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• Comparison of 5 OA apportionment
methodologies based on filter/on-line
measurements

• Similar estimates from all approaches
for total POA and SOA (except SOA-
tracer)

• Discrepancies noticed between individ-
ual POA and directly comparable SOA
estimates

• No approach able to identify themecha-
nisms/precursors from the highly oxi-
dized SOA.

• A combination of different methodolo-
gies to apportion POA/SOA is
recommended.
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This study presents a comparison of fivemethodologies to apportion primary (POA) and secondary organic aero-
sol (SOA) sources frommeasurements performed in the Paris region (France) during a highly processed PM pol-
lution event. POA fractions, estimated from EC-tracer method and positive matrix factorization (PMF) analyses,
conducted on measurements from PM10 filters, aerosol chemical speciation monitor (ACSM) and offline aerosol
mass spectrometry (AMS), were all comparable (2.2–3.7 μg m−3 as primary organic carbon (POC)). Associated
relative uncertainties (measurement + model) on POC estimations ranged from 8 to 50%. The best apportion-
ment of primary traffic OA was achieved using key markers (EC and 1-nitropyrene) in the chemical speciation-
based PMF showing more pronounced rush-hour peaks and greater correlation with NOx than other traffic re-
lated POC factors. All biomass burning-related factors were in good agreement, with a typical diel profile and a
night-time increase linked to residential heating. If PMF applied to ACSM data showed good agreement with
other PMF outputs corrected from dust-related factors (coarse PM), discrepancies were observed between indi-
vidual POA factors (traffic, biomass burning) and directly comparable SOA factors and highly oxidizedOA. Similar
secondary organic carbon (SOC) concentrations (3.3 ± 0.1 μg m−3) were obtained from all approaches, except
the SOA-tracer method (1.8 μg m−3). Associated uncertainties ranged from 14 to 52% with larger uncertainties
obtained for PMF-chemical data, EC- and SOA-tracer methods. This latter significantly underestimated total
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SOA loadings, even including biomass burning SOA, due to missing SOA classes and precursors. None of the ap-
proaches was able to identify the formation mechanisms and/or precursors responsible for the highly oxidized
SOA fraction associated with nitrate- and/or sulfate-rich aerosols (35% of OA). We recommend the use of a com-
bination of different methodologies to apportion the POC/SOC concentrations/contributions to get the highest
level of confidence in the estimates obtained.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Airborne organic aerosols (OA) are commonly classified as primary
(POA), i.e., directly emitted, or secondary (SOA), i.e., resulting from
chemical (trans-) formation processes occurring in the atmosphere
(Hallquist et al., 2009). POA and SOA have major impacts on human
health, biogeochemical cycles and the Earth's climate (Heal et al.,
2012; Boucher et al., 2013). However, determining their origin remains
challenging due to the complexity and variability of the processes in-
volved (Donahue et al., 2009). Most common methodologies applied
to apportion POA and/or SOA include: elemental carbon-tracer (EC) ap-
proach (Grosjean, 1984; Turpin andHuntzicker, 1995; Gray et al., 1986),
various statistical receptor models (e.g. chemical mass balance (CMB)
and positive matrix factorization (PMF)) (Watson et al., 1990; Paatero,
1997; Paatero and Tapper, 1994), SOA-tracer method (Kleindienst
et al., 2007) and radiocarbon (14C) measurements (Szidat et al., 2009;
Gelencsér et al., 2007). These methodologies have been successfully ap-
plied worldwide and, in general, good agreements have been reported
when compared by twos directly (Song et al., 2006; Kim et al., 2004;
Kleindienst et al., 2010; Pachon et al., 2010; Heo et al., 2013; Al-
Naiema et al., 2018; Srivastava et al., 2018b; Bove et al., 2018; Bae
et al., 2019; Antony Chen and Cao, 2018; Hettiyadura et al., 2018;
Jiang et al., 2018; Keerthi et al., 2018; Matawle et al., 2018; Shi et al.,
2018; Shirmohammadi et al., 2016; Lanzafame et al., 2020). However,
large discrepancies have been also observed when apportioning the
SOA fraction, depending on the methods compared, the period of the
year considered or atmospheric conditions observed (Srivastava et al.,
2018b). As an example, in a recent study conducted in the Paris region
(France) by Lanzafame et al. (2020), a good agreement between total
secondary organic carbon (SOC) estimations, evaluated by the SOA-
tracer method and the filter-based PMF analysis, was observed over
the year investigated, but substantial differences were noticed during
a secondary PM (particulate matter) pollution event (where ammo-
nium nitrate dominated). Similar observations have been reported by
other authors during high pollution episodes or when high secondary
contributions were observed (Srivastava et al., 2018b; Zhang et al.,
2009; Hu et al., 2010; El Haddad et al., 2011; Feng et al., 2013).

Such high secondary pollution episodes are often observed inWest-
ern Europe during late winter–early spring (Petit et al., 2015; Dupont
et al., 2016; Petit et al., 2017; Tarrasón et al., 2016; Hamer et al.,
2017). PM pollution episodes are defined when the daily PM10 concen-
trations exceeded the European regulatory threshold of 50 μgm−3 for at
least 3 consecutive days. Emissions from domestic heating, road trans-
port andmanure spreading along with anticyclonic atmospheric condi-
tions result in the transport and/or accumulation of pollutants, as well
as photochemical processes, within the boundary layer during such
events (Waked et al., 2014; Petit et al., 2017; Dupont et al., 2016).
Thus, such episodes are often dominated by a high proportion of sec-
ondary pollutants (especially ammonium nitrate and SOA) (Petit et al.,
2017; Beekmann et al., 2015; Srivastava et al., 2018a; Srivastava et al.,
2018c; Waked et al., 2014; Weber et al., 2019; Putaud et al., 2004;
Putaud et al., 2010). Similar events have been observed in China in re-
cent years; reduction in SO2 emissions results in the shift of sulfate to ni-
trate dominated haze pollution events (Xie et al., 2020; Xu et al., 2019;
Tian et al., 2019; Wang et al., 2020). During such events, organic matter
(OM) is the second contributor to the PMmass concentrations observed
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(Putaud et al., 2004) and, as meteorological and photooxidant condi-
tions promote chemical processes, a significant fraction of OA is proba-
bly of secondary origin (Zhang et al., 2019;Huang et al., 2014; Petit et al.,
2017; Srivastava et al., 2018a; Srivastava et al., 2019; Srivastava et al.,
2018c; Tomaz et al., 2017). However, OA sources during these highly
processed PM pollution episodes are still poorly addressed while it is
critical in terms of air quality policy management. Subjectivity in the
choice of the source apportionment method, final solutions and the as-
sumptions applied, might have strong impacts on the results and con-
clusions obtained. Comparison of results obtained from different
approaches to apportion POA/SOA fractions during such events would
highlight discrepancies and uncertainties between each approach and
further understanding of OA sources.

In this work, POA and SOA fractions have been resolved using vari-
ous source apportionment methods, applied to different offline/online
datasets collected from a short-term intensive campaign in the Paris
area (France) during a springtime PM pollution event. PMF analyses
have been conducted using extensive filter-based chemical speciation
data, as well as OA mass spectra obtained from online aerosol chemical
speciation monitor (ACSM) and offline filter-based aerosol mass spec-
trometry (AMS) measurements. EC-tracer and SOA-tracer methods
have also been applied to the filter-based dataset. Overall, this study
evaluates the consistency of outputs retrieved from these methodolo-
gies and explores their potential limitations when applied indepen-
dently to each other in a highly processed environment. To the best of
our knowledge, this work is one of the few source apportionment anal-
yses applied to PM pollution episodes to characterize and/or investigate
the existing difference between the approaches for OA sources.

2. Experimental

Details about themonitoring site, onlinemeasurements, sample col-
lection, chemical speciation analytical procedures as well as backward
trajectory analyses have already been reported in two previous articles
(Srivastava et al., 2019; Srivastava et al., 2018a) and in the supporting
material of the present one (SM). Only the essential information is pre-
sented in this section.

2.1. Monitoring site

Measurements were conducted at the ACTRIS-SIRTA observatory
(Site Instrumental de Recherche par Télédétection Atmosphérique,
2.15° E; 48.71° N; 150 m; http://sirta.ipsl.fr), a well-established facility
for the long-term monitoring of physical and chemical aerosol proper-
ties in the Paris area (France) (Zhang et al., 2019; Haeffelin et al.,
2005). The site is located approximately 25 km southwest of Paris city
center and is considered as representative of the background air quality
of the Ile-de-France region with influence of the Paris plume under an-
ticyclonic conditions. An intensive campaignwas conducted on purpose
during a PMpollution event (daily PM10 concentrations >50 μgm−3 for
several consecutive days) from 6 to 21 March 2015.

2.2. Online instrumentation

PM10 (TEOM 1405F, Thermo), NOx (T200UP, Teledyne API), O3

(T400, Teledyne API) and black carbon (BC) (aethalometer AE33,

http://sirta.ipsl.fr
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Magee Scientific) concentrations were measured at 15, 1, 1 and 1-min
time resolutions, respectively. In addition, meteorological parameters
such as temperature, relative humidity (RH), wind direction, and wind
speed were also measured at 1-min time resolution. The ACSM (Aero-
dyne Research) allowed for the measurement of major submicron
(PM1) non-refractory (NR) chemical species at about 30-min time reso-
lution. Details on these measurements can be found elsewhere (Petit
et al., 2017; Zhang et al., 2019). The ACSM dataset used in this work
has already been reported previously (Srivastava et al., 2019).

2.3. Filter sample collection and analysis

A high-volume sampler (DA-80, Digitel; flow rate: 30 m3 h−1) was
used to collect PM10 samples (Tissu-quartz fibre filter, Pallflex, Ø =
150 mm) every 4 h. A total number of 92 filter samples were collected
and analyzed for an extended chemical speciation. Major ions (Cl−,
NO3

−, SO4
2−, NH4

+, Ca2+, Na+, Mg2+, K+) (Guinot et al., 2007; CEN,
2017), EC and organic carbon (OC) (CEN, 2017; Cavalli et al., 2010), 7 el-
emental species (Ca, Ti, Mn, Fe, Ni, Cu, Pb),methanesulfonic acid (MSA),
oxalate (C2O4

2−), 3 anhydrosugars (levoglucosan, mannosan and
galactosan), 3 polyols/sugar alcohols (arabitol, sorbitol and mannitol)
(Verlhac et al., 2013; Yttri et al., 2015), 9 polycyclic aromatic hydrocar-
bons (PAHs), 14 oxy-PAHs, 8 nitro-PAHs (Albinet et al., 2014; Albinet
et al., 2013; Albinet et al., 2006; Tomaz et al., 2016) and 13 SOAmarkers
(e.g., α-methylglyceric acid, pinic acid, and methyl-nitrocatechols)
(Albinet et al., 2019; Srivastava et al., 2018c) were analyzed following
the protocols already detailed previously. Offline AMS analysis focusing
on the bulk composition of the organic aerosol was also performed on
PM10 filter samples following the procedure developed previously
(Daellenbach et al., 2016).

2.4. Source apportionment approaches

Each source apportionment methodology (EC-tracer, SOA-tracer
and PMF analyses performed on the different datasets) is briefly
discussed below. Details on the calculation of the overall uncertainties
(measurement + model) linked to POC and SOC estimates using these
approaches are presented in the SM. Limitations linked to these ap-
proaches are also briefly discussed in the SM and also explained else-
where (Srivastava et al., 2018b). Note that for measurements, the
uncertainties linked to the sampling were not considered. For filter-
basedmethodologies, the uncertainty on the sampling volume collected
would have been the same for all themethods and usually accounts for a
minor part of the measurement uncertainty (Ringuet et al., 2012;
Albinet et al., 2013; Albinet et al., 2014). In addition, as no denuder
has been used for the PM10 filter samplings, we are aware that some
sampling artifacts (positive, overestimation of the concentrations, or
negative, underestimation, due to the sorption or desorption on/from
the filter of semi-volatile species and/or due to the degradation/forma-
tion of chemical species by heterogeneous processes involving atmo-
spheric oxidants) could induce additional measurement uncertainties,
notably for the different organic species quantified here, but that are re-
ally difficult to evaluate (Albinet et al., 2010; Goriaux et al., 2006;Mader
andPankow, 2001; Turpin et al., 2000 and references therein). Similarly,
uncertainties linked to themeasurement artifacts with ACSM or off-line
AMS due to the CO2

+/NO3 effect (Pieber et al., 2016; Freney et al., 2019),
were not considered in the overall uncertainty estimations.

2.4.1. EC-tracer method
The EC-tracer method has been widely used to estimate the

partitioning of measured particulate OC into primary and secondary
fractions (Grosjean, 1984; Turpin and Huntzicker, 1995; Castro et al.,
1999; Chu, 2005; Saylor et al., 2006; Gray et al., 1986). Briefly, it takes
advantage of primary OC and EC co-emissions to estimate SOC from
the magnitude of OC-to-EC ratios measured in ambient air (Srivastava
et al., 2018b). Here, a primary OC-to-EC ratio ([OC/EC]p) of 2.9 was
3

estimated from the measurements during the periods of low photo-
chemical activity. This [OC/EC]p valuewas used to calculate SOC concen-
trations (Fig. S1).

2.4.2. PMF-based approaches
Detailed information on PMF principle can be found elsewhere

(Paatero and Tapper, 1994; Paatero, 1997). Briefly, this receptor model
resolves factor profiles and contributions from a time series of observa-
tions using weighted least-squares fitting approach, where the weights
are adjusted according tomeasurement uncertainties. The choice of the
optimal solution is notably based on the minimization of the residuals
obtained between modeled and observed input species concentrations.

The U.S. Environmental Protection Agency (US-EPA) PMF 5.0 toolkit
has been used to perform the source apportionment on the PM10 filter
chemical dataset (including inorganic species and metals, along with
EC, OC and organic markers). As detailed in Srivastava et al. (2018a),
OC concentrations obtained for each relevant factor were then used in
this study (Figs. S2 and S3).

The information linked to OA source apportionment using the OA
mass spectra from ACSM has been given by Srivastava et al. (2019)
(Fig. S4). The offline-AMS PMF analyses details are provided in the SM
(Figs. S5 to S11). For these analyses, OA mass spectra were treated
using the Source Finder toolkit (SoFi) (Canonaco et al., 2013). OC con-
centrations related to theACSM factorswere further calculated applying
OC-to-OA conversion factors specific to each source, i.e., 1.7 for biomass
burning (Puxbaumet al., 2007), 1.2 for vehicular emissions (van Drooge
andGrimalt, 2015) and 2.0 for secondary organics (Mohr et al., 2009). In
the case of offline-AMS, OC-to-OA ratio was determined as explained by
Canagaratna et al. (2015) and used to evaluate the OC concentrations of
relevant OA factors.

Both US-EPA and SoFi toolkits use the multilinear engine (ME-2)
algorithm, allowing the implementation of constraints on the factor
chemical profiles and/or time series.

2.4.3. SOA-tracer method
The SOA-tracer method was developed to estimate the contribution

of SOA fractions associated with individual gaseous precursors. SOC
mass fractions are estimated using conversion factors to calculate SOC
loadings from molecular marker concentrations (Kleindienst et al.,
2007). A clear limitation of this methodology is related to the fact that
only a limited number of organic markers can be accounted
(Srivastava et al., 2018b).

SOCmass fractions (anthropogenic and biogenic) weremodified ac-
cording to a subset of markers analyzed following the procedure
discussed previously (Rutter et al., 2014) (Tables S1 and S2). In addition,
biomass burning SOA fraction was also estimated using the SOA-tracer
method. Neglecting this SOA sourcemight lead to significant underesti-
mation of the total wintertime SOC concentrations in Europe due to rel-
atively high contributions of residential wood burning during the cold
season (Srivastava et al., 2018b; Petit et al., 2014; Ciarelli et al., 2017;
Puxbaum et al., 2007; Daellenbach et al., 2017; Srivastava et al., 2019;
Languille et al., 2020). Details on the estimation of biomass burning
SOA fraction can be found elsewhere (Lanzafame et al., 2020).

3. Results and discussion

3.1. Overview of the PM pollution event and chemical composition

An overview of the PM chemical composition during the studied pe-
riod is given in Fig. 1. The daily PM10 concentrationswere in the range of
12–130 μgm−3, with an average of 49 μgm−3. A large predominance of
secondary inorganic species, especially ammonium nitrate, was ob-
served during the pollution episode as expected highlighting the signif-
icance of secondary processes (Petit et al., 2017). OM concentrations
ranged from 2 to 25 μg m−3, with an average value of about
12 μg m−3. Slight differences can be observed between the measured



Fig. 1. Left: Comparison of the reconstructed PM10mass from chemical characterization and the PM10measured using TEOM-FDMS. Right: Relative contribution of the chemical species to
PM10mass and temporal variations of themeasured PM10, PM1 (NR-PM1+ BC) at Paris-SIRTA, France (March 2015). Sea salt and dust were calculated applying the procedure explained
by Bressi et al. (2014).
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and the reconstructed PM10 mass concentrations (slope of 0.83) due to
the PMwater content and/or some sampling artifacts together with the
measurement uncertainties.

3.2. Number of distinguished POA and SOA classes

The identification of each of these factors is summarized in Table 1
and their contributions to total OC in PM10 is shown in Fig. 2. As defined,
the EC-tracer method resulted in the estimation of 1 primary and 1 sec-
ondary factor. The SOA-tracer method allowed for the quantification of
5 different SOA fractions corresponding to the 5 categories of SOA
markers used. PMF analysis conducted on the chemical dataset (PMF-
chemical data) led to the discrimination of 10 different OA factors,
while analyses on the offline AMS and ACSM datasets (PMF-offline
AMS and PMF-ACSM) allowed the identification of 6 and 4 OA factors,
respectively. Note that, as ACSM measurements consider only the
PM1, the difference between OC in PM10 (from filter measurements)
and in PM1 was affected by coarse OC (Fig. 2).

Combustion-related factors highly influenced by primary organic
molecular markers (for PMF-chemical data) or by hydrocarbon mass
fragments (for PMF-offline AMS and PMF-ACSM) were attributed to
the POA fraction. The factors mainly influenced by secondary markers
or oxygenated mass fragments were ascribed to the SOA fraction.
Dust-related OA factors (retrieved from PMF-chemical data as well as
PMF-offline AMS) could be linked to both primary and secondary aero-
sols due to soil abrasion, resuspension and/or coagulation processes and
to condensation of semi-volatile organic species onto mineral dust par-
ticles. The dust factor identified by PMF-chemical data contained a sig-
nificant amount of EC (Fig. S2), along with metals (mainly crustal) and
cations (Ti, Ca2+, Mg2+, Cu andMn), with negligible amount of second-
ary species present in the factor profile. This supports the hypothesis of
considering this factor to be primary. The SCOA (sulfur-containing OA)
Table 1
List of POA and SOA factors retrieved from each source apportionment methodology.

Method Size
fraction

Temporal
resolution

Primary factors

Number Labelling

EC-tracer method PM10 4 h 1 POA
SOA-tracer method PM10 4 h Not applicable

PMF-chemical data PM10 4 h 3 Primary traffic emissions; Biomass

PMF-offline AMS PM10 4 h 4 Traffic POA (hydrocarbon-like OA (
Cooking POA (COA); Biomass burn
Sulfur-containing OA (SCOA, coarse

PMF-ACSM PM1 0.5 h 2 Traffic POA (HOA, tailpipe/engine);
(BBOA)

4

factor identified by PMF-offline AMS characterized based on the pres-
ence of sulfur containing fragments (CH3SO2

+) in the chemical profile,
has been found to be mainly coarse and originate from primary emis-
sions based on previous studies (Vlachou et al., 2018; Daellenbach
et al., 2017; Bozzetti et al., 2016). This was also supported as it showed
good correlations with crustal metals and therefore this “dust” factor
has been attributed to the POA fraction.

Such a disparity in the number of identified factors impeded their di-
rect comparison. However, the comparison of POA and SOA fractions
apportioned can be discussed as follows.

3.3. Comparison of the POA factors

Fig. 3 shows the primary OC (POC) concentrations obtained from the
different methodologies used for POA apportionment. On average, a
good agreement between the outputs from EC-tracer method, PMF-
chemical data, and PMF-offline AMS was observed (Fig. 3b). Averaged
PM10 POC concentrations obtained from these three methodologies
ranged between 3.2 and 3.7 μg m−3 representing ~50% of the total
PM10 OC. Time serieswere rather similar (datasets normally distributed,
paired t-test; p-values > 0.05) except between PMF-chemical data and
PMF-offline AMS, as shown in Table S6a and Fig. 3a. However, signifi-
cant disagreements can be observed during certain days (e.g. 10th,
16th, and 19th March) when the PMF-chemical data and EC-tracer
showed high concentrationswhile both other approaches showedmin-
imum levels. As discussed below, this is mainly due to the retrieval of
the traffic-related POC source by the AMS/ACSM based approaches es-
pecially duringmorning rush hours (Figs. 4 and 5). The highest correla-
tion (r2= 0.64, n= 92, p< 0.05) was observed between PMF-chemical
data and EC-tracer method (Table S7a). The overall absolute uncer-
tainties in the POC estimates were in the same range for all methods
(about 0.5–1.8 μg m−3) strengthening the good agreement between
Secondary factors

Number Labelling

1 SOA
5 Isoprene SOA, α-Pinene SOA, Toluene SOA,

Naphthalene SOA, Biomass burning
(phenolic compounds) SOA

burning; Dust 7 Biogenic SOA-1; Biogenic SOA-2
Anthropogenic SOA-1; Anthropogenic
SOA-2; Anthropogenic SOA-3; Mixed
secondary; Nitrate-rich

HOA), tailpipe/engine);
ing POA (BBOA);
POA)

2 Oxidized oxygenated OA 1 and 2 (OOA1;
OOA2)

Biomass burning POA 2 More oxidized oxygenated OA (MO-OOA);
Low oxidized oxygenated OA (LO-OOA)



Fig. 2.Contribution of primary and secondary factors to the total PM10OCmass (in the case of PMF-ACSMPM1), retrieved from the different source apportionment approaches. Red border
represents the total secondary fractions. Note, colours used for the PMF-chemical and PMF-ACSM pie-charts are the same as already published (Srivastava et al., 2018a; Srivastava et al.,
2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the different methodologies used. EC-tracer and PMF off-line AMS
showed low relative overall uncertainties (32% vs. 15%, respec-
tively). However, larger uncertainties (50% vs 15% as relative uncer-
tainties) have been obtained for the PMF-chemical data approach
(Fig. 3b). It has already been shown that measurement uncertainties,
linked to the chemical analysis of the PMF input species (Tables S4
and S5), played a major contribution to the overall uncertainty
(Pachon et al., 2010). Here, we tried to consider all the possible
sources of uncertainties from the chemical analysis procedures,
Fig. 3. Comparison of total POC concentrations obtained from the different source apportionm
third quartile and maximum values for PM10 OA. c: Box-plots for the fine OA fraction with PO
burning); POC*PMF-offline AMS: PMF-offline AMS without SCOC (= hydrocarbon-like OC (HOC)
square symbols: POC median overall uncertainties ±2σ.

5

notably applying a GUM (Guide to the Expression of Uncertainty in
Measurement) approach for most of the organic markers (González
et al., 2018; White, 2008). In the end, about 90% of the total esti-
mated uncertainty was associated to the measurement uncertainty
and the PMF model uncertainty, estimated following the recommen-
dations of Brown et al. (2015), accounted only for 10%. This high-
lights that the evaluation of analytical uncertainties must be
considered very cautiously given that the input species in the PMF
model are weighted by uncertainties.
ent methodologies. a: Time series. b: Box-plots show the minimum, first quartile, median,
C*PMF-chemical data: PMF-chemical data without dust (primary traffic emissions + biomass
+ biomass burning OC (BBOC) + cooking OC (COC)); POCPMF-ACSM = HOC + BBOC. Gray



Fig. 4. Time series of biomass burning- (top panel) and traffic-related (bottom panel) POC factors obtained from the three PMF approaches.
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POC concentrations estimated from the PMF-ACSM analysis were
significantly lower (datasets normally distributed, paired t-test; p-
value < 0.05) than the three other ones (about 2.2 μg m−3) (Fig. 3a
and Table S6a). This result is mainly related to the difference in the
sampling size cut-off between ACSM and filter samplings (PM1 for
ACSM < PM10 for filter samples). The time series of POC fraction from
the EC-tracer method correlated well with that from PMF-chemical
data, while the POC variations of PMF-offline AMSwere much similar
with those of PMF-ACSM. These results are likely due to the similar-
ity in chemical composition of the different datasets as the EC-tracer
method and PMF-chemical data are based on filter measurements,
and on the other side, offline AMS and ACSM both measured the
NR-PM species including organics, sulfate, nitrate, ammonium and
chloride. As presented in Figs. 2 and S12, the average contribution
of the submicron fraction to total OA concentrations was about
77%. The remaining 23% were associated to the coarse OA fraction
and possibly attributed to the dust/SCOA factors (20% and 11%,
respectively) identified using PMF-chemical data and PMF-offline
AMS methodologies.

Considering only the fine OA fraction, total POC concentrations from
PMF-ACSM showed a good agreementwith both other PMF approaches
namely, PMF-offline AMS and PMF-chemical data (Table S7b). How-
ever, a significant difference (datasets normally distributed, paired t-
test; p-values < 0.05) was found between PMF-ACSM and PMF-offline
AMS (so without SCOA) (Table S6a). On average for the whole period
of the study, total fine POC concentrations ranged from 2.2 μg m−3

(PMF-ACSM) to 2.5 μg m−3 (PMF-offline AMS). As observed for the
PM10 POC, overall uncertainties estimated for the PMF-chemical data
Fig. 5. Diel profiles of median values obtained for the traffic- and biomass burning-relat
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method (78%) were much higher than those obtained for both other
PMF approaches based on aerosol mass spectrometry measurements
(8–19%). Again, the consideration of all the possible sources of uncer-
tainties of measurement by the GUM approach, increased the final un-
certainty budget of the PMF-chemical data method. PMF-ACSM and
PMF-offline AMS uncertainties were similar though the variability was
higher for the PMF-offline AMS analysis. Recovery of OA factors in the
offline-AMS analysis which is based on water soluble extraction can
be considered responsible for this discrepancy as the hydrophobic na-
ture of the components (e.g., HOA and COA) may lead to such kind of
variation. The choice of the chemical profiles used could also have an
impact on the overall uncertainty even if it was supposed to be low, as
attempt has beenmade to choose very specific source specific chemical
tracers, based on the literature.

Such a consistency in the fine OA fraction allowed to further com-
pare individual primary PMF factors related to the main combustion
sources: biomass burning- and traffic-related OA (Fig. 4). A good agree-
ment was observed between all the identified biomass burning-related
factors, with r2 ranging from 0.48 to 0.61 (Table S8). Similar diel profiles
were also obtained from the three PMF approaches, with a significant
nighttime increase linked to residential heating activities (Fig. 5). As
shown in Figs. 4 and S13, biomass burning-related factor concentration
levels (0.67–1.19 μg m−3) were roughly equivalent throughout the
campaign except for a fewdata pointswith slightly lower BBOA concen-
tration levels for PMF-ACSM, notably at the beginning of the campaign,
inducing a slight underestimation of BBOC by this method. Thus, a pos-
sible influence of the super-micrometer (>1 μm) biomass burning-
related aerosols cannot be totally ruled-out. It may also be hypothesized
ed OC factors using the different source apportionment methodologies (local time).
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that biomass burning OA (ACSM) may be partly included in other fac-
tors than BBOA, such as HOA as already shown by some previous
ACSM-based studies (Petit et al., 2014; Srivastava et al., 2019; Zhang
et al., 2019). This was also supported by significant correlation (r2 =
0.45, n = 92, p < 0.05) observed between BBOA and HOA factors from
the PMF-ACSM analysis (Fig. S14).

Consequently, PMF-ACSM traffic related factor frequently showed
slightly higher concentrations during biomass burning predominant pe-
riods (Figs. 4 and S13). It should also be noted that, on the diel cycle, the
morning and evening rush-hours are more pronounced for the PMF-
chemical data traffic factor than for the PMF-ACSM and PMF-offline
AMS HOA factors (Fig. 5). In addition, traffic factor from PMF-chemical
data is clearly better correlated with NOx and BCff than the other traffic
related POA factors (Fig. S15). These results suggested that the PMF-
chemical data analysis could more accurately describe primary traffic-
related OA, which might be related due to the use of key species, such
as EC and 1-nitropyrene, in the input chemical data matrix (Srivastava
et al., 2019; Srivastava et al., 2018c; Srivastava et al., 2018a;
Lanzafame et al., 2020). As mentioned before, the disagreements ob-
served at certain days (e.g. 10th, 16th March) are probably related to
the better resolution of the traffic-related POC factor using PMF-
chemical data approach. Nevertheless, the relatively good agreement
between averaged traffic-related POC concentrations (i.e., about
0.9 μg m−3 for both PMF-chemical data and PMF-offline AMS,
1.1 μg m−3 for PMF-ACSM) validates the assumption of the predomi-
nant vehicular exhaust origin for HOC factors (Lanz et al., 2007; Xu
et al., 2014; Ulbrich et al., 2009; Zhang et al., 2007). This suggests that
HOA could be a proxy for traffic emissions but less well resolved than
using proper markers. For both POA factors, biomass burning and
traffic-related, estimated overall uncertainties were in a similar range
(0.1–2.5 μg m−3) strengthening the good agreement between the
different methodologies for the estimation of these individual POC
factors. Significantly higher uncertainty values were still observed for
the PMF-chemical data (228% and 297% for traffic-related POA and for
BBOA, respectively) (Fig. S13) suggesting again the significant influence
of the measurement uncertainties especially considering all the poten-
tial sources of analytical uncertainties in that case. Large differences
were also noticed in the relative overall uncertainties for both POA
factors estimated using PMF-offline AMS and PMF-ACSM approaches
(55% vs. 9% and 52% vs. 22% for HOA and BBOA, respectively) and
probably linked to the measurement approaches (off-line vs. on-
line measurements).

Finally, for the primary fraction, time series of the PMF-chemical
data dust factor and the PMF-offline AMS SCOA factor showed a good
agreement for few peaks (Fig. S16). This result suggested that SCOA is
probably related in part to primary dust aerosols, in the coarse mode,
as suggested previously (Vlachou et al., 2018; Daellenbach et al.,
2017) but additional investigations are required to clearly identify the
exact origin of that factor.
Fig. 6. Comparison of total SOC concentrations obtained from the different methodologies. a:
maximum values. Gray square: error median ± 2σ.

7

3.4. Comparison of the SOA factors

Total SOC concentrations showed a good agreement between all the
source apportionment methodologies, except for the SOA-tracer
method (Fig. 6 and Table S9). This observation was also confirmed as
no statistical difference (datasets normally distributed, paired t-test;
p-values > 0.05) was noticed between the different approaches
(Table S6b).

Average SOC concentration values (3.3 ± 0.1 μg m−3) were similar
for the EC-tracer method, PMF-chemical data, PMF-offline AMS and
PMF-ACSM (Fig. 6b). Lower concentrations were derived from the
SOA-tracer method (average value of about 1.8 μg m−3), especially for
the second half of the campaign. SOCSOA-tracer concentrations obtained
here only accounted for SOA formed from the oxidation of isoprene,
α-pinene, naphthalene, toluene and phenolic compounds (see
Section S2 in the SM). Due to the lack of information on other possible
SOA hydrocarbon precursors, such as mono- and poly-aromatic com-
pounds, long-chain alkanes and/or alkenes (Srivastava et al., 2018b;
Zhao et al., 2014; Tkacik et al., 2012; Lim and Ziemann, 2005), the pres-
ent SOA-tracer method analysis missed significant additional SOA clas-
ses. In addition, relatively high organonitrate and/or organosulfate
loadings (Riva et al., 2015; Surratt et al., 2006; Tomaz et al., 2017)
could be expected between the 15th and the 21st of March, a period
when PM10 concentrationswere highly dominated bywater-soluble in-
organic species (Fig. 1) (Srivastava et al., 2018a). However, it should be
noted that total SOC concentrations estimated by the SOA-tracer
method matched rather well with the outputs from other approaches
during the first half of the campaign (before 14th March, Fig. 6a). This
suggests relatively fair estimates of SOA-tracer individual factors con-
sidered in the present study and especially for biomass burning linked
to the oxidation of phenolic compounds. This is further supported by
the comparison between SOA-tracer method and PMF-chemical data
outputs calculated over the yearlong (2015) measurement for the
same site and showing a good agreement, especially for anthropogenic
SOA (Lanzafame et al., 2020). Here, during this PMpollution event, the 3
PMF approaches especially PMF-ACSM and PMF-off-line AMS, were not
able to capture the large biomass burning SOC peak observed with the
EC- and SOA tracer methods at the beginning of the campaign (08th
March) and was considered as POC (or at least in part as for PMF-
chemical data). Note this SOC peak showed the same temporal variation
as methyl-nitrocatechols, secondary photo-oxidation products of phe-
nolic compounds (i.e., cresols), known to account formajor SOA precur-
sors emitted by biomass burning (Iinuma et al., 2010), confirming the
actual secondary origin of OC at the beginning of the sampling campaign
(Fig. S17).

The absolute uncertainties evaluated for SOC estimates seemed
comparable with slightly higher values observed for the EC-tracer and
PMF-chemical datamethodologies (Fig. 6b) (0.5–1.7 μgm−3). Consider-
ing the overall uncertainties obtained, average SOC estimations
Time series. b: Box-plots showing the minimum, first quartile, median, third quartile and
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obtainedwith all the apportionmentmethodologies (except SOA-tracer
method) used were in very good agreement. The higher uncertainties
for the PMF-chemical data (52%) might be linked to the analytical un-
certainties of the input species as discussed above (GUM approach for
instance). However, the contribution of model uncertainty has in-
creased here by 10% to the overall uncertainty. EC tracer method uncer-
tainty was also high (48%) and mostly related to the primary [OC/EC]
ratio evaluation during the cold period, as already reported as a major
source of error in the estimation of secondary fraction using this SOC ap-
portionment method (Srivastava et al., 2018b). These observations are
consistent with previous results (Srivastava et al., 2018b; Pachon et al.,
2010). PMF offline AMS and PMF-ACSM showed lower relative overall
uncertainties of about 14%. Finally, the lower SOC estimations from
the SOA-tracer method were also accompanied by comparable relative
uncertainties to the other methods (about 27%).

Regarding the individual factors from all approaches, secondary bio-
mass burning contribution resolved using the SOA tracer method and
filter-based PMF analysis showed a very good agreement (Fig. S18).
Both also showed a reasonable association with primary biomass burn-
ing factors resolved based on the mass spectrometry measurements
(PMF-offline AMS and PMF-ACSM), indicating that these primary fac-
tors may contain some aged aerosols (r2 = 0.44–0.55, n = 92,
p < 0.05). SOC from the naphthalene oxidation obtained using the
SOA tracer method agreed reasonably well with mixed secondary aero-
sols obtained by PMF-chemical data analysis (r2 = 0.55, n = 92,
p < 0.05).

In addition, highly oxidizedOA factors (namely oxidized oxygenated
OA (OOA1) and more oxidized oxygenated OA (MO-OOA)), from PMF-
Fig. 7. Correlation matrix within individual OA factors resolved using all approaches. 1. EC-trac
tracer: 3. Biomass burning (SOC biomass burning), 3. Isoprene (SOC isoprene), 3. Naphthalene
BSOA-1 (Biogenic SOA (marine)), 4. BSOA-2 (Biogenic SOA (isoprene)), 4. ASOA-1 (Anthr
(Anthropogenic SOA (phenolic oxidation)), 4. Mixed secondary, 4Nitrate-rich and 4. Total SOC
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offline AMS and PMF-ACSM analyses, respectively) and, marine bio-
genic SOA and mixed secondary aerosols obtained by PMF-chemical
data analysis showed satisfactory correlations (Fig. 7) highlighting the
similar origin of the given SOA factors. SOA derived from isoprene, α-
pinene and toluene oxidation based on PMF-chemical data and SOA
tracer method did not show any direct association with any of the sec-
ondary factors, probably due to their low contribution. Nevertheless,
LO-OOA (from PMF-ACSM analysis) showed a substantial correlation
with primary factors i.e., biomass burning and traffic emissions (r2 =
0.3–0.5, n = 92, p < 0.05), suggesting the influence of anthropogenic
emissions.

High concentrations of both highly oxidized OOA factors (OOA1,
MO-OOA), marine biogenic SOA + mixed secondary aerosols and SOA
from naphthalene oxidation were notably observed during the second
half of the campaign (Fig. 8). Along with the significant inorganic load-
ings (Fig. 1), a probable predominant long-range transport influence
might be expected during this period as reported before (Petit et al.,
2017; Srivastava et al., 2018a). A comparable OOA factor has also been
reported in winter in other European locationswith similar characteris-
tics namely, significant correlationwith long range transported second-
ary inorganic species (Daellenbach et al., 2017; Lanz et al., 2007).

Both highly oxidized OOA factors may include a part of marine aero-
sols/traces of combustion aerosols (Srivastava et al., 2018a). This was
supported as highly oxidized factors showed a good correlationwith an-
thropogenic markers such as phthalic acid and succinic acid (r2 =
0.40–0.50, n = 92, p < 0.05). However, no correlation was observed
with sodium/chloride as expected for being considered as an influence
of marine origin. Both OOA factors also captured a significant m/z 45
er method: 1. Total SOC; 2. PMF-offline AMS: 2. OOA1, 2. OOA2 and 2. Total SOC; 3. SOA-
(SOC naphthalene), 3. Toluene (SOC toluene) and 3. Total SOC; 4. PMF-chemical data: 4.
opogenic SOA (oxy-PAHs)), 4. ASOA-2 (Anthropogenic SOA (nitro-PAHs)), 4. ASOA-3
; 5. PMF-ACSM: 5. MO-OOA, 5. LO-OOA and 5. Total SOC.



Fig. 8. Comparison of temporal variation of highly oxidized OA factors obtained from PMF-offline AMS (OOC1) and PMF-ACSM (MO-OOC), the sum of the mixed secondary aerosol and
marine biogenic SOA factors obtained from PMF-chemical data and SOCnaphthalene from SOA-tracer method.
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signal, a fragment observed from dicarboxylic acid, supporting the role
of highly processed aerosols in ambient air, and has already observed
in several studies (Zhang et al., 2005a; Zhang et al., 2005b; Jimenez
et al., 2003; Bahreini et al., 2003). Mixed secondary aerosol factor, in
the PMF-chemical data analysis, contained also ultimate oxidation by-
products like oxalate which is not specific of any precursors or sources,
confirming (Srivastava et al., 2018a) the aforementioned hypothesis.
This highlighted that a significant amount of SOA could be linked to
the aging of the air masses during long range transport, making it chal-
lenging to investigate its origins. Finally, none of the used approaches
was able to fully identify the specific formation processes and/or the
semi-volatile organic precursors responsible for this highly oxidized
SOA fraction (accounting for about 35% of total OA in PM10, (r2 > 0.80,
n = 92, p < 0.05)). Even combining off-line and on-line data set as re-
ported before, a clear identification of the SOA sources/processes occur-
ring during the last period of the campaign was not possible to achieve
(Srivastava et al., 2019). Further studies are needed to investigate the
secondary processes associated with nitrate- and/or sulfate-rich aero-
sols during such highly processed PM pollution events.

4. Conclusions

A comparison of five methodologies to apportion POA and SOA
sources, during a PM pollution event in Northern Europe, has been
performed.

POA fractions (average POC = 2.2–3.7 μg m−3) were well resolved
using all approaches. Only lower POC concentrations were estimated
by the PMF-ACSM analysis due to the difference in the sampling size
cut-off (PM1 vs PM10 for filter-based methods). PMF-chemical data
POC estimates were associated with higher relative overall uncer-
tainties (50% vs. 8%) due to the consideration of all the potential sources
of errors in the sample chemical analyses.

Approximately half of the OA fraction was secondary (average con-
centrations = 3.3 ± 0.1 μg m−3). However, the estimation of this frac-
tion remains questionable during highly PM processed pollution
events. The SOA-tracer method was not able to capture signals from
other precursors dominant during the studied period and significantly
underestimated SOC (1.8 μg m−3). PMF-chemical data presented a
good comparison with all other considered approaches and provided
valuable information on the SOA contributions from different precur-
sors. Similarly, SOC estimates from PMF-offline AMS and ACSM analysis
were comparable, although they did not provide further insight on pre-
cursors and/or sources of highly oxidized fractions. The uncertainties of
SOC estimates were broadly comparable in absolute value for all
methods, but they were higher as relative values (14% vs. 52%) for the
EC tracer, PMF-chemical data and SOA-tracer methods.

These results showed that more comprehensive studies focusing on
the identification of new SOA tracers from known/unknown class of
precursors are needed to fully understand the origins of SOA fractions.
9

Such studies would aid in bridging the gap between SOA contributions
frommodels and measurements and explicitly improve our knowledge
on SOA contribution in a highly oxidative environment. In addition, as
recommended previously (Srivastava et al., 2018b), this study demon-
strated that to get the highest level of confidence, it is recommended
to use a combination of different methodologies, at least more than
one, to apportion the POC/SOC concentrations/contributions. Such com-
bination, especially if low and high time resolution measurements are
used, could also enhance the understanding of the subtle differences
in OA content.

Finally, the use of advanced instruments in near future such as TAG-
AMS (thermal desorption aerosol gas chromatograph-AMS) (Williams
et al., 2014), soft ionization methods like extractive electrospray
(EESI) (Qi et al., 2020; Lopez-Hilfiker et al., 2019; Qi et al., 2019;
Stefenelli et al., 2019), or aerosol inlets associated to PTR-MS (proton-
transfer reaction-MS) or CIMS (chemical ionization MS) such as
FIGAREO (filter inlet for gases and aerosols) (Lopez-Hilfiker et al.,
2014), CHARON (chemical analysis of aerosol online) or thermo-
desorption (TD) systems (Holzinger et al., 2010; Gkatzelis et al., 2017;
Eichler et al., 2015), may providemore in-depth insight into the precur-
sors and SOA formation processes involved during such highly proc-
essed PM pollution events.
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