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Abstract

PMyo source apportionment was performed by positive matrix factorization (PMF) using
specific primary and secondary organic molecular markers on samples collected over a one
year period (2013) at an urban station in Grenoble (France). The results provided a 9-factor
optimum solution, including sources rarely apportioned in the literature, such as two types of
primary biogenic organic aerosols (fungal spores and plant debris), as well as specific
biogenic and anthropogenic secondary organic aerosols (SOA). These sources were identified
thanks to the use of key organic markers, namely, polyols, odd number higher alkanes, and
several SOA markers related to the oxidation of isoprene, a-pinene, toluene and polycyclic
aromatic hydrocarbons (PAHSs). Primary and secondary biogenic contributions together
accounted for at least 68% of the total organic carbon (OC) in the summer, while
anthropogenic primary and secondary sources represented at least 71% of OC during
wintertime. A very significant contribution of anthropogenic SOA was estimated in the winter
during an intense PM pollution event (PM1o >50 pug m™ for several days; 18% of PMso and
42% of OC). Specific meteorological conditions with a stagnation of pollutants over 10 days
and possibly Fenton-like chemistry and self-amplification cycle of SOA formation could
explain such high anthropogenic SOA concentrations during this period. Finally, PMF outputs
were also used to investigate the origins of humic-like substances (HuLiS), which represented
16% of OC on an annual average basis. The results indicated that HuLiS were mainly
associated with biomass burning (22%), secondary inorganic (22%), mineral dust (15%) and
biogenic SOA (14%) factors. This study is probably the first to state that HuLiS are

significantly associated with mineral dust.

Keywords: Aerosol, Source apportionment, Primary biogenic organics, SOA, Molecular

markers, HULIS.



1. Introduction

Airborne particles (particulate matter, PM) are a major concern of current research in
atmospheric science due to their impact on both climate (Boucher et al., 2013) and air quality
(Heal et al., 2012). Elucidating their emission sources and transformation processes
constitutes a crucial step for the elaboration of efficient and cost-effective abatement

strategies.

Organic matter (OM) is a major PM component. Organic aerosols (OA) are categorized into
either primary organic aerosol (POA), directly emitted from anthropogenic and natural
sources, or secondary organic aerosol (SOA), formed in the atmosphere notably via gas-
particle conversion processes such as nucleation, condensation and heterogeneous multiphase
chemical reactions involving (semi-) volatile compounds (VOCs or SVOCSs) (Carlton et al.,
2009; Ziemann and Atkinson, 2012). Due to the multiplicity of sources and of transformation
mechanisms, the apportionment of the relative contribution of each of the different primary

and secondary OA fractions is still fairly uncertain.

Specific organic compounds can provide insight into OA sources (Schauer et al., 1996).
They are commonly referred to as molecular markers (tracers), such as levoglucosan for
biomass burning (Simoneit et al., 1999a) or a-methylglyceric acid for SOA from isoprene
oxidation (Carlton et al., 2009). Source-receptor models, such as positive matrix factorization
(PMF), have been widely implemented using traditional aerosol chemical speciation, such as
elemental carbon (EC), organic carbon (OC), major ions, and metals. The inclusion of a
comprehensive set of organic molecular markers potentially offers a closer link between
factors and sources, but it has been rarely applied in PMF studies because it requires large
datasets and intensive lab-work (Jaeckels et al., 2007; Laing et al., 2015; Schembari et al.,
2014; Shrivastava et al., 2007; Srimuruganandam and Shiva Nagendra, 2012; Waked et al.,

2014; Wang et al., 2012; Zhang et al., 2009).



Source apportionment studies based on the use of source-receptor models assume that
organic molecular markers are chemically stable in the atmosphere (defined as tracer
compounds) (Schauer et al., 1996). However, these compounds can react in the atmosphere by
photochemical processes involving sunlight and atmospheric oxidants such as Os, NOx,
radicals OH, NOs... For instance, levoglucosan is usually assumed to be very stable (Simoneit
et al., 1999b) but recent studied have shown its significant atmospheric chemical degradation
(Hennigan et al., 2010; Kessler et al., 2010; Mochida et al., 2010; Zhao et al., 2014). For most
of these compounds, experimental data about their stability or atmospheric lifetimes are very
scarce or not available. They are usually based on empirical calculations like for SOA
markers (Noziere et al., 2015). If some markers have tendency to undergo a rapid decay in the
atmosphere, so short lifetime, their use may cause a bias in the source apportionment results.

The main objective of this work is to apportion specific primary and secondary OA
fractions using various and distinctive molecular markers in a PMF model. The present paper
is based on results obtained from a year-long campaign conducted in an Alpine city, while a
following paper will be dedicated to the use of a similar approach in the Paris region during a
3-week intensive sampling campaign, with a higher time resolution for filter samplings (every
4 h) through an intense PM pollution event (Srivastava et al., In preparation). A focus has
been put here on usually unresolved PM sources, such as primary biogenic sources and
secondary sources such as biogenic SOA formed from pinene or isoprene oxidation, and
anthropogenic SOA formed from the oxidation of polycyclic aromatic hydrocarbons (PAHS),
toluene and phenol. In addition, this work provides insight into the sources of total OC and of
humic-like substances (HuLiS), a significant fraction of OM which plays an important role in

the atmosphere (Graber and Rudich, 2006) and has not been extensively explored.



2. Methodology

2.1.  Sampling site

The sampling site was located at the urban background sampling station of “Les Frénes”
(45°09'41" N, 5°44'07" E) in Grenoble (France). The city, surrounded by three mountain
ranges, is considered the most densely populated area (160,000 inhabitants) of the French
Alps (Figure S1). In addition to the urbanized area, forests, including both deciduous and
coniferous species, and agriculture areas (pastures) dominate the land cover around Grenoble
(Figure S2). This region experiences frequent severe PM pollution events (PMio >50 pg m
for at least 3 consecutive days) in the winter due to the formation of thermal inversion layers
that may promote pollutant accumulation. Previous studies have shown that residential
heating, mainly biomass burning, accounts for a major fraction of PM_s in the winter (Favez
et al.,, 2010). In addition, traffic and industrial activities contribute significantly to the

observed PM concentration levels in Grenoble (Polo-Rehn et al., 2014).

2.2.  Sample collection

PMyo samples (Tissu-quartz, Pallflex, @=150 mm) were collected every third day for one
year from 01/01/2013 to 01/01/2014 using two parallel high volume samplers (DA-80,
Digitel; sampling duration of 24 h at 30 m® hl). Details on the preparation and conservation
of these filter samples have already been presented elsewhere (Tomaz et al., 2017; Tomaz et
al., 2016) and are reported in the Supplementary Material. A total of 123 samples and 9 field
blanks were collected and analysed for an extended chemical characterization following the

protocols described in section 2.3.

Atmospheric concentrations of PMio and PM25 (1405F TEOM-FDMS, Thermo), NOx (TEI
421, Thermo) and O3 (TEI 491, Thermo) were monitored by the local air quality network in

Grenoble (Atmo Rhéne-Alpes-Auvergne) at a 15-min resolution. Together with the ROMMA



network (Meteorological network of the Alpine massif), they also measured and provided
meteorological parameters (temperature, wind direction, wind speed and relative humidity)
(Figures 1 and S3). Temperature and pressure data from several locations at different altitudes
were used to evaluate the duration of thermal inversion layers in the valley. Details of the

calculation of thermal inversion layers have been described previously (Tomaz et al., 2017).

2.3.  Analytical procedures

Overall, approximately 194 species were quantified in each sample. EC/OC was measured
using a Sunset lab analyser using the EUSAAR-2 thermal protocol (Cavalli et al., 2010).
HuLiS were analysed following the protocol described by Baduel et al. (2010). Anions (CI',
NO3, SO+%), cations (NH4", Ca?*, Na*, Mg?*, K*), methanesulfonic acid (MSA) and oxalate
(C204%) were analysed by ionic chromatography (Jaffrezo et al., 2005). Thirty-four metals
and trace elements were quantified by ICP-MS (Alleman et al., 2010). Cellulose combustion
markers (biomass burning) (levoglucosan, mannosan and galactosan), 3 polyols (arabitol,
sorbitol and mannitol) and glucose were quantified using HPLC-PAD (Piot et al., 2012).
Twenty-one PAHSs, 27 oxy-PAHSs, and 32 nitro-PAHs were quantified using UPLC/UV-
Fluorescence and GC/NICI-MS (Albinet et al., 2006; Albinet et al., 2014; Albinet et al., 2013;
Tomaz et al., 2016). Twenty-seven higher alkanes (C13-C39), 10 hopanes, pristane, phytane,
5 sulfur containing PAHSs, 5 lignin combustion markers (vanillin, coniferaldehyde ...) (Golly
et al., 2015) and 11 compounds usually recognized as SOA markers (a-methylglyceric acid,
pinic acid, methyl-nitrocatechols...) (Noziere et al., 2015) were analysed by GC/EI-MS. Note
that the quantification of all SOA markers was performed using authentic standards. Details
of the analytical procedures and sample preparation for the analysis of the SOA markers are

provided in the Supplementary Material (Tables S1 and S2).



2.4.  Source apportionment methodology

2.4.1. Receptor modelling

The goal of receptor models is to solve the chemical mass balance equation between the
measured species concentrations and source profiles as a linear combination of factors p,
species profile £ of each source, and the amount of mass g contributed to each individual
sample (Eg. (2)):

Xij = Yoot Ginfij + €ij (1)
where Xj represents the measured data for species jin sample 7 and e; represents the residual
of each sample/species not fitted by the model.

PMF is a multivariate factor analysis tool that decomposes a matrix of the observed
chemistry of the samples into two matrices (factor contributions (G) and factor profiles (F))
that need to be ascribed to a specific source. The best model solution is obtained by

minimizing the function Q (Egs. (2)):
e 2
Q=Xi2; (U—lj) (2)
where oy represents the measurement uncertainty of each data point.

In this work, we used the U.S. Environmental Protection Agency (US-EPA) PMF 5.0

software to perform the source apportionment.

2.4.2. Uncertainty calculations

The estimation of uncertainties for the filter-based measurements was calculated using

Egs. (3) (Polissar et al., 1998):

2 LD, ifX;;, < LD; -
O'.. e
Y JED)TF (CViX)? + (aXy))? ifX;; = LD




where LD;j is the detection limit for compound j (defined as the lowest concentrations of the
compound that can be measured with a signal to noise ratio of 3), CV;j is the coefficient of
variation for compound j (calculated as the standard deviation of repeated analyses divided by
the mean value of the repeated analyses), and a is a factor (0.03) applied to account for
additional sources of uncertainty (Gianini et al., 2012). Missing concentration values were
replaced by the geometric mean of the concentrations of compound j, and their accompanying

uncertainties were set at 4 times this value.

2.4.3. Criteria for the selection of species

Inclusion or exclusion of a chemical species in the PMF matrix is usually based on the
signal to noise ratio (S/N) (Paatero and Hopke, 2003). S/N ratios for all the quantified species
in this study are given in Table S3. Species with an S/N ratio below 0.2 were automatically
excluded. Additional criteria for the final selection of the input species in the PMF have been
applied; compounds that are analytically difficult to quantify, i.e., with a large number of data
points below the detection limit (>60% of total data points), those mainly associated with the
gas phase (e.g., pinonic acid, low molecular weight PAHs, oxy and nitro-PAHSs) (Albinet et
al., 2007; Albinet et al., 2008; Isaacman-VanWertz et al., 2016; Tomaz et al., 2016), and those
that are not specific markers of a given source or those with no observed temporal trends
(single events or spikes, e.g., pinic acid) were excluded.

In addition, to limit the input data matrix according to the total number of samples (n=
123), some species were also not included if they belonged to a single source and were well
correlated with another marker of this source (e.g., cellulose combustion: levoglucosan,
mannosan, galactosan (r=0.97-0.99, n=123, p<0.05); fungal spores: arabitol, sorbitol, glucose,
mannitol (r=0.85-0.92, n=123, p<0.05)). In this case, only one or two representative species
were kept for the input matrix. Some other specific organic compounds, such as oxalate, MSA

and methyl-nitrocatechols, were also discarded due to poor predictions by the preliminary



model runs. Finally, a total of 47 species were used in the model (Table S4). Details about the
species in the final input and the exclusion of the former ones are reported in the
Supplementary Material and Table S4. PMio concentrations were included as the total
variable in the model to directly determine the source contributions to the daily mass
concentrations. The total variable was defined as weak (low weight) in the model to not have

influence on the solution obtained.

2.4.4. Applied constraints

Several constraints were applied to the base run to obtain clearer chemical source profiles
in the final solution. To limit the change in the Q-value, only “soft pulling” constraints were
applied. Change in the Q-robust was finally approximately 7%. Details related to the

constraints applied to each factor profile are given in Table S5.

2.4.5. Optimization of the final solution

The selection of the final solution was made based on three criteria, including the bootstrap
results to evaluate its stability, the comparison between observed and predicted
concentrations, and the evaluation of the sensitivity to the applied constraints. A mapping of
over 80% of the factors for the bootstrap was taken as the threshold to indicate that the chosen
solution may be appropriate. Species showing poor correlations (r<0.5) between observed and
modelled concentrations were evaluated carefully to determine whether they should be down-
weighted or excluded. A few species were finally kept despite their low correlation
coefficients due to their significant role in the interpretation of selected factors (Table S6).
Student’s t-test was used to evaluate the effectiveness of applied constraints on the base
model run and to verify whether the differences were statistically insignificant for all source

profiles (two-tailed paired t-test significance test at p<0.05 probability).



3. Results and discussions

3.1.  Overview of the PM1o concentrations and pollution events

The daily PM1o mass concentrations ranged from 2 to 83 ug m, with an annual average of
approximately 24 ug m (Figure 1). Two severe PM pollution events, which also affected the
rest of France (Favez, 2013), were observed in early spring (02/25-04/08/2013) and winter
(12/09-12/19/2013). A large contribution of OM and the presence of thermal inversion layers
were observed during the first part of the spring PM pollution events, while the second part
was influenced by long range transport and characterized by a large contribution of inorganic
species, such as ammonium nitrate and sulfate. The winter pollution episode was associated
with the occurrence of thermal inversion layers over a period of 10 consecutive days (Tomaz
et al., 2017), where OM was the major contributor to the total PMo loadings (Figure 1).
During this winter pollution event, air quality was expected to be mainly influenced by local
combustion sources, such as residential heating, notably wood combustion, and traffic, as
shown by the high concentrations of primary species such as levoglucosan, NO, and PAHSs

(Tomaz et al., 2017; Tomaz et al., 2016).

3.2.  PMuo source apportionment

A nine-factor output provides the most reasonable solution for this PMio source
apportionment in the Grenoble valley (Figure 2). It includes traditional aerosol sources, such
as primary traffic, biomass burning, mineral dust, secondary inorganics and aged sea salt, and
uncommonly resolved ones, such as primary biogenic organic aerosols (fungal spores and
plant debris), as well as specific biogenic and anthropogenic SOA, all identified by the chosen
molecular organic markers analysed in the PMyo fraction. The selection of factors was based
on the variability explained by the Q/Qexp ratio, the chemical interpretation of the obtained

factors and the total reconstructed mass. Forcing PMF to explain the variability with a less
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number of factors (<8) resulted in high Q value (Figure S4), thus only solutions with eight
factors and more were checked. The solutions with eight sources were less explanatory, and
some factors were merged (Figure S5 and S6). Conversely, an increase in the number of
sources led to the split of meaningful source profiles into two unrealistic ones (Figure S7 and
S8). In the final solution, the comparison of the reconstructed PMio contributions from all
sources with measured PM1o concentrations showed very good mass closure (r=0.93, n=123,
p<0.05) (Figure 2 and Table S6). Note that results from the chemical characterization of the
last 2 days of the year were not validated and were excluded from the PMF matrix. In
addition, most of the species showed good agreement with the measured concentrations. Few
of them were poorly reconstructed by the PMF (e.g., Sb, hopanes, DHOPA (2,3-Dihydroxy-4-
oxopentanoic acid) and phthalic acid (r<0.34)). Low correlation coefficients were due to some
single events that occurred during the year and were not well reproduced by the model.
Bootstrapping on the final solution showed stable results with >84 out of 100 bootstrap
mapped factors (Table S7). Finally, no significant difference (p>0.05) was observed in the
source chemical profiles between the base and the constrained runs (Table S8, Figures S9 and
S10).

Overall, mineral dust (21%) and biomass burning (20%) sources were the main
contributors to the total PM1o mass on an annual scale. Primary traffic emissions, secondary
inorganic aerosols, plant debris and biogenic SOA also presented significant contributions (11
to 14%). Aged sea salt, fungal spores and anthropogenic SOA contributed to approximately 2
to 5% of total PM1o (Figure 2). Identified aerosol sources, chemical profiles and temporal

evolutions are shown in Figures 3 and 4 and discussed individually below.

3.2.1. Secondary inorganics

The secondary inorganics source factor (nitrate-rich) was characterized by high

contributions of NO3z™ and NH4" (69% and 63% of these species being attributed to this factor,
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respectively), with an annual average concentration of 2.9 pg m? and accounted for
approximately 13% of PMio mass on an annual scale (Figures 2 and 3). CI- and SO4* also
contributed to this source factor by approximately 30-35%. The source showed large seasonal
variations with very high concentrations and PM contributions during both severe PM
pollution events in the early spring and, to a lesser extent, in the winter (Figure 3). In the early
spring, the high PMio concentration levels, concomitant to the high contributions of
ammonium nitrate, were related to secondary formation processes, long range transport of
aged air masses and direct emissions from biomass burning (Tomaz et al., 2017). On average,
the sources of secondary inorganics accounted for approximately 47% of the PMig mass
during this spring pollution event. Conversely, during the December PM pollution event, this

factor accounted for only approximately 1% of the total PM1g mass.

3.2.2. Primary traffic (exhaust and non-exhaust)

The PMF model always grouped the four hopanes (HP5 to HP8, 46% to 69% of the total
mass of each compound) together with a significant amount of EC (48% of its total mass) into
one factor (Figure 3). These species are typical of traffic exhaust emissions and this factor
was significantly correlated with NOy (r=0.6, n=123, p<0.05). As expected and following the
applied constraints, this factor showed high contributions of several metals, such as Ba (72%),
Cu (69%), Sb (70%), Pb (64%) and Fe (50%), known as additional good indicators of road
traffic emissions (Pant and Harrison, 2012; Srivastava et al., 2016; Sternbeck et al., 2002). In
particular, Ba and Sbh are known as specific markers of vehicular brake abrasion (Johansson et
al., 2009), showing that this factor accounted for both exhaust and non-exhaust traffic
emissions. Regarding OC/EC (0.9) and PM1o/EC (4.3) ratios in the factor profile, their values
obtained here are in good agreement with the literature data reported for primary traffic
emissions (El Haddad et al., 2009; Fine et al., 2002). Interestingly, only 20% of 1-nitropyrene

(1-NP), expected to be a marker of diesel emissions (Keyte et al., 2016), was associated with
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this factor. Despite several efforts, PMF was unable to increase the 1-NP contribution into this
factor and it remained distributed in the biomass burning factor due its strong correlation with
levoglucosan. The mixing of sources on 24 h filter samples, together with the specific
geomorphology of Grenoble as well the atmospheric dynamic could explain such observed
correlations.

Primary traffic sources accounted for 14% of the PM1o mass on a yearly average (Figure
2), corresponding to an annual mean concentration of 3.0 pg m=. These values are in the
range of those commonly observed at other urban background locations in Europe (5-25%)
(Belis et al., 2013; Waked et al., 2014) and with a previous study conducted at an heavy
traffic site in Grenoble (traffic exhaust=17%, traffic non-exhaust=13%, contribution to PM10)
(Polo-Rehn et al., 2014). This source showed seasonal variations with higher concentrations
in a cold period, notably due to the typical atmospheric dynamic in the valley of Grenaoble.
However, its contribution to PM1o was rather constant through the year, except in July-August
(summer vacations) when it was slightly lower (Figure 3). The highest concentrations of this
source were observed during the December PM pollution event, but no drastic change of its

relative contribution to PM1o was noticed even during this episode.

3.2.3. Aged sea salt

Given the constraints applied, this factor showed major contributions of Na* (92% in this
factor) and Mg?* (71% in this factor), highlighting that this source was chiefly from sea salt
particles (Figure 3). The Mg?*/Na* ratio (0.10) was comparable to the expected ratio found for
sea water (i.e., 0.11) (Curran et al., 1998; Seinfeld and Pandis, 2012) and similar to the values
found at the same site in a previous study (Polo-Rehn et al., 2014). The low CI" content (27%)
resulted in ageing processes, including well-known heterogeneous reactions between airborne
sea-salt| particles and acidic pollutants (e.g., nitric and sulfuric acid) leading to the

volatilization of HCI (Seinfeld and Pandis, 2012). This source was rather constant throughout
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the year, with a very low annual contribution (2%) to the PM1o mass (Figure 2) and a yearly
average concentration of 0.5 pg m=, which was in agreement with the sampling site location

relatively far from the Atlantic and Mediterranean coasts (~200-500 km).

3.2.4. Mineral dust

This factor showed a relatively high content of mineral elements such as Ti (53% in this
factor), Ca (49% in this factor), and Al (54% in this factor), commonly originating from soils
and road dust (Andersen et al., 2007; Mossetti et al., 2005; Querol et al., 2004a; Yin et al.,
2005) (Figure 3). This was one of the major PM sources, corresponding to an average of 4.7
ug m=and accounting for 21% of the PM1o mass on an annual average (Figure 2). It showed a
typical seasonal evolution with high concentrations and contributions in the summer (dry
season). Significant amounts of OM (including HuLiS) and sulfate were also observed in the
chemical profile of this source, in agreement with the presence of these species in soils, within
resuspended particles, and/or as condensation products onto crustal material (Falkovich et al.,

2004; Kogel-Knabner, 2000).

3.2.5. Biomass burning

The source of the biomass burning factor was characterized by very high loadings of
levoglucosan (levo), coniferaldehyde (conyferald.), and vanillic acid. This factor also showed
significant contributions of PAHs (B[a]P, B[ghi]P, In[1,2,3-cd]P and Cor). It followed typical
seasonal variations, with a largely higher contribution in winter (Figure 4). This source
accounted for 20% of the PMio mass on a yearly average (4.5 ug m=3) (Figure 2), with
maximum contributions in winter of approximately 39%. These results were in very good
agreement with previous observations reported in Europe (Herich et al., 2014; Viana et al.,
2015) and at the same site in the winter by Favez et al., (2010). Approximately 22-25% of OC

and HuLiS were associated with this factor on an annual average. Both species showed strong
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correlations with levoglucosan, especially during the cold period (r=0.85 and 0.71, n=91,
p<0.05, i.e., late autumn and winter months). These results highlighted that biomass burning
is a significant source of HuLIS, as already shown in previous field studies (Baduel et al.,
2010; El Haddad et al., 2011; Lin et al., 2010). Finally, OC/levoglucosan and OC/EC ratios
(=4.2 and 3.8, respectively) were in good agreement with those generally reported for aerosols
from biomass burning (El Haddad et al., 2009; Favez et al., 2010; Fine et al., 2002; Gianini et
al., 2013).

The biomass burning factor also included significant contributions from phthalic acid
(58%) and, to a lesser extent, from DHOPA (20%). Both compounds are known as markers of
SOA formation from the photooxidation of naphthalene and toluene, respectively (Al-Naiema
and Stone, 2017; Kleindienst et al., 2004; Kleindienst et al., 2012; Kleindienst et al., 2007). In
addition to vehicle exhaust, both these latter species are largely emitted by biomass burning
(Baudic et al., 2016; Nalin et al., 2016; Shen et al., 2012), and previous chamber experiments
have shown that SOA formation from biomass burning mainly involved the photooxidation of
phenolic compounds, naphthalene, and benzene, which could together contribute up to 80% of
the total observed SOA (Bruns et al., 2016). It is then expected that the factor obtained here

includes both fresh and processed aerosols from biomass burning.

3.2.6. Primary biogenics 1: plant debris

This factor was characterized by a typical chemical fingerprint from plant waxes with
significant amounts (47-82%) of odd number higher alkanes (C27 to C31) (Rogge et al.,
1993) (Figure 4). This source accounted for 11% of the PM1o mass on an annual average (2.5
ug m2) (Figure 2) and exhibited a clear seasonal pattern, with relatively higher concentrations
in the warm period (May-August), in agreement with plant metabolic activity. However,
concentrations were also significant for the rest of the year. PM source apportionment from

plant emissions is usually not achieved in the literature. To the best of our knowledge, this is
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the first report of the identification of a plant debris source factor using higher alkanes in a
PMF model (at least in Europe). A similar source has been identified in similar studies using
other source apportionment models (van Drooge and Grimalt, 2015). However, as shown by
the presence of elements such as Ti, V, Al, and Ca, the influence of other sources, such as

resuspension from road dust and soil particles, cannot be ruled out.

3.2.7. Primary biogenics 2: fungal spores

This source factor was characterized by the large proportions of polyols (arabitol and
sorbitol, 75-85% of the total mass of each compound in this factor) (Figure 2). These
compounds have been identified in the literature as markers of primary biogenic emissions
originating from primary biological aerosol particles, notably fungal spores and microbes
(Bauer et al., 2008; Caseiro et al., 2009; Rogge et al., 2007; Yttri et al., 2011), and previously
used to apportion primary biogenic aerosols via a PMF analysis in France (Lens) (Waked et
al., 2014). This factor contributed approximately 5% of the PM1o mass on an annual average,
with a concentration of 1.1 pug m=, which was significantly lower than the contribution
estimated by Waked et al. (2014) (9% on a yearly average). This lower contribution might be
explained by the fact that the present study allowed for better separation between two types of
primary biogenic aerosols, as well as between primary and secondary organic aerosols.

Temporal evolution showed a clear seasonality, with maximum concentrations observed in
the summer and fall seasons (from June to early November), in agreement with the higher
biological activity due to higher temperatures and humidity inducing an increase in the
emissions of fungal spores, fern spores and pollen grains (Graham et al., 2003; Verma et al.,
2017). Maximum concentrations of arabitol and sorbitol have already been observed during
the warm period in several previous studies (Bauer et al., 2008; Verma et al., 2017; Waked et

al., 2014; Yttri et al., 2011).
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3.2.8. Biogenic SOA

The sources of the biogenic SOA factor was resolved by the use of oxidation products of
isoprene (a-methylglyceric acid (a-MGA and 2-methylerythritol (2-MT)) and of a-pinene
(hydroxyglutaric acid (3-HGA)) (Carlton et al., 2009; Jaoui et al., 2008). The source factor
showed very high contributions of these three SOA markers (78-90% of the total mass of each
compound). The apportionment of biogenic SOA is not commonly achieved in PMF or other
models based studies (Heo et al., 2013; Hu et al., 2010; Shrivastava et al., 2007; van Drooge
and Grimalt, 2015; Zhang et al., 2009). Here, the evaluation of both biogenic SOA precursors
to the total biogenic SOA contribution was not possible due to the strong correlation observed
between isoprene and a-pinene SOA markers (e.g., (a-MGA and 2-MT vs 3-HGA, r=0.84
and 0.86, respectively; n=123, p<0.05). The source of biogenic SOA showed a significant
contribution to the PM1o mass of 12% on an annual average, corresponding to a concentration
of 26 ug m? (Figure 2). A clear seasonal variation with larger contributions and
concentrations in the summer was observed (up to 20% of PM and 16 pug m), in agreement
with the higher biogenic SOC contributions already noticed during the warmer months in
related studies (Kleindienst et al., 2007; Shrivastava et al., 2007; Zhang et al., 2009) (Figure

4).

3.2.9. Anthropogenic SOA

The last factor was characterized by high loadings of acenaphthenequinone (86%), 6H-
dibenzo[b,d]pyran-6-one (88%), 1,8-naphthalic anhydride (83%) and DHOPA (58%). As
mentioned previously, DHOPA is considered a marker of SOA formation from toluene
photooxidation (Al-Naiema and Stone, 2017; Kleindienst et al., 2004; Kleindienst et al.,
2007), while the three other compounds are typically by-products of PAH oxidation
(phenanthrene, acenaphthene and acenaphthylene) resulting in SOA formation (Lee and Lane,

2010; Lee et al., 2012; Perraudin et al., 2007; Tomaz et al., 2017; Zhou and Wenger, 2013a;
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Zhou and Wenger, 2013b). Thus, this factor seemed characteristic of SOA from
anthropogenic sources, including combustion processes such as biomass burning and traffic.
Note that the primary emission of PAH oxidation products, notably by biomass burning,
cannot be ignored. However, poor correlations with levoglucosan have been observed
(r<0.39, n=123, p<0.05) and confirmed that these compounds were mainly originated from
secondary processes in the Grenoble valley.

Anthropogenic SOA accounted for approximately 2% of the total PMip mass, with a
concentration of 0.5 pg m=on an annual average (Figure 2).

The source showed higher concentrations during the winter season and especially in
December during the severe PM pollution event, with a contribution to PMg of up to 18%
(Figure 4).

To the best of our knowledge, this study is probably the first report of the use of PAH
derivatives (here oxy-PAHSs) for the apportionment of an anthropogenic SOA (PAH SOA)
source. Additional tests have been performed to investigate the validity of this factor. To do
this, we excluded the December data points from the complete dataset and ran the PMF model
again (Table S9). The new PMF results showed that the nine factors solution was also found
to be optimum and quite stable (with bootstrap >98%) (Table S10). The chemical and
temporal profiles for all the factors were totally similar to those obtained with the entire
dataset, even including this factor (Figures S11 and S12, Table S11). These results confirmed
the robustness of PMF outputs, which are not perturbated by the severe winter pollution

event.

The large concentration peak of the source of anthropogenic SOA observed during the
December PM pollution event was also noticed for all primary pollutants, including EC,
levoglucosan, hopanes, several alkanes, PAHSs, 1-nitropyrene and NO, underlining the large

impact of primary combustion sources during this period (Tomaz et al., 2017; Tomaz et al.,
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2016). In addition, several secondary compounds from anthropogenic precursors, such as
DHOPA, methyl-nitrocatechols (markers for biomass burning SOA) (linuma et al., 2010),
succinic and phthalic acids (Kawamura and Ikushima, 1993; Kleindienst et al., 2012) and

nitro- and oxy-PAHSs, exhibited very high concentrations during this period (Figure 5).

Such an event and anthropogenic SOA concentrations could be explained by a combination
of several factors. First, the meteorological conditions and the geomorphology around
Grenoble promoted the formation and the occurrence of thermal inversion layers for more
than 10 consecutive days (Figure 1) (Tomaz et al., 2017). Together with the low wind speed
(<2 m sty (Figure S3), this led to the stagnation of polluted air masses over a long period,
allowing favourable conditions for chemical reactions and intense secondary formation
processes. Second and interestingly, most of the metallic species and notably the transition
metals (Fe, Cu, Cr, V...) showed a concentration peak during the December PM pollution
event (Figure 6). Such an increase of concentrations is still not fully understood, but these
redox-active metals, and especially Fe and Cu, are known to be involved in the catalysis of
Fenton-like reactions in which they may react with hydrogen peroxide (H20>) to generate OH
radicals (Walling, 1975). In addition, recent studies have stated the role of a Fenton reagent
(Fe, Cu/H205) in both SOA formation and PAH oxidation (Singh and Gupta, 2016; Singh and
Gupta, 2017; Singh et al., 2017). Thus, transition metals could have played a significant role
in the enhancement of the chemical processes and the anthropogenic SOA formation during
this period. Last, Tong et al., (2016) have recently shown that SOA decomposition may also
lead to the formation of OH radicals. The OH production rate by SOA decomposition depends
on Fe?*, SOA precursors and concentrations. Such a process seems quantitatively comparable
to the Fenton reaction in most conditions and may be the main source of OH radicals at low
concentrations of H.0, and Fe?*. Then, the OH radicals generated would promote SOA

chemical ageing, especially in the presence of iron, increasing auto-oxidation in the
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condensed phase and further resulting in a self-amplification cycle of SOA formation (Tong et
al., 2016). All these conditions were present during the December PM pollution event to

promote these processes and enhance SOA formation.

3.3.  Sources of coarse and fine aerosol fractions

Overall, the coarse aerosol fraction (PM1o0-PM2.s) accounted for one-third of the PMio mass.
Such a proportion is in agreement with those previously reported in many different urban
environments (Masri et al., 2015; Querol et al., 2004b). Figure 7 shows the tentative
reconstruction of both aerosol fractions using apportioned PM sources. Interestingly, the sum
of the three source factors, namely plant debris, aged sea salt, and mineral dust, showed a
significant correlation with the PM mass concentration of the coarse particle mode (r=0.71;
n=123, p<0.05). Note that to date, no consensus has emerged to precisely decide whether the
source of fungal spores belongs to the fine or the coarse aerosol fraction (Liang et al., 2013;
Waked et al., 2014; Wang et al., 2011). The sum of the 5 or 6 other source factors identified
(PM25 vs. zsfactors, r=0.91; n=123, p<0.05) (PM2s vs. Zsfactors, r=0.92; n=123, p<0.05) was
in very good agreement with the fine aerosol mass fraction. These results highlighted that fine
particles were associated mostly with primary carbonaceous emissions together with
secondary processes, while coarse particles consisted mostly of mineral dust and organic

matter.

3.4.  Organic aerosol source apportionment

3.4.1. Organic carbon (OC)

OC source contributions apportioned from the present PMF analysis are presented in
Figure 8. On an annual average, the major contributors to OC were biomass burning (25%),
primary traffic (12%), mineral dust (13%), fungal spores (12%), secondary inorganics (11%)

and plant debris (10%), followed by both SOA fractions (14% in total) and aged sea salt (3%).
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These results highlighted the large contributions of primary OA sources, namely, biomass
burning, traffic and biogenic source (59% in total on an annual average). The significant
impact of biomass burning within OC was in good agreement with previous findings at
Grenoble (Favez et al., 2010). As expected, elevated contributions of this source to OC were
obtained during the long residential heating periods in this region (20%, 20% and 43% for the
spring, fall and winter seasons, respectively). In addition, the traffic contribution was in the
same range as that previously reported (Favez et al., 2010). The primary biogenic fraction,
consisting of fungal spores and plant debris, accounted for a considerable fraction of OC
(22%), with a typical seasonal variation along with maximum concentrations and
contributions up to 40% in the summer, which was related to the increase in biological

activity.

Other sources, secondary inorganics, mineral dust and aged sea salt accounted together for
27% of the total OC load on a yearly basis. The primary or secondary origin of OC for these
sources are discussed hereafter. The source of secondary inorganics showed a conspicuous
seasonal time trend. High contributions during the spring and winter seasons were likely
associated with the PM pollution events. This source factor showed a good correlation with
oxalate only in the winter (r=0.84, n=31, p<0.05) and fall (r=0.70, n=30, p<0.05), indicating
the influence of secondary origins for this OA source. The source of mineral dust showed a
higher contribution in the summer (22%), similar to the time trend, followed by secondary
processes. The presence of HuLiS, phthalic acid, and sulfate in this source factor suggested
that a part of OC was likely to be secondary. The condensation of secondary organic species
on mineral dust could occur during long range transport. In addition, mineral dust may
facilitate very active redox chemistry on its surface under certain conditions (i.e., in the
presence of metal oxides such as TiO2, ZnO, iron oxides and their exposure to sunlight) and

lead to the formation of a number of different oxidized products (Aymoz et al., 2004; George
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et al., 2015). Similarly, the OC fraction in the aged sea-salt factor may be produced via a
primary or bubble-mediated production mechanism at the ocean surface (Ceburnis et al.,
2008), but their ageing could be explained by exposure to secondary organic aerosols

precursors during the transport of air masses (Song and Carmichael, 1999).

SOA fractions from clearly identified biogenic and anthropogenic precursor origins
together accounted for 14% of OC on an annual basis and ranged from 7% to 27% depending
on the season. This rather low contribution could be explained by the presence of SOA in
other source factors, as discussed above. The maximum contribution was observed in the
summer and is of biogenic origin. Conversely, anthropogenic SOA accounted for 15% of OC

in the winter and up to 42% during the December PM pollution event.

Clear-cut anthropogenic sources (i.e., primary traffic, biomass burning and anthropogenic
SOA) and biogenic sources (primary and secondary) accounted for 43% and 30% of total OC
on an annual average, respectively. The remaining 27% (distributed between mineral dust,
secondary inorganics and aged sea salt factors) could not be unambiguously ascribed to either
anthropogenic or biogenic origins. The maximum anthropogenic OC contribution was
obtained during the winter season (>71%), notably due to the impact of residential heating
and the accumulation of pollutants in the valley of Grenoble, whereas the biogenic OC

contribution was greatest in the summer (>68%).

3.4.2. Humic Like Substances (HuL.iS)

HuLiS play an important role in the atmosphere by affecting the growth of particles (Gysel
et al., 2004), cloud condensation and ice nuclei formation (Facchini et al., 1999; Wang and
Knopf, 2011) due to their hygroscopic and surface-active properties. They account for a
significant fraction of OM (approximately 10 to 30%) (Feczko et al., 2007). They are

probably poorly photoactive (Albinet et al., 2010) but may directly react with oxidants
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(Baduel et al., 2011). They have been found to catalytically enhance the generation of reactive
oxygen species (ROS) under simulated physiological conditions and may contribute to PM
health impacts (Lin and Yu, 2011). The current knowledge and understanding of the sources
and formation mechanisms of HuLiS are still rather poor due to the lack of source
apportionment studies of this OA component (Baduel et al., 2010).

On an annual average, HuLiS accounted for approximately 8% of OM in Grenoble (from 2
to 20%) and among the nine sources resolved by PMF, only aged sea salt did not contribute to
HuLiS mass (Figure 9). Overall, 22%, 22%, 15%, and 14% of HuLiS mass were respectively
associated with biomass burning, secondary inorganics, mineral dust and biogenic SOA on an
annual average. PMF outputs also indicated that a non-negligible amount of HULiS mass was
attributed to plant debris, primary biogenic and primary traffic. Each of these latter sources
contributed to approximately 6-8% on annual average of total HuLiS, with higher
contributions in the summer for plant debris (11%) and in the summer and fall for fungal
spores (11-14%). While traffic emission origins have already been assigned to HuLiS (Kuang
et al., 2015), no previous study explicitly reported the contribution of primary biogenics
(fungal spores + plant debris) OA to these compounds.

The contribution of biomass burning to HuLiS showed a strong seasonal trend (Figure 9).
It is well known that biomass combustion processes release large quantities of aromatic
species into the atmosphere (Graham et al., 2002) and represent the most likely contributor to
HuLiS mass in urban areas during the cold season (Baduel et al., 2010). This was confirmed
by the strong correlation observed between HuLiS and levoglucosan (r=0.81) and the major
contribution of this source to HULiS in the winter (37%).

Secondary inorganics showed high contributions to HuLiS in the spring and winter (30-
38%) and negligible input in the summer. Significant correlations were observed between

HuLiS and secondary inorganic species in the spring (HuLiS vs. NHs*, SO4%, NOs’, r=0.82-
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0.84, n=30, p<0.05) and winter (HuLiS vs. NH4*, SO+*, NOs’, r=0.68-0.76, n=31, p<0.05).
Both chamber and field studies reported up to now have shown that heterogeneous reactions
of organic compounds with sulfate aerosols lead to the formation of organosulfates (Riva et
al., 2015; Surratt et al., 2008), which are a major class of compounds of the HuLiS fraction
(Lin et al., 2012). Sulfate aerosols, VOCs and SVOCs (including PAHSs) were abundant in the
Grenoble valley during the PM pollution events and could cause enhanced HuLiS formation.
In addition to organosulfates, nitrated organic compounds (organonitrates) have been reported
to be constituents of HuLiS (Lin et al., 2012). Organonitrates may contribute substantially to
OM, especially in Europe (Kiendler-Scharr et al., 2009), and notably could have been formed
during the spring PM pollution events, as has been shown for nitro-PAHs (Tomaz et al.,
2017).

The large contribution of the biogenic SOA factor to HULiS observed in the summer (47%)
can also be explained by secondary formation processes. Indeed, agueous-phase oxidation and
heterogeneous reactions involving oxidation products of biogenic VOCs (i.e., isoprene, o-
pinene, limonene, etc..) are known to produce HuLiS (Surratt et al., 2008). In addition,
anthropogenic SOA showed a low contribution to HuLiS on an annual average (6%) but was
remarkably higher in winter (14%), especially during the December PM pollution event, as
described previously. Organosulfate formation from the gas phase oxidation of PAHs (Riva et
al., 2015) and the formation of HuLiS from secondary processes in liquid phase from
aromatic acid precursors during biomass burning events (Altieri et al., 2008; Baduel et al.,
2010; El Haddad et al., 2011) may explain such observations.

Finally, mineral dust also contributed significantly to HuLiS, especially in the warm period
(17%-26%), with the highest contribution in the summer, which could be explained by both
primary and secondary origins. HuLiS are known to be partly emitted as a primary source

from soils (Graber and Rudich, 2006). High correlations were noticed between HuLiS and
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oxalate and Oz (r=0.60-0.70, n=31, p<0.05) in the summer (Figure S13). As discussed before,
mineral dust could also play a major role in secondary redox processes under favourable
atmospheric conditions (George et al., 2015), and the link between HuLiS and mineral dust

could be partly related to such processes.

4. Conclusion

Source apportionment performed using specific primary and secondary molecular markers
indicated nine major PMzio sources in Grenoble (France), including sources rarely
apportioned, such as primary biogenics (fungal spores + plant debris) as well as explicit SOA
factors. Major contributors to PMig mass on an annual average were biomass burning and
mineral dust (~20% of PMyo for each of them), followed by primary traffic (14%). A high
contribution of anthropogenic SOA was also observed during an intense wintertime PM
pollution event. This could be explained by the accumulation of pollutants due to specific
meteorological conditions and the enhancement of SOA formation via probable Fenton-like

reactions and self-amplification cycles.

PMF outputs also allowed the clear identification of the overwhelming biogenic origins of
organic aerosols during the summer season (>68% of total OC), contrasting with the
predominance of anthropogenic OC during wintertime. Moreover, a peculiar emphasis was
put on the sources of HuLIS, a class of compounds that constitutes a significant fraction of
organic matter and is commonly considered a proxy of low volatile oxygenated organic
aerosols. The results obtained here enlightened the diversity of the primary and secondary
origins of these compounds, being mainly associated with biomass burning (22%), secondary
inorganics (22%), mineral dust (15%), and biogenic SOA (14%) on an annual scale in

Grenoble.
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The findings presented in this paper demonstrate that the speciation of the organic aerosol
fraction and the input of specific molecular markers into source-receptor model are powerful
tools to evaluate the contributions of discriminated OA sources and to get a better
understanding of PM origins. Future works could try to incorporate even more markers (e.g.,
organosulfates and organonitrates) to further discriminate the nature (e.g., biogenic vs.
anthropogenic) of organic aerosols that are associated with secondary inorganics, as well as
mineral dusts. The use of higher time-resolution datasets (e.g., filter sampling every 6 h or
less) could also allow the better apportionment of the influence of various secondary

formation mechanisms that present different diurnal cycles.
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Figure 1. Temporal variation of PM1o and PM:s concentrations along with the temperature

and duration of thermal inversion layers at Grenoble, Les Frénes (2013).
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Figure 3. Source profiles and temporal evolution of secondary inorganic, primary traffic,

aged sea salt and mineral dust factors identified at Grenoble, Les Frénes (2013).
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Figure 4. Source profiles and temporal evolution of plant debris, fungal spores, biogenic SOA

and anthropogenic SOA identified at Grenoble, Les Frénes (2013).
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Figure 7. Tentative reconstruction of fine (PMzs) (A) and coarse (PM10-PM2s) (B) aerosol
fractions observed at Grenoble, Les Frénes (2013) using identified PM sources by PMF
model. XsFactors = Primary traffic + Secondary inorganic + Biomass burning +
Anthropogenic SOA+ Biogenic SOA.; XsFactors = Primary traffic+ Secondary inorganic +

Biomass burning + Anthropogenic SOA + Biogenic SOA + Fungal spores.
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Figure 8. Annual and seasonal contributions of the identified sources to OC concentrations at

Grenoble, Les Frénes (2013).
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Figure 9. Annual and seasonal contributions of the identified sources to HuULiS concentrations

at Grenoble, Les Frénes (2013).
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