Response to Reviewer 1

The study by Charron et al. documents measuremé&rts110 samples collected at a roadside in FraDgerall,
the results appear to be of high quality and aggoténtial use to further source apportionment wdhe authors
contextualize the study with the increasing impactaof non-exhaust PM to total vehicular emissiovisch is
an interesting and intuitive concept.

RESPONSE: The authors thank the reviewer for sujyptheir work.

Justification for sampling PM10 should be includethie paper. What is the typical size distribufienvehicular
emissions? Exhaust emissions, especially thoseettedth a particulate filter on board the vehiale dominated

by ultrafine particle emissions, which have vanighirsmall mass, especially in comparison to theaieder of
PM10. Therefore, does PM10 over-sample the resdggemnd non-exhaust emissions? Are aerosol size
distributions of non-exhaust emissions known? Tibe-segregated composition of the PM in this stoibpably
varies strongly, and will have an influence on thdifigs. Please discuss this aspect of the stugseater detail.
Coarse particles also have fast deposition rateiifg their influence on respiratory exposure canggl to PM2.5

(or size classes with smaller upper size limits).

RESPONSEThe reviewer is right, we can expect that the pridpo of non-exhaust emissions in total traffic
emissions is larger for Ppithan for PMs or PVh.

In thisstudy, PM 10 sampling was donein a deliberate manner to account for the entire breathable fraction

of non-exhaust emissions. There are now certainties that RMsehave an impact on health (Beelen et al., 2014;
Cheng et al., 2015; Malig et al., 2013), and theltheof people living near traffic emissions can diengly
impacted. For that reason, we believe that the seodiraction of particles emitted by traffic alsoeds
consideration. Also PM in ambient air is also a quantity that is regudateEurope and in many European traffic
sites the European daily limit value is exceededentivan 10% of time. Note that during the same @agm PM
measurements were carried out using on-line ingnis results are published in another paper (DedVil.,
2015).

The current state of the art of knowledge aboutathi®sol size distributions of non-exhaust emissioas the
purpose of recent reviews (Thorpe and Harrison82@0igoratos and Martini, 2014), not of this woBkit | agree
that consideration of the different particle sizesild substantially improve knowledge on particel&taffic
emissions.

- | proposeto first present and explain our choicein theintroduction asfollows:

“(Recently, on the one hand, Shirmohammadi eR8I17) and Weber et al., (2018) have shown the itapbrole
of non-tailpipe emissions to the oxidative potdntiparticulate matter species identified as traga vehicle
abrasion; and on the other hand, the health imgHatsarse particles is now better documented @Beet al.,
2014; Cheng et al., 2015; Malig et al., 20IF)erefore, a better knowledge on vehicular emissismequired to
better understand their contribution to urban afthesic PMg concentration levels and related health effectd. [

This study focuses on Piin order to take into account for the entire binahte fraction of non-exhaust particulate
emissions, a large part of which are coarse pesticThorpe and Harrison, 2008; Grigoratos and Mia2i014).”
(p2, line 7-8; lines 25-27 in the new version & thanuscript).

- And then, to conclude on the need of research on different particle size fractions of non-exhaust
vehicular emissions.

“The determination of the particle size distribatiof OC could improve knowledge of the organic esioiss of
traffic.” (p 15 lines 28-29, new Ms)

“Similarly to OC, the determination of the partickize distribution of metals may possibly improve t
discrimination between influential sources in urlaeas.” (p 16 lines 5-7)

Note that the new references are added.

Inclusion of more data visualizations throughowt thanuscript, especially related the early sectanm®sults
(temporal profiles) is strongly advised. The reviesreomprehension of the text was heavily improlgadpening
the SI, which should not be a requirement of regdinpaper. This recommendation will likely improtre



manuscript by an important margin. Combining metat® fewer panels may help so that the entire§i &ection
VIl does not need to be included as-is (for instggnPlease consider this idea for all sectionsi@fmhanuscript.

RESPONSE: A part of the SI VII (temporal variatipissincluded in the paper as Figure 3 as welhasentire S
VIII (linear relationships) as Figure 4. UnfortuaBt, combining metals onto fewer panels reducesdadability,
so this option has not been kept.

The presentation of the manuscript overall coulel amme English grammar editing and overall proafliey. A
number of small grammatical or usage errors ekrstughout the document.

RESPONSE: An important correction work of gramnedterrors has been done by reviewer 2 and the roapts
has been re-read.

A few salient ones are pointed out in the minor omnts below, but this should not be consideredkhaustive
list of corrections. Overall opinion: This studyosifd be considered for publication after addrestiegcomments
of this review in a major revision.

Introduction: The study is contextualized well,dsed on the importance of nonexhaust emissions ¥ehitles,
which may now be the most important aspect of wdhicemissions. Findings were, however, associaféu
both exhaust and nonexhaust emissions, whichas.cle

Methods: Methods were clearly described, with tkeeption of a lack of definition for TEOM-FDMS (a moir
comment).

RESPONSE: The TEOM-FDMS used during the field cagrpare now defined:

“PM1o and PM s mass concentrations were also continuously measigiag 8500C series TEOM-FDMS (Filter
Dynamics Measurement System and Tapered Elemeiitaflsg Microbalance mass sensor housed in a singl
cabinet compact enclosure).”

Results: The use of the term ‘incremental’ is ceirfg (occurs throughout ‘Results’). Referring te tmcrement"
with a clearer name would greatly clarify the preagon this important quantity.

RESPONSE: in order to avoid any confusion, “incratak concentrations” is replaced by “increments in
concentration” or “local increments in ... conceritratdue to traffic”.

Section 3.1.1: It would be helpful to see a graphiepresentation of the contribution of each congmb of PM10
to the total mass.

RESPONSE: A figure is added as Figure 2 and théplgcal representation well highlights the differes
between both sites.

Page 6, Line 32: It is becoming clear that the eflte of particle size may be evident in the ddtm (see broader
comments above). Please include a descriptionferemce to what is known about the size-resolvedpasition
of vehicle emissions from both exhaust and non-eshsources. [Such a discussion is not necessaldyant to
insert at this point in the manuscript, howevesjntportance began to become clear at this point.]

RESPONSE: Of course, using another particle sizedmpling could help with the separation of taffietallic
emissions and emission from the nearby industaaftee, but it was not the purpose of the work. Aggested
above, recommendations for further research ataded in the conclusions:

“Similarly to OC, the determination of the partickize distribution of metals may possibly improves t
discrimination between influential sources in urlaa@as.”

Page 7, line 38 — Page 7, line 2: Can a considerdtir super-emitting vehicles be included in thést of the
discussion?

RESPONSE: It is now specified that none of testuiales was a high-emitting vehicle.

Page 8, lines 20-22: The measured ‘dominant regamrdribution’ to OC may be masking the vehiciygamary
OC due to differences in the size distribution. ieegl, secondary OC may be significantly aged, &edefore
larger in size. While this will manifest as an ovbelming signal in a PM10 sample, it may not bénsa PM1



sample, or even a PMO0.1 sample. Please discussighé&icance of what is known about size-dependent
composition of particles associated with vehiclessions.

RESPONSE: | agree with that secondary OC geneaat@verwhelming signal in P}y but this is also the case
for PM; samples (see DeWitt et al., 2015). Additionalhg size distribution of traffic OC may possibly inere
complex. Secondary OC may be larger in size thanfil@ghly emitted from the combustion chamber of the
vehicles, but other traffic sources of OC (fronetyvear, road wear...) may also be larger in size éxéiaust OC
and possibly larger than secondary OC. While therémation of the size distribution of OC would beryw
valuable and requires further studies, considesimly PMio does not change the conclusion.

| propose to add (p10, lines 17-18, after “Furttedies are required to assess the respective tamoer of these
processes.”):

“In particular, a better knowledge of particle sdistribution of OC emitted by traffic might be ise”’

Page 8, lines 33-38: If Co does not show any catited with traffic emissions, how can it be reasdynabncluded
from the data collected in the present study tlaisGa contributor to brake wear? The authors bledtempt to
make a case using the literature. If the contrdsutf other elements to one another is going ta tseexplain
their similar vehicular sources (Fe, Cu, etc), tttensame standard must be held to Co. At bedtapsrthere is
some other, more consistent, low level source off@bis flattening the temporal profile. A conclusas written
in this passage, however, is dubious.

RESPONSE: This is another example of overwhelmigiged from the background or possibly from anotbeal
source. Since concentrations of Co are signifigamitiher at the roadside site, other authors haagenthe same
observation, and Co is measured in brake padsameot totally exclude that Co is not emitted byttiaéfic. The
end of text is changed as follows (page 9 lined3)t-

“All of these suggest that a possible contributidirake wear to Co concentrations cannot be erdudespite
the lack of correlation with traffic indicators.”

Page 9, lines 11-15: Can the impact of variabilithin the parts of the vehicle fleet be incorpod&tén such
highly controlled emissions from vehicles, a smmaiinber of super-emitters may be quite impactful.

RESPONSE: Yes, the referee is right, the variabdite to the presence of a few high emitting velsick now
incorporated page 9 line 24.

“(This variability reflects the presence of vehgleith various emission levels (diesel/petrol; eliéint standards
and engine load; cold start/hot vehicles;) presefieefew high emitting vehicles).”

Page 9, lines 34-35: This is a salient point folgaality management and regulation.

RESPONSE: The referee is right. This point is addetie conclusion: “EC emissions from heavy-duthicles
are estimated to be 5 times higher than thosedbt duty vehicles”.

Page 10, line 5 (and other instances): Pleaseaginere succinct definition to the term “smoker vidst Perhaps
the authors could call these super-emitters? (seecamment about Page 9, lines 11-15)

RESPONSE: “smoker vehicles” is replaced by “highténg vehicles”.

Page 11, line 22: The authors use and cite a finttliiga dominant fraction of brake wear emissianse from
the disc and not the brake pad. This seems havdli®ve considering the fact that the brake patasprimarily
consumable part, and that brake discs (rotors)odoeed to be replaced as often.

RESPONSE: That is a judicious remark of the refeféés assumption is based on the work of Hulskettal.,
2014 and this sensible point is already discussétlikotte’s et al. (2014) that draw on researdmfiSander et
al. (2003) and Varrica et al. (2013), | quote:

“it can be concluded that a share of 30%+5% of &rpa&d wear within total brake wear probably is @iséc

value. This in a reasonable agreement with Sartdgr €003) who reported that at low-metallic lkrakas most
frequently used in Europe) about 60% of mass lasshis origin in the brake disc [here we estimalted 70%
comes from discs]. While this is a surprisinglyulesit first, a closer look at a spent brake pad disc reveals
that there can be rather deep wear patterns odisheand, most important, the surface area of theid much



larger. So, while the wear in mm from a brake paghtbe higher, once this is multiplied with sudaarea, the
wear from the discs appears to be larger. Nonbebpent brake pad collected was worn so muctthbaton
base of the brake pad in any way. We assume tlhéireal world abrasion of the iron base of trekepad very
rarely will occur because obliged periodical roadWimess tests will prevent this situation. So wayrassume
that wear of the iron brake pad base will not dbote to emission of iron. Recently Varrica et(@013) found
that half the concentration of antimony in brakel pasidue on wheel rims compared to brake paddmin
suggesting a 50% contribution by brake discs”

Since at this state of knowledge the influence mknown parameters on the high iron emissions obkseat
different locations cannot be excluded, and newarhes are needed anyway, | added in the texé (phdgjnes
34-36):

“This latter assumption is supported by other redess (Sander et al., 2003; Varrica et al., 20&@n though
the generation mechanisms of brake wear partides hot been fully understood yet (Grigoratos arattivii,
2014).”

Page 11, line 35: Please clarify and/or define “Padtion”. This term is not used routinely in thismuscript. A
change in wording may help in this instance.

RESPONSE: “PM fraction” is replaced by “PM sizectian”.

Page 11, line 34 - Page 12, line 8: It may help@éfine Cu/Sb in the brake materials themselves. hght
consistency in the brake materials themselves datmeospheric Cu/Sb? Could the act of particle faiona
(temperature, breaking force, etc) influence thie?at

RESPONSE: These are excellent questions and adfieksearch to explore which | cannot answer. évmugh
is known on the Cu/Sb in the brake materials leqdiinairborne particles and a few researches &ed @i the
text. A recent review already exist (Pant and Harrj 2013) and is already cited in the text. Atsonoted above,
little is known on the generation mechanisms okénaear particles and how the generation mecharigtuence
the physicochemical characteristics of atmosphmage wear particles. Moreover published works shomide
variety of sampling methodologies that lead thelltegifficult to compare.

Page 15, line 17-19: Has Cu/Fe been reported ity proportion in the atmosphere? Please ilitsiiperhaps
in the results section on this topic) that #¥% value is unique to vehicles.

RESPONSE: Data measured at the urban backgrounéréess, unpublished data from other French sitds a
published data at other sites (e.g. Hueglin e28I05) show that the Cu/Fe ratios are differemtunal and urban
background areas (sometimes similar in urban backgt sites strongly influenced by traffic). Thisrtpes
modified as follows (page 15, lines 36-39):

“Cu/Fe ratios in agreement with literature valuessdther kerbside sites, while Cu/Fe ratios maylifferent for
urban background or rural sites (e.g. Hueglin gt2005; this study: Les Frénes’ data), suggestiairhrake
composition for these elements throughout Européofag as Cu-free brakes do not increase in use).”

Page 15, line 24-28: This is a strange placemerdrf@verview paragraph about the significance adxeactive
metals, which have only been mentioned as sucheinntroduction. This paragraph is probably betféat the
beginning of the conclusions section, mirroring skreicture of the paper itself.

RESPONSE: The paragraph is removed and refereneexlded in the introduction (to complete the dis@n
on the health effect of redox-active metals).

“There is now strong evidence that traffic-relafd is responsible for adverse health effects duechealth
effect of both carbonaceous material from exhaogs&ons and redox-active metals in traffic-gerestadust
including road, brake and tyre wear (Kukutschovalet 2009; Cassee et al., 2013; Amato et al., 2aid
references wherein; Pardo et al., 2015; Poprat.,e2@L7). Recently, on the one hand, Shirmohamraadil.
(2017) and Weber et al., (2018) have shown the itapbrole of non-tailpipe emissions to the oxidafpotential
of particulate matter species identified as tracérsehicle abrasion;[...]”

Page 15, line 29: While studies such as this onebaacarce in the literature, the authors haverteg agreement
with these studies throughout the manuscript —astijng that the science is highly convergent. Rlgamevide a
clear, summary assessment of the novel findingsi®ftudy.



RESPONSE: The paragraph now begins with (pagen&8 #-6):

“Particulate organic emission data for Europeamomeghicles is scarce. In this study, a few PAHalkanes and
hopanes have been identified as organic molecutaikems of fresh diesel traffic emissions and tleenission
factors have been quantified.”

Page 16, lines 5-6: This concluding statement s¢erhighlight the fact that this is a characteii@atstudy with
little in the way of entirely new findings. (see yirus comment) Do the authors believe feel tha iththe case?
If not, a revised summary statement or declaraifaamway forward in light of the present studyrisorder.

=

RESPONSE: Taking into account the comments of beférees, | propose the following amendment (page
lines 20-21):

“This study determines many quantitative data affic exhaust and non-exhaust emissions that cloelpl in a
better definition of traffic emissions in sourcepapionment studies.”

Considering the two comments above, the first paggtgof the conclusion is rewritten in order totbeshow the
most important points and novel findings relatedhis research (very large dataset including metajor ions
and organic / both in situ and chassis dynamommeéarsurements / not only identification but alsorgjfiaation

of tracers that could be used in source apportionstedies) (page 15 lines 13-17):

“Thanks to a very large comprehensive dataset wicpdate species collected from a simultaneous-nesad and
urban background measurement field campaign anssishdynamometer experiments of a few in-use pgssen
cars, this study was able to determine emissidnfaéor many particulate species from road traifid to identify
and quantify tracers of exhaust and non-exhaustulken emissions that could be used in source djgponent
studies.”

Minor comments:

Line 20-21: “Most of the first ones” — please bedifie most of the first ‘what'? What do you meanfogt? |
honestly do not know to which prior items this sse refers.

RESPONSE: It is replaced by “In absence of sigaiftmon-combustion emissions...” (page 1 line 20)
Line 24-26: “On the contrary,...” to what??

RESPONSE: It is replaced by “Although...” (line 25)

Page 8, line 9: should refer to “SI Section VII”

RESPONSE: It is amended.

Page 9, line 27: change “technics” to “techniques”

RESPONSE: it is amended.

Page 10, line 2: define DPF, first usage

RESPONSE: it is replaced by Diesel ParticulateeFilt

Page 10, line 26: change to “third highest”

RESPONSE: Now, the sentence is (page 10 line 8€)ptesents by far the third highest traffic enoissate after
those of EC and OC”



Responseto Reviewer 2
—GENERAL COMMENTS—

Charron et al present chemical speciation of palete matter collected from chassis dynamometeemxents
as well as near-road and urban background sitet. IBaasurements are important for understandirfgéxdtaust
and non-exhaust emissions and their variabilitpserchanging and variable vehicle fleets as welb@tions
with different traffic conditions and meteorologyhél wide range of measured species (which are fédget
contextualized within other measurements in trerdiure) strengthens the dataset, but also preskallenges
for clear communication. A number of editorial coents are given in order to clarify ambiguous orleaic
meaning as well as to correct grammatical errargroving the clarity of figures would also strengthe
manuscript.

RESPONSE: | thank the referee on behalf of all ethvars for the proposed very accurate amendmeiatshen
time spent on this paper.

—SPECIFIC COMMENTS-

SECTION 2.1.1 and SECTION 3.2.3: (1) Please protidesample flowrates, dilution ratios, and sampiing
duration for each vehicle tested (perhaps in supgigal section 1).

RESPONSE: A table is added in the Sl | (Table I-2).

(2) The authors note that differences in dilutiatias could affect the distribution of n-alkane® dao differences
in phase partitioning among species with diffeneaypor pressures. Differences in filter face velocityld also
lead to differences in vapour adsorption (positivéfacts) and particle evaporation (negative acti), resulting
in different degrees of over-estimation of partiplease organic material across different samplargltions (and
thus different vehicle types). For chassis dynamenexperiments, filter face velocity differs by topa factor of
1.67 for molecularly speciated measurements artd agfactor of 6 for EC and OC measurements. Wquhttz
filter sampling artifacts due to differences in séarffpwrates (ie. face velocity, pressure drop)a@ftee authors’
conclusions about distribution of n-alkanes as wsllOC/EC values? (In particular, how would quditter
artifacts affect the authors’ conclusions aboutitigact of the particulate filter retrofit on OC &8@ emissions?)
REFERENCE Solomon, P. A,, et al., Evaluation of PB4hemical speciation samplers for use in the BFEA
national PM2.5 chemical speciation network, EPA R&pA-454/R-01-005, Off. of Air Qual. Plann. andu&d.,
Research Triangle Park, N. C., 2000. REFERENCE Mg¢[# R., and J. J. Huntzicker, Vapor adsorptidifeat
in the sampling of organic aerosol: face velociteas, Atmos. Environ., Part A, 24, 2563 — 25799Q.

RESPONSE: This is an interesting question from téeiewer. Quality sampling of exhaust PM is not
straightforward and we attempted to make the Hesices in order to have repeatable analyses of ¢1Mated
from the CVS of the chassis dynamometer while @ergig the constraints associated with such sagplin
conditions.

Filter face velocities were similar to, or not tao from, the one of atmospheric near-road measenésr(47 cm/s)
for chassis dynamometer samplings of 50 I/min (@3s¢ and 40 I/min (38 cm/s). Then we can expedt tthia
parameter will not significantly modify the pantiti of n-alkanes in comparison to near-road measmesince
PM samplings for organic speciation are made amtD50 I/min. Conversely, very low sample flow safg and
10 I/min, corresponding to filter velocities of altds and 10 cm/s respectively) are used for PM $aggp
dedicated to EC and OC measurements in the exbbdssel vehicles non-retrofitted with PF (Eurar®l Euro
4 diesel vehicles). Indeed, these very low filtelogities may possibly be responsible for enharaisbrption of
organic vapours by the quartz filters, leadingasitive artefact for OC (McDow and Huntzicker, 199Qrpin et
al., 2000; Vecchi et al., 2009), while EC would et affected by filter face velocity (Vecchi et,&009).
However, the magnitude of such potential artefadifficult to estimate (Viana et al., 2006) angesally for
such conditions that are very different from thomsthe atmosphere (in particular the very high emtrations of
organic gases and OC that are also likely to imiteethe adsorption equilibrium of the filter witietincoming
gas-phase concentrations). If we admit that théipesartefact is more important for these sampikis, means
that the real OC/EC ratios would be even lowemnfam-retrofitted diesel vehicles. Therefore, thiggsloot change
the conclusion regarding the impact of PF equipman®C and EC emissions.



Therefore, we included the following comment intpail.2 (Exhaust sampling), lines 20-27 (new versi®
manuscript):

"Conditions of vehicle tests are detailed in thpmemental section (Table I-2). Filter face velmstfor chassis
dynamometer samplings dedicated to organic spenigtere similar or close to the one of atmospheeir-road
measurements, while, because of very high condenirdevels, lower sample flow rates are used ftd P
samplings dedicated to EC and OC measurementg iexttraust of diesel vehicles non-retrofitted wikh(Euro
3 and Euro 4 diesel vehicles). These very lowrfiligocities may influence the adsorption of orgarapours by
the Quartz filter (McDow and Huntzicker, 1990; Turpt al., 2000 ; Vecchi et al., 2009), while ECulgbnot be
affected by filter face velocity (Vecchi et al.,@®)."

The new references are added.

PAGE 5, LINE 9: Please specify which analysis mdtt@®CMS or LCMS) is used for which organic molesule
RESPONSE: The information is added page 5 line221-

“The chemical speciation of organic particles agefgrmed by Gas Chromatography—Mass Spectromet® (G
MS), except PAHs that were measured by liquid clatmgraphy (HPLC) using a fluorescence detector”

SECTION2.4: Which type of MLR analysis was usethis work? (ie. Which algorithm was used to caltaithe
MLR relationships with HD and LD traffic?)

RESPONSE: A standard least square regression meshaoded since the influence of the two independent
variables (light duty and heavy-duty traffic) waspected and in this case, no exploratory procederg.
hierarchical or setwise regressions) was necesshgysentence is modified as follows:

(page 6, line 20-21)” Standard Multiple Linear Reggion analyses (SPSS software) are performed...."

PAGE 9, LINE 17-18: Which constants have high peal? Those in Table 3 all have low (significantyeal In
addition, the second half of the sentence imphas the authors are comparing the urban backgranddemote
site? Please clarify.

RESPONSE: The constants of all regressions havegiigalues. As indicated (caption and in tableTable 3
does not present any constants (weak interest iregeare all not significant), but only the coeiffints of the
regressions. All coefficients are significant. Tdnighors compare the near-traffic site and the ubzkground
site.

In order to be better understood, | propose tHeviaghg modification: | have transferred the senepage 9 line
17-18 in the main part that presents the methatidata analysis part) and | modified the text o gart.

“The coefficients of the regressions representayeEFs for local heavy-duty and light duty traff{d@able 3).
The constants represent the parts not relatedctd tmaffic. They are all not significant (p-valuakove 0.4 for
metals and organics, p-value of 0.061 for EC) carifig the above assumption that mostly local tcaftintributes
to local increments in concentration.”

PAGE 10, LINE 5: What do the authors mean by “smalehicles”?
RESPONSE: Now “High emitting vehicles” replaces tdaar vehicles”. (now line 15)

PAGE 11 LINES 25-29: 1) Which “unquantified composittiHow is this rough estimate calculated if these
compounds are not quantified? 2) | suggest alsadimy the measured particulate EF’s for exhaust reord
exhaust emissions to compare both exhaust andxttaust EF’s with the standard.

RESPONSE: 1) As already indicated in the textairerage brake profile data of Hulskotte et al. @Cre used
to estimate the average emission factor for bradg@assuming that the total proportion of metakest, and that
70% of the wear arise from the disc (as suggestéldir research). The sentence with “unquantifiechpounds”
is now replaced by (page 11- 12 lines 38-1):

“So by adding to the sum of traffic-fleet EFs fortate related to brake wear the portion that cowedp to the
elements and compounds not quantified in this s{@lys, Zn, Al, Si, Zr, Mo, V, Ni, Bi, W, P, Pb, §;dhe rough
estimation of 9.2 mg/km for emissions related takierwear is got for the RN87 highway traffic.”



2) The emission standards shown in the text coormpo the most recent vehicles (only 7% of Euria e
traffic fleet during the campaign and virtually Baro 6). This comparison is to show that in therrieture, the
contribution of non-exhaust emissions would hakenaover the one at the exhaust. | propose thisfioation:

“...the particle emission standards for the exhaa$tthe most recent vehicles (Euro 5 and Euro 6aolesj 5
mg/km).”

The measured particulate EF’s for exhaust are pteden Table 4 and traffic-fleet EFs (exhaust f-eahaust)
are presented in tables 2 and 3.

PAGE 16 LINES 3-4: Please be more specific abouthvtivergences were observed.
RESPONSE: Now it is specified in the text thatdiheergence concerns the ratios hopanes to OC1BrE9).

“However the quantification of ratios hopanes to Siowed divergences with other studies that requivetter
understanding.”

—COMMENTS ON TABLES AND FIGURES-

TABLE 1A: 1) 10th column’s title should be “R witRC”. 2) Why are parts of the table highlighted?aBk
include this in the caption. TABLE 1B: Why are gaof the table highlighted? Please include thihéncaption.

RESPONSE: 1) that is right, thank you.

2) and Table 1b) These parts correspond to spsigagicantly correlated with traffic indicators @rfior which
local traffic contributions are above 50%. It waslicated page 7 lines 1-4. | propose in the newgioarof
manuscript to include it in the caption and remib¥eom the text.

In the captions: “Species significantly correlateith traffic indicators and for which local trafficontributions
are above 50% are highlighted.”

TABLE 3: Perhaps this would be addressed in the-Bgtting process, but please ensure that the aoliten is
sufficiently wide, center the column titles, and beavier borders to separate the HDV and LDV sestio

RESPONSE: Table 3 is now improved.

TABLE ll1I-1: The title should be for a figure, nottable. Also, please indicate both data seriehénlégend
(currently only harmonic mean speed is included).

RESPONSE: That is right, it is corrected. Only hanin mean speed is included since it is what begstasent
the traffic speed. Individual vehicles have difféirspeeds, the magnitude of which depends on dlfffectflow.

FIGUREZ2: Please indicate in the figure or captioly Wiere are missing data points in Figure 2B (avéethese
categories out of the plot). Suggestions to inaaasdability: Consider combining EC and OC inte qtot.

Instead of repeating vehicle type for each sehoéd conditions (UC, UH, R), consider grouping theith a

bracket and labeling them together with the vehigbe.

RESPONSE: The reasons why there are missing datésgon Figure 2b are now indicated in the captasn
follows:

“The emission factor for OC for the LD traffic fieeould not be determined and no data availablaghferhot
driving conditions for the Euro 4 diesel vehicles.”

Combining EC and OC into one plot would not inceeesadability, | prefer to keep two plots. The ahije is to
show how the traffic emission factor correspondh&respective emissions of the three conditions.

SUPPLEMENTAL VII-1 and VII-2: Please use differardlors for different species (ie. use a single céo Cu
and not for any other species). Please also inerbastext size of axes titles and tick mark labels

RESPONSE: Different colours are used for diffeigecies and single colours for Cu, EC, Pyrene.t&kiesize
is increased.

SUPPLEMENTAL VIII: Please increase the text sizeagés titles, tick mark labels, and other text.



RESPONSE: The text size is increased.

SUPPLEMENTAL IX: Given the attention paid to ratimsthis study, | would suggest adding rows for thest
relevant ratios (at the least, Cu/Fn, Cu/Mn, anfS@uwhere data is available.

RESPONSE: The most relevant ratios (Cu/Fe, Cu/8I5i1; Cu/Mn) are now in the table.
—EDITORIAL COMMENTS—

PAGEL1, LINE 13: grammar: add comma: “vehicular esiaiss, a large comprehensive dataset”
Now amended.

PAGE 1, LINE 20: ambiguous, replace “Most of thatfiones” with “Light-duty traffic emission factorghd
move “in absence of significant non-combustion eimiss to be beginning of the sentence (since iliappto the
traffic emission factors, not the chassis dynamommea&asurements)

RESPONSE: The referee is right, it is corrected.

PAGE 1, LINE 21: suggested change to correct granand increase clarity: “Since recent measuremients
Europe including those from this study are consistatios involving copper (Cu/Fe and Cu/Sn) cduédused as
brake-wear emissions tracers as long as brakesGuitlemain in use.”

RESPONSE: the referee’s proposal is accepted.

PAGE 1, LINE 23: The sentence regarding OC/EC rdties not seem relevant or necessary to the abdtrac
addition, the language implies that the OC/EC regtialways 0.44 in France, which is likely not theention of
the authors.

RESPONSE: The referee is right, the OC/EC ratimisalways 0.44 in France since it depends onr#ifictfleet
and other influential sources. The sentence is fieadin the following way:

“Near the Grenoble ring road, where the traffic vagely dominated by diesel vehicles in 2011 (7)) #he
OC/EC ratio estimated for traffic emissions wasuach0.4.”

PAGE 1, LINE 26: grammar: change “markers; whitit’ to “markers, since”
RESPONSE: “since” modifies what we attempted torméaut” will replace “while”.
PAGE 1, LINE 28: grammar: “environments” (shouldderal as written)
RESPONSE: Modified

PAGE 1, LINE 30: grammar: “filters have been progiesly introduced”
RESPONSE: Modified

PAGE 1, LINE 36: soften tone: delete “It is obvidhat”

RESPONSE: Modified

PAGE 2, LINE 1: grammar: “Also, knowledge of thdeterious impacts of PM on human health”
RESPONSE: Modified

PAGE 2, LINE 2: grammar: “PM is responsible”

RESPONSE: Modified

PAGE 2, LINE 11: grammar: “They also do not repreedbe variability”
RESPONSE: Modified

PAGE 2, LINE 19: clarity / word choice: replace &rhistry of PM” with “chemical composition of exhawend
non-exhaust particulate emissions”



RESPONSE: That is a good proposal, it is modified.

PAGE 4, LINE 26: clarity: replace “below installati of” with “below this threshold for”
RESPONSE: Modified

PAGE 4, LINE 28: grammar: “30% and 36% respectively

RESPONSE: the first “respectively” is removed.

PAGE 4, LINE 33: “(see Sl section IV)”

RESPONSE: “section IV” is added.

PAGE 5, LINE 12: grammar: replace “sampler” witlatsples”

RESPONSE: Modified

PAGE 5, LINE 13: ambiguity, makes it sound likerthare two background and two urban sites: detete™
RESPONSE: Modified

PAGE 6, LINE 11: | am not sure if perhaps the atghotended “residual” instead of “residues™?

RESPONSE: The authors mean “residues”, it is anwnde

PAGE 6, LINE 33: Is the discussion of the additidf@and Mn source in the subsequent paragrapbhotsee
it in Section 3.2 as indicated in the text.

RESPONSE: This sentence is removed and the discussithe additional source is page 7, lines 13-22.

PAGE 7, LINE 1: clarity / ambiguity: “are more stakd possibly due to differences between lightdarid
heavy-duty emissions factors”

RESPONSE: In this part, there is no conclusion mission factors, but only on the strengths of refehips
between datasets. The sentence is modified in ¢tods better understood (now page 7 lines 11-12).

“Here, Cu, Fe and Sn are the metals that are trst ohosely related (Pearsoter 0.8), while relationships with
Mn and Sb are more scattered (Pearden(.5) and more closely related to the heavy-dhaffic (Table 1a).”

PAGE 7, LINE 12: precision / clarity: replace “rétmships” with “correlations”
RESPONSE: Modified

PAGE 7, LINES 33-34: Do the authors intend thatrifedkanes and hopanes are correlated to eacfic(tidOx,
EC)? If so, change to “NOx, and EC".

RESPONSE: No, we do not. The sentence is slightiglified as follows in order to avoid any ambiguity.

“However, they are significantly correlated with N&nd EC and some of them with heavy-duty traffipdge 8
lines 4-5)

PAGE 8, LINE 25: grammar: concentrations shouldibngular: “one for Sr concentration”
RESPONSE: Modified

PAGE 8, LINE 36: grammar: “All of these suggest”

RESPONSE: Modified

PAGE 9, LINES 8-9: To increase clarity, considerving this sentence to the end of the first paragrphis
subsection (3.1.2).

RESPONSE: Modified
PAGE 9, LINE 18: grammar: “contributes”



RESPONSE: Corrected. The sentence is in part 2.4.

PAGE 9, LINE 27: change “technics” to “techniquési’ more common spelling
RESPONSE: Modified

PAGE 9, LINE 37: grammar: “larger than could be ected”

RESPONSE: Modified

PAGE 10, LINE 2: grammar: “as ours, and the EFefdraust OC”

RESPONSE: Modified

PAGE 10, LINE 5: grammar: “contribution of smokeghicles; and rapid formation”
RESPONSE: Modified

PAGE 10 LINE 11-12: grammar: non-retrofitted is leksar than “without” (see comment on PAGE 15 LIBIE
as well): “test diesel vehicles without particleefik”

RESPONSE: Modified

PAGE 10 LINE 26: grammar: “third highest traffic exsion rate”
RESPONSE: Modified

PAGE 11 LINE 28: grammar: “EF”

RESPONSE: Modified

PAGE 11, LINE 30 — PAGE 12, LINE 8: The second sang of this paragraph (regarding Cu and Sb brales w
emissions) confused me because it suggested thauttsb ratio would be a good candidate as a tratgch is
not the case (as communicated later in the parbyrapuggest being more direct with the conclusanier in
the paragraph to avoid confusion.

RESPONSE: The second sentence is modified as feliowrder to avoid any confusion.
“[...] Cu/Sb ratio was often considered as a caneidatrace brake wear emissions”

PAGE 11 LINE 35: tone: suggestion to avoid the waldviously.” Also, please qualify the sentenceduding
“in this study.”

RESPONSE: The statement is on the basis of nataorthEuropean inventories. The first sentence idifird to
be better understood.

“According to inventories atmospheric copper igtdy from brake wear.” (p12, line 5)
PAGE 11 LINE 31: Add citation for CITEPA in referess
RESPONSE: the citation is added in references.

CITEPA, édition mars 2018. Inventaire des émissidaspolluants atmosphériques en France métropwitai
format CEE-NU, https://www.citepa.org/images/IlIRapports_Inventaires/CEE-
NU/UNECE_France_mars2018.pdf

PAGE 11 LINE 35: grammar: “depend”
RESPONSE: modified

PAGE 12 LINE 6: replace “Then” with “Thus”
RESPONSE: modified

PAGE 12 LINE 23: replace “spent” with “used”



RESPONSE: modified

PAGE 12 LINE 31: precision / clarity: “Cu/Sn woubé the strongest candidate

RESPONSE: modified

PAGE 14 LINE 12: grammar / clarity: “The normalizedundance of kZ21fnorhopane (246 pg per g of OC)

RESPONSE: modified
PAGE 14 LINE 17: replace “data” with “emissionstias and compositions”
RESPONSE: “data” is replaced by “EFs and normalafeandances” (p14, lines 31-32).

PAGE 15 LINE 2: grammar: “This study determineddentified ...quantified” or “This study attempted to
determine...identify...quantify”

RESPONSE: Modified

PAGE 15 LINE 6: see comment on PAGE 10 LINES 1lfd2similar issue: “passenger diesel cars without
particle filters”

RESPONSE: Modified

PAGE 15, LINE 5: | am not sure what the authorscamamunicating with this first sentence (“The trafffows
the larger emission factor...”). Please rephrase.

RESPONSE: Now rephrased (p15 line 20): “EC hashigkest traffic emission factors and is strongly...”

PAGE 15 LINE 19: As written, implies that differesites in Europe were sampled in this study. Irst&@au/Fe
ratios consistent with literature values from otlkées suggest similar brake composition for thelsenents
throughout Europe (as long as Cu-free brakes dinmase in use).”

RESPONSE: The modification is accepted.

PAGE 15 LINES 21-23: Ambiguous as written as to thiee these ratios are good or bad tracers. Inst€ad:
measurements do not support the use of Cu/Mn arfibCas tracers of brake wear emissions possiblytaue
additional sources of Mn as well as the introductib Sb-free brake pads.”

RESPONSE: Since the use of Cu/Mn and Cu/Sb camnstrbngly rejected by this study, | really pretereplace
the 2 sentences by: “Our measurements supporttmergse of Cu/Sn than that of Cu/Mn and Cu/Sbaats of
brake wear emissions possibly due to additionalcesuof Mn and the introduction of Sh-free brakdgya(page
15-16 lines 38-1)

PAGE 15 LINE 36: clarity: “agreement between chaslyinamometer and near-road measurements”

RESPONSE: To be as accurate as possible, the foljow added: “between chassis dynamometer androadr
measurements and between this study and othertr&ceies.” (page 16, lines 12-13)

PAGE 15 LINE 36: delete “the change of the”
RESPONSE: Modified

PAGE 16 LINES 5-6: | suggest a more specific corolgdsentence. Perhaps replace “delivered valuable
information” with “describes exhaust and non-exhaumsissions measurements”

RESPONSE: Taking into account the comments of kefdrees, | propose the following amendment (innie
manuscript, page 16, lines 20-21):

“This study determines many quantitative data affic exhaust and non-exhaust emissions that cloelpl in a
better definition of traffic emissions in sourcepapgionment studies.”
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Identification and quantification of particulate tracers of
exhaust and non-exhaust vehicle emissions
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Abstract. In order to identify and quantify key-species &&st@d with non-exhaust emissions and exhaust
vehicular emissions, a large comprehensive datdgetrticulate species has been obtained thardisataneous
near-road and urban background measurements coujfedietailed 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 hopaneaZ1ffNorhopane and ti213hopane) are strongly associated with
the road traffic. Traffic-fleet emission factorsvieabeen determined for all of them and are congistéh most
recent published equivalent data. When possilgbt-iluty and heavy-duty duty traffic emission fastare also
determined.In absence of significant non-combustion emissidight-duty traffic emissions are in good
agreement with emissions from chassis dynamometasutements. Since recent measurements in Europe
including those from this study are consistenipsainvolving copper (Cu/Fe and Cu/Sn) could bedusz brake-
wear emissions tracers as long as brakes with @airein use.Near the Grenoble ring road, where the traffic
was largely dominated by diesel vehicles in 2010 %@), the OC/EC ratio estimated for traffic emissiavas
around 0.4Althoughthe use of quantitative data for source apportemnstudies is not straightforward for 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, vebiglh more efficient catalytic converters and dlgsarticle

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

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

2016). Even with electric vehicles, traffic willctinue to be a source of PM through non-exhauss&ons (Pant
and Harrison, 2013; Timmers and Achten, 2016).

Also, knowledge on the deleterious impacts of Pdrfivehicular emissions on human health is incrgadihere

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., 2@$ssee et al., 2013 ; Amato et al., 2014 andertes
wherein; Pardo et al., 2015; Poprac et al., 20Régently,on the one hanc&hirmohammadi et al. (2017) and
Weber et al., (2018) have shown the important aflenon-tailpipe emissions to the oxidative potdnti&
particulate matter species identified as tracengebicle abrasion and on the other hand, the health impacts of
coarse particles is now better documerfigeelen et al., 2014; Cheng et al., 2015; Maliglet2013) Therefore,

a better knowledge on vehicular emissions is regiuio better understand their contribution to urb@nospheric
PMio concentration levels and related health effects.
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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 tlzainot 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#le2017), and
non-tailpipe emissions (e.g. Thorpe and Harris@98. For all these reasons, it is thought thatemealistic

estimates of vehicle emissions are determined &onuality measurements in the near-road atmosfuleria

et al., 2017), including car-chasing, tunnel ordside measurements (Pant and Harrison, 2013 aacenees

therein; Jezek et al., 2015).

In this study, a large comprehensive dataset owchikenical composition dfM:o from exhaust and non-exhaust
emissions has been obtained thanks to two complkamyenampaigns: 1) simultaneous near-road and urban
background measurements coupled with detaileddradfints for the estimation of real-world vehigudanissions
including non-exhaust emissions and, 2) chassiamgmeter measurements of exhaust emissions of imfase
vehicles well-represented in the French fleet fieritlentification of key species in exhaust emissidhis study
focuses on PMyin order to take into account for the entire bneate fraction of non-exhaust particulate emissions
a large part of which are coarse particles (Thampea Harrison, 2008; Grigoratos and Martini, 202Qssible
particulate tracers of exhaust and non-exhaustilekimissions are examined and quantified. Emisfsiotors
and when possible, typical ratios, are derived ftbese data.

2 M ethodology
2.1 Chassisdynamometer measur ements

Vehicles were operated on a chassis dynamometmexdraust emissions were measured using a sanming
including a Constant Volume Sampling (CVS) systamwihich emissions are diluted with filtered air asagnpled
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
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 represenmigng conditions in urban areas (repeated acceterand
vehicle speed below 40 km/h), while the ARTEMISaltnoad cycle represents driving conditions on mmaads
in suburban and rural areas outside cities (flowiradfic conditions). These cycles represent mastirty
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 influeof the cold
start on urban emissions has been systematicaligde

2.1.2 Exhaust sampling

Vehicles were operated on a chassis dynamometesg asCVS system to dilute exhaust emissions witéréd
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 continunositors for CO, C@ NO, and total hydrocarbons
(HORIBA system). Particulate matter (PM) and vidatirganic compounds (VOC) were sampled out froen th
dilution tunnel with a servo-controlled system desid by Serv’instrument for this study. Two drivicgeles in
series were performed in order to collect enougtienfor molecular speciatidiexceptforthe EURO-3-vehicles)
PM was collected on quartz filters (Tissuqu8ftzdiameter 47 mm), at flow rates depending on lemtission
levels of the vehicles being tested and the typesalyses (from 5 t60 L.min for EC/OC measurements and
from 30 to 50 L.mirt for organic molecular speciation). Dilution factaanged from abouit5 to 40 Conditions
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of vehicle tests are detailed in the supplememteticn (Table 1-2). Filter face velocities for ceessdynamometer
samplings dedicated to organic speciation werdaimr close to the one of atmospheric near-roaasmements,
while, because of very high concentration leveladr sample flow rates are used for PM samplingiécdésd to
EC and OC measurements in the exhaust of diesllesmon-retrofitted with Particulate Filter (EuBa@and Euro
4 diesel vehicles). These very low filter veloatimay influence the adsorption of organic vapoyrthe Quartz
filter (McDow and Huntzicker, 1990; Turpin et &000 ; Vecchi et al., 2009), while EC would notdffected by
filter face velocity (Vecchi et al., 2009Quartz filters were pre-baked at 500°C for 8h befoging used. Samples
were stored at -18°C in aluminum foil and sealepatyethylene bags until analyses.

Analysis of test blank filters (collected followinlge same procedure as vehicle test filters inolydiriving cycle
durations with filtered air) showed contaminatidnem the CVS system. It was obvious that some dogan
compounds measured in test blanks result from éiserption of semi-volatile organics deposited it CVS,
that is favoured by cleaner air. Since blank ledelsreased in time with passing air dilution thiotige system,
our procedure included such a step maintained tluration 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) fieldwropaign took place from Septembét © 239, 2011. It
included meteorology and traffic measurements,-ne@ad/urban background Rsampling (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&2@,000 inhabitants. It is located in the southe&Brance in
the French Alps and is surrounded by three moumgaiges (Vercors, Chartreuse, and Belledone). Hfféctsite
was located (45.150641 N, 5.726028 E) about 15 aydvom the southern part of the Grenoble ring r(iad
RN87/E712 highway with 2x2 lanes) (26 m from thadway central axis). Total traffic flow for the dnles was
on average 95,000 and 65,000 vehicles a day ondagrknd weekend, respectively, with frequent comges
during extended commuting hours. Stop-and-go traffiboth directions generates large braking agtiat that
time. This sampling site was highly equipped durihg joint PM-DRIVE / MOCOPO field campaign.
Simultaneous measurements took place at an urbzgioaind 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 pollatioetwork
managed by Atmo Auvergne-Rhbne-Alpes (http://wwm@auvergnerhonealpes.fr/). The locations of biéss
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 sHilters were preheated at 500 °C
during 3 h. After sampling, filters were individbaplaced in aluminum foil, sealed in polyethylelags and
stored at —18 °C until analysis. In addition, bsities were equipped with NONO and NGQ) and CO monitors.
PMio and PM mass concentrations were also continuously medsigieg8500C serieTEOM-FDMS (Filter
Dynamics Measurement System and Tapered Elemeiitafisg 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, thermiédtation of the 2 vehicle classes used in thishsilight-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
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vehicular traffic into different categories: EUR@sdards 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 1,0250pg#hicles.
The harmonic vehicle mean speed was about 80 kna/lnsanged from 52 to 94 km/h (note that the RN@jhivay
has a speed limit of 90 km/h). A sample is congdeaffected by congested traffic above a threshblchore
22,000 vehicles during the 4-h sampling periodsrésponding to vehicle speed below 70 km/h) (seéle&l
However, braking may occlielow this threshold facongestion.

The vehicle fleet was close to the national onetlieryear 2011, with 72% diesel vehicles, and EURé&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@redgl from two stations located in Grenoble coatidn (see
Sl file section 1V).

The wind speed was low during the field campaigm dwerage 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 eventganday
17/09/11) with average temperatures of 21°C andC18spectively, before and after the rain evemto Tain
events occurred during the campaign, the firstfoora the morning of 17/09/11 to the night of 18/0Phight (34
mm of rain) and the second one from the night d028o 19/09/11 afternoon (12.7 mm). They corresigointo
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 lrathyser (Jaffrezo et al., 2005; Aymoz et al., 2008pwing

the EUSAAR2 temperature protocol (Cavalli et @01@). lonic species were analyzed with lonic Chrimgeaphy
(IC) following a well-established method (Jaffrezioal., 1998; Waked et al., 2014). Metals were yareal using
Inductively Coupled Plasma Spectrometry (ICP-MS)}at et al., 2014)The chemical speciation of organic
particles are performed by Gas Chromatography—8psstrometry (GC-MSkxcept PAHs that were measured
by liquid chromatography (HPLC) using a fluorescedetector (Piot, 2011; Golly et al., 2015).

Hence, a large number of particulate chemical ggelesave 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,G&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)éinthhene, benzo(a)pyrene, benzo(ghi)perylene,
dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyren@neme), 30 n-alkanes (from C10 to C40), 2 braneiiezhes
(pristane and phytane) and 10 hopanes (trisnormpeotey 1d@-trisnorneohopane, 87213-norhopane, 1d21(3-
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 dieahtn the filter samples from the chassis dynareten
experiments.

2.4 Data analysis

A series of multivariate data analysis tools hagerbused in order to define which species areeclat traffic,

to identify influential parameters, and to quantifigeir respective influences. Thanks to simultaseou
measurements at near-traffic and background sites|, increments in concentratiat the traffic site have been
calculated as the difference between near-traffit @rban background concentrations. Sign and Raghe8-
Wilcoxon tests have been used to estimate if cdnations measured at the near-traffic site arefsogmtly higher
than concentrations measured at the urban backgsitenand can possibly be ascribed to local ta&fifnissions.
As a complementary indication of relation to traffSpearman correlations with traffic data (totaffic, light-
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duty traffic, heavy-duty traffic), with NO(as an indicator of traffic emissions) and with ES 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 tbgiositive
increments and p-values below 0.05 from Sign agdedl Wilcoxon tests) are presented in Tables 1d bnd

Increments inconcentrations for all species strongly associatéti traffic are transformed into emissions
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 (crements in concentratiqnear-traffic site minus urban traffic sitaje 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 neanidystrial activities influence the
concentrations of Ti, Cr, Fe and Mn in the mornitiggse data are excluded from the calculati@andard
multiple Linear Regression analyg&s°SS softwaregre performed betweenmputed averagemission data and
light-duty and heavy-duty vehicle counts. The ciogdhts of the regressions represent average Efodal
heavy-duty and light duty traffid§ able 3) The constants represent the paut related to local trafficChey are
all not significant (p-values above 0.4 for metaitgl organics, p-value of 0.061 for EC) confirmihg tbove
assumption that mostly local traffic contributeddcal increments in concentratidResults from Multiple 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 Resaults

Average concentrations measured at the traffic aie presented in the S| (section Il). Four-hour:PM
concentrations ranged from 4.9 to 45.1 pg(on average 24.1 pg¥nand 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 in
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 Rywere sulphate (on average 1.2 pglniron (on average 1.0 pginand calcium
(on average 0.8 pg:fh Strong showers during the weekend in the midfitbe two-week campaign led to RM
concentrations below 10 pglduring a few hourésee Figure 2 and S| VII for individual particulagecies).

3.1 Identification of speciesrelated to local on-road traffic

Tables 1a and 1b present species for which coratemts are significantly higher at the near-traffite and
assumed from local emissions. These species cauldidbributed into two main groups according tohbtite
significance of the contribution of traffic to atsmheric levels and the strength of relations wilffic indicators

(traffic counts, N@Q and EC concentrations).

3.1.1 Species strongly associated with local traffic

highlighted-in-Tables-1a,-1b.
Cu, Fe, Mn, Sb, Sn have concentrations stronglyetaied with traffic indicators (Table 1a). Thedacal
increments in concentration due to trafémge from 54% to 84%. The concentrations of tlspseies are linearly
related to each other with near-zero intercépigure 3)confirming that they come from the same source.
Similarly to this study, Amato et al. (2011a) andrkison et al. (2012) measured strong incrememtsdpCu, Sb
and Sn concentrations at traffic sites with strongelations between them. Here, Cu, Fe and Stharenetals
that are the most closely relat@tkarsond> 0.8), while relationships with Mn and Sb are more srati(Pearson

r? < 0.5)and more closely related to the heavy-duty trdffiable 1a).

Cr and Ti are also species significantly correlatettaffic indicators but to a lower extent than, &Ee, 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 studiesr@drTi show
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a behaviour different from that of other elementsning from brake wear. They present sharp peakben
morning, poorer correlations with copper, and digant correlations with Aligure 2and Table 1a). When the
very high morning concentrations are removed (nmmy%iof 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. Simijarivhile
morning peaks are less obvious in the temporadtiaris, the exclusion of morning data for Fe andiiviproves
their correlationswith Cu Figure J.

Many of these species are metals that are knowrnige from brake wear emissions (Thorpe and Haryi2008;

Pant and Harrison, 2013; Grigoratos and Martinil£®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 tiierfiof 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 surprisinghythis site
dominated by diesel vehicles, high molecular welAHs (from 5 rings) are more significantly corteld with
levoglucosan, suggesting a closest relation to h&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-jgures 2 and )3 Specifically, Pyr and Fla show highcrements in concentratiofas an
indication of the low contribution of the urban kgmound compared to strong traffic contributiongdim rapid
photochemical degradation) and strong linear mhatiip without any significant intercept (as ani¢ation of
common origin). Concentrations of An have morealaitity and larger contribution from the urban baaund.

The n-alkanes C19 to C26 and two hopanesiZlZnorhopane and bi213hopane) are species that are not
significantly, or only weakly, correlated to totahffic. However, they are significantly correlated with N&nhd
EC and some of them with heavy-duty traffithe n-alkanes between C18 and C25 are the predotronas in
vehicle exhaust and correspond to the high bopioigt components in diesel fuels (Alves et al.,@0Hopanes
are known to arise from unburnt lubricating oil esidns (Rogge et al. 1993a; Zielinska et al., 20aAy
17a21nNorhopane is considered as a tracer for lubmigatil (Kleeman et al., 2008). While n-alkanes é&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 (passengencae of them
was a super-emitting vehigleid not emit enough unburnt oil for the propernqiification of hopanes. At the
sampling site, the temporal variations of the comegions of these species show higher values ers¢icond
week of the field campaign than on the first onkisTobservation can be explained by much largevyzdaty
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,sN8a', C&*, Mg?*, Ba, Co,
Phenanthrene (Phe), Benzo(a)Anthracene (BaA) ané sealkanes (C18, and from C27 to C33). Most et&@s
from this group are obviously emitted by the traftfiut they seem to be less specific than speaies the first
group since other sources can largely contributbed emission levels.

Not surprisingly N@ is not significantly related to primary trafficdicators. 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 N\gtinitted by
vehicles. Indeed, the important introduction dfictes equipped with DeNOx technology such as 3-eaglysts
or selective catalytic reduction systems have deietent increasing vehicular Nidmissions (Kean et al., 2009;
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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 Pdiganic mass could be attributed to vehicular simis (DeWitt et al.,
2015). Additionally, the temporal pattern of OC centrations clearly shows a dominant regional doution
(Figure 2 ancsl section VII). All these results agree that imsoer time, the majority of OC is of regional 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
not related to traffic), both present temporal @aoins close that of calcium (Figure 2). 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. Lougt. £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 tempogahviour close to the ones of Cu, Fe, Sn and Mh a
accordingly, is known as an element of the fillebke linings. Higher Ba atmospheric concentratiat 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 mead 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
thata possible contribution of brake wearCo concentrations cannot be excluddespite the lack of correlation
with traffic indicators.

The concentrations of Phe, BaA, C18 and C27-C38n&& are significantly higher at the traffic sitel some of
them are significantly correlated with N@nd EC. Accordingly these species were detecteithanexhaust
emissions of diesel vehicles sampled from our ¢hals;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{&@gure 2). It is therefore believed that mosthefrh are largely
emitted by biomass burning and are not specifiwatl traffic emissions.

3.2 Quantification of traffic fleet emissionsfor species associated with traffic

Average emission factors (EFs) are presented ine$dta,b,c,d. Most EFs show large standard dewtidhis
variability reflects the presence of vehicles witirious emission levels (diesel/petrol; differetatnslards and
engine load; cold start/hot vehiclgsiesence of a few high emitting vehiglet could also be related to 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 Rfh/h to congested with stop-and-go traffic).

Table 3 presents average EFs for heavy-duty aind tigty traffics, their standard deviations and ficance
intervals at 95%.

3.2.1 EC/OC emissions

The traffic-fleet EF for EC determined in this spu 89 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;j €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 et2015) and U.S. (Gillies et al., 2001) are higf&F mg.veh
Lkmt and 25 mg.vehkm? respectively). Different traffic fleet and traff@onditions may explain these small
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divergences. Part of the differences may also be tduthe different measurement techniques usedhfor
distinction between EC and OC.

The average light-duty traffic-fleet EF for EC msaxcellent agreement with the EFs of Euro 3 ane Buiesel
vehicles obtained from chassis dynamometer measuntsnm our study for which the highest EFs wesaudy/

observed when vehicles are cold (Figure 4a). Indbede two types of vehicles represented thedapgeportion
of passenger’s cars on the RN87 freeway in 201lafF&horshani et al., 2015), as well as in then€nenational
fleet. Similarly to results for diesel vehiclesttb by Fujita et al. (2007) and Lough et al. (20®&¢ has the
highest emission factor in diesel exhaust. It atsadd 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 betwlight-duty and heavy-duty traffic (coefficienist
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 4b). Note that traffic-fleetsHbr OC
from other studies (Handler et al., 2008; Alvealgt2015, Cui et al., 2016; He et al., 2008) areast as high as
ours, and the EFs for exhaust OC from Cheung €2@lL0) for Euro 4 diesel vehicles (with and with&uesel
Particulate Filtéris similar to ours. There are many likely expléoas for the traffic-fleet EF for OC 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 weanyribution ofhigh emittingvehicles; and rapid formation of
secondary OC in the roadside atmosphere. Furtheiestare required to assess the respective inmupertsf these
processedn particular, a better knowledge of particle giigtribution of OC emitted by traffic might be fiske

Average OC/EC ratios ancrements in concentratioand emissions are respectively 0.33 and 0.44 (Tglteat

is in excellent agreement with observations inaveay tunnel in Lisbon and with roadsiglerichment of OC/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 theagst 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) shtivee most OC/EC ratios are above 2 for petrololed
(except for two smoker vehicles) and below 0.5dmsel vehicles (except idling conditions), witheevower
ratios for older and heavier diesel vehicles. Bsean 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 EFsiocrements in concentratiomgere 0.90+0.21 in a tunnel in Austria
(Handler et al., 2008); on average 0.52 for aitrdféet 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 fahe third highest traffic emission rate after tho§&C and OJ6.7 mg.vel.km?, Tables 2).
Cu also shows a high emission factor from traffieéq pg. vetl.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.,
2012). The analysis of brake wear debris (Apeagyal., 2011 ; Sanders et al., 2003 ; Kukutschdw. £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 @ndthportant element. Indeed, maximum contents08t &y
mass for Fe (Gigoratos and Martin, 2015) and of ¥&%&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 bratte @ad 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 Skice/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
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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 studilligs et al., 2001). This could be explained bgslestop and go
traffic in such environments. Indeed, interestinghany EFs determined by Handler et al. (2008)a@.t half

the ones found in this study. Even though this prpnality 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 magsibly

be related to the introduction of Sb-free brakesp@dn Uexkiill 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 tHanthe 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 hegaluty traffic
— Sb excluded). This consistence between brakelggafuggests that brake compositions would belasirm
different European countries. Traffic-fleet lighttgl EFs for brake wear metals are much higher tharmones
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, Sh, Sn, Ti - T&tlgleads 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 carbanecmaterial and other unquantified compounds akds (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 spemtirc& are quite similar to the ones spent in Thiandtkands.
Then, their average brake profile data are usezbtinate the average emission factor for brake awssmming
that the total proportion of metals is kept, archaading to Hulskotte et al., that 70% of the waase from the
disc.This latter assumption is supported by other resear (Sander et al., 2003; Varrica et al., 20A&n ¢hough
the generation mechanisms of brake wear partides hot been fully understood yet (Grigoratos arattii,
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&dks for these
elements are assumed to be entirely due to thesemssof brake wear dustSo by adding to the sum of traffic-
fleet EFs for metals related to brake wear theigorthat corresponds to the elements and componaots
guantified in this study (C, S, Zn, Al, Si, Zr, Mg, Ni, Bi, W, P, Ph, Co), the rough estimation92? mg/km for
emissions related to brake wear is got for the RNighway traffic.This estimation includes particles directly
emitted during braking and those resuspended, amdgs®sns from light and heavy-duty traffic. It sldube
highlighted that this EF for brake wear emissianalimost twice the particle emission standardshierexhausts
of themost recent vehicles (Euro 5 and Euro 6 vehiclesghkm).

According to inventories atmospheric copper iséfydrom brake wear. Indeed brake wear represdi&s86 of
European Cu emissions (Denier Van der Gon et @07Rand 64% of French Cu emissid@3TEPA, 2018)
Since Sb is another well-known constituent of braki very few other atmospheric sources, Cu/Slo ratis
often considered as a candidtddrace brake wear emissions (Gietl et al., 263t and Harrison, 2013). Pant
and Harrison (2013) reviewed Cu/Sb ratios in bnakar particles and found ratios from 1.3 to 9.1 gteongly
depend on th€M size fractionThe estimation for the Cu/Sb ratio (11.7+5.lifmremental PM) is 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@®yuin collected in Barcelona, Zirich 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 furthehlizhed data
from the analysis of brake pads and discs are mw@e scattered, roughly from 1.3 to 2000 (Adacldlgt2004;
Canepari et al., 2008; ljima et al., 2007), anemwflifferent than the chemical composition of brafear particles
(Grigoratos and Martini, 2015). The poorer relasioip between Cu and Sb (Pearsén(.4) than those observed
between Sn, Cu and Fe (Pearsei18) and the lower EF for Sb of this study tharesbations at other sites may
be explained by the introduction of Sb-free brakdg Thus, while the occurrence of Sb may be Igmgdlained
by braking activities, the use of a typical fadimr braking activities using Sb seems to be lessouts.
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The very strong linear relationships found betweenCu, Mn and Sn with no significant interceptt(wally 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 ado#i in
different European kerbside locations (The Netmeita Boogaard et al., 2011; England: Gietl et 20]10;
Switzerland: Hueglin et al., 2005). They concludieak 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@affe = 0.048) from tunnel and busy roads measurtsnie
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 ratmalculated from average RiMelemental concentrations
measured at 8 street locations in The Netherlatlstdsranged from 0.039 to 0.048 (Boogaard et atLl5200nly
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 €&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 brakeemiads used in different European countries ary gémilar
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 pubtidhye Handler et al. (2008) and Johansson et aD9R0
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 stgddf Handler et al. (2008), Johansson et al. (2@0@ Hueglin
et al. (2005). All these ratios are close to thesoaf this study (Cu/Sn=4.1+1.0; Cu/Mn=3.6%1.6, [€d), showing
that they are possible other candidates to tramecbwear emissions. Cu/Sn would be the strongestidate since
the relation between these 2 elements is clo$e0.84 for Cu/Sn vsZ0.47 for Cu/Mn, see SI).

3.2.3 Emissions of organic markers of diesel exhaust and lubricating oil

As previously observed (Schauer et al., 2002; Perst al., 2014; El Haddad et al., 2009), n-alkamesabundant
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., 201G et
al., 2014, Cui et al., 2017), the most importamtikanes in diesel exhaust emissions are C19 to Wi2i&, most
emissions were below detection limit for the twarpkevehicles (Table 4). Schauer et al. (2002) stwwhat n-
alkanes are present in particulate exhaust emssibnon-catalyst equipped petrol vehicles, buy tie 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 roadsideements
in concentration and as a further indication ofdrd@ffic contribution, the Carbon Preference Ind€¥®lI, for
calculation see Sl section VI) is very close totyitD.99) indicating equal distribution between aalttd even
carbon number typical of anthropogenic emissiorar i@t et al., 2003; Cincinelli et al., 2007 ; Katak, 2012;
Alves et al., 2016). Light-duty traffic-EFs for C281d C24 are in agreement with the ones of the Buisel
vehicle from chassis dynamometer measurements (uppge) and with the ones determined by Perrora. et
(2014) for Euro 3 diesel vehicles (C23: 16.3 pg/kg?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 stuihg 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., 2010tdhijet
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 emissidfigiire 5). 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.adesk
normalized by OC (ug/g) (Figure 5) show values Emro 3 and Euro 4 diesel emissions and RN87 traffic
emissions that are about half of the values medsara tunnel in Marseille (El Haddad et al., 200@uch higher

22



(eI NIe)] b wWwN -

values are found with the vehicle retrofitted witlr (Figure 5). These high values are due to veny @C
emissions by the vehicle equipped with PF and lednow less effective reduction of n-alkanes ttaal 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 charstaterof
diesel emissions, increase of the n-alkane/OC gatoald be expected for the future.

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 almoshabspetrol
exhaust emissions and are strongly related to RiN8fic emissions. EFs for PAHs determined for teavy-
duty traffic are much higher than the ones deteenhifor 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 preskthre
lowest molecular weight organics (Fujitani et &012; Polo Rehn, 2013), quite good agreements aaredf
between chassis dynamometer measurements and-E&%; 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 PyriferBuro 3 diesel vehicle of this study (Table 4)l@se to the
ones of Perrone et al. (2014) for Euro 3 dieselckes (740+300 ng/km for passenger cars and 181@Hg§7km
for commercial utility vehicles). Traffic EFs foldrand Pyr are also in good agreement with aveEdgein a
tunnel in China (40-50 km#784-2776 veh.#%¥18.4-35.1% HDV, He et al., 2008). These satisfydiggeements
suggest that EFs determined in this research maguibe well representative of in-use vehicles. Hoeve 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 (Phuldrie.e2006 and 2007; He et al., 2008; El Haddaal.e2009;
Alves et al., 2016; Pant et al., 2017)07B-norhopane and 1213-hopane are the two dominant hopanes
associated with traffic emissions. Very few traffi€s are available for hopanes in the recent titegaand most
data available from recent studies are relatediéb donsumption (e.g. Phuleria et al., 2006 andr/200raffic
hopane EFs of this study are much lower than tbosguted for tunnels in China (He et al. 2008; &ail. 2016).
In order to compare with European tunnel datafitr&Fs are normalized by OC emissiofi$ie normalized
abundance 017a,213-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 ug per g of OC) is very close to thesofound in tunnels in
Birmingham and Marseille but twice the one for tinenel in Lisbon. These divergences and the queatién of
heavy-duty traffic emissions require further workarder to be able to define specifi¢-s and normalized
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 Cha could not be discriminated between light-duty ahdavy-duty traffics
(autocorrelation), this much larger emission fatham the ones measured in the exhaust of diekéles 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
autocorrelation behaviour in the calcium time sedae to the accumulation of resuspended dusttiffieeseries
resolution of 4 hours for collected particles irstetudy does not allow such calculations. Noté¢ tleatrary to
Bukowiecki et al., most other trace elements tloatd be regressed in this study do not have thedshaviour
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. (Apea@y al., 2011), Zn is often proposed as a kegetraf tyre
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wear emissions. In this study, similarly to otheorks (Boogaard et al., 2011; Amato et al., 2011), Z
concentrations did not show any roadside increngmts suggests the prevalence of other sources adfi Zhe
Grenoble-Alpes conurbation, as well as in othemarbnvironments. Further research are needed ¢onuae
proper tracers of tyre wear emissions.

4. Conclusions

Thanks to a very large comprehensive dataset ¢itpkate species collected from a simultaneous-neaad and
urban background measurement field campaign argsishdynamometer experiments of a few in-use pgssen
cars, this study was able to determine emissiaonfaéor many particulate species from road tradfid to identify
and quantify tracers of exhaust and non-exhaustukin emissions that could be used in source digmonent
studies Near-road measurements are made near a freewayavithus driving conditions from free-flowing to
stop-and-go traffic, including frequent and sevbraking events during periods of congestion (magrémd
afternoon commuting times of workdays).

EC has the highest traffic emission factors amstrisngly associated with diesel traffithe emission factor for
EC for the light-duty traffic is similar to the os@f passenger diesel cars without particle filteS emissions
from heavy-duty vehicles are estimated to be 54gitigher than those for light duty vehicl@he traffic-fleet EF
for OC is slightly larger than those deduced fraxhaist measurement of test vehicles. This lateerobtion
would require further investigations in order tdigieate the several possible causes for such ods@nvThe
determination of the particle size distribution@€ could improve knowledge of the organic emissiofrsaffic.
In this environment dominated by the diesel traffice OC/EC ratio is below 0.4¢rements in concentratia@r
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 almostetthe particle emission standards for the exlsaafstewer
vehicles (from Euro 5). We have shown that Cu mtlagr important contributor to Pivifrom traffic and it could
be an excellent tracer of brake wear emissionsdstmnvironments. Even though they are less spehbiin Cu,
other metals such as Fe and Sn may be used tolirake 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 passecae.Cu/Fe ratios consistent with literature values fratmer
kerbside or urban siteshile Cu/Fe ratios may be different for rural sifegy. Hueglin et al., 2005uggest similar
brake composition for these elements throughoutjiai(as long as Cu-free brakes do not increaseeh @ur
measurements support more the use of Cu/Sn thawoftiiau/Mn and Cu/Sb as tracers of brake wear eamiss
possibly due to an additional source of Mn and ittieoduction of Sb-free brake padSimilarly to OC, the
determination of the particle size distribution mietals may possibly improve the discrimination ke
influential sources in urban areas.

Particulate organic emission data for European matbicles is scarcén this study, a few PAHs, n-alkanes and
hopanes have been identified as organic molecutakemns of fresh diesel traffic emissions and tleenission
factors have been quantifieth agreement with previous works, low moleculatighie PAHs (mainly An, Fla,
Pyr) are associated with diesel exhaust emissiBgeene and Fluoranthene are the ones the mostgbtron
associated with fresh diesel exhaust emissiongniyis more largely emitted by the heavy-duty ica8imilarly

to PAHs, n-alkanes from C19 to C26 are also astatiaith diesel vehicles, even though the detertitinaof
the concentration of the dominant alkanes (from ©2023) strongly depends on measurement conditidihile
the comparison with other recent studigm bedifficult in the absence of gas quantification fior situ
measurements, a quite good agreement is found dst arganichetween chassis dynamometer and near-road
measurements and between this study and othettitoeiesHowever, the change of the gas-particle partitigni
of low molecular PAHs and n-alkanes according tdiamt temperature and dilution factors, and thessible
short-term photochemical degradation may comprothisig use as quantitative markers of fuel comlousti

Hopanes are markers of lubricating oil in the emaiss of high-emitting vehicles (Rogge et al. 1993@&]inska

et al., 2004). In this study two hopanesdPaB-norhopane and bf213-hopane) have been clearly associated
with the traffic and more closely related to theweduty traffic. However the quantification ofi@hopanes to
OC showed divergences with other studies that requiretter understanding.
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This study determines many quantitative data dfitr@xhaust and non-exhaust emissions that coald m a
better definition of traffic emissions in sourcepapionment studies.
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