH’s (An, Fla, Pyr) are freguily associated with particulate diesel exhausssions
(e.g. Kleeman et al., 2008; Keyte et al., 2016)dkdingly, both chassis dynamometer amditu measurements
indicate that diesel vehicles is a major sourcthe$e chemical species. Indeed, they are almoshalyspetrol
exhaust emissions and are strongly related to RiN8fic emissions. EFs for PAHs determined for teavy-
duty traffic are much higher than the ones deteeahifor light-duty traffic: from 6-times higher féa, up to 20-
times higher for Pyr (Table 3). High emissions wf By heavy-duty vehicles have already been obskeamgwhere
else (Liacos et al., 2012; Cui et al., 2017). While comparison between EFs determined during rdifte
conditions is not straightforward in absence of ghase measurements due to the high vapour pressthie
lowest molecular weight organics (Fujitani et @012; Polo Rehn, 2013), quite good agreements camadf
between chassis dynamometer measurements and-&&%; and with data from other studies. Indeedirathe
light-duty traffic-EFs for Fla and Pyr are quitensistent with the ones of the diesel Euro 3 measwith chassis
dynamometer. The light-duty traffic-EF for An isoportionally lower, somewhere between the onesstfEEuro
3 and Euro 4 vehicles. The average EF for PyrtferBuro 3 diesel vehicle of this study (Table 4)l@se to the
ones of Perrone et al. (2014) for Euro 3 dieseloles (740+£300 ng/km for passenger cars and 181@#57km
for commercial utility vehicles). Traffic EFs fold=and Pyr are also in good agreement with aveEdgein a
tunnel in China (40-50 km#1784-2776 veh.#¥18.4-35.1% HDV, He et al., 2008). These satisfyaiggeements
suggest that EFs determined in this research mayuibe well representative of in-use vehicles. Hosve gas-
particle partitioning and photochemical degradapoocesses may make difficult the use of quaniitatiata for
these markers, as already observed (Zhang e0ab; Phuleria et al., 2007; Katsoyiannis et alL, 20 obiszewski
and Namiénik, 2012).

In agreement with previous observations (Phulari.e2006 and 2007; He et al., 2008; El Haddaal.e2009;
Alves et al., 2016; Pant et al., 2017)a71B-norhopane and hif21B-hopane are the two dominant hopanes
associated with traffic emissions. Very few traffi€s are available for hopanes in the recent titeesand most
data available from recent studies are relatedieéb donsumption (e.g. Phuleria et al., 2006 and7R00Draffic
hopane EFs of this study are much lower than thosguted for tunnels in China (He et al. 2008; &ail. 2016).
In order to compare with European tunnel datafitr&fFs are normalized by OC emissions. The nomedli
abundance of Xi213-norhopane (246 pg per g of OC) is similar to the &or a tunnel in Lisbon (Alves et al.,
2016) but almost half the ones for tunnels in Mdlesand Birmingham (El Haddad et al., 2009; Pdralg 2017).
Conversely, the value for &,213-hopane (301 pg per g of OC) is very close to thesofound in tunnels in
Birmingham and Marseille but twice the one for ttvenel in Lisbon. These divergences and the queatibn of
heavy-duty traffic emissions require further work arder to be able to define specific EFs and nbred

abundances for hopanes.

3.2.4 Other non-exhaust emissions

The average traffic-fleet EFs for €as the fifth highest traffic-fleet emission factafter EC, OC, Fe and NO
While the emissions of Ga could not be discriminated between light-duty ahdavy-duty traffics
(autocorrelation), this much larger emission fa¢han the ones measured in the exhaust of dieb@tles is in
agreement with its origin. If Gamainly comes from road dust resuspension, it dmg¢sonly depend on the
intensity of traffic but also on the amounts ofotain deposited on the road (silt loading). Bukowiest al. (2009)

used the mass concentration measured 1-hour eamli@rder to empirically account for the observed
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autocorrelation behaviour in the calcium time sedae to the accumulation of resuspended dusttifieeseries
resolution of 4 hours for collected particles irsthtudy does not allow such calculations. Noté tlaatrary to
Bukowiecki et al., most other trace elements tloatd be regressed in this study do not have thedsghaviour
as C&*. This could be explained by the removal of roastslthanks to frequent rain events before and diha
sampling period.

Since EU tyres contain about 1% zinc oxide (Paut ldarrison, 2013) and Zn is the most abundant fietal
element in tyres commercialized in the U.S. (Apeagy al., 2011), Zn is often proposed as a kegetraf tyre
wear emissions. In this study, similarly to otheorks (Boogaard et al., 2011; Amato et al., 2011), Z
concentrations did not show any roadside increnemts suggests the prevalence of other sources dfi Zhe
Grenoble-Alpes conurbation, as well as in othemaarbnvironments. Further research are needed ¢ontiae

proper tracers of tyre wear emissions.
4. Conclusions

Thanks to a very large comprehensive dataset ¢itpkate species collected from a simultaneous-nead and
urban background measurement field campaign anssishdynamometer experiments of a few in-use pgssen
cars, this study was able to determine emissiaoifaéor many particulate species from road tradfid to identify
and quantify tracers of exhaust and non-exhaustulkn emissions that could be used in source djgponent
studies. Near-road measurements are made neagveafrevith various driving conditions from free-flowg to
stop-and-go traffic, including frequent and sevkraking events during periods of congestion (mayrémd
afternoon commuting times of workdays).

EC has the highest traffic emission factors anstrisngly associated with diesel traffic. The engesiactor for
EC for the light-duty traffic is similar to the on®f passenger diesel cars without particle filt&S emissions
from heavy-duty vehicles are estimated to be 5giligher than those for light duty vehicles. Tladfic-fleet EF
for OC is slightly larger than those deduced fraxhaaist measurement of test vehicles. This lateerohsion
would require further investigations in order tdigieate the several possible causes for such ods@nv The
determination of the particle size distribution®E could improve knowledge of the organic emissioftsaffic.
In this environment dominated by the diesel traffie OC/EC ratio is below 0.4 (increments in caoticion or
emissions), as it is in diesel exhaust emissionsvé¥er, this ratio depends on the traffic fleet tah may change
in the future with the progressive introductiorvehicles retrofitted with particle filter.

Results showed the important contribution of mefadsn brake wear to particulate vehicular emissidns
particular, Fe has the third higher traffic emisdiactor after EC and OC. Total brake wear emissére estimated
for the RN87 highway, they are on average almotetithe particle emission standards for the exisaafstewer
vehicles (from Euro 5). We have shown that Cu tlagr important contributor to Pivifrom traffic and it could
be an excellent tracer of brake wear emissionsastmnvironments. Even though they are less spehifin Cu,
other metals such as Fe and Sn may be used toldrake wear emissions through typical ratios. Irtipalar,
ratios Cu/Fe of about 0.041 for light-duty traffitay possibly be the best option for estimatinghiteke wear
emissions due to the traffic of European passecayst Cu/Fe ratios in agreement with literatureiealfor other
kerbside sites, while Cu/Fe ratios may be diffefenturban background or rural sites (e.g. Huegtiml., 2005;
this study: Les Frénes’ data), suggest similar &@kmposition for these elements throughout Eufapdong as

Cu-free brakes do not increase in use). Our meammes support more the use of Cu/Sn than that 6fi€and
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Cu/Sb as tracers of brake wear emissions possi#yta an additional source of Mn and the introductf Sh-
free brake pads. Similarly to OC, the determinatibtine particle size distribution of metals maggibly improve
the discrimination between influential sourcesiiban areas.

Particulate organic emission data for European matbicles is scarce. In this study, a few PAHa]kanes and
hopanes have been identified as organic molecudaikers of fresh diesel traffic emissions and tlesnission
factors have been quantified. In agreement witlviptes works, low molecular weight PAHs (mainly Ara,
Pyr) are associated with diesel exhaust emissiBgeene and Fluoranthene are the ones the mostghtron
associated with fresh diesel exhaust emissiongnieyis more largely emitted by the heavy-duty ica8imilarly

to PAHSs, n-alkanes from C19 to C26 are also asttiaith diesel vehicles, even though the detertiinaof
the concentration of the dominant alkanes (from ©2023) strongly depends on measurement conditidihile
the comparison with other recent studies can bfcdlif in the absence of gas quantification for situ
measurements, a quite good agreement is found dst arganics between chassis dynamometer and oadr-r
measurements and between this study and othertistaelies. However, the change of the gas-pagitétioning

of low molecular PAHs and n-alkanes according tdiamt temperature and dilution factors, and thegsible
short-term photochemical degradation may comprothisig use as quantitative markers of fuel comlousti
Hopanes are markers of lubricating oil in the emiss of high-emitting vehicles (Rogge et al. 1993@&]inska
et al., 2004). In this study two hopanesdPaB-norhopane and 1721B3-hopane) have been clearly associated
with the traffic and more closely related to thewheduty traffic. However the quantification of i hopanes to
OC showed divergences with other studies that requbetter understanding.

This study determines many quantitative data dfitcr@xhaust and non-exhaust emissions that coald m a

better definition of traffic emissions in sourcepapgionment studies.
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Tablesand figures

) Sign Rank _
Median ) R with . . .
. test | Wilcoxon R with R with R with
Pollutant| N | Nyg | increment total Remarks
p test p ) HDV NOy EC
(%) traffic
value value
ocC 57| 57 22.7 0.00Q 0.000 0.00 0.16 0.377* 0.38*
EC 57 | 57 67.8 0.000 0.000 0.50** 0.89** 0.89** | - R(CU/EC)=0.83*
NO, 55| 55 73.9 0.000] 0.000 0.49*1 0.71* - 0.89*1
PMyo 55| 55 18.7 0.000] 0.000 0.33% 0.33% 0.55*f 0.65%*
PM_s 48 48 21.3 0.000] 0.000 0.38*1 0.31* 0.62* 0.74*F
PMcoarse | 48 | 48 8.2 0.041 0.115 0.27 0.29 0.2 0.24
NOs 48 48 28.4 0.000] 0.000 0.18 0.27] 0.23 0.21
ca* 57 | 26 34.2 0.011] 0.005 0.42*1 0.63*4 0.56*4 0.44*1 R(Ca/Cu)=0.64**
Na* 57 26 33.2 0.001] 0.003 0.14 0.307 0.19 0.04
2% = ok
Mgz | 48 | 48 431 | 0000  0.000 0.24 0.291 0.17 033  R(MITNO)=0.63™

R(Mg?*/Ti)=0.57**
R(Ba/Cu)=0.57*;
Ba 57 26 37.2 0.035 0.013 0.49*F 0.26 0.25 0.35¢* R(Ba/Sn)=0.74**
R(Ba/Fe)=0.71%
R(Co/SQ?7)=0.46";
Co 57 26 35.6 0.003 0.000 0.15] 0.07 0.0 0.04 R(Coloxalates)=0.51**;
R(CO/NH;*)=0.41%*
R(Cr/Mn=0.52*);
R(Cr/Fe)=0.45+
R(Cu/Sn)=0.95%;
R(Cu/Sb)=0.79%;
R(Cu/Ti)=0.68**; R(Cu-An,Fla,Py,
H3, H4)>0.5%
R(CulFe)=0.86";
R(Fe/Sn)=0.92+*

Cr 57 | 26 86.% 0.000 0.000 0.03 0.25 0.31* 0.40**

Cu 57 | 26 68.9 0.000 0.000 0.67** 0.64** 0.79** 0.83**

Fe 57 | 26 84.1 0.000 0.000 0.68** 0.60** 0.67** 0.74**

Mn 57 | 26 59.6 0.000 0.000 0.48** 0.66** 0.78** 0.77**
Sb 57 | 26 63.3 0.000 0.000 0.44** 0.61** 0.71* 0.62** R(Sb/Sn)=0.81**
Sn 57 | 26 54.1 0.000 0.000 0.71** 0.70** 0.77** 0.79**
Sr 57 | 26 89.% 0.000 0.000 0.34** 0.41** 0.31* 0.28*
Ti 57 | 26 60.8 0.003 0.001 0.58** 0.59** 0.44** 0.45** R(Ti/Al)=0.42**

Table 1a: Median increments to concentrations medswear the RN87 highway in comparison to thosesured in the urban
background site (given in % of total concentrat)dios species for which concentrations are sigaifity higher at the near-
traffic site according to Sign and Rank Wilcoxortdgp<0.05). PMbarse(difference between Pidand PM.s) is also included
in this table. R are Spearman correlation coeffisiemith traffic, heavy-duty traffic (HDV), nitrogeoxides (NQ), and
elemental carbon (EC).Nnumber of samples collected at the traffic sEeh(rolles), Nis : number of samples collected at
the urban background site (Les Frénes site). &emnations at Les Frénes are most of the timeabe&tection limit. * mean
statistically significant at the 95% level, ** dtet 99% level Species significantly correlated with traffic indtors and for

which local traffic contributions are above 50% highlighted.
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. Sign Rank .
Median ) R with . . .
) test | Wilcoxon R with R with R with
Pollutant N | Nug | increment total Remarks
p test p . HDV NOy EC
(%) traffic
value value
Phe (phenanthrene) 56 4D 43.8 0.000 0.000 0.17 0{17 0.25 0.32*
An (anthracene) 56 | 40 55.0 0.000 0.000 0.34* 0.39** 0.48** 0.51**
Fla (fluoranthene) | 56 | 40 70.3 0.000 0.000 0.38** 0.43** 0.51** 0.54**
Pyr (pyrene) 56 | 40 81.3 0.000 0.000 0.40** 0.46** 0.50** 0.51**
BaA correlation with
56 | 40 55.3 0.000 0.000 0.16 0.23 0.29f 0.397* Levoglucosan :
(benzo(a)anthracene 0.75%
C17 (heptadecane) 56 40 78.7 0.005 0.001 -0.03 0.09 0.21 0.24
C18 (octadecane) 56 40 39.6 0.010 0.004 0.14 0.22 0.367* 0.43%*
C19 (nonadecane) | 56 | 40 83.1 0.000 0.000 0.23 0.29* 0.39** 0.39**
C20 (icosane) 56 | 40 70.0 0.000 0.000 0.24 0.39** 0.50** 0.42**
C21 (henicosane) | 56 | 40 89.0 0.000 0.000 0.21 0.33* 0.46** 0.41**
C22 (docosane) 56 | 40 79.3 0.000 0.000 0.27* 0.41** 0.52** 0.43**
C23 (tricosane) 56 | 40 66.6 0.000 0.000 0.31* 0.40** 0.61** 0.59**
C24 (tetracosane) | 56 | 40 68.3 0.000 0.000 0.26 0.35* 0.50** 0.63**
C25 (pentacosane) | 56 | 40 48.2 0.000 0.000 0.24 0.29* 0.55** 0.61**
C26 (hexacosane) | 56 | 40 70.3 0.000 0.000 0.22 0.36** 0.62** 0.63**
C27 (heptacosane) 56 40 36.4 0.000 0.000 0.17 0.18 0.367* 0.44%
correlation with
C28 (octacosane) 56 40 57.4 0.026 0.000 -0.15 -0.01 0.19 0.22  Levoglucosan :
0.55*
correlation with
C29 (nonacosane) 56 40 32.0 0.006 0.000 0.15 0.16 0.24 0.26 Levoglucosan :
0.39*
correlation with
C30 (triacontane) 54 40 54.7 0.002 0.000 0.03 0.16 0.33f 0.38%* Levoglucosan :
0.51%
correlation with
C31 (hentriacontane) 56 40 20.4 0.007 0.003 0.14 0.21 0.35f 0.41%7* Levoglucosan :
0.48*
correlation with
C32 (dotriacontane) 56 40 63.4 0.004 0.002 -0.18 -0.04 0.13 0.21 Levoglucosan :
0.47%
correlation with
C33 (tritriacontane) 56 40 34.4 0.030 0.008 -0.03 0.07 0.23 0.32* Levoglucosan :
0.47*
H3
56 | 40 97.4 0.000 0.000 0.29* 0.46** 0.67** 0.67**
(17021BNorhopane)
H4 (17021Bhopane) | 56 | 40 97.8 0.000 0.000 0.22 0.37** 0.59** 0.61**

Table 1b: Median increments to concentrations nreasoear the RN87 highway in comparison to the ubizkground site
(given in % of total concentrations at the traffite) for organic species for which concentratiars significantly higher at
the traffic site according to Sign and Rank Wilcoxests (p<0.05). R are Spearman correlation coefftsiwith traffic, heavy-
duty traffic (HDV), nitrogen oxides (N£), and elemental carbon (EC)r:Number of samples collected at the traffic site
(Echirolles), Nig: number of samples collected at the urban backgtaite (Les Frénes site). $: concentrations afréses
are most of the time below detection limit. * meatatistically significant at the 95% level, ** tite 99% level. Species
significantly correlated with traffic indicators @ufor which local traffic contributions are abov@ds are highlighted.
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EFs ocC EC N@ Na* Mg?* ca*
median 16.8 39.0 1.82 0.176 0.061 1.62
IQR 8.4-27.8| 35.5-45.50.45-2.6| 0.104-0.394 0.044-0.106| 0.80-2.2]

Table 2a: Median emission factors for OC, EC angomans significantly related to traffic and Intgrartile

Range (IQR: 28 and 7% percentiles) in mg.vehkm™

EFs Ba Cr Cu Fe Mn Sb Sn Sr Ti
median 66 43 300 6711 62 27 55 11 28
IQR 20-136 38-75 228-450 4527-9302 51-7R 19-39 0B 8-16 22-40

Table 2b: Median emission factors for elementsiigamtly related to traffic and Interquartile Ran¢QR: 23"

and 79 percentiles) in pg.vehknm?!

EFs Phe An Fla Pyr H3 H4
median 0.716 0.054 1.69 2.54 3.46 4.34
IQR 0.346-1.15| 0.033-0.085 1.14-2.87.78-3.28| 1.99-6.90 | 2.67-6.89

Table 2c: Median emission factors for PAHs siguifity related to traffic and ti213Norhopane (H3),
17021Bhopane (H4) and their Interquartile Range (IQR" aad 7% percentiles) in pg.vehkm?

EFs C19 C20 C21 Cc22 C23 C24 C25 C26
median 3.6 9.5 30.3 42.5 48.0 39.9 19.8 127
IOR 2.0-8.3| 5.2-18.9 19.9-62{49.8-81.4 30.6-70.3] 26.1-52.5 12.5-34.12 9.3-21.9

Table 2d: Median emission factors for n-alkanesifiicantly related to traffic and Interquartile Rgn(IQR: 25"

and 79 percentiles) in pg.vehknm?!
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Unit " HDV LDV

Coeff. SD p conf.inter. 95% Coeff. SD conf.inter. 95%
EC | mgventkm? | 0.92 | 148.4| 227 0.000 10295 1939 30.2 1.9 0.000 426 34.0
Cu | movemkm® | 073 | 3371| 990 | 000§ 1313 543 258 04 o0d21 4p ay4
Fe | mgveikm® | 0.81 | 480 | 10.1] 0.023 7.55 881 6.3 17 0.002 27 9B
Sb | wgvettkm® | 0.77 | 246 | 72 | 0003 96, 395  20.1 69/ 00D6 56 34l5
Sn | pgvetikm® | 0.82 | 512 | 149 | 0003 198 825 54 15|  o00p2 23 85
Pyr | ngverkm® | 0.60 | 284 | 63| 0000 156 41] 1450 0658 0034 2.1 2.798
An | noverikm® | 055 | 0435 0128 0007 0174 0697 00352 00131 0110] 00086 0.0618
Fla | pgvenkm® | 058 | 7.38 | 3.38| 0.037 o.49f 1427 1254 0305  0.000.63D 1.875
C23 | ugveltkm® | 0.66 | 277.8| 706| 0000 1338 4217 239 64 0001 .11f 368
C24 | ugvetikm® | 0.62 | 1639| 540| 000§ 537 274]L  19. 44 0400 93 290

Table 3: Results of the Multiple Linear Regressiwith the heévy—duty traffic (HDV) and the light tyuraffic |

(LDV): square correlation coefficients, unstandaedi coefficients with standard deviations for HDMWId.DV,

p-values and confidence intervals at 95%.

29



Unit E3D E4D E2P E4P E4D+PF
median IQR median IQR median IQR median IQR] median IQR
EC mg/km 31.6 29.7-41.2 27.1 15.8-37|4 <QL <QL 0.06 0.06 0.37 0.12-0.44
oC mg/km 10.7 7.3-14.4 5.6 3.3-6.0 0.3 0.2-0.4 <QU <QU 0.14 0.07-0.18
OC/EC - 0.29 0.24-0.33 0.16 0.12-0.19 und. und., und und. 0.61 0.40-1.94

Ba nag/km 25.0 17.7-48.9 27.3 13.6-30}3 3.6 2.8-5[0 - - 0 0-0.2
Co pag/km <DL <DL <DL <DL <DL <DL - - <DL <DL

Cr nag/km 0.92 0.46-5.7 2.7 1.3-2.9 0.91 0.75-1.1 - - .160 0.08-0.27
Cu nag/km 9.2 5.2-12.9 1.1 0.56-2.4 0.40 0.33-0J79 - - 0.14 0.10-0.29
Fe pag/km 84 48-213 51 25-98 22 20-27| - - 0.93 0.47-2.
Mn nag/km 0.56 0.49-4.3 4.2 2.4-4.3 0.42 0.13-0J81 - - 0.07 0.03-0.09
Sb pag/km <DL <DL <DL <DL <DL <DL - - <DL <DL
Sn nag/km 0.92 0.46-5.4 2.25 1.1-2.6 0.06 0-0.14 - - 060. 0.03-0.08
Sr pag/km 0.67 0.48-1.0 0.68 0.60-1.5 0.15 0.10-0131 - - 0.02 0.01-0.04
Ti pa/km 8.3 7.4-10.7 15.6 12.0-28{1 2.8 1.5-4/4 - - DL< 0-0.1
Ca® nag/km <DL 0-109 39 0-52 <DL <DL <DL <DL 1.2 1.0-2.8
Na* pag/km <DL 0-89 <DL 0-60 3.6 2.7-6.0 <DL <DL 15 a:8.8
NOz nag/km 226 113-267 56.5 32-352 1.7 1.3-23 <DU <Dy 53 26-49
Phe pg/km 353 3.36-4.33 0.125 0-0.356 <QL 0-0.005 <Ql <QL <QL 0-0.001
An nag/km 0.091 0.07-0.11 0.013 0.01-0.02 <QL <QU <QUu QL< 0.015 0-0.015
Fla nag/km 0.956 0.37-1.27 0.072 0.05-0.11 <QL <QU 0.00L 0-0.002 <QL <QL
Pyr pag/km 1.066 0.26-1.3 0.110 0.03-0.19 <QL <QL| 0.008 0-0.003 <QL 0-0.001
C19 nag/km 17.4 11.5-22.3 4.66 3.05-5.66 0.15 0-0.16 <QL <QL 0.92 0-2.20
C20 pag/km 25.4 14.3-29.7 5.10 3.36-6.36 <QL 0-0.2 <QU <QL 2.78 0.36-3.25
c21 nag/km 31.5 17.1-35.1 5.84 3.65-7.65 <QL 0-1.08 <Ql <QL 2.76 1.22-4.50
c22 pg/km 22.1 13.0-25.9 4.94 2.90-6.39 <QL <QL <QL <QU 220 0-2.44
Cc23 pag/km 16.8 9.43-21.3 4.18 2.23-5.86 <QL 0-0.8p <QU 0-0.04 111 0-1.82
c24 nag/km 11.1 6.19-15.1 3.51 1.70-4.69 0.13 0-0.31 <QL <QL 0.22 0-0.70
C25 pag/km 6.12 3.00-8.39 1.94 1.02-2.87 0.07] 0-0.53 20.0] 0.01-0.02 <QL <QL
C26 pg/km 3.57 1.91-3.85 1.23 0.76-1.56 <QL 0-0.0b <Ql 0-0.01 <QL <QL

Table 4: Average emissions factors (median and iQ@rquartile range) determined by chassis dynanemmeeasurements
for different types of passenger cars: Euro 3 dlig&&D), Euro 4 diesel (E4D), Euro 2 Petrol (E2BYyo 4 Petrol (E4P) and
Euro 4 diesel equipped with particle filter (E4D4RIBingurban, urban cold, road real-driving cycles. Umtdetermined.
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Ratios on Cu/Sb Cu/Fe Cu/Sn Cu/Mn OC/EC
Roadside
) 10.4 +4.5 0.045 +0.015 4,7 +1.0 3.6+1.6 1.00 +£0.49
concentrations
Incremental
] 11.7 #5.1 0.043 +0.015 5.4 +1.8 6.4 5.9 0.33 +0.2p
concentrations
LDV Emission
12.8 #5.3 0.041 +0.018 48 +1.F und. und.
factors
HDV Emission
13.7 +4.3 0.070 +0.01¥ 6.6 +1.% und. und.
factors
Traffic emission
12.6 +4.7 0.046 +0.015 5.6 £1.8 5.7 +2.9 0.44 +0.3p
factors

Table 5: Ratios for road-side, incremental (roa@sitinus urban background) concentrations, and RNSfiet emission
2
factors, with standard deviatiodsusing Taylor expansion for approxar (%) = uizvar(x) +Epar(y) - Z%Cov(x, y)
y X
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(a)
Figure 1: (a) Locatlon of sampling sites in GremsBlpes conurbation: the roadside site (Echiroléex) the urban background
site (Les Frénes). (b) Echirolles sampling sitenging and measurement devices are around the B;pbia traffic
electromagnetic loop monitoring are beneath the (@a the AB line), on the left, the cameras linkedautomatic license
plate recognition code are located on overheadigant

30
comparison with PM10
25 FDMS
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20
o0
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Figure 2: Median concentrations measured at thdsida site (Echirolles) and urban background &is Frénes) and
comparison with respective median TEOM-FDMS fekbncentrations. OM is computed using the fact®rektimated for
Grenoble city (Favez et al., 2010).
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Figure 3: 4-hour concentrations measured at tliféctsate: a: iron and copper; b: sulfate and oigaarbon; ¢: chromium and
titanium; d: calcium and strontium; e: fluoranthepgrene and anthracene; f: pyrene, benzo(a)amtheaand levoglucosan.
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Figure 4 : Scatterplots and linear relationshigsafdew species : a : iron vs. copper ; b : mangans. copper ; ¢ : tin vs.

copper ; d: antimony vs. copper; e: manganesdres ; f: anthracene vs. Pyrene; g: fluoranthess. Pyrene ; h:
benzo(a)anthracene vs. pyrene
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Figure 5: Emission factors for EC (a) and OC (b)tha mixed traffic fleet and the light duty trafidd the RN87/E712 freeway and from

the chassis dynamometer measurements of exhaussgiens of EURO 3 and EURO 4 vehicles for respectivehan cold (UC), urban hot

(UH) and road (R) driving cycles. The emission fadtw OC for the LD traffic fleet could not be det@ned and no data available for the
10 hot driving conditions for the Euro 4 diesel vebgl
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