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HIGHLIGHTS GRAPHICAL ABSTRACT

e PM,5 exceeded health guidelines at
rural background sites in France in

2012-2021. PM, ; sources

e OM accounted for the largest PMys
component followed by secondary A : m;::zul:::gmc
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e Biomass burning is the main primary
source of PM, 5: 17-27% of total PM, 5

e Mitigation of nitrate and ammonium
precursors required to reduce PM,s
levels.
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ARTICLE INFO ABSTRACT

Keywords: Fine particulate matter (PMy 5) was monitored at five rural background locations in France from 2012 to 2021.
Fine particles Annual PM, 5 ranged from 5 to 15 pg m™~3, all sites repeatedly exceeding the 2021 annual World Health Orga-
Mass closure nization guideline. Chemical speciation including organic and elemental carbon (OC, EC), secondary inorganic
Organic matter aerosols (SIA: NO3, SO%~, NHY) and other major water-soluble ions (Cl~, Na*, Mg?", Ca?*, K*) were monitored
Secondary inorganic aerosol . . o . X .
Biomass burning on 24-h filters covering 14% of the year. A source apportionment of OM was undertaken based on fine potassium
and using representative ratios for domestic biomass burning (BB) and fossil fuel (FF) emissions. The latter
dominated the EC fraction (55-60%) while BB was the main primary source of OM (27-54%). The average mass
balance of PMy 5 at the French rural background atmospheric sites was: secondary organic aerosol (18-35%), BB
(17-27%), non-sea-salt sulphate (12-17%), nitrate (6-22%), ammonium (7-11%), FF (4-6%), mineral dust
(3-9%) and sea salt (1-2%). Secondary aerosols were the main component of PMj 5 through all seasons, with SIA
dominating in spring episodes. The contribution of OM to PMy 5 was larger at the southern sites whereas the
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contribution of SIA was larger at the northern sites. The mean OC/EC ratio and the good correlations between
OC, EC, and fine potassium suggested that BB was the main primary source contributing to carbonaceous
aerosols, 27-54% to total OM depending on the site; and also, to PMy 5 (17-27%). Stronger regulations of OM
sources including BB, nitrate from combustion, and ammonium from agricultural sources are needed to reduce
PMS, 5 at rural background sites on an annual and episodic basis, respectively.

1. Introduction

Suspended particulate matter (PM) in the atmosphere is well known
to have an impact on climate, environment and human health (IPCC,
2021). The aerosol composition is highly variable in space and time and
depends upon (i) the relative contributions from sources including
natural (e.g., sea salt, mineral dust, biogenic) and/or anthropogenic
(agriculture, combustion, traffic, etc.) emissions; (ii) the reactivity in the
atmosphere (e.g., gas-to-particle transformations); as well as (iii) the
meteorological conditions and regional or long-range transport (Sein-
feld and Pandis, 2006). Routine measurements of the gravimetric mass
of fine particles (particles with a mean aerodynamic diameter <2.5 pm
or PMy 5) and their chemical components are important to investigate
the temporal and spatial variabilities of concentrations; and to investi-
gate the sources contributing to aerosol levels, essential for climate
change and health studies. The revision of the EU directive on ambient
air quality and cleaner air for Europe (EC, 2022) proposes the reduction
of exposure to PMy 5 levels by bringing their limit values closer to World
Health Organization (WHO) guidelines. The latter were revised in
autumn 2021 and lowered the PMj 5 annual guideline from 10 pg m 3 to
5 pg m~3; and the daily guideline from 25 pg m™> to 15 pg m~2,
Improving the knowledge of the major sources contributing to PMy 5 is
therefore critical to design effective emission reduction and mitigation
strategies.

Background areas are located away from the direct influence of
urban and industrial emissions but remain influenced by emissions at
the regional scale. Studies of aerosol composition at remote sites in
Europe were previously reported by Pio et al. (2007) where the aerosol
composition at five remote locations across Europe was measured over
two years, thus providing their spatial variability and the mass parti-
tioning. Conversely, Putaud et al. (2004, 2010) summarized the aerosol
composition across Europe at rural, urban and roadside sites, and
Alastuey et al. (2016) examined the different sources contributing to
PM;( mass at background sites as part of the European Monitoring and
Evaluation Programme (EMEP). In France, multi-year mass balance
studies of PM include the remote site of Verneuil in 2011-2014 (He
et al., 2018) and at OPE for a nine-year period (Borlaza et al., 2022).

Carbonaceous particles are a major component of fine aerosols
(Christiansen et al., 2020; Golly et al., 2019; Querol et al., 2013; Yttri
et al.,, 2009, 2021). Organic carbon (OC) can be emitted directly by
primary sources including fossil fuel, biomass burning and biological
plants and debris, or formed secondarily from gaseous precursors.
Elemental carbon (EC) is emitted from primary sources including com-
bustion processes such as transport, industries or biomass burning (BB).
Given that carbonaceous matter represents a major component of PM in
France (Weber et al., 2019), the apportionment of both EC and OC is a
necessary step towards reducing PMy 5 levels.

Here we report a decade of PM5 5 mass and chemical speciation at
five rural background sites in France belonging to the MERA network
(acronym in French: Mesure et Evaluation en zone Rurale de la pollution
Atmosphérique a longue distance), and the OPE site (Observatoire Pérenne
de I’Environnement) (Golly et al., 2019), all contributing to EMEP. The
seasonal and spatial variability of aerosol composition and sources are
discussed. These results evaluate the variability of PMj 5 background in
French rural areas, contribute to the long-term studies of aerosol
composition for climate studies and emission evaluation, and help
identifying sources that should be prioritized towards improving the air
quality and human health in light of the forthcoming new EU directive

(EU, 2022).
2. Methods
2.1. Description of the sites

Five rural background sites in France monitored PM; 5 mass con-
centrations and chemical composition for the period 2012-2021 (Fig. 1).
Four of them (PEY, REV, SND and VER) belong to the MERA observatory
and integrated in the French air quality network, managed locally by the
regional Approved Air Quality Monitoring Associations (AASQAs in
French) and nationally by IMT Nord Europe. The OPE station is
managed by ANDRA (the French national radioactive waste manage-
ment agency) with the support of one of the AASQA (Atmo Grand Est),
and chemical analyses are performed at the Institute of Geosciences and
the Environment (Borlaza et al., 2022; Golly et al., 2019). A short
description of the monitoring sites can be found in the Supplementary
Information (SI, section 1).

2.2. Sample collection and measurement techniques

Twenty-four-hour filter samples, starting at 9 a.m. GMT, were
sampled for chemical composition of PMy 5 every sixth day, covering
~14% of the year in response to the EU Directive 2008/50/CE. Quartz
filters (Pallflex Tissuquartz 2500 QAT-UP, 150 mm in diameter) were
preconditioned (pre-fired for 24 h at 773 K) and later exposed to
ambient air using High-Volume Samplers (HVS Digitel DAH-80) equip-
ped with a PMy 5 inlet and sampling at 30 m® h™!. The samplers were
placed in temperature-controlled stations (20-23 °C) to limit the loss of
semi-volatile species. A total of 2176 filters were analysed over the study
period for organic and elemental carbon (OC, EC) and inorganic ions
(Ca%t, K*, Mg?", Na®, NHf; and CI~, NO3, SOF"). Details about the
chemical analysis can be found elsewhere (Font et al., submitted) and a
summary is in S2 of the SI. Besides, levoglucosan was measured in
2012-2021 at OPE (Borlaza et al., 2022); 2012-2015 at PEY and REV;
and 2014-2015 at SND and VER.

Collocated in-situ observations of non-refractory PM; chemical
composition were conducted at REV in the summer of 2012 (24 Jun-14
Jul). An aerosol mass spectrometer (AMS, Aerodyne Research Inc., USA;
5-min resolution) yielded OM, sulphate, nitrate, and ammonium con-
centrations. Positive Matrix Factorization (PMF) of the organic spectra
was undertaken and three factors of organic aerosol (OA) were identi-
fied: hydrogen-like OA associated with traffic emissions; biomass
burning OA; and secondary OA (Setyan et al. in prep.).

Hourly PMy s gravimetric mass was monitored by automatic in-
struments proved to equivalent to the EU reference methods: Tapered
Element Oscillating Microbalance-Filter Dynamics Measurement System
(TEOM-FDMS; Thermo R&P; USA); Beta Attenuation Monitor 1020
(BAM, MetOne Instruments Inc; USA); beta gauge MP101MRST
(ENVEA; France) or a FIDAS 200 (PALAS; Finland), depending on the
site and year. All instruments are accredited to measure PM-equivalent
mass concentrations in France (LCSQA, 2013, 2017). Change of instru-
mentation took place at all sites in the time series. Data collection and
validation were conducted by the regional AASQA as part of the French
Air Quality Monitoring Program.
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2.3. Mass closure calculations

PM, 5 mass can be expressed as the addition of its main components:

PM, 5 = [OM] + [EC] + [SIA] + [sea salt] + [dust] + [trace elements] + €
(€Y

where OM stands for organic matter; SIA for secondary inorganic
aerosols which include nitrate, non-sea-salt-sulphate and ammonium.
Trace elements include metals and other trace elements such as fine
potassium from wood burning. Here, only the non-sea-salt-non-dust
potassium (nss-ndust-K™) was included as other trace metals and ele-
ments were not routinely analysed at the MERA sites. € refers to the
residual term including the missing mass, errors associated with PMs 5
measurements from online instruments and the analytical errors of the
chemical analysis. A detailed description of the mass balance calcula-
tions is in SI-S3.
OM was estimated from OC from thermo-optical analysis as:

[OM] = fomoc * [OC] (2)

where foum:oc is the conversion factor from OC to OM, specific to each
monitoring site. Here, site-specific fom.oc were calculated by relating the
unidentified chemical fraction in PMj 5 samples to thermo-optical OC
concentrations. Details of its calculations are presented elsewhere (Font
et al., submitted). Values of fom:oc used for each site are summarized in
Table 1 and ranged from 1.5 to 2.9. The fom:oc at REV and VER was
representative of highly oxidised OM and agreed with the expected fou:
oc of 2.1 for non-urban aerosols (Lim and Turpin, 2002). The fom:oc at
SND and OPE was below the recommended value of 2.1. However, low
fom:oc (1.5-1.6) was previously calculated at a French semi-rural site
near Paris (20 km) (Crippa et al., 2013; Petit et al., 2015). PEY had the
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largest fom:oc ratio, slightly above the 2.2-2.6 range representative for
non-urban sites according to Lim and Turpin (2002), but in agreement
with the presence of highly oxidised aerosols.

2.4. Air mass backtrajectories

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT) (Stein et al., 2015) with the global data assimilation system
(GDAS) (1° x 1°; 3-h temporal resolution) were used to compute back-
trajectories (BTs). For each filter, 72-h BTs were calculated every 3 h at
an arrival altitude of 500 m above the ground. Position (latitude,
longitude and altitude), rainfall and mixing layer (ML) depth along the
BT were extracted hourly.

The identification of potential long-range sources of aerosols was
done by means of the Concentration-Weighted Trajectory (CWT) algo-
rithm. CWT maps were computed by the trajLevel function from the
openair R—package (Carslaw and Ropkins, 2012) at a spatial resolution of
0.5° x 0.5°. Trajectory points following a large rain episode (>1 mm)
were excluded as in Waked et al. (2018). A minimum of 50 occurrences
at a given grid cell was set to be identified as a potential source. To limit
the upwind influence area to surface sources BT locations above the ML
were excluded. However, as the arrival height was set at 500 m, it was
located at times above the ML, particularly in winter nights. Those BT
locations within the 150% of the ML height were considered.

3. Results and discussion
3.1. PM3 5 concentrations: summary statistics

Annual PM; 5 concentrations (measured by the online instruments)
ranged from 5 to 15 pg m~> in 2012-2021 at the French rural sites
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Fig. 1. Selected sites belonging to the rural background network in France.
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Table 1
Mean and 95% confidence intervals (in brackets) for PM, 5 and its components measured at the French rural sites.
OPE PEY REV SND VER
Period 2012-2021 2012-2021 2012-2021 2014-2021 2014-2021
N filters 339 436 485 463 453
PM, 5 (ug m~3) 11 [9-13] 7.8 [6.8-8.8] 8.8 [7.5-10] 5.5 [4.8-6.2] 7.7 [6.4-8.9]
OC (ug m?) 2.1 [1.7-2.4] 1.7 [1.5-1.9] 1.8 [1.6-2.0] 2.0 [1.8-2.2] 2.0 [1.7-2.2]
EC (pg mfs) 0.25 [0.21-0.29] 0.16 [0.14-0.18] 0.20 [0.18-0.22] 0.17 [0.15-0.19] 0.19 [0.16-0.21]
OC/EC 8.9 [7.9-9.9] 13 [11-14] 9.9 [9.0-11] 13 [12-14] 12 [11-13]
NO3 (pg m 3 2.4 [1.5-3.2] 0.43 [0.23-0.64] 1.7 [1.2-2.3] 0.39 [0.19-0.60] 0.83 [0.42-1.2]

nss-SO3” (ug m™>)
NH{ (pg m %)
Sea salt (ug/m~>)
Dust (ug/m )

1.4 [1.2-1.7]

1.1 [0.78-1.3]
0.1 [0.06-0.15]
0.85 [0.60-1.1]

0.94 [0.79-1.1]
0.45 [0.35-0.55]
0.12 [0.009-0.15]
0.21 [0.16-0.27]

K (ug m~3) 0.25 [0.21-0.29] 0.05 [0.03-0.06]
nss-ndust-K* (ug m~3) 0.05 [0.04-0.07] 0.03 [0.02-0.04]
fom:oc 1.8 [1.6-2.0] 2.9 [2.8-3.0]
Quantification of Levoglucosan

Period 2012-2021 2012-2015

N filters 339 97

Levoglucosan (ng m’3) 93 [68-119] 113 [80-147]

1.4 [1.2-1.6]
0.96 [0.74-1.2]
0.17 [0.13-0.21]
0.35 [0.27-0.42]
0.05 [0.04-0.06]
0.04 [0.03-0.05]

0.91 [0.77-1.1]

0.42 [0.33-0.51]
0.04 [0.03-0.06]
0.51 [0.40-0.63]
0.05 [0.04-0.06]
0.04 [0.02-0.05]

0.89 [0.72-1.1]

0.53 [0.38-0.69]
0.13 [0.08-0.18]
0.30 [0.21-0.40]
0.04 [0.04-0.05]
0.04 [0.03-0.04]

2.1 [2.0-2.2] 1.5 [1.4-1.6] 2.3 [2.2-2.4]
2012-2015 2014-2015 2014-2015
147 123 116

78 [63-93] 65 [50-80] 135 [100-169]

(Table S6). Annual concentrations complied with both the EU limit and
target values (25 and 20 pg m™S, respectively); however, most sites and
years were above the annual 2021 WHO guideline (5 pg m™3), except 3
years at SND (2019-2021) within its 8-year timeseries; and 1 year at
REV (2020) for its 10-year dataset. The number of days with PMy 5
exceeding the EU daily limit of 50 pg m™> set for PM; was only 1-3
instances per year. Yet, the daily 2005 WHO guideline (25 pg m > not be
be exceeded more than 3 days per year) was largely exceeded at the
northernmost sites (OPE, REV and VER) before 2017; and the daily 2021
WHO guideline (15 pg m ™~ no more than 4 days per year since 2021)
was exceeded at all sites except at SND in 2018 and 2019. Most daily
exceedances occurred in March (Fig. S7). More details are available in
SI-S5.

3.2. Carbonaceous aerosols: OC and EC

OC was the main component of PMj 5 at all sites (except OPE) with
mean daily concentrations of 1.7-2.1 pg m~> (Table 1). OC concentra-
tions at the French rural sites were like those in remote and rural areas in
Spain (1.2-2.3 pg m_3) (Querol et al., 2013) but lower than mean OC
measured at other central European rural background sites (2.85 pg
m*?’; Mbengue et al., 2018). EC was an order of magnitude lower than
0OC (0.16-0.26 pg m~>) and concentrations agreed with those at rural
sites in Spain (Querol et al., 2013) but again lower than other central
European rural background sites (Mbengue et al., 2018). OC and EC
correlated at all sites (R> = 0.44-0.77) and especially in winter R? =
0.64-0.86) (Fig. S9) suggesting to some extent common sources,
particularly in the cold season. Mean OC/EC ratios at the French rural
sites in 2012-2021 ranged from 8.9 (OPE) to 13 (SND) (Table 1),
consistent with ratios observed at rural and remote sites in Europe
(4.9-13.5) (Pio et al., 2011). Ratios at PEY, SND and VER were in the
low-to-middle range of those observed at rural sites in Spain (OC/EC =
12-15) (Querol et al., 2013). OC/EC is commonly used to qualitatively
assess sources contributing to carbonaceous species: OC/EC < 2 is
characteristic of general vehicular emissions (Brito et al., 2013) with
OC/EC < 0.5 being ascribed to diesel emissions (Crilley et al., 2015; El
Haddad et al., 2009; Zielinska et al., 2004). Ratios of 3-70 are indicative
of wood combustion (Ball et al., 2008) with values varying depending on
the type of device and combustion conditions: 3.2-10 being typical of
stoves; and 10-15 of fireplaces (Calvo et al., 2015). OC/EC at the French
rural sites showed a marked monthly variability (Fig. S10) peaking in
June-July with summer maxima larger at the southern sites of PEY and
SND (ratios around 22), compared to the northern sites (OPE, REV) with
ratios of 15. These large summer OC/EC suggest a prevalence of sec-
ondary organic aerosol (SOA) resulting mainly from the oxidation of
biogenic volatile and/or semi-volatile organic compounds (Golly et al.,

2019; Kaskaoutis et al., 2022; Ram et al., 2012). Conversely, ratios were
at a minimum in November-December (mean: 5.7-9.7), compatible
with values from closed-stove residential heating emissions.

3.3. Levoglucosan and relation to OC, EC and nss-ndust-K=

Levoglucosan is an anhydrosugar found in woodsmoke in the OC
fraction and traditionally used as a BB tracer (Cordell et al., 2014, 2016).
Period average concentrations ranged from 135 (VER) to 65 ng m™>
(SND) (Table 1) in agreement with levels at rural sites in Austria (150 ng
m~3) (Caseiro et al., 2009) and at a rural background site in southern
Sweden (56 ng m~3) (Martinsson et al., 2017). Levoglucosan observed a
strong seasonal pattern with winter concentrations 16 (REV) to 37 (VER)
times larger than in summer. Mean winter concentrations (range from
114 ng m~> at SND to 304 ng m ™~ at VER) were larger than those at rural
sites in south-east England (70-92 ng m3) (Crilley et al., 2015) and in
southern Sweden (86 ng m’3) (Martinsson et al., 2017). Across the
different sites, levoglucosan and OC showed low to moderate correla-
tions (R2 = 0.15-0.52), and stronger in winter (R2 = 0.40-0.87)
(Fig. 511), showing the large influence of BB emissions on OC especially
in the cold season.

The OC/levoglucosan ratio is often used to identify episodes of BB
with values varying depending on the type of biomass, combustion
conditions and atmospheric ageing. An OC/levoglucosan equal to 7.35
was set as representative for stoves and fireplaces in the US (Fine et al.,
2002) while (Gelencsér et al., 2007) proposed the range 6-12.5, with the
lower bound representative of hard-wood types and the upper for soft-
wood fires in stoves and fireplaces (Herich et al., 2014). Winter
OC/levoglucosan at the French rural sites ranged from 9.7 (PEY) to 14
(OPE) (Fig. S11B) in agreement with values in Gelencsér et al. (2007) as
representative of domestic wood burning. Similarly, levoglucosan and
EC correlated moderately at all sites (R2 = 0.43-0.57) but larger in
winter (R% = 0.50-0.70) (Fi g. S12) corroborating the expected influence
of BB emissions in winter EC.

Levoglucosan was not consistently measured across the dataset.
Despite its multiple sources, fine potassium (K*) is also commonly used
as a proxy for BB emissions (Allen and Miguel, 1995; Andreae, 1983;
Harrison et al., 2012; Hsu et al., 2009). As levoglucosan, nss-ndust-K*
showed larger concentrations from November to March (Fig. S13A) in
agreement with the seasonality of domestic wood burning emissions.
Correlations between nss-ndust-K* and levoglucosan were strong at OPE
and VER in winter (R*> > 0.56) whereas low at PEY, SND and REV
(Fig. S13B). Removing those filters with K™ below the LoD and those
instances with very large K* not associated with levoglucosan improved
the correlation at PEY and REV (Fig. S13B). A possible explanation of the
mismatch between levoglucosan and nss-ndust-K™ at SND could be the
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oxidation of levoglucosan (Hoffmann et al., 2010), which is considered a
good tracer for BB only for freshly emitted particles close to the source.
Levoglucosan degrades by oxidation with the hydroxyl radical (Henni-
gan et al., 2010), which is affected by high relative humidity (Hoffmann
et al., 2010) and ageing during long-range transport (Lai et al., 2014).
The levoglucosan lifetime in the atmosphere ranges from less than a day
(in summer) to up to 26 days (Bhattarai et al., 2019). Conversely, po-
tassium is not known to chemically degrade in the atmosphere (Li et al.,
2021). Another possible explanation is the contamination of filters by
insects that might lead to spikes in K™ and not in levoglucosan.

3.4. Apportionment of carbonaceous aerosols

OM was calculated from OC concentrations by means of Eq. (2). Both
OM and EC were apportioned by the different sources. The contribution
of BB to both OM (OMyy,) and EC (ECypp) was estimated using nss-ndust-
K" as a tracer. A representative OM/nss-ndust-K" = 38.2 for biofuel was
used, from the average OC and K concentrations reported in Andreae
(2019) and converting OC to OM with fom:oc = 1.6. This ratio agreed
with observed winter ratios at the French rural sites (Fig. S14B).

(€))

Conversely, a representative EC/K = 6.2 + 3.3 for biofuel was re-
ported in Andreae (2019) but this ratio is larger than those at the sites

OMy,, = 38.2 x [nss-ndust-K*|

Atmospheric Environment 334 (2024) 120724

here (range: 1.7-2.7) (Fig. S15A). Alternatively, the winter 20% lowest
EG/nss-ndust-K* were consistent among all sites (range: 1.6-2.7) and the
median value was thus used (EC/nss-ndust-K™ = 2.1) as representative
for BB emissions for this dataset. ECpp, and EC¢ were then calculated as:

EChp = 2.1 x [nss-ndust-K'] (€]

ECi =EC - ECy, 5)
OM could be split into different components:

OM = OM; + OMjp + OMio5 + OMpgoa (©)

where OMy is the OM from FF combustion; OMy,, is the fraction asso-
ciated with SOA, and OMppoa stands for primary biogenic organic
aerosols including spores, pollen, etc. OMpgoa is supposed to be negli-
gible in the fine fraction (Golly et al., 2019; Samaké et al., 2019) and not
considered here. OMg was calculated from ECg using a representative
ratio. The ratio reported at the French remote site of Puy de Dome be-
tween the hydrogen-like organic aerosol from positive matrix factor-
ization (PMF) of OM spectra and black carbon was 2.4 (Chen et al.,
2022). This ratio was larger than the OM/EC = 0.58 reported from
tunnel measurements in France (El Haddad et al., 2009) but close to the
ratio from the industry/traffic profile at a remote site in Norway (2.24)
(Yttri et al., 2021) and slightly lower than the ratio from the traffic factor
at OPE (3.8) (Borlaza et al., 2022). The ratio of 2.4 was thus taken as
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representative of rural sites in France.
OMg¢s and OMgpp were then calculated as:

OMff =24x ECff (7)

OMsoa = OM — OMypp, — OMg¢ 8

EC was dominated by FF at all sites, with a contribution of 55-60% to
total EC considering the whole period. Concentrations of ECyp, were in
the range of 0.07-0.11 pg m~> (38-45% of total EC) and showed the
expected seasonality associated with BB emissions (Fig. 2A and B). At
OPE, EC¢ and ECy,, represented 56% and 45% of total EC, respectively,
close to the allocation of EC from PMF results on PM;g at the same site:
42% (traffic factor) and 25% (BB), with the rest of the EC associated to
the aged sea salt and the methanesulfonic acid-rich factors (Borlaza
etal., 2022). Concentrations of OMpp, were 1.3-2.0 pg m’3, representing
27-54% of total OM depending on the site. Winter OMy;, ranged from
1.8 pg m~> at SND (65% of OM), to 3.4 pg m~° at OPE (81% of OM).
There were some residual summer OMy, concentrations, ranging from
0.39 ug m~> at SND (11% of total OM for the period); to 0.85 pg m~> at
OPE (21% of OM) (Fig. 2D). Mean concentrations of OM¢ ranged from
0.21 to 0.33 pg m™> (4-9% of OM) with little seasonal variability
(Fig. 2C and D). The contribution of OMgpa to total OM was 38-69%,
with a mean concentration for the whole period ranging from 1.4 to 3.4
pg m~3. OMgoa showed a marked seasonal variability, with larger con-
centrations in summer (range: 2.9-4.4 ug m~3; 72-87%) than in winter
(0.5-3.1 pg m_3; 11-53%) (Fig. 2C and D). The method for these esti-
mations indeed shows some limitations, with an estimated negative
contribution for OMgpp calculated in winter at SND, associated with
larger concentrations of OMpy, than total OM (Fig. 2C).

OMgpa showed moderate to large correlations to daily maximum Og
at all sites in summer (range in R: 0.6-0.8, statistically significant at p <
0.001) but not in winter, in agreement with the oxidation of biogenic
VOCs in summer (Xu et al., 2015). Also in summer, OMgps moderately
correlated to both NHZ and nss-SO%' (range in R: 0.3-0.5, p < 0.001). For
the other seasons, correlations between OMgps and SIA varied
depending on the site. REV and VER observed large correlations in
winter (R = 0.6-0.7, p < 0.001); however, REV observed no correlation
in spring (Fig. S16). SOA and SIA are only expected to correlate when (i)
the air originates from upwind sources emitting precursors of both SIA
and SOA, and (ii) the processes favouring their formation are met locally
or during transport, such as enhanced photochemistry. Both ECyp, and
OMy,;, showed strong correlations to winter NO5 (range in R: 0.7-0.9, p
< 0.001) at all sites except SND where the correlation was weaker (R =
0.3) but statistically significant (p < 0.001). Conversely, correlations
were weaker in summer, which is an indication that biomass burning
was the main source of combustion in winter at the regional background
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sites. It was in summer when ECg and OM¢r showed the largest corre-
lations to NO; (Fig. S16).

3.5. Comparison of methods for carbonaceous source apportionment

The source apportionment of OM from the filter tracer method was
compared to that from the PMF on the spectra of the AMS (AMS-PMF) in
summer 2012 at REV. Only two days were available for comparison and
the temporal trend of OM sources was the same as calculated by the two
methods (Fig. 3A). SOA represented 84 and 75% according to AMS-PMF
and filter tracer methods, respectively, albeit with significant differences
in total OM (4.2 pg m ™~ for the former and 2.4 pg m™° for the latter) due
to the conversion factor to calculate OM from OC thermo-optical filter
measurements (Fig. 3B). The FF contribution was 16% and 10% of total
OM as predicted by the AMS-PMF and the filter methods, respectively.
Finally, the filter tracer method identified a non-negligible contribution
of BB (0.36 ug m’3; 15% of total OM), not identified by the AMS,
indicative of the uncertainty in the methods or different tracers used.
While the filter method is based on nss-ndust-K', the AMS source
apportionment is based on levoglucosan having a significantly shorter
lifetime due to its degradation with warmer and more humid conditions
as expected in summer (Hoffmann et al., 2010) and exposure to OH
radicals (Hennigan et al., 2010). However, the use of potassium as a
tracer of BB emissions is not free from uncertainties: multiple sources
exist and the isolation of dust and sea salt influence based on fixed
elemental ratios might not be accurate in all conditions. Overall, the
filter method predicted OMy and OMspa concentrations 64% and 48%
lower than the AMS-PMF, respectively.

Other comparisons are available at OPE where PMF applied to PM;
chemical composition showed that BB contributed to 9% of PM;q in
2012-2020, with a mean concentration of 2.0 pg m~> (Borlaza et al.,
2022). Estimations for the same site based on the tracer method applied
to PMy 5 in 2012-2021 agreed, with an average concentration of 2.2 pg
m~3 (considering BB = OMyy, + ECypp, + nss-ndust-K ™). It is expected that
those values are comparable despite the different size ranges, given that
BB emissions are mostly found in the fine mode (Jaffrezo et al., 2005;
Reid et al., 2005). Traffic emissions, the only FF source identified at the
site, represented ~1 pg m~3of PM;( (Borlaza et al., 2022) and about half
of it to PMj 5 (this study). Discrepancies here might be associated with
the PM fraction used, with traffic resuspension and non-exhaust emis-
sions mostly found in the coarse fraction (thus in PM;).

3.6. Distribution of PM 5 sources

PM, 5 mass balance was assessed considering the following sources:
secondary organic aerosol (OMspa), biomass burning (BB), fossil fuel

REV: OM apportionment summer 2012
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Fig. 3. Source apportionment of OM at REV for summer 2012 from AMS-PMF and from filter data.
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(FF), nitrate, nss-sulphate, ammonium, dust and sea salt. Concentrations
of BB were calculated as the sum of OMyy,, ECpp, and nss-ndust-K+, and FF
as the sum of OMyf and EC¢gr. SOA was the main PMj; 5 component at PEY
(mean contribution of 44%), VER (38%) and REV (23%) (Fig. 4A). The
SOA contribution at SND was 25% and 13% at OPE. Concentrations of
primary anthropogenic emissions were similar at all sites with BB
aerosols being 1.4-2.2 ug m~ (17-27% of PM 5) and FF 0.3-0.5 pg m ™3
(4-6% of PMy 5), which altogether represented a quarter to a third of
total PMj 5 concentrations in 2012-2021. The range of BB contributions
was similar to that at a French suburban site in 2013-2022 (~19%) (Jiao
et al., 2023), at a peri—urban site in the North of France in 2016-2020
(Chebaicheb et al., 2023), and at rural sites in the UK in 2012-2020 (8
+ 20%) (Font et al., 2022). It is also similar to that at 15 urban sites in
France (17 + 9%) (Weber et al., 2019). Nitrate was the first (OPE) and
second (REV) most abundant component of PM, s with mean daily
concentrations 2.4 and 1.7 pg m ™3 (Table 1), representing 22% and 19%
of PMj 5, respectively. At the other sites, nitrate was in the range of
5.5-11% of PMy 5 (Fig. 4A). At PEY, SND and VER, the third most
abundant component was nss-SOF~ with mean daily concentrations of
~0.9 g m~3, which represented 12% of PM, 5 at both PEY and VER and
17% at SND. Concentrations of nss-SO?{ were also noticeable at OPE and
REV, with a mean concentration for the period of 1.4 pg m~> (13% and
16% of total PMj 5, respectively). Ammonium concentrations followed
in terms of contribution with concentrations in the range 0.42-1.1 pg
m 3 (Table 1). Ammonium contributed around 10% to PM, 5 at REV and
OPE; and 6-8% at PEY. Ionic balance between NH{ vs the required to
fully neutralize the measured sulphate and nitrate (in charge equiva-
lents) was close to one at all sites (range: 0.83-1.03; median: 1.00) with
little seasonal variability (not shown).

SIA represented the largest fraction of PM, 5 at the OPE and REV,
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with contributions of roughly 45%. At the three other sites, the contri-
bution was 22-31%. The largest contribution at OPE and REV can be
explained by their geographical location, potentially more often
downwind from NOyx and SO, hotspots such as Benelux, the UK and
Western Germany (Fig. S17). In terms of contribution to PMys, FF
contributed less than 6% at all sites. Natural primary sources contrib-
uted marginally to PMy 5: sea salt less than 2%; and mineral dust less
than 4% except at OPE and SND that contributed 8-9% (Fig. 4A). Sea
salt and dust aerosol particles are mostly found in the coarse fraction
(Pérez et al., 2008; Putaud et al., 2010) and their contributions to PMy 5
are therefore low. Overall, the comparison of the chemical composition
at the five French rural background sites indicates the rural atmosphere
in France is influenced by a quarter to a third by primary anthropogenic
emissions (BB + FF = 22-33% of the total PM, 5). However, the influ-
ence of secondary anthropogenic emissions (SIA) represents another
quarter to a third at the central and southern sites while it increases up to
almost a half in the northernmost sites. Assuming that OMgpp is mostly
of natural origin from the oxidation of volatile and semi-volatile organic
compounds (Hallquist et al., 2009; Hodzic et al., 2016), natural sources
(OMgpa + dust + sea salt) represented 22-48% of the total PM5 5 mass at
the French rural background sites. However, some OMgoa might origi-
nate from the oxidation of volatile and semi-volatile organic compounds
of anthropogenic origin.

3.7. Seasonal and spatial variability of PMz 5 sources

PM; 5 monthly means calculated from those days with chemical
composition data (Fig. 4B) and those calculated from the online PMj 5
instrument (Fig. S8) were not statistically different as per the Wilcoxon
signed-rank test. This validates the use of the PM; 5 daily means for only
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those days with filter chemical composition to describe seasonal
changes. PM; 5 at the French rural sites were not homogenous neither in
terms of aerosol levels nor their source distribution. First, the north-
ernmost sites (OPE and REV) observed larger PMa 5 concentrations
(9-11 pg m~ as long-term average 2012-2021) compared to the central
(VER) and southern sites (PEY, SND), in the 6-7 pg m—3 range. The
largest PMy 5 concentrations were observed in March, with levels
attaining approximately 15 pg m ™ at the northern sites of OPE and REV;
and at the central site of VER. The peak in March was lower at the
southern sites: 11 pg m~> at PEY and 7 pg m~> at SND. March concen-
trations were dominated by nitrate and ammonium at the northern sites
(Fig. 4B). The larger contribution of ammonium nitrate in the north of
France is in line with the prevalence of PM pollution episodes in the area
(Chebaicheb et al., 2023; Favez et al., 2021; Roig Rodelas et al., 2019;
Velazquez-Garcia et al., 2023). Sites in the north of France are closer to
sources of aerosol precursors such as nitrogen oxides (NOx) from highly
populated areas in central and western Europe, and close to NH3 hotspot
in intensive agricultural areas such as the Netherlands and Belgium (Van
Damme et al., 2015). In March, most European countries lift some of the
winter restrictions for the application of manure to agricultural fields
(Webb et al., 2013). This ammonia emissions combined with nitric acid,
an oxidation product of NOy, are the precursors of ammonium nitrate
aerosols. Low boundary layer and cold temperatures in early spring
promote the conversion of semi-volatile NH4NOs from gas to particles
(Seinfeld and Pandis, 2006). Conversely, such springtime episodes of SIA
were less clear at the southernmost sites (PEY and SND) and the peak in
March at the southern sites was mainly dominated by SOA and BB. PEY
and SND also observed a second peak in July, of similar magnitude as
that in March, but dominated by SOA (Fig. 4B). The lowest PMj 5 con-
centrations were observed in August at OPE, REV and VER, with means
of 7 pg m~3 (OPE and REV), and 5 pg m~> (VER). The largest concen-
trations of nss-SOF~ occurred from June to October with levels around
1.5 pg m 2 at all sites (Fig. 4B). The enhanced photochemical activity in
summer favours the oxidation of SO, and its conversion to sulphate
(Salameh et al., 2015) in a period with larger shipping emissions espe-
cially in coastal cities (Gobbi et al., 2020). The oxidation of marine
Dimethyl Sulfide (DMS) from phytoplankton might be also a source of
sulphate at marine sites in summer (Pio et al., 2007). That was observed
at VER in 2012-2014 and was related to air masses of marine origin
(Golly et al., 2019). SND and REV observed a clear influence of nss-S0%~
in summer associated with air masses that had their origin on the sea:
the Mediterranean Sea at SND; and the English Channel and the North
Sea at REV. This was in agreement with enhanced maritime transport
emissions expected at that time of year (Fig. S18).

3.8. Contribution of sources during pollution episodes

The contribution of each PM; 5 source differed for those days with
low daily PM; 5 levels compared to those with larger PM; 5 concentra-
tions. Episodic days was defined based on the 2021 WHO daily guideline
of 15 ug m~> and those represented 23% of the days at OPE, 13% at REV,
8% at both PEY and VER, and less than 3% at SND (Fig. 4B). Episodic
days (daily PMy5 > 15 pg m™>) were enhanced in nitrate with contri-
butions to PMy 5 of ~30% at all sites except at PEY where the contri-
bution was ~16%. The contribution of nitrate in non-exceeding days
(PMas < 15 pg m~>) was in the range of 4-15%. The enhancement in
NO3 was also accompanied by an increase in the contribution of NHJ:
from 6 to 10% in non-episodic days to 10-15% during episodes
(Fig. 4C). Exceeding days were mostly associated with SIA, especially
ammonium nitrate, in agreement with episodes on most mid-latitude
and southern sites across Europe (Bressi et al., 2021).

BB also contributed at PEY on episodic days (27%) compared to
non-episodic days (20%). SOA contributed largely to non-episodic days
at all stations (25-45%) compared to episodic days (12-26%). Primary
natural sources (dust and sea salt) also decreased their contribution on
episodic days: from 2.8 to 6.3% (non-episodic); to 1-2.8% (episodic).
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SND was an exception to that trend with elevated contributions from
dust on days with concentrations PMy5 > 25 ug m~> with a mean
contribution of 19% compared to contributions 4-10% for the rest of the
days.

4. Conclusions

This paper presents the temporal and spatial distribution of PMj 5
mass concentrations and its chemical composition at 5 rural background
locations in France, that are most probably representative of a large
fraction of the rural French territory and also some parts of Western
Europe. Annual PM; 5 in 2012-2021 ranged from 5 pg m3to15 ng m3,
Hence, only SND complied with the WHO annual guideline in
2019-2021; and REV in 2020. Exceedances of the daily WHO guideline
were frequent especially from November to March. This suggests that
the WHO targets for PM; 5 concentrations might be difficult to attain in
the short-term, even in the most rural parts of the territory.

A total of 2176 24-h samples covering 14% of the year were analysed
for organic and elemental carbon and major inorganic ions. Mass bal-
ance of PMj 5 was undertaken and representative ratios for biomass and
fossil fuel emissions used to calculate the contribution of primary
sources. SOA (18-35%) and SIA (22-45%) were the two main compo-
nents of PMy 5. The spatial distribution across mainland France high-
lighted a latitudinal gradient of SOA (greater at the southernmost sites)
and SIA (larger at the northern sites). OC/EC ratios also observed a
latitudinal increase towards the south during the summer maxima.

Biomass burning was the main primary source identified at the
French rural background sites, with contributions 18-27% to PMjy 5
whereas FF contributed less than 6%. Episodes of PMj 5 (daily PMy 5
concentration >15 pg m~> based on the daily 2021 WHO guideline)
were significant at the northern sites (with a frequency of 13-23%), 8%
at the centre and south-west of the country and weaker in the south-east
(<3%). In the north, episodes were dominated by ammonium nitrate,
while a combination of ammonium nitrate and biomass burning epi-
sodes is implicated in the south (PEY). Episodes in the south—east also
observed increased contributions from dust.

Recently, online instruments with continuous monitoring of the
chemical composition of fine PM (mainly in the PM; fraction) are
available at multiple locations across Europe allowing for source
apportionment of sources (Bressi et al., 2021; Chen et al., 2022). How-
ever, the reference method as per the EU directive is based on the filter
method and then historic PMj 5 datasets are mainly based on this off-line
technique. There is a need to guarantee the consistency of the PMjy 5
source apportionment. Here, we compared the source apportionment
undertaken on OM based on nss-ndust-K* for BB emissions and a
representative OC/EC for FF. This was proved to report meaningful re-
sults, comparable with those obtained from online instrumentation.

Measurements of PMys5 and chemical composition at the rural
background sites in France highlight that more effective policies are
needed to reduce emissions of OM especially those associated with BB as
well as ammonium nitrate concentrations, originated mostly from
combustion (nitrate) and agricultural sources (ammonium). Overall,
about half to three-quarters of the PMys mass at the French rural
background sites are originated from anthropogenic emissions (either
primary or secondary) indicating that further policies are needed to
reduce ambient PM, 5 levels.
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