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Abstract. Single-particle mixing state information can be a which differ in their relative sulfate content, while fresh
powerful tool for assessing the relative impact of local andbiomass burning OA (BBOA) is associated with two mix-
regional sources of ambient particulate matter in urban enviing states which differ significantly in their OA/EC ratios.
ronments. However, quantitative mixing state data are chalAged biomass burning OA (OGABBOA) was found to be
lenging to obtain using single-particle mass spectrometers. Isignificantly internally mixed with nitrate, while secondary,
this study, the quantitative chemical composition of carbona-oxidised OA (OOA) was associated with five particle mixing
ceous single particles has been determined using an aerosstates, each exhibiting different relative secondary inorganic
time-of-flight mass spectrometer (ATOFMS) as part of the ion content. Externally mixed secondary organic aerosol was
MEGAPOLI 2010 winter campaign in Paris, France. Rela- not observed. These findings demonstrate the range of pri-
tive peak areas of marker ions for elemental carbon (EC)mary and secondary organic aerosol mixing states in Paris.
organic aerosol (OA), ammonium, nitrate, sulfate and potasExamination of the temporal behaviour and chemical compo-
sium were compared with concurrent measurements from asition of the ATOFMS classes also enabled estimation of the
Aerodyne high-resolution time-of-flight aerosol mass spec-relative contribution of transported emissions of each chem-
trometer (HR-ToF-AMS), a thermal—optical OCEC analyser ical species and total particle mass in the size range investi-
and a patrticle into liquid sampler coupled with ion chro- gated. Only 22 % of the total ATOFMS-derived particle mass
matography (PILS-IC). ATOFMS-derived estimated masswas apportioned to fresh, local emissions, with 78 % appor-
concentrations reproduced the variability of these speciesioned to regional/continental-scale emissions.
well (R2=0.67-0.78), and 10 discrete mixing states for
carbonaceous particles were identified and quantified. The
chemical mixing state of HR-ToF-AMS organic aerosol fac-
tors, resolved using positive matrix factorisation, was alsol Introduction
investigated through comparison with the ATOFMS dataset.
The results indicate that hydrocarbon-like OA (HOA) de- Particulate matter is known to significantly impact air qual-
tected in Paris is associated with two EC-rich mixing statesity in urban environments, and elevated ambient mass con-
centrations are associated with adverse health effects (Heal
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et al., 2012). Megacities, defined as metropolitan areas withocal and regional/continental emissions is therefore neces-
populations greater than 10 million inhabitants, have beersary to help develop strategies aimed at preventing future ex-
the focus of several large-scale air quality measurement studceedances of EU limit values for annual mean mass concen-
ies in recent years (Molina et al., 2010; Gao et al., 2011;trations of PM 5 in Paris.
Harrison et al., 2012). While poor air quality in megacities  Single-particle mass spectrometers are well suited to the
is of serious concern at a local scale, the potential impactssociation of unique particle classes with specific sources
of the associated urban plumes on the surrounding regionéReinard et al., 2007; Ault et al., 2010; Healy et al., 2010;
must also be considered. Particulate matter and precursor g&have et al., 2001; Bein et al., 2007; Moffet et al., 2008; Pratt
emissions may lead to haze formation or acidic depositionand Prather, 2012). However, quantifying the relative contri-
at a regional scale, potentially impacting human health andbution of each particle class to ambient particle number and
crop production (Chameides et al., 1994; Molina and Molina,mass concentrations can be difficult. Composition-dependent
2004; Lawrence et al., 2007). ionisation efficiency issues and size-dependent particle de-
Summer and winter intensive measurement campaigngection efficiency are the predominant confounding factors
were undertaken in Paris, France, in 2009/2010 as part ofAllen et al., 2000; Reilly et al., 2000; Kane and Johnston,
the collaborative project entitled Megacities: Emissions, ur-2000; Wenzel et al., 2003). Matrix effects result in different
ban, regional and Global Atmospheric POLIlution and cli- sensitivities for chemical species depending upon what other
mate effects, and Integrated tools for assessment and mitconstituents are present in the same particle (Neubauer et al.,
gation (MEGAPOLI). These measurements were performedl996; Liu et al., 2000). Shot-to-shot variability in desorp-
to investigate the impact of the Paris plume upon local, re-tion/ionisation laser power density can also lead to variations
gional and global air quality. However, emissions from out- in resultant mass spectral peak height and area (Reinard and
side the city have recently been demonstrated to contributdohnston, 2008), although this phenomenon can be countered
significantly to ambient particulate matter levels in Paris, par-to some extent by using relative peak area for quantification
ticularly during periods influenced by continental air massesinstead (Gross et al., 2000). Sizing efficiency scaling curves
(Sciare et al., 2010; Gros et al., 2011; Healy et al., 2012;can be generated using co-located particle-sizing instruments
Bressi et al., 2012; Crippa et al., 2013a, b; Freutel et al.,(Allen etal., 2000; Qin et al., 2006; Reinard et al., 2007; Pratt
2013; Zhang et al., 2013). and Prather, 2009), and significant advances have also been
The different sources of wintertime elemental carbon (EC)made in the quantification of specific chemical species in sin-
and black carbon (BC) in Paris have previously been inves-gle particles based on their respective mass spectral ion inten-
tigated in detail using aerosol time-of-flight mass spectrom-sities (Fergenson et al., 2001; Hinz et al., 2005; Ferge et al.,
eter (ATOFMS), aethalometer and single-particle soot pho-2006; Spencer and Prather, 2006; Zelenyuk et al., 2008; Pratt
tometer (SP2) measurements (Healy et al., 2012; Favez et al., 2009; Froyd et al., 2010; Jeong et al., 2011a). The ad-
al., 2009; Crippa et al., 2013a; Laborde et al., 2013). Fos-dition of light-scattering modules to aerosol mass spectrom-
sil fuel combustion associated mostly with local vehicular eters represents another step forward in the quantification of
traffic was found to be the dominant source of EC and BCnon-refractory species at the single-particle level (Cross et
(88 and 85 %, respectively), with the remainder associatedl., 2007, 2009; Liu et al., 2013). Despite these advances, si-
with domestic biomass combustion (Healy et al., 2012). Amultaneous quantitative determination of the refractory and
subsequent study, which focused on the apportionment ohon-refractory chemical composition of single particles re-
organic aerosol (OA) detected by a high-resolution aerosomains challenging.
time-of-flight mass spectrometer (HR-ToF-AMS), resolved The first aim of this work was to quantitatively determine
five factors for OA at an urban background site using pos-the chemical composition and mixing state of single parti-
itive matrix factorisation (PMF) (Crippa et al., 2013a). Pri- cles detected in Paris during the MEGAPOLI winter cam-
mary sources of OA included local vehicle exhaust (11 %),paign using an ATOFMS through comparison with concur-
domestic biomass combustion (15%) and cooking activi-rent measurements of OA, EC and inorganic ion mass con-
ties (17 %). Secondary, oxidised OA was found to accountcentrations. The second aim was to use the ATOFMS-derived
for a significant fraction of the OA mass (>50 %), and was chemical composition estimates to evaluate the relative con-
associated with mid-to-long-range transport. Recent studietributions of local and regional/continental sources of par-
have highlighted the importance of regional and continentalticulate matter affecting air quality in Paris, and to identify
contributions to particulate inorganic ion and OA mass con-potential source regions for transported particles.
centrations in Paris using a variety of chemical composition
measurements at multiple sites (Sciare et al., 2010; Bressi et
al., 2012; Freutel et al., 2013; Crippa et al., 2013b). Advec-
tion of PMp 5 (particulate matter with aerodynamic diameter
<2.5um) from northwestern and eastern Europe has been as-
sociated with poor air quality events in the city (Sciare et
al., 2010). Effective assessment of the relative impacts of
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2 Methodology nuder was placed upstream in order to minimise VOC ad-
sorption artefacts. Measurement uncertainty for this instru-
2.1 Sampling site and instrumentation ment is poorly described in the literature, and thus an esti-

mate of 20% is assumed here (Peltier et al., 2007; Sciare

The sampling site and instrumentation used have been deet al., 2011). A particle-into-liquid sampler, coupled to two
scribed in detail previously (Healy et al., 2012), but are ion chromatographs (PILS-IC), also sampledf2Nrom the
briefly discussed here. Measurements were performed fromoof of the same building, and was used to determine mass
15 January to 11 February 2010 at an urban background siteoncentrations of inorganic ions including sodium and potas-
at the Laboratoire d’'Hygiéne de la Ville de Paris (LHVP), sium. The instrument is described in detail elsewhere, and
Paris (48.75N, 2.36 E). An ATOFMS (Gard et al., 1997) an uncertainty of 10 % is associated with mass concentration
(TSI model 3800) fitted with an aerodynamic lens (TSI measurements (Sciare et al., 2011).
model AFL100) (Su et al., 2004) was used to measure the Meteorological data were collected using a Campbell Sci-
size-resolved chemical composition of single particles inentific weather station. Additional meteorological data were
the size range 150-1067 nm (vacuum aerodynamic diamealso provided by Météo-France, collected at Parc Montsouris
ter, dva). Particles were sampled through a stainless stee(48.82 N, 2.34 E, 75m a.s.l.), approximately 1.5km from
sampling line (1/4 inch o.d.) from a height of 4m above LHVP.
ground level. The operating principles of the instrument are
as follows: single particles are sampled through a critical ori-2.2 ATOFMS data analysis
fice and focused in the aerodynamic lens before transmis-
sion to the sizing region, whewk, for each particle is cal- Approximately 1.75 million dual-ion single-particle mass
culated based on its time of flight between two continuousspectra were collected during the MEGAPOLI winter cam-
wave lasers (Nd:YAG, 532nm). Particles are subsequenthypaign. The total hourly particle counts from the ATOFMS
desorbed/ionised using a Nd:YAG laser (266 nm, operatedvere divided into eight size bins in the size range 150-
here at 1.1-1.3mJpulsd), and the resultant positive and 1067 nm {y,) and then scaled using coincident hourly aver-
negative ions are detected using a bipolar time-of-flight massaged TDMPS number-size distribution data assuming a sin-
spectrometer. Thus a dual-ion mass spectrum is collected fogle density value of 1.5 g cnt for all particles as described
each particle successfully sized and ionised. Particles werereviously (Healy et al., 2012). Thus, size-dependent detec-
not dried prior to detection. However, dual-ion mass spec-tion efficiency issues were accounted for. The selection of
tra were successfully collected in almost all cases, indicatinga single density value will be less appropriate for locations
that negative ion suppression associated with high particlempacted by significant metallic or crustal particle mass con-
water content was not an issue (Neubauer et al., 1998). Thisentrations.
could be due to evaporation of particle phase water during Dual-ion mass spectra were imported into ENCHILADA,
transmission through the aerodynamic lens (Zelenyuk et al.a freeware data analysis software package (Gross et al.,
2006; Hatch et al., 2011). 2010), normalised based on peak area, and clustered using

Several instruments were located in a container adjacent tthe K-means algorithm. Application of th& -means algo-
the van housing the ATOFMS, and sampled from a separateithm involves exclusive clustering of single-particle mass
inlet. These included an Aerodyne high-resolution time-of- spectra into a user-defined number of clustéf} lfased on
flight aerosol mass spectrometer (HR-ToF-AMS) (DeCarlotheir spectral similarity (square of Euclidean distance) (An-
et al., 2006), and a twin differential mobility particle sizer derson et al., 2005). A refined centroid approach was em-
(TDMPS) (Birmili et al., 1999) A collection efficiency of ployed here where 50 subsets of the dataset were first clus-
0.4 was calculated for the HR-ToF-AMS based on compar-tered separately in order to find optimal starting centroids
ison with concurrent independent measurements (Crippa edr “seeds” for clustering the entire dataset. Once these cen-
al., 2013a). The uncertainty associated with mass concenroids are chosen, several passes of the dataset are performed
tration measurements for this instrument is 30 % (Bahreiniuntil two successive iterations produce identical cluster as-
et al., 2009). The instruments were connected to a samplingignments. The user-defingd value is then increased un-
system consisting of a P)dinlet located approximately 6 m il further increases do not significantly affect the average
above ground level directly followed by an automatic aerosoldistance of each particle from its assigned centroid in Eu-
diffusion dryer system, maintaining relative humidity in the clidean space. In this work K value of 80 was chosen be-
sampling line below 30 % (Tuch et al., 2009). cause further increases ki did not appreciably reduce dis-

Elemental carbon (EC) and organic carbon (OC) ipBM  tance, and resulted in clusters containing one particle. These
sampled on the roof of the LHVP building (14 m above 80 clusters were examined for homogeneity and manually re-
ground level), were analysed using an OCEC field instrumengrouped into 15 final classes as described previously (Healy
(Sunset Laboratory, Forest Grove, OR) (Bae et al., 2004)et al., 2012). Ten carbonaceous classes were identified, com-
The OCEC analyser was operated at 8 Lirand provided  prising approximately 1.50 million spectra. The remaining
semi-continuous hourly concentrations of OC and EC. A de-mass spectra were either miscalibrated, dominated by noise
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or belonged to classes with minimal contributions to the totalaverage contribution of sodium and chloride to the measured
particle number (< 2 %). The number fraction of each particlePM, 5 mass concentration was relatively lowZ %, as de-
class in each size bin was then calculated for each hour of theermined by the PILS-IC), and therefore these species were
campaign, assuming equal detection efficiency and sphericaimitted from the quantification procedure. Thus, for the mass
particle shape. This procedure provided size-resolved partireconstruction calculations, it is assumed that all particles are
cle number concentrations for each ATOFMS class for eactcomposed entirely of OA, EC, potassium, ammonium, sul-
hour of the campaign. Number concentrations were then confate and nitrate. These species have been demonstrated to
verted to size-resolved mass concentration estimates usingccount for more than 90 % of annual averagesBvhass
the single density value of 1.5 g crh concentrations in Paris (Bressi et al., 2012). Single-particle
The sum of the scaled mass concentration estimates for theomposition was also assumed to be homogeneous for all
10 carbonaceous classes agreed well with the summed cosingle particles within each class.
centrations of EC, OA, ammonium, nitrate, sulfate, chloride, The ATOFMS relative peak area (RPA), defined here as
potassium and sodium measured by the other instrumentthe peak area of each/z divided by the total dual-ion
(R?=0.91,n=501), but the ATOFMS values were consis- mass spectral peak area, for the marker ions in the number-
tently lower (slope =0.81, orthogonal distance regression) asveighted average mass spectrum were compared directly to
shown in Fig. S1. It should be noted that OA, ammonium, ni-the average mass concentrations of each chemical species
trate and sulfate were detected in PM the HR-ToF-AMS,  determined by concurrent OCEC field instrument, HR-ToF-
EC was detected in P4 by the OCEC and sodium and AMS and PILS-IC measurements. RPA was chosen for quan-
potassium were detected in BM by the PILS-IC, respec- tification because it is less sensitive to the variability in
tively The scaled ATOFMS data only covers the size rangeion intensity associated with particle—laser interactions when
150-1067 nm, and this may contribute to the low bias. compared to absolute peak area (Gross et al., 2000). Com-
The quantitative approach described here shares some sirparison between the ATOFMS RPA values and mass concen-
ilarities with the method developed by Jeong et al. (2011a)tration data from the other instruments enabled the determi-
In that case, the relative peak areas (RPAs) for marker iongation of arbitrary relative sensitivity factors (RSFs) for each
assigned to EC, OA, ammonium, nitrate and sulfate werespecies. The ATOFMS is subject to different sensitivities for
used to directly estimate the volume fraction of these specieshemical species due to differences in their ionisation ener-
in each single particle. Hourly scaling factors were then de-gies. For example, laboratory studies have previously demon-
rived by comparing the total summed volume concentrationstrated that the ATOFMS RSFs for ammonium and sodium
for each chemical species with concurrent independent meadiffer by two orders of magnitude (Gross et al., 2000). Ma-
surements. trix effects associated with different internal mixing states
In this work, a different approach is taken. First, a single may also significantly influence the relative sensitivities ob-
number-weighted average mass spectrum for all 1.50 milliorserved (Reilly et al., 2000; Reinard and Johnston, 2008; Pratt
particles contained in the 10 carbonaceous classes was geand Prather, 2009). RSF values determined for each chemical
erated (Fig. S2). The following representative marker ionsspecies are included in the Supplement (Table S1).
were chosen to represent Oflz 27 [CoH3] T+, 29 [GHs] T, The RPA of each species was subsequently calculated for
37 [C3H]T and 43 [GH30]™; and to represent EGi/z 12, the average mass spectrum of each of the 10 carbonaceous
24, 36, 48, 60, 72 and 84 [C7]* as well asn/z —12,—24, particle classes individually. The mass fraction {mfof
—36, —48, —60, —72 and—84 [C;_7] . Similar ions have  each chemical specied present in each ATOFMS clasg)(
been used to estimate OA/EC ratios in previous ATOFMSwas then calculated as follows:
studies (Spencer and Prather, 2006; Su et al., 2006; Ferge (RPA, ; x RSF)
et al., 2006; Baeza-Romero et al., 2009; Cahill et al., 2012;mfiJ:Z(RPA’ XRSF)’
Pagels et al., 2013). The following ions were chosen to rep- - g '

resent ammonium, sulfate, nitrate and potassiufy 18 . . .
[NH4]™, —97 [HSQy]~, —62 [NOs]~ and 39 [K]', respec- where RPA; is the relative peak area of each chemical

tively. These ions were also used for quantification by JeongSpeC'e,Sio present.m the average mass ;pectrum of ATO'.:MS
et al. (2011a), with the exception of potassium. It should beCIaSS 0, aqd RS":'S. the relative sensmv!ty factor for species
noted that isobaric interferences due to [AtQind [GHa] ™ (i) determined using the number-weighted average mass
are possible forn/z 43 and 39, respectively (Snyder et al spectrum of all 1.50 million carbonaceous particles. The total

2009). However, aluminium-rich particles were not identi- mass concentratiomn) of each chemical species was then

fied in the Paris dataset, and the relative sensitivity of thec""k:u'""ted for each hour of the campaign as follows:

ATOFMS for potassium relative to organic carbomst 39 mi=2 (mf; ; xm;), 2

is sufficiently high that the isobaric interference did not pre- / ‘

clude quantification of the former in this case. Quantificationwherem ; is the estimated mass concentration of ATOFMS
of sodium and chloride was also explored, but the agreementlass (). Finally, the ATOFMS-derived total mass concen-

observed with the concurrent measurements was poor. Theations for each species were multiplied by a factor of 1.24

)
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to account for the low bias of the ATOFMS (inverse of 0.81, 2.4 Potential source contribution function
Fig. S1). Comparisons of ATOFMS-derived mass concentra-
tion estimates with concurrent measurements for each chenfseographical source regions that might contribute to poor
ical species are discussed in Sect. 3.1. air quality events in Paris were investigated using the poten-
A sensitivity analysis was also explored using 7-day sub-tial source contribution function (PSCF). This approach in-
sets of the ATOFMS dataset to investigate whether the sameolves combining temporal trends for the variables of inter-
quantification approach would enable prediction of the tem-est, ATOFMS particle classes in this case, with archived air
porality of each chemical species for the remainder of themass back trajectories. Seventy-two-hour air mass back tra-
measurement period. No significant decrease in correlationgectories were generated using the Hybrid Single Particle La-
was observed between the ATOFMS-derived mass concergrangian Integrated Trajectory (HYSPLIT) model (Draxler
tration estimates and the other instruments when using thesand Rolph, 2003), run using global data assimilation system
smaller subsets in place of the full ATOFMS dataset, al-(GDAS) data at dlatitude—longitude resolution. Back trajec-
though the slopes do vary significantly, as discussed in detailories were generated for every three hours of the measure-
in the Supplement (Sect. S2, Table S2). ment period, and started at 500 m above ground level. PSCF
Another quantification procedure was also explored usings defined as follows:
a mass-weighted average mass spectrum generated from the m; i
10 carbonaceous classes instead of a number-weighted at’SCFk,; = —/ ®)
erage, because this was expected to provide a more accu- i
rate relati've mass contribution for each clags. Surprisinglywhereni‘j is the number of times a trajectory passed through
f[he rt_asultlng reconstru_cted mass concentratlons_were almogy| (i,j), andm;, ; is the number of times a user-defined
identical to those obtained using the_nu_mber-we|ghted aVerihreshold value was exceeded when a trajectory passed
age mass spectrum, due to the similarity between the reIal?hrough that cell. The threshold value was set to the 50th

tive unscaled average number concentrations for each partEercentile of the reconstructed mass concentration for the
ntire measurement period. A weighting functioi(f; ;)]

cle class and the relative scaled mass contributions for eac
particle class (Fig. S3, Table S3). This effect is discussed iny55 5150 applied to downweight the contribution of cells that

the Supplement. The number-weighted average mass Spegpniained less than three times the average number of points
trum (Fig. S2) was used to generate the reconstructed Massyr cell (PPC) (Jeong et al., 2011b) as follows:
concentration estimates reported in Sect. 3.1. Separate nor- '

malisation for positive and negative ion mass spectra was 0.7 if PPC< n; ; < (3x PPQ
also explored but did not lead to significantly different re- W (ni ;) =104 if (0.5x PPJQ_< n; j <PPC. (4)
sults. 0.2 if njj =< (05 X PPQ

2.3 Meteorological analysis

The meteorological analysis used to separate the campaigg Results and discussion
into periods influenced by air masses of different origin has u IScussl
been described previously (Healy et al., 2012). Marine air I
. .1 ATOFM ntification result
masses dominated from 15 January 2010 00:00 to 25 Janef OFMS quantification results

uary 2010 12:00 (UTC), and from 28 January 2010 00:001he ATOFMS-derived mass concentration estimates for OA,
to 7 February 2010 00:00. Continental air masses prevailegtc g inorganic ions are compared with data from the HR-

from 25 January 2010 12:00 to 28 January 2010 00:00, anq‘oF-AMS, PILS and Sunset OCEC analyser in Figs. 1 and 2.
from 7 February 2010 00:00 to 11 February 2010 1_8:90. AThe agreement is good in all cas&2E 0.67—0.78), consid-
fog event was observed on 18 January 2010, persisting fofing the necessary scaling procedures and the assumption
several hours, and a period of regional stagnation was 0bat niform density and detection efficiency for all particle
served on 23-24 January 2010. It is important to note thafasses. EC and OA mass concentrations are slightly over-
marine air masses do not necessarily represent pristine baclimated by the ATOFMS (slope=1.14 and 1.16, respec-
ground conditions. Emissions between the Atlantic coast ofje|y) while the inorganic ions are underestimated relative
France and Paris have been demonstrated to affect air quafs the other instruments (slope = 0.66-0.82). The agreement
ity in the city under low-wind-speed conditions (Freutel et yhseryed for ammonium, nitrate and sulfate is similar to that
al., 2013). Thus, during “marine” periods, air qua_lllty IS €X- ohtained by Jeong et al. (2011&®%=0.62—0.79). Although
pected to be controlled mostly by local and regional-scalegffective mass reconstruction was observed for the inorganic
emissions within France, while during “continental” periods, jqn by Jeong et al. (2011a), the agreement was less satisfac-
transboundary emissions from northwestern and eastern El{bry for EC and OA R2=0.19 and 0.46, respectively). The
rope can also contribute significantly. improved agreement observed in this wok?E 0.72 and

0.75 for EC and OA, respectively) may be due in part to the

www.atmos-chem-phys.net/13/9479/2013/ Atmos. Chem. Phys., 13, 90436 2013
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Fig. 1. Comparison of ATOFMS-derived, HR-ToF-AMS, PILS-IC and Sunset OCEC analyser mass concentrations for organic aerosol (OA),
elemental carbon (EC) and inorganic ions.

greater prevalence of EC in Paris and the inclusion of multi-derived using the scaling procedure. Four of these classes be-
ple marker ions for EC and OA (Spencer and Prather, 2006longed to an EC-rich family, and have been discussed in de-
Pagels et al., 2013). tail previously (Healy et al., 2012), but their average mass
The average ATOFMS-derived size-resolved mass conspectra and number—size distributions are also included here
centration estimates for each species are also compared wifor clarity (Figs. 5, S6). Briefly, K-EC particles were appor-
size-resolved mass concentrations from the HR-ToF-AMS intioned to local domestic wood burning, and EC-OA parti-
Fig. 3. The distributions are broadly similar for both instru- cles were apportioned to local vehicle exhaust. These two
ments, with mass-size modes agreeing within 10 % for theclasses exhibited strong diurnal trends reflecting local activ-
inorganic ions and within 20% for OA. The size-resolved ities. EC-OA-SOx particles were tentatively identified as lo-
chemical composition of the reconstructed ATOFMS masscal EC-OA particles that had accumulated sulfate, and the
is shown in Fig. 4. At the lowest size detected (150 nm), highest concentrations for this class were observed during a
EC represents approximately 50 % of the total mass, and allow-wind-speed fog event. EC-OA-NOXx patrticles were ten-
though the EC mass-size distribution is bimodal, its masdatively identified as EC-OA particles that had accumulated
contribution above 400 nm is very low relative to OA and the nitrate and secondary organic aerosol (SOA), exhibited a sec-
inorganic ions. The bimodal mass-size distribution for EC isond, larger mass-size mode and were associated predomi-
similar to that previously reported by Healy et al. (2012). At nantly with continental transport events. The observation of
sizes larger than 400 nm the bulk composition is relativelylarger, coated EC particles is consistent with previous urban
homogeneous, and is dominated by OA and nitrate, in agreeATOFMS studies (Moffet et al., 2008; Moffet and Prather,
ment with Crippa et al. (2013a). These findings demonstrat€2009).
that ATOFMS mass spectral data can be used to effectively The six carbonaceous classes that were not discussed in
predict the variability of size-resolved mass concentrationsHealy et al. (2012) are also shown in Fig. 5. Three of
of OA, EC and inorganic ions at high temporal resolution.  these classes are characterised by intense signals for potas-
sium and are apportioned to biomass burning (K-OA, K-
3.2 Carbonaceous ATOFMS classes OA-NOX, K-OA-SOx), and three are characterised by lower

signals for potassium, and are thus associated with either

Ten cz_arbpnaceous single-pa(ticle cl_asses were identified, aqzass” fuel combustion or SOA formation (OA-NOx, OA-
guantitative mass concentration estimates for each class were
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ToF-AMS, PILS-IC and Sunset OCEC analyser data $01). Red lines represent the orthogonal distance regression fit, and black dashed
lines indicate the 1: 1 ratio.

SOx, OA-TMA). All six classes differ significantly in their 3.3 Quantitative mixing state of carbonaceous particles
relative secondary inorganic ion content. A full, detailed

description of each class is provided in the SupplementThe estimated relative mass contribution of each chemi-
(Sect. S4). Number—size distributions, diurnal trends andcal species to each ATOFMS class is shown in Fig. 6 and
temporal trends for each class are also provided in Figs. S4Table 1. A simpler alternative approach for estimating EC
S8. Briefly, K-OA particles are associated with fresh biomassmass concentrations using ATOFMS data was explored pre-
burning emissions, while K-OA-NOx and K-OA-SOx par- Viously by Healy et al. (2012), where the four EC-rich par-
ticles are assigned as aged biomass burning particles théicle classes were assumed to be composed entirely of EC
have accumulated nitrate and sulfate during transport, refor the purpose of simple mass reconstruction. The compari-
spectively. OA-NOx and OA-SOx particles represent agedson with thermal—optical EC data was reasonable in that case
organic or secondary organic aerosol (SOA) that has accumuR?=0.61), but is improved hererf=0.72). As demon-
lated nitrate or sulfate during transport, respectively. Finally,strated in Fig. 6, these four classes are not composed entirely
OA-TMA particles are characterised by intense signals forof EC, but are internally mixed to differing extents with in-

trimethylamine and are associated almost exclusively withorganic ions and OA. The inclusion of EC content from the
continental transport events. additional six classes, and the removal of non-EC mass from

the four classes reported in Healy et al. (2012), explains the
improved agreement.
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using ATOFMS data. The relative contribution of potassium is very minor.

EC-OA particles associated with fresh local traffic emis- like OA (HOA) to traffic-related BC by Crippa et al. (2013a)
sions are estimated to be composed of 62 % EC by mass, witfor the same site and measurement period (0.61). HOA/BC
an OA/EC ratio of 0.48. EC-OA-SOx particles, assigned asratios determined for ambient vehicle exhaust particles at a
locally aged vehicle exhaust particles, contain more OA andhear-road site in New York, NY, were estimated to be ap-
exhibitan OA/EC ratio of 1.72. When these classes are comproximately 1 using a soot particle aerosol mass spectrome-
bined, their total OA/EC ratio is 0.61, a value identical to ter, with lower ratios observed for heavy duty vehicle plumes
that determined for the ratio of traffic-related hydrocarbon-(~0.7) (Massoli et al., 2012). The majority of HOA (80 %)
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Fig. 5. Average single-particle mass spectra for the 10 carbonaceous ATOFMS classes.

was found to be internally mixed with BC in that case, in emitted from domestic wood burners has been demonstrated
agreement with the ATOFMS results reported here. to be highly variable, and depends upon the appliance chosen
K-EC particles associated with local biomass burning areand the burning phase (Heringa et al., 2011, 2012; Pagels et
estimated to be composed of 57 % EC by mass. In contrasgl., 2013). Thus, the observation of more than one chemical
K-OA particles are estimated to be comprised of only 14 % mixing state for ambient fresh domestic wood burning parti-
EC by mass, but exhibit very similar temporal behaviour to cles is logical. Variable hygroscopic growth factors were also
K-EC particles £2=0.76). These two classes are charac-observed for particles associated with local biomass burning
terised by very different OA/EC ratios (0.42 and 3.83 for emissions for the same measurement period at a separate site
K-EC and K-OA, respectively). This difference in OA/EC in Paris, consistent with the presence of more than one mix-
ratio is not due to chemical processing, because the relativeng state (Laborde et al., 2013). When the two local ATOFMS
mass contributions of K-EC and K-OA particles do not ex- biomass burning classes are combined the total OA/EC ratio
hibit a dependence upon time of day. Both classes are theras determined to be 2.12, a value lower than the local biomass
fore identified as relatively fresh particles associated withburning OA/BC ratio determined by Crippa et al. (2013a)
local biomass combustion. The ratio of primary OA to EC (3.62). This discrepancy may arise from differences in the

www.atmos-chem-phys.net/13/9479/2013/ Atmos. Chem. Phys., 13, 90436 2013
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Table 1.Mass fractions of each chemical species determined for each ATOFMS class.

Species K-EC EC-OA EC-OA-SOx EC-OA-NOx K-OA K-OA-NOx K-OA-SOx OA-NOx OA-SOx OA-TMA

EC 0.57 0.62 0.21 0.32 0.14 0.06 0.05 0.07 0.08 0.04
OA 0.24 0.30 0.37 0.33 0.52 0.27 0.36 0.40 0.40 0.45
NH4 0.06 0.01 0.04 0.06 0.02 0.07 0.13 0.17 0.11 0.21
SOq 0.04 0.06 0.33 0.06 0.09 0.07 0.23 0.09 0.31 0.12
NO3 0.08 0.02 0.05 0.23 0.21 0.52 0.22 0.27 0.10 0.17
K 0.02 <0.01 <0.01 <0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01

3.4 Comparison of ATOFMS and HR-ToF-AMS
=« organic aerosol apportionment

NH,
m NO,

= on The agreement between the ATOFMS reconstructed OA
= mass concentration and the OA mass concentration detected
by the HR-ToF-AMS R2=0.75, slope =1.16) provided the
opportunity to compare OA source apportionment using both
instruments. Positive matrix factorisation (PMF) (Ulbrich et
al., 2009) of the AMS OA dataset has been described in detalil
previously by Crippa et al. (2013a). Briefly, five factors were
Fig. 6. Mass fractions of each chemical species determined for eac (.)btamed f.or the LHVP site, corrgspondlng to hydrocarbon-
ATOEMS class. like organic aerosol (HOA), cooking organic aerosol (COA),
biomass burning organic aerosol (BBOA), oxidised organic
aerosol (OOA) and less-oxidised organic aerosol tentatively

apportionment of local and aged biomass burning organicassigned as aged biomass burning aerosol (9BBOA).
aerosol contributions using the ATOFMS and HR-ToF-AMS, By examining the agreement between the ATOFMS OA mass
discussed in the next section. fractions of the single-particle classes and the PMF OA fac-
The EC content of the remaining ATOFMS carbonaceoustors from the HR-ToF-AMS, the distribution of PMF OA fac-
classes is quite low (Fig. 6). These classes are instead charators across the different single-particle mixing states was ex-
terised by much higher secondary inorganic ion content, angblored. To the best of the authors’ knowledge, this is the first
are also expected to contain significant SOA. It is not pos-time this comparison has been attempted.
sible to separate the relative contributions of aged primary In most cases, the OA content from more than one
fossil fuel combustion OA and SOA using the methodology ATOFMS class was required to achieve reasonable agree-
described here. Furthermore, it should be noted that althoughment with the HR-ToF-AMS PMF OA factors (Fig. 7). This
all 10 carbonaceous particle classes are estimated to contaig not unexpected considering that there are more single-
at least some EC using this approach, it is unrealistic thaparticle classes than OA PMF factors. For example, better
all carbonaceous particles should contain a primary EC coreagreement was observed when HOA was compared with the
Optical SP2 measurements of BC taken at a separate site faummed mass concentration of OA contained in the EC-OA
the same period determined that 95 % of particles associateand EC-OA-SOx ATOFMS classe®?=0.67; slope = 0.40)
with continental transport did not contain a detectable BCthan when the OA content of the EC-OA class alone was con-
core (Laborde et al., 2013). Assuming that EC and BC can besidered ®%=0.57, slope=0.27). The improved agreement
considered as comparable, it is possible that a fraction of theuggests that HOA is distributed across two particle mixing
mass apportioned to EC using the ATOFMS quantificationstates, one representing fresh vehicle exhaust particles (EC-
approach may arise from fragmentation of organic molecu-OA), and one representing more-aged vehicle exhaust par-
lar ions to form [G]* and [G,]~ fragment ions in the mass ticles that have accumulated sulfate through local process-
spectrometer. Thus, some OA would be erroneously detectetilg (EC-OA-SOx). However, the ATOFMS mass concentra-
as EC. tions are biased low relative to the HR-ToF-AMS HOA mass
concentrations. This may be partly due to differences in the
lower sizing limit of the ATOFMS (150 nm) and HR-ToF-
AMS (40nm). However differences in OA apportionment
between the two approaches are also expected to contribute
significantly to the underestimation.
HR-ToF-AMS BBOA mass concentrations also agreed
reasonably well with the summed OA content of the

Mass fraction
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Fig. 7. Comparison of the HR-ToF-AMS OA PMF factors with mass concentrations of the OA content of selected ATOFMS single-particle
classesi{ = 501). The red line represents the orthogonal distance regression fit, and the black dashed line represents the 1: 1 ratio.

primary ATOFMS K-EC and K-OA particle classes, al- It is important to note that the ATOFMS clustering and
though the ATOFMS values are again lowek2E 0.56, HR-ToF-AMS PMF procedures differ in their separation of
slope =0.63). Furthermore, the tentative assignment of thdéresh and aged aerosol. The former separates single par-
OOA,-BBOA factor as aged biomass burning aerosol byticle types based on their relative carbonaceous and inor-
Crippa et al. (2013a) could be further supported using theganic ion content, while the latter resolves factors based
ATOFMS dataset. This factor agreed reasonably with the OAon the temporal variation of organic aerosol mass spectral
content of the aged biomass burning ATOFMS K-OA-NOXx ion intensities. Thus K-OA and K-OA-NOx are separated
particle class R2=0.47). K-OA-NOx particles are signifi- based on differences in nitrate ion intensity (Fig. 5), while
cantly internally mixed with nitrate (Fig. 6) and do not ex- BBOA and OOA-BBOA are separated based on differences
hibit a strong diurnal trend, supporting a regional contribu-in their temporality and extent of oxidation. The “cut-off’
tion. between fresh and aged biomass burning aerosol to produce
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discrete variables will therefore be different in each case.content, for cooking aerosol relative to the other carbona-
When the summed OA content of the total fresh and agedteous particle mixing states could result in low absorption
ATOFMS biomass burning classes (K-EC, K-OA, K-OA- efficiency at 266 nm, and may explain its absence in the
NOx) and the sum of the HR-ToF-AMS BBOA and OQA ATOFMS mass spectral dataset. Investigation of the ratio
BBOA factors are compared, the agreement improves sigof particles successfully and unsuccessfully ionised by the
nificantly (R%=0.60, slope = 0.85), highlighting the arbitrary ATOFMS (hit/ miss ratio) did not uncover a trend that corre-
cut-off effect (Fig. S9). lated well with COA either. A cooking-related particle class
The HR-ToF-AMS OOA factor detected in Paris has also remained undetected by ATOFMS in recent studies fo-
been previously identified as SOA (Crippa et al., 2013a).cused on OA source apportionment in London, England, and
Very good agreement was observed between the OOA facCork, Ireland, while COA mass concentrations > 2 Jgfm
tor and the sum of the OA content of the remaining five were simultaneously detected by co-located AMS instru-
ATOFMS carbonaceous classe®?E 0.81). Each of these ments (Dall’'Osto and Harrison, 2012; Dall'Osto et al., 2013).
ATOFMS classes are characterised by relatively high am-
monium, nitrate and sulfate content, are associated witt8.5 Local and regional/continental-scale source
regional/continental-scale transport (K-OA-SOx, OA-SOX, apportionment
OA-NOXx, OA-TMA, EC-OA-NOXx), and are thus expected to
contain SOA. The scaled ion intensitymafz 43, a tracerion  The relative mass contributions of the 10 carbonaceous par-
for SOA in ATOFMS datasets (Qin et al., 2012), also agreedticle classes to each chemical species, and to total mass in
well with OOA mass concentration®{=0.71). The mix-  the size range investigated (150-1067 nip,), were also
ing state of SOA in Paris can therefore be inferred to be rel-calculated as shown in Fig. S10 and Table S4. By examin-
atively heterogeneous, distributed among five different paring chemical composition and temporality, each class was
ticle classes during the measurement period. No externallyassociated either with local activities or regional/continental-
mixed SOA was observed, indicating that either condensascale transport. “Local” classes were defined as those that
tion of SOA on pre-existing inorganic ion particles or ac- exhibited a strong diurnal trend and/or contained OA mass
cumulation of inorganic ions on SOA particles is occurring fractions that correlated well with the primary HR-ToF-
during transport to Paris. Simultaneous hygroscopic growthrAMS HOA or BBOA factors (K-EC, K-OA, EC-OA, EC-
factor measurements of continental particles at a separat®A-SOx). “Transported” classes were defined as those with
site also indicate significant secondary inorganic ion and/omo obvious diurnal trend and high secondary inorganic ion
OOA content (G2 1.6 for dry mobility diameter=265nm) content (K-OA-NOx, K-OA-SOx, OA-NOx, OA-SOx, OA-
(Laborde et al., 2013). The ATOFMS does consistently over-TMA, EC-OA-NOX). Although this classification procedure
estimate the OOA concentration (slope =1.47), and this mayhas inherent limitations — for example, elevated concentra-
be due in part to the overestimation of the ATOFMS total tions of OA-SOx and K-OA-SOx particles are also observed
OA relative to the HR-ToF-AMS total OA (Fig. 2). However, during a local fog processing event on 18 January 2010 —
HOA and BBOA mass concentrations are simultaneously unthe approach enables an estimation of the relative impact of
derestimated by the ATOFMS (Fig. 7), indicating that dif- transported emissions upon local air quality in Paris.
ferences in apportionment between the two approaches may The estimated average chemical composition and wind
also contribute to the bias. dependence for local and transported particles detected by
Notably, none of the ATOFMS classes correlated well with the ATOFMS are shown in Fig. 8. Temporal trends are
cooking organic aerosol (COA), which was estimated to havealso included in Fig. S11. Local particles persist through-
a contribution of 17 % to total OA mass at the LHVP site out the entire measurement period, are characterised by
(Crippa et al., 2013a). Combinations of the OA mass frac-low inorganic ion content (<25 %) and exhibit little depen-
tions of the different ATOFMS particle classes did not cor- dence upon wind direction. Transported particles are char-
relate well with COA either. It appears that the ATOFMS acterised by much higher inorganic ion content (62 %), and
does not detect primary OA associated with urban cookingmuch lower concentrations are observed during periods influ-
activities efficiently. It is unlikely that COA lies outside the enced by fast-moving marine air masses (28 January 2010—
size range of the ATOFMS, because the mode diameter fo? February 2010). These particles also exhibit a compar-
mlz 41, a tracer ion associated with COA, in the HR-ToF- atively strong dependence upon northeasterly wind direc-
AMS dataset was determined to be approximately 400 nntion, and the highest mass concentrations are observed dur-
(dva). Thus it is possible that cooking particles are sized cor-ing two continental transport events (26—27 January 2010
rectly but not desorbed/ionised efficiently by the UV laser. and 11 February 2010). PSCF was used to identify po-
Charbroiling and oil frying aerosol has been previously de-tential source regions for transported particles arriving in
termined to contain saturated alkanes, alkenes, cycloalkaParis. As shown in Fig. 9, local particles are observed at
nes and fatty acids, but no detectable EC (Schauer et aleglevated mass concentrations independent of whether air
1999; Mohr et al., 2009; Allan et al., 2010). Low EC con- masses originate over the Atlantic Ocean or continental Eu-
tent, and potentially low polycyclic aromatic hydrocarbon rope. Conversely, transported particles are observed at el-
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Fig. 8. Average ATOFMS-derived chemical composition and wind dependence for particles apportioned to local and transported sources.

evated concentrations almost exclusively when air massesociated with local Paris emissions, respectively. This rel-
pass through northwestern and eastern Europe before arriatively low contribution of local sources to OA mass con-
ing in Paris. The results indicate that particulate matter concentrations is in agreement with the AMS OA PMF factors
taining significant internally mixed SOA and inorganic ion (Crippaetal., 2013a) (Fig. S12). The relative contributions of
content detected in Paris is associated predominantly witocal and transported emissions to the total ATOFMS-derived
transboundary emissions originating outside France. PM mass concentration are estimated to be 22 and 78 %, re-

As shown in Fig. 10, the majority of EC (59 %) is at- spectively. These observations are consistent with previous
tributed to local emissions from vehicular traffic and domes- studies involving multiple sampling sites in and around Paris.
tic biomass burning. This estimate for the local contribution Bressi et al. (2012) demonstrated that annual averagesPM
to EC is lower than that previously reported by Healy et mass concentrations measured at an urban site in Paris were
al. (2012) (79 %). This difference can be explained by the dif-only 26 % higher than those measured at a rural site 50 km
ferent approaches used. Here, the EC mass fractions of the lee the northwest of the city. Secondary inorganic ion and
cal primary ATOFMS carbonaceous classes are considered§OA mass concentrations in Paris have also been associated
while Healy et al. (2012) employed a size limit of 400 nm predominantly with regional- and/or continental-scale emis-
to separate local (<400 nm) and transported (>400 nm) EGions, with minimal input from local activities in several re-
contributions. Thus, the majority of EC is attributed to local cent studies (Sciare et al., 2010, 2011; Bressi et al., 2012;
sources irrespective of the approach used, but there is bett€rippa et al., 2013a).
agreement between the Sunset EC data and the reconstructed
ATOFMS EC mass concentrations determined in this study,
as discussed in Sect. 3.2. 4 Conclusions

EC is the only species for which local emissions are esti-
mated to have the highest contribution. In contrast, the maSingle-particle mass spectra have been used to estimate the
jority of OA, ammonium, sulfate and nitrate are associatedquantitative chemical mixing state of carbonaceous parti-
with regional/continental-scale emissions (Fig. 10). Only 24,cles in Paris, France, as part of the MEGAPOLI winter
5, 16 and 8 % of OA, ammonium, sulfate and nitrate are ascampaign (2010). Good agreemeREE 0.67—-0.78) was ob-

served between ATOFMS-derived mass concentrations for
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9492 R. M. Healy et al.: Quantitative determination of carbonaceous particle mixing state in Paris

Faeroedglands
Faeroe Islands

Finland

L5 :
>
i Iceland &
Faer ands
Faeroe Islands

Finland

B Latvia
uani)?f‘(

elorussial

. E

ni United Ki
TRANSPORTED! s Repubic

| lo-04 h "
[ Jo4-o05
[os-0s
Mlos-o7
Wo7-os
PWos-os
Wo:-1

Portugal

]

Fig. 9. Potential source contribution function plot for ATOFMS-derived local and transported estimated particle mass concentrations.

EC, OA, potassium, ammonium, sulfate and nitrate, and Ten discrete single-particle mixing states were identi-
those measured using simultaneous HR-ToF-AMS, thermal$ied for carbonaceous particles in Paris, differing in their
optical OCEC analyser and PILS-IC instruments. The resultgelative EC, OA and inorganic ion content. The distribu-
indicate that quantitative mixing state information for mul- tion of OA across the different single-particle mixing states
tiple chemical species can be estimated simultaneously uswas compared with HR-ToF-AMS OA PMF factors, and
ing this approach. This method could also be applied in fu-good agreement was observetf € 0.47—0.81). Two chem-
ture studies using lower temporal resolution offline specia-ically distinct mixing states were identified for EC-rich par-
tion data, although scaling for size-resolved particle detecticles associated with vehicle exhaust. One was associated
tion efficiency would require a co-located particle-sizing in- with fresh emissions, while the other was characterised by
strument. higher sulfate content and associated with locally processed

Atmos. Chem. Phys., 13, 9473496 2013 www.atmos-chem-phys.net/13/9479/2013/
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[@ Local m Transported | and continental pollution in Paris. Meteorological data were
provided by Météo-France.
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