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e High levels of combustion-related aero-
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areas of NW Europe studies.
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ARTICLE INFO ABSTRACT
Keywords: Air quality in rural areas results from the crossing of aged air masses transported from urban areas with local
PMzs emissions dominated by agriculture and vegetation. The result is a complex mixture of primary and secondary

Pollution sources
Positive matrix factorization
Monitor for AeRosols and gases in ambient air

atmospheric species, coming from varied sources and geographical areas. We implemented a methodology for
deconvoluting and determining the geographical origins of the main aerosol sources impacting a typical rural
(MARGA) area of northern France. A one-year field campaign was conducted in a rural site located between Paris and
Inorganic precursor gases Brussels from March 2018 to February 2019. Hourly-based observations of inorganic and organic precursor gases
Secondary inorganic aerosols (SIA) and PMy 5 speciation were collected using on-line instrumentation. The annual PMj 5 concentrations of 12.2 +
Air quality 9.23 pg m > were explained by four sources extracted through positive matrix factorization analyses: combustion
(40.2%), NO3-rich (26.8%), SO4-rich (18%) and mixed aged marine (15%). The combustion and SIA-rich sources
drive 85 % of the yearly PM; 5 mass and variability. The combustion factor was most prominent during winter
(53.3% of PM3 5 mass) due to high contributions from local and regional transport of biomass burning pollutants
(winter OC/EC = 6.0; OC-to-OM factor = 2.05). In summer, it was most likely driven by secondary organic
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aerosol production and agricultural waste burning events (summer OC/EC = 8.6; OC-to-OM factor = 1.85).
Comparing with other regional sites, we observed a strong regional background of carbonaceous particles
regardless of the site typology. The SIA fraction is dominated by the NOs-rich source compared to the SO4-rich
source. In spring, NOs-rich particles dominate PMy 5 (36.9%) due to intense agricultural activity. The temporal
variability is driven by transport processes from the Benelux area in a North-to-South gradient of decreasing
concentrations. A minor proportion of the NH4sNO3 observed seems to be due to the local effects of morning dew
and photochemical oxidation of NO; in the afternoon. HNO3 appears to be the limiting factor for local NH4NO3
formation. PMy 5 toxicity in rural areas with low population densities should be not only addressed based on
mass concentration, but also considering the chemical composition of particles as people from rural environ-
ments are exposed to high contributions from biomass burning sources and secondary inorganic aerosols trig-

gered by the NH3 excess.

List of abbreviations

BVOC Biogenic Volatile Organic Compound

BSOA Biogenic Secondary Organic Aerosols

Cc-C Caillouél-Crépigny

EC Elemental Carbon

Foc.om Factor of conversion of OC to OM

FA Factor Analysis

FDMS Filter Dynamics Measurement System

GC-FID Gas Chromatographic - Flame Ionization Detector

HdF Hauts-de-France, France’s northernmost administrative
region

HYSPLIT HYbrid Single-Particle Lagrangian Integrated Trajectory

IC Ionic Chromatography

LOD Limit of Detection

LRT Long Range Transport

MAM Mixed aged marine factor

MARGA Monitor for AeRosols and Gases in ambient Air

NWR Non-Parametric Wind Regression
oC Organic Carbon

oM Organic Matter

PBL Planetary Boundary Layer

PAH PolyAromatic Hydrocarbons
PM, 5 Particulate Matter <2.5 pm
PMF Positive Matrix Factorization

PSCF Potential Source Contribution Function
QA/QC Quality Control/Quality Assurance

RH Relative Humidity

RM Remaining Mass

S/N Signal-to-Noise ratio

SIA Secondary Inorganic Aerosols

SOA Secondary Organic Aerosols

TD Thermal Desorption

TEOM  Tapered Element Oscillation Microbalance
UTC Coordinated Universal Time

1. Introduction

Air pollution is currently the most important environmental risk to
human health and is perceived as the second biggest environmental
concern after climate change for the European population (European
Commission, 2019). Among atmospheric pollutants, fine particulate
matter (PMy 5) is one of the most hazardous over human health, as only
in Europe, 307,000 premature deaths were attributed to chronic expo-
sure of PMy 5 (EEA, 2021). Furthermore, it is one of the most complex
due to its heterogeneous nature and multiple sources. Depending on the
origins of the particles’ constituents, they can be classified as primary if
directly emitted, or secondary if they are formed through physico-
chemical processes in the atmosphere from precursor gases.

Recent studies conducted in the European area have shown that the
PM, 5 hotspots are located in Southern Poland, the Po Valley (Italy) and,
to a lesser degree, the areas of Benelux and Northern France (Bigi and
Ghermandi, 2016; EEA, 2021; Kobza et al., 2018). Although the PM; 5
concentrations are lower compared to Polish or Italian sites, Benelux
and Northern France are densely populated areas (Koceva et al., 2016)
with significant agricultural and livestock activities and high residential,
industrial and power plants sources that induce high emission levels of
NOy and on a lesser scale, SO, (EEA, 2021; Gauss et al., 2019). Both
gases are precursors of secondary inorganic particles (SIA), as they can
be oxidized through photochemical processes to produce HNO3 and
H,SO4, respectively. These acids are neutralized with NH3, mainly
emitted by agricultural sources such as animal excretions or synthetic
fertilizers (Paulot et al., 2014) to produce ammonium sulfate and
ammonium nitrate (Hauglustaine et al., 2014; Seinfeld and Pandis,
2016). Benelux and Northern France areas are hotspots for NH3 emis-
sions, due to the intensive agriculture activity practised here (Drugé

et al., 2019). This results in SIA accounting up to 60% of PMj 5 mass in
Northwest Europe, as evidenced by past studies conducted in this area
(Mooibroek et al., 2011; Putaud et al., 2010). In Northern France, even
though the flat topography should favour the dispersion of pollutants,
recurrent high PM; 5 episodes occur during winter and spring seasons
(Roig Rodelas et al., 2019b; Schaap et al., 2011). These events have been
linked to transboundary continental air masses coming from Benelux,
Eastern Europe, the Channel and the North Sea (Potier et al., 2019;
Waked et al., 2014), resulting in PMj 5 annual values between 10 and 20
pg m~3, above the World Health Organization (WHO) recommended
value of 5 pg m >, reducing the people’s life expectancy in this area
between 6 and 8 months (Pascal et al., 2013).

Previous studies on the sources of PM in the North of France (Hauts-
de-France Region) have been focusing on the metal source apportion-
ment and their size distribution on the coarse fraction (Alleman et al.,
2010; Mbengue et al., 2014), or have determined the chemical compo-
sition and source apportionment of the fine particles using offline-based
methodologies (Ledoux et al., 2017) or continuous instrumentation
during intensive short periods of time (Crenn et al., 2017, 2018). These
studies highlight the prevalence of NH4NO3 and (NH4)2SO4 in PMs 5
composition, representing more than 50% of the total aerosol mass, a
trend observed in other Northwestern European sites (Putaud et al.,
2010). Only one 1-year long field campaign using online instrumenta-
tion was conducted in the region at a suburban site of the city of Douai
(Roig Rodelas et al., 2019b), which focused on the origins and processes
governing the predominant SIA fraction by measuring both inorganic
precursor gases and aerosols on an hourly basis using a MARGA (Mak-
konen et al., 2012; Twigg et al., 2015), allowing to better understand the
temporal variability and the geographical origins of the inorganic gas
precursors and PM; 5 speciation. Nonetheless, there was a lack of in-
formation on the sources and levels of PMys affecting the rural
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environments where the main agricultural sources are located.

The air quality in rural areas has generally been considered healthier
than in urban areas because of lower primary anthropogenic emissions,
coupled with the higher dispersion and the lack of the “heat island”
effect (Harrison, 2018). However, agricultural sources (fertilizers,
biomass burning, dust, phytosanitary products) and the potential
different atmospheric chemical regime in rural areas (lower NOyx and
SO, but higher NH3, O3 and biogenic volatile organic compounds
(BVOCs)) generally in opposition to urban ones may influence local air
quality and, more specifically SIA formation. Atmospheric oxidative
capacity differs between urban and rural sites, as some studies suggest
the predominance of Os-based chemistry for OH production in rural
sites, whereas urban sites are more dominated by the photolysis of
HONO (Atkinson and Aschmann, 1993; Harrison et al., 2006; Heard
et al., 2004). Previous source apportionment studies have been con-
ducted in the region, although none of them was performed in rural site
and dedicated to the PM; 5 fraction. Therefore, this manuscript aims to
present the results of a 1-year field campaign with a hourly time reso-
lution conducted in a rural site located in the North of France using
similar instrumentation as in (Roig Rodelas et al., 2019b) complemented
with an online organic carbon and elemental carbon (OC-EC) analyser to
get the PM5 5 mass closure, and with an online VOC analyser to monitor
BVOCs. The objectives are to (i) characterize the sources of fine par-
ticulate pollution in this area, (ii) determine the geographical origin of
the precursor gases and PMj 5 sources and (iii) explain the main drivers
and processes of the PMy 5 pollution.

2. Materials and methods
2.1. Campaign description

Hourly observations of inorganic gas precursors, PMy 5 mass and
chemical speciation were conducted from March 01, 2018 until
February 28, 2019 in Caillouél-Crépigny (C-C) (447 inhab; 49° 37'11.4"
N, 3° 7' 36.5" E, 95 m a.s.l; (INSEE, 2019, Fig. 1). The site is 5 km away
from big urban and industrial sources and it is exposed to mixed in-
fluences from surrounding agricultural fields, forested areas, and nearest
scarce population areas. Several industries are located within a 40 km
radius, mostly chemical factories, sugar refineries and glass workshops
(Table S1, Fig. S1). The landscape in this area is mostly flat, with almost
no obstacles favouring the dispersion of pollutants. The climate is
characterized as temperate oceanic, with low seasonal amplitudes and
regular precipitation regime over the year.

2.2. Instrumentation

The MARGA 1S - ADI 2080 (Metrohm Applikon, Schiedam,
Netherlands) was deployed to obtain simultaneous hourly
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concentrations of 8 inorganic water-soluble aerosol species (NO3, SO3 ™,
Cl~, Ca®*, Mg?t, Nat, K*, NHZ) and 5 inorganic precursor gases (HCI,
HNO3, HONO, SOz NH3) with 1-h time resolution. Details on the
MARGA functioning principle can be found elsewhere (Espina-Martin
et al., 2022; Roig Rodelas et al., 2019b). Outdoor air is pumped at a
flowrate of 1 m® h™! through a Teflon-coated PM, 5 sampling head (Sven
Leckel, Berlin, Germany) connected to the Sample box by a 1.3 m long
polyethylene tube (outer & = 1.27 cm) isolated to prevent condensation
inside the tube. The sample analysis was conducted by means of ionic
chromatography (IC) coupled with conductivity detection. Both cation
and anion systems inject the samples through fixed loops of 500 pL and
250 pL, respectively. A Metrosep C4 100 x 4 mm column was used for
anions and a Metrosep A Suppl0-75 for cations (Metrohm-Applikon,
Schiedam, Netherlands). Both columns were inside an oven maintaining
their temperature around 40 + 5 °C. The anion IC uses an eluent of 7 mM
NayCO3 with 8 mM NaHCO3, sample mixed with the eluent through a
suppressor module regenerated with phosphoric acid (H3PO4) before
heading into a conductivity meter. For the cation IC, an aqueous solution
of 3.2 mM p-toluene sulfonate was used. The limit of detection (LOD) of
the species are in Table S2. A Semi Continuous OC-EC Field Analyzer
Model 4 (Sunset Laboratory Inc., USA) (Bauer et al., 2009) was used to
perform 1-h measurements of OC and EC from PM, 5 using the analytical
protocol from the European Supersites for Atmospheric Aerosol
Research (EUSAAR-2), based on thermal optical transmittance (TOT)
composed of two successive steps (Birch and Cary, 1996; Cavalli et al.,
2010). Total PMy 5 mass was measured using a Tapered Element Oscil-
lation Microbalance (TEOM) 1405-F (Thermofischer) with Filter Dy-
namics Measurement System (FDMS) at hourly time resolution.
Nitrogen oxides were analyzed every 15 min with a chemiluminescent
analyzer NOy M200 EH/EM (Envirocontrol, Teledyne). Isoprene mea-
surements were acquired using a TurboMatrix Thermal Desorption (TD)
unit coupled to a Clarus 580 Gas Chromatographic (GC) (PerkinElmer)
system with a flame ionization detector (FID). The TD allows to pre-
concentrate the target VOCs via an adsorbent trap cooled down at 10 °C
by a Peltier system. Further information on the data quality control and
assurance protocols (QA/QC) for all instruments can be found in
Table S3. Temperature, relative humidity (RH), wind speed & direction
datasets were provided by a local meteorological station, while the
closest MeteoFrance stations provided hourly information for the rain
(Chauny, 5 km E), global radiation and atmospheric pressure (Saint
Quentin, 22.5 km NE). All presented measurements are given in Coor-
dinated Universal Time (UTC), and seasons are differentiated as follows:
winter (December, January, February), spring (March, April, May),
summer (June, July, August) and autumn (September, October,
November).

Fig. 1. Location map of the study site in the North of France (left) and views of the rural area of Caillouél-Crépigny at different seasons (right).
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2.3. Source apportionment of PM> 5

A Positive Matrix Factorization (PMF) analysis was conducted on the
1-year database to determine which were the main sources influencing
PM, 5 using the EPA PMF 5.0 software (Bressi et al., 2014; Paatero and
Tapper, 1994; Ulbrich et al., 2009). The two input datasets required for
the PMF analysis (for concentrations and their associated uncertainties)
only considered the hours with all species measured correctly, repre-
senting more than 5500 h in the final dataset. The uncertainty dataset
for the MARGA species was calculated based on the methodology pre-
sented in Espina-Martin et al. (2022), where each species have their
uncertainties calculated based on an hourly basis depending on their
proximity to their LOD, the repeatability and representativeness of the
species measurement, and the fluctuations on parameters such as the air
volume, liquid sample volume injected in the IC, IS quality. For the Semi
Continuous OC-EC analyzer and TEOM-FDMS, the measurements un-
certainties were calculated using the expanded relative uncertainties
values used by previous authors; for OC an uncertainty of 10% was
applied (Lim et al., 2003; Waked et al., 2014), while EC uncertainty was
set to 15% (Cavalli et al., 2010; Schmid et al., 2001). Finally, PM5 5 mass
concentration uncertainty was set to 20% (Aymoz and Mathé, 2007).
Concentrations under the limit of detection (LOD) were substituted by
1/2 LOD for the species and their uncertainty was assigned to 100%, in
order to down weight their influence on the final solution (Norris et al.,
2014). An additional 10% of uncertainty was introduced into the model
to include unaccounted error sources. Prior to the PMF analysis, a
Varimax-rotated factor analysis (FA) was performed on the aerosol
species dataset to estimate the possible number of factors and see the
correlations between the aerosol species and PMy 5 using the software
STATGRAPHICS Centurion XV. II.

2.4. Geographic origin of the sources

Non-Parametric Wind Regression (NWR) and Potential Source
Contribution Function (PSCF) analyses were used using ZeFir IGOR tool
v 3.7 (Petit et al., 2017b) to determine the most probable geographic
origins of the extracted sources. The NWR analysis was used to locate
and to estimate the possible local sources of a pollutant as it combines
pollutant concentrations with local wind speed and direction (Henry
et al., 2009). To determine the origins of the sources possibly linked to
long-range transport (LRT), PSCF was used to backtrack and determine
the most probable regions of emissions for the gaseous and particulate
species. It requires the use of back trajectories calculated with HYSPLIT
4 (HYbrid Single-Particle Lagrangian Integrated Trajectory; Stein et al.,
2015), for an arrival height of half the mixing layer to take into account
the temporal variation of the planetary boundary layer (PBL) at a 3-h
interval, 72 h back in time; more information on the seasonal varia-
tion of the PBL can be found in Table S4 The extracted trajectories were
used for both a cluster analysis and to generate the PSCF maps. The PSCF
was constrained following the approach of similar studies by eliminating
back-trajectories when considering the effect of wet scavenging when-
ever the air mass passes over an area with precipitations (>1 mm h™?
(Kim et al., 2014; Waked et al., 2018),) or if it goes above the maximum
height of the PBL found in the HYSPLIT meteorological file (1500 m;
Roig Rodelas et al., 2019b).

3. Results
3.1. Overview of the campaign and PM3 5 composition

Table 1 shows the main statistics of the measured species during the
campaign. All inorganic gases (except HCl), PMj 5, SIA species and OC
and EC were consistently over the LOD, while HCl, NO, Cl~, Na*, Ca?*,
Mg?t and K* were mostly under their LOD. PM, 5 annual average and
standard deviation from hourly data were 12.2 & 9.23 pg m 3, with half
of the PMy 5 mass driven by NOg, SO%’, NH{, accounting for 27%, 14%
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and 10%, respectively. (Fig. 2). The rest of the aerosol mass was
composed of the carbonaceous species representing 24% (20% OC, 4%
EC), and 3% of the minor ions sum (Cl~, Na®, K, Mg?", Ca?"). The
remaining unspeciated fraction accounted for chemicals elements bound
to OC to form organic matter (OM) and insoluble minerals. Indeed, as
explained in section 5 of the Supplement, it was estimated that OM
accounted for 33% of the annual PMj; 5, thus reducing the unspeciated
fraction to 9%. The minor ions data collection was limited either due to
occasional marine events (Cl~, Na") or to the low sensitivity of the
MARGA, preventing the correct measurement of these species. The ions
Cl™ and Na' are marine-related species and do correlate for all seasons,
especially during winter (r = 0.64), when marine air masses arrived
more frequently at our site.

TEOM PMy s = 12.2 + 9.23 pjg m >

The seasonal OC/EC mass ratios are 5.7, 8.6, 5.2, 6.0 respectively for
spring, summer, autumn and winter, with higher values occurring in
winter (6.0) most likely due to high biomass burning Mbengue et al.,
2018), and summer (8.6) when high levels of isoprene and photo-
chemical activity are ongoing contributing to secondary organic aerosol
(SOA) formation (Waked et al., 2016). Isoprene concentrations were
under LOD from October to April, while reaching their peak during July
and August (Fig. S2). High pollution episodes (PMas > 25 pg m )
occurred at all seasons as seen in Fig. S3. Spring and autumn had the
highest frequency of occurrence with 10 and 9 episodes, respectively.
These episodes were most likely consequence of the intense agricultural
activity occurring in Northwest Europe during these months, increasing
the airborne concentrations of NO3 and NHZ and, on a minor scale,
SO?(. On the contrary, during winter there were 6 high PM, 5 episodes,
half of them caused by high loads of carbonaceous aerosols released
from combustion processes occurring from October until April, coin-
ciding with the cold period (Table 54).

3.2. FA and PMF results

3.2.1. Source apportionment optimization

Prior to the source apportionment analysis, a FA was carried out to
screen the optimal number of factors to be input in the PMF. More than
six thousand observations (Table S5) were used in the FA and four fac-
tors were extracted with eigenvalues superior to 1 (Fig. S4, Table S6).

FA-Factor 1: NO3, NHZ and SO7 . This factor contains all SIA spe-
cies, representing secondary inorganic aerosols.

FA-Factor 2: OC, EC, and K': This factor represents combustion
processes such as traffic-related fuel combustion or biomass burning.
FA-Factor 3: CI", Na™, and Mg2+: These species are related to marine
sources.

FA-Factor 4: Ca®" and Mg?": This factor represents the crustal source
most likely from the agricultural fields surrounding the site.

Although the FA suggested an optimal number of factors equal to 4,
the PMF analysis can separate some of these factors based on their
distinctive temporal patterns and appliance of constrains over specific
tracers. For example, FA-Factor 1 combines both NOs-rich and SO4-rich
SIA sources, however previous studies conducted on the region (Mooi-
broek et al., 2011; Bressi et al., 2014; Roig Rodelas et al., 2019a) had
separated them successfully into NOs-rich and SO4-rich sources without
applying constrains to their modelling since both sources have distinc-
tive temporal patterns and geographical origins, hence a potential 5
factor solution was considered for the PMF analysis based on the results
of the FA and previous knowledge of the region.

For the PMF analysis, more than 5500 observations were used for the
PMF analysis (Table S7). Table 2 shows the main statistics of the data-
base, as well as the categorization of the species as strong, weak, or bad
based on their signal-to-noise ratio (S/N), the confidence in the quality



Table 1

Statistical summary of measured species in Caillouél — Crépigny.
The amount of data above the limit of detection (n > LOD) is expressed in %; average (Avg), standard deviation (Std) and 2.5th, 50th and 97.5th percentiles are expressed in pg m™ .

3

Spring Summer Autumn Winter
n > LOD Avg.+ Std Pys Pso Pyrs n > LOD Avg.+ Std Pys Pso Pyrs n > LOD Avg.+ Std Pys Pso Py7s n > LOD Avg.+ Std Pys Pso Py7s
(%) (%) (%) (%)
HCl 0.0 <LOD <LD <LD <LD 0.4 <LD <LD <LD  <LD 0.2 <LD <LD <LD <LD 1.2 <LD <LD  <LD <LD
NO 23.7 1.27 + <LD 0.86 5.59 11.1 0.65 + -0.78 032 3.76 28.9 2.25 + <LD <LD 24.54  26.7 2.53 + <LD  <LD 15.15
1.92 1.2 3.78 5.76
NO, 89.9 8.77 + <LD 8.08 19.12  79.1 5.4 + 0.78 4.9 12.45 89.6 8.44 + 4.48 7.16 2454 821 11.26 + <LD 85 36.83
4.34 3.24 5.8 10.13
03 94.8 66.1 + 32,48 649 116 100 71.29 + 23.53 65.2 14330 97.7 44.12 + 28.08 43.33 9252 945 44.45 + 7.06 47.12 76.38
22.2 32.1 21.9 19.59
HONO 78.2 0.76 + <LD 0.69 1.55 84.5 0.6 + <LD 0.54 1.41 86.5 0.75 + 0.47 0.7 1.8 77.9 0.82 + <LD  0.62 2.81
0.45 0.35 0.43 0.76
HNO;3 64 0.25 + <LD 0.21 0.85 71.7 0.36 + <LD 0.34 094 54.2 0.16 + <LD 0.12 0.5 44.8 0.13 + <LD <LD 0.48
0.24 0.27 0.16 0.28
SO, 81.4 0.53 + 0.13 0.38 1.84 88.1 0.76 + 0.13 0.53 281 85.4 0.54 + 0.26 0.41 1.79 78.6 0.37 + <LD  0.29 1.18
0.45 0.72 0.47 0.31
NH3 81.8 5.17 + 0.61 4.43 15.46  87.7 4.55 + 1.13 4.06 11.65 87.9 2.94 + 1.94 2.75 6.04 68.9 3.06 + 0.54 1.6 16.05
3.69 2.6 1.57 4.12
cl- 10.0 0.11 + <LD <LD 1.24 5.1 0.03 + 0 <LD  0.49 10.4 0.05 + <LD <LD 0.54 15.3 0.13 + <LD  <LD 1.87
0.37 0.15 0.19 0.46
NO3 78.8 4.42 + 0.42 2.48 19.54  86.3 2.2+ 0.09 094 13.63 84.9 3.24 + 0.77 1.47 14.47 85 2.82 + 0.1 1.61 13.19
5.16 3.28 4.02 3.26
S04%~ 79.4 1.72 + 0.43 1.34 5.48 88.3 212 + 0.41 1.67 7.06 86.3 1.84 + 0.86 1.34 5.98 86.3 09+061 018 0.76 2.48
1.31 1.7 1.52
Na®t 13.8 0.04 + <LD <LD 0.35 22.3 0.06 + 0 0.03 0.35 47.2 0.12 + <LD 0.08 0.56 25.5 0.13 + <LD  <LD 0.88
0.1 0.09 0.15 0.28
NHF 74.0 1.31 + <LD 0.59 6.88 87 1.09 + 0.07 0.61 5.43 88 1.51 + 0.4 0.83 5.7 30.1 1.04 + 0.08 0.59 4.55
1.78 1.35 1.62 1.16
Kt 16 0.07 + <LD <LD 0.26 18.9 0.09 + 0 0.07 0.34 27.1 0.11 + <LD <LD 0.4 87.5 0.12 + <LD  <LD 0.39
0.08 0.1 0.1 0.11
Mgt 7.8 0.04 + <LD <LD 0.11 2.4 0.03 + 0 0.03  0.08 5.4 0.09 + <LD <LD 0.11 29.1 0.04 + <LD <LD 0.12
0.03 0.02 0.07 0.04
Ca%t 17.2 0.12 + <LD <LD 0.42 20.4 0.12 + 0 0.07  0.52 10.4 0.09 + <LD <LD 0.29 7.4 0.08 + <LD <LD 0.21
0.11 0.15 0.07 0.06
ocC 77.3 2.95 + 0.75 2.34 9.32 83.4 1.8 + 0.5 1.57 3.88 91.3 2.53 + 1.23 1.84 8.17 7.1 2.8 +2.8 <LD 1.85 10.62
2.28 0.96 2.18
EC 73.6 0.52 + <LD 0.37 1.78 68.2 0.21 + 0 0.18  0.58 75.3 0.49 + 0.15 0.34 1.82 73.7 0.47 + <LD  0.28 1.93
0.46 0.18 0.52 0.59
Isoprene  22.2 0.07 + <LD <LD 0.42 88.1 0.45 + <LD 0.2 1.86 28.7 0.12 + <LD <LD 0.5 15.8 0.04 + <LD  <LD 0.17
0.16 1.05 0.52 0.05
PM, 5 89.1 13.73 + <LD 10.51 4093 91.2 9.49 + 0.98 7.5 33.60 71 12,19 + <LD 9.40 3455 585 14.55 + <LD 11.56 41.46
10.6 7.96 8.97 10.94

‘D 32 ULD-DUIDSH d

09902 ($20Z) €€ Muawuo.NAUg ILYdsouny
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TEOM PM,s =122 +9.23 pg m*

1.0
0.4 (9%) 32
(4%) 27%) mNO3
m S04
NH4
1o Bresoe = Minor ions
(33%) = OM
(11434) mre
04 L2 Unspeciated
(3%) (10%)

Fig. 2. Annual average composition of PM,s in C-C during the 1-
year campaign.

Table 2
Percentiles, S/N and LODs of the variables used as inputs for the PMF.
All concentrations are expressed in pg m™°.
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of the tracer analysis, and their representativeness towards the final
solution.

The SIA, OC and EC species S/N ratios were close or over 2 and were
categorized as strong variables. CI~, Na*, Mg?" and K ions had S/N
ratios of 0.7, 0.4, 0.1 and 0.1 respectively, categorizing them either as
weak or bad variables. Based on the results of the FA, Cl "and Na™ were
kept as strong variables with Mg?" as a weak variable to extract the FA-
Factor 3 related to marine sources, while K™ was kept as a weak variable
to help extracting FA-Factor 2, related to combustion processes. Ca®*
was used as a weak tracer to help pull out the FA-Factor 4 related to
crustal sources, however the 5-factor solution in the PMF was unsuc-
cessful in extracting the crustal source as Ca%* S/N is too low to reliably
represent this source and the 5-factor solution did not have a physical
meaning nor environmental sense. The final PMF solution excluded Ca?*
and a 4-factor was chosen, based on the good Qyrye/Qexpected value (1.4),
on the physical meaning of the chemical profiles and their time vari-
ability, and the good correlations between observed and modelled spe-
cies of the PMy 5.

3.2.2. PMF results
All strong species but EC, CI~ and Na™ were modelled satisfactorily
with “model versus observation™ slopes close to 1 and R2 > 0.9. The EC

Variable S/N Category Min 25th Median 75th Max % LOD
Ccl™ 0.7 Strong 0.015 0.015 0.015 0.015 3.6 0.015
NO3 8.5 Strong 0.035 0.69 1.4 3.7 36.3 0.035
SO%’ 9.7 Strong 0.02 0.79 1.3 2.1 14.1 0.02
Na*® 0.4 Strong 0.035 0.035 0.035 0.095 1.5 0.035
NHj 5.6 Strong 0.025 0.30 0.63 1.4 12.3 0.025
K" 0.1 Weak 0.070 0.070 0.078 0.14 0.78 0.07
Mngr 0.1 Weak 0.040 0.040 0.040 0.05 0.21 0.04
Ca%* 0.1 Bad 0.075 0.075 0.075 0.11 2.3 0.075
oC 3.4 Strong 0.25 1.1 1.86 3.0 29.7 0.25
EC 1.7 Strong 0.025 0.12 0.27 0.54 6.60 0.025
PM; 5 4.3 Weak* 1 5.4 9.04 15.47 62.9 1
PMS, s is the total variable, and thus automatically categorized as weak.
a) Combustion b) Nitrate rich
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Fig. 3. Chemical profiles of the 4-factor solution.
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regression values were still good, with a slope of 0.69 and R? = 0.77
(Table S8), however they indicate a decrease in the model goodness of
fit. This is possibly due to sporadic local events of crop biomass burning,
different from the usual EC sources related to traffic and domestic
heating. The marine events were scarcer compared to the other strong
variables over the year and thus the model did not perform well repli-
cating the temporal variability of the marine tracers.

Fig. 3 shows the chemical profiles of the four extracted factors,
indicating the % and mass concentration in pg m 3 for each species. This
solution was considered to be stable as the sum of the mass of the 4
identified factors and the gravimetric mass of PMy 5 had a good corre-
lation (R? = 0.85, slope = 0.9).

The concentrations are expressed as solid bars (left axis) and the % of
species concentration as diamonds (right axis)

- Combustion: Representing the carbonaceous aerosols, it is driven by
high % species contribution from OC (84.1%), EC (92.5%) and K*
(79.4%) (Fig. 3a). The sum of OC and EC represent about 95% of the
factor mass, while the 5% remaining is composed of K™ and NHZ. On
an annual basis, this factor is strongly correlated to both OC and EC
(R% = 0.89 and 0.77).

NOg-rich: The major contributors are NO3 (76.7%) and NHj
(50.3%), representing 90.4% of the factor mass, and the rest comes
from EC (Fig. 3b). It is highly correlated with NO3 and NHj R? =
0.99 and 0.94, respectively).

SO.-rich: Driven by SO3~ (65%), NHJ (46.2%) and K* (20.6%), the
residual % of species are OC (8.3%) and Cl~ (4.9%) (Fig. 3c). 80.5%
of the factor mass is composed of S0%~ (65%) and NHZ, most likely in
the form of (NHy4)2 xHxSO4. It is highly correlated with SO%~ and NHf
(0.93 and 0.62, respectively)

Mixed aged marine factor (MAM): The fourth factor was identified as
mixed aged marine sources, driven by Cl™ (81.4%), Na® (94.1%) and
Mg2+ (96.7%), with lesser species contributions of NO3 (23.4%), SO~
(35%) and OC (7.6%) (Fig. 3d). Although the factor is driven by the
marine tracers, the majority of the mass is made up of NO3 and S0% -,
therefore its mixed status. This prevalence of secondary aerosols is
consistent with the assumption of aged air masses as the C-C site is 130
km away from the sea in a straight line.

All factors were stable except the MAM, which was mixed with the
sulfate-rich factor as seen in the bootstrap analysis (Table S9). To better
separate this MAM factor, a constrain was performed and Na™, Cl~ and
Mg2+ were maximally pulled up while minimizing OC, EC, and K"
contributions in this factor. This configuration allowed to completely
differentiate all the factors. The constrained solution increased the % of
species for all marine tracers by > 10% in the marine factor, while OC,
EC, and K" increased by 10%, 9% and 45% respectively in the com-
bustion factor source (Fig. S5).

Fig. 4 shows the absolute and relative contributions of the four
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extracted sources towards PM., 5 mass on a seasonal and annual level.
On an annual basis and from highest to lowest contribution, the com-
bustion factor is the single largest contributor out of all the identified
sources towards the PMy 5 (40.2%), followed by the NOs-rich (26.8%),
SO4-rich (18%), and MAM factor (15%). The sum of the secondary
sources is indeed the largest contributor towards the annual PM5 5 mass
(44.8%), while the MAM factor is consistently the lowest contributor
towards fine PM on a seasonal basis.

4. Discussion

The extracted factors were interpreted based on their chemical
profile, geographical origin determined by means of NWR and PSCF
analysis, correlation with other tracers and temporal (seasonal daily,
monthly) variability. Although the combustion factor is the single
largest contributor of PMy 5, the two secondary factors are the major
drivers of the fine particles at C-C (44.8 %). In the next subsections we
will discuss the drivers of the temporal variability for the extracted
factors (Fig. 5).

4.1. Combustion and summer BSOA

The combustion factor is characterized by a high OC/EC ratio of 5.4,
and OC (84.1%), EC (92.5%) and K (79.4%) driving the chemical
profile, pointing to biomass burning as the main combustion process in
C-C (Andersen et al., 2007; Mbengue et al., 2018). It is likely that minor
traffic sources also impacted the C-C site, as there are two highways
located in the West and East sectors 20-25 km away from C-C, and a
departmental road less than 10 km to the South (Fig. S1), however on an
annual basis, the combustion factor is weakly correlated to NO, NO, and
HONO (R? = 0.18, 0.27, and 0.36, respectively), and the lack of avail-
ability of information on other combustion tracers such as levoglucosan,
Mn, Fe, Cu, and Ni, associated with biomass burning and non-exhaust
vehicular emissions (Schauer et al., 2006; Thorpe and Harrison, 2008)
prevented the further separation of this factor. This factor has a high
seasonal variability, contributing 53.3% of the PM; 5 mass during winter
while decreasing to 28.7% in summer (Fig. 4b). Fig. 5 shows how after
May the concentrations decrease with the warm season until September.
All diel seasonal profiles except summer have two peaks, a small one in
the morning (8:00-12:00) and a more intense one during the evening
(19:00-21:00), coincident with the traffic rush hours but most of all with
the activation of household heating devices. During summer, heating
systems are off and the potential contribution of traffic diminishes due to
the summer holiday period (Mooibroek et al., 2011). However, the July
average concentration increases compared to other summer months.
This increase could match agricultural waste burning events spotted in
the surrounding agricultural fields after the reaping of crops. The sum-
mer K™ NWR plot shows moderate local signals of 0.15 pg m™>,
reflecting the occurrence of these events (Fig. S11e).

b) Relative seasonal variability
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Fig. 4. Seasonal absolute and relative contribution of the PMF sources towards PM, 5 in C-C.
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Fig. 5. Seasonal (left) and monthly right) temporal variability of the PMF factors for the 1-year campaign.

Additionally, July 2018 was one of the hottest months in the history
of France (Meteo France, 2022), with monthly averages of T = 22.3 +
4.4°C, O3 = 85.5 & 33.3 pg m° and wind speed = 1.4 + 0.8 m s},
promoting a highly oxidative atmosphere with low pollutant dispersion.
Although the scope of this paper is not the quantification of biogenic
secondary organic aerosols (BSOA), the high local isoprene concentra-
tions up to 4 ppb (Fig. S2), the local OC NWR signal in summer

(Fig. S10d) and the high OC/EC ratio (8-12) observed during summer
afternoons (Fig. S6) hinted at potential BSOA formation contributing
towards the carbonaceous aerosol fraction. This was further strength-
ened when the factor of conversion of OC to organic matter (OM),
Foc-om, was estimated for each season, following a published method by
Bressi et al. (2013). The method estimates the Foc.om, based on the OC
fraction and the remaining mass (RM, calculated by subtracting the
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inorganic species from the total PM mass), as the slope of the regression
between RM versus OC. Details on the calculation of the Foc.om can be
found in the Supplement (section S5). In C-C, all seasonal regressions
had R? > 0.6, indicating that the RM is related to the OC fraction and
thus to OM. Fig. 6 shows the Foc.om seasonal variation from spring
(1.43) < autumn (1.59) < summer (1.85) < winter (2.05), indicating a
higher degree of OM oxidation during both winter and summer, which
are probably linked to winter emissions of biomass burning and summer
oxidation processes of organic compounds from biogenic origin. Both of
these processes are known to be linked to high values of Foc.om (Simon
et al., 2011; Xing et al., 2013) reinforcing the hypothesis of the seasonal
variation of the combustion factor. A Foc.om value of 2.1 is the
commonly accepted value for rural sites according to the findings of
Turpin and Lim (2001), however in the C-C site only the winter average
was similar while the other seasonal averages were up to 30% lower and
variable according to the seasonality of the sources and the local pro-
cesses affecting the degree of oxidation of the carbonaceous aerosols.
The contribution of the combustion factor over PM5 5 mass in C-C is
in the same range of concentrations found for the combustion sources in
other PMF studies conducted on urban and suburban sites in Northern
France. Bressi et al. (2014) identified 3 combustion sources in Paris:
biomass burning (1.8 pg m~3, 12% of total PM; 5), road traffic (2.1 pg
m~3, 14%) and heavy oil combustion (2.4 pg m~3, 16%), while Roig
Rodelas (2018) identified in Douai biomass burning (1.6 pg m 3, 12%)
and road traffic (0.8 pg m’g, 6%) combustion sources. Both studies
agreed on the important increase of the biomass burning source during
winter, and its disappearance in summer. When comparing the sum of
the identified combustion sources in Paris (6.32 pg m’3, 42%) and Douai
(2.4 pg m~3,18%), it was surprising to find that the combustion source
levels in the rural site of C-C (4.6 pg m >, 40.2%) were in the same range
as these cities. Moreover, the annual average levels of OC and EC in Paris
at different site typologies ranged between 2.1 and 3.2 + 1.5-2.5 pg OC
m~3and 0.4-1.4 + 0.3-0.7 pg EC m™ (Bressi et al., 2013), within range
from to the levels found in C-C (2.5 + 2.2 pg OC m > and 0.4 + 0.5 pg
EC m™3). Additionally, the annual levels and daily variability of EC were
found to be almost identical to the results of BC in the study of (Roig
Rodelas et al., 2019b), ranging in between 0.4 and 0.9 pg m~ on an
annual basis and displaying two peaks, one in the morning and one on
the evening. Although there may be some differences due to the tem-
poral gap between campaigns, these similarities point to a strong
regional background of combustion-based aerosols in the North of
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France. This assumption is consistent with the rather diffuse geograph-
ical origin of the organic aerosols in C~C (NWR plots of the RM in Fig. 6).

4.2. Nitrate rich

The NOgs-rich source factor is, alongside the SO4-rich factor, one of
the main major drivers of PM5 5 in the North of France (Bressi et al.,
2013; Putaud et al., 2010; Roig Rodelas et al., 2019b). The main species
in this factor is NH4NOs (Fig. 3b), as the NH4{/NO3 molar ratio is 0.88,
close to the value of 1 expected for NH4NOj3. The presence of EC in the
factor suggests that there may be combustion contributions towards this
factor (Fraser et al., 1998). NH4NOg3 formation depends on NHs, emitted
mostly by agricultural sources, and HNO3, a secondary species which has
different formation pathways depending on its daytime chemistry (Re-
action 1-2, (Calvert and Stockwell, 1983) or night-time chemistry (Re-
actions 3-5, Pathak et al., 2009; Brown and Stutz, 2012). The annual diel
profile of HNO3 suggests that both daytime and night-time formation of
occur (Fig. 7a), although in a limited rate compared to the high pool of
NO, HONO and NOs, available (Fig. 7b).

NO,(g) + - OH—HNOs(g) (Reaction 1)

NHs(g) + HNOs (8) SNH4NO;s(s) (Reaction 2)

NO; +03 - NO; + O, (Reaction 3)

NO, + NO3;5N,05 (Reaction 4)

N,O0s + H,0 (aq)—2HNO;3(aq) (Reaction 5)

NH4NOs is involved in an equilibrium with its precursor gases NHs
and HNOg (Reaction 2), and this depends on ambient temperature and
RH. At high temperatures and dry conditions, the equilibrium is dis-
placed towards the gas phase, while humid and cold conditions favour
the aerosol formation (Seinfeld and Pandis, 2016). This contributes to
the higher concentrations of the NOgs-rich factor during autumn and
spring, when the cool temperatures and high RH along with the fertil-
ization events of the agricultural fields enhance NH4NO3 concentrations
(Fig. 5b). On the contrary, in summer, the warm and dry conditions
displace the equilibrium towards the gas phase. During winter, even
though the conditions are cold and humid, the daily seasonal profile
flatlines as the weaker photochemical activity and the prohibition to
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Fig. 6. Top: Foc.om estimation as the slope of the linear regression between OC and RM. Bottom: NWR plots of the RM used for determining the Foc.om.
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Fig. 7. (a) Diel annual profiles of HNO3 and NH3 (in pmol m~%) and the NOs-rich PMF factor (in pg m’3); annual diel speciation of (b) oxidized nitrogen (Nox) species
and (c) reduced nitrogen (N.q) species; (d) monthly profile of the G ratio (the orange line corresponds to the limit between HNO3; and NH3 limited regimes).

apply fertilizers during the months of winter decrease the formation of
HNOj3 and the additional inputs of NH4NOs3, respectively (UE, 1991).
The seasonality of the NOs-rich source has been observed in other
Northern French studies that concluded that this source was affected by
transport processes from Benelux and Western Germany regardless of
the site typology and PM fraction. Further discussion will be presented
in Section 4.5.

This equilibrium also explains the daily variations of this factor
(Fig. 7a), as the NOs-rich concentrations increase during night-time,
peaking between 6:00-9:00 UTC, while reaching their minimum in the
afternoon. Indeed, the lowest air temperature of the day occurs just
before sunrise, thus favouring the condensation of dew on aerosol sur-
faces and the subsequent night-time heterogeneous aqueous reactions
forming nitrate (Reactions 4-5). This phenomenon may go on at sunrise
when the soil moisture evaporates and saturates the air layer just above
ground. As NHjs is highly soluble in water, it is likely that part of NH3
solubilizes in the morning dew, thus explaining the minimum (respec-
tively maximum) observed in the diel variation of NH3 (respectively
NHJ) in Fig. 7c.

To better understand the processes ongoing with the NH4NOs, the
speciation of the oxidized N (Nyx) species (NO, HONO, NOy, HNO3 and
NO3), reduced N species (NHz and NH#) and the gas ratio (G), which
expresses the ratio between free NHs and total nitrate after neutralizing
all HpSO4 (Ansari and Pandis, 1999, Equation (1)), all concentrations
expressed as pmol m~. If the ratio is below 1 there is a NHs-limited
regime, while above 1 value indicates HNOs-limited regime.

 NHs + NH; — 250%

= 1

In the rural site of C-C, it was likely that the chemical regime was HNOs-
limited as the levels of NH3 are always high enough to neutralize any

10

acid species. The annual NH3 molar concentrations were sixty times
higher than HNO3 and thus NHs, which accounts for >70% of the
reduced N on an annual basis (Fig. 7¢), would quickly neutralize HNO3
whenever is available. This is further supported by the G ratio, which is
well above 1 all over the year (Fig. 7d). According to Ren et al. (2021),
when there is significantly free NH3 available to react with HNOsg, it
decreases the dry deposition of HNO3 and increases the lifetime of the
NOgs-rich particles in the atmosphere and thus their regional transport
(as explained in Section 4.5).

Interestingly, the formation of HNO3 depends on the availability of
NO; but also on the oxidizing capacity of the atmosphere. This was
demonstrated during the first COVID-19 lockdown periods. In France in
spring 2020, the decrease in NOy emissions in the Parisian area brought
as a result a significant decrease in the NO3 contribution towards PM;,
even though occasional long-range transport events supplied additional
NOg3 particles (Petit et al., 2021). In China, Ren et al. (2021) observed
equal or even higher NO3 levels even NOy decreased significantly due to
the lockdown. They explained this as a result of increased O3 production
due to relaxed OH depletion and NOx titration (Leung et al., 2020) that
increased the oxidizing capability of the atmosphere and subsequently
made more efficient the NOy oxidation into HNO3 and N,Os species
despite the emission decrease. These findings made imperative to target
not only NOyx and NHj3 emissions, but also O3 and the atmospheric
oxidative capacity in order to decrease effectively secondary nitrate
pollution.

4.3. Sulfate rich

The SO4-rich factor accounts for 18% of the annual PM; 5 mass. Large
seasonal variability is observed passing from 9.8% observed in winter to
26.5% during summer. (NH4)2SO4 is formed when HaSO4 coming from
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the SO, oxidation is neutralized with the NH3 deriving from agricultural
sources (Seinfeld and Pandis, 2016) and is stable regardless of the
environmental temperature, effectively making the contribution to-
wards PMy 5 of the SO4-rich source (26.6%) almost as equal as the
NOgs-rich source (27.5%) during summer. Fig. 5c shows the slow in-
crease in concentrations until midday, and then decreases to a minimum
during night-time for all seasons but winter, when the profile flatlines.
Summer season was characterized by high temperatures, very high
levels of O3 and long insolation periods which enhanced the photo-
chemical oxidation of SO, into SO%’(Table 1.

The factor is driven by SO~ and NH{ and their molar ratio is equal
to 2.7, over the representative value of 2 for (NH4)2SO4 (Fig. 3c) This
indicated the presence of other sources of sulfate than pure (NH4)2SO4.
The small amounts of C1~, K and OC point to the influence of biomass
burning processes and secondary organic sources. Species such as KCl,
K2SO4 and KNOg can appear in the fresh smoke coming from biomass
burning (Li et al., 2003), potentially explaining the presence of K and
Cl™ in this factor. Bressi et al. (2014) found in Paris high amounts of K"
and OM in the sulfate-rich factor that were attributed to a mixture of
anthropogenic and biogenic sources (Hettiyadura et al., 2017).The
presence of OC can be further explained as the aerosol component
(NH4)2SO04 has a high specific surface area and is acidic, properties that
are known to enhance SOA formation by acting as a condensation sur-
face for organic substances (Amato et al., 2009). Roig Rodelas (2018)
observed that (NH4)2SO4 only accounted for 33% of the mass of the
sulfate-rich factor impacting the suburban site of Douai, implying that
OM, although not measured in that study, was also present in this factor
as indicated by the high species contribution of oxalate, which is a
common tracer of secondary processes. As C-C is located between Paris
and Douai, the presence of OC in the sulfate-rich factor, especially
during summer seems consistent.

4.4. Mixed aged marine

The mass contribution of the MAM factor accounts for 15 % of the
total PMy 5 mass. Even though the constraint on the PMF solution
allowed to pinpoint the marine tracers, the sum of the marine tracers
only accounts for 7% of the MAM factor mass, while the rest is accounted
by NO3, SOF~ and OC. This may happen either by these components
getting originated in polluted marine environments such as industrial-
ized harbours of the North Sea or the Channel area with a high impact
from maritime traffic (emitting NOy, SO3 and VOCs), or by the enrich-
ment with anthropogenic pollutants as the fresh marine air masses pass
over the polluted and densely-populated areas of Benelux and Paris
metropolitan area and become aged. The diel temporal variation of this
factor is flat suggesting no contribution of any local source or process to
this factor. The monthly temporal variation shows higher contributions
of this factor from March to July (Fig. 5d) probably linked to the higher
frequency of winds coming from the North Sea sector in this period. The
marine origins of this MAM source factor will be further highlighted in
Section 4.5.

4.5. Geographical origin of the sources

4.5.1. Cluster analysis

To determine the influence of the origin and transport processes over
PM, 5 concentrations, a cluster analysis was applied to the annual
database. Fig. 8 shows four identified clusters from the 72-h back tra-
jectories extracted every 12 h, with a total number of 727 back trajec-
tories analyzed. The identified clusters are, by descending order of
concentration: Continental (36% of frequency,17.7 pg m™—>), North Sea
(9%, 13.4 pg m’3), France (24%, 13 pg m~2) and Atlantic Ocean (31%,
6.8 pg m~>). The North Sea, Atlantic Ocean and Continental clusters
have a medium length, indicating the moderate wind speed associated to
these air masses. On the contrary, the France cluster is short, meaning
that the average speed of these air masses is slow, allowing the
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Fig. 8. Cluster analysis of the 1-year campaign in C-C. The pie charts
represent the average composition of the PM, 5 for each cluster; concentrations
expressed in pg m~>

accumulation of pollutants while travelling towards our site.

The SIA-related sources are linked to the Continental and North Sea
clusters and represent on average > 50% of the PM; 5 mass. In between
these clusters is located Benelux, an area known to be heavily populated
and industrialized, thus being a hotspot for NOx, NH3 and on a minor
scale, SOy (Pay et al., 2012). These precursor gases may react while
being transported from their source origin to arrive as particulate nitrate
and sulfate to C-C. The North Sea cluster has the highest contribution of
the MAM factor compared to the other clusters. The combustion factor
alongside the NOs-rich factor dominate both the Continent and the
France clusters, representing the influence of transboundary and na-
tional combustion and agricultural sources. A more detailed vision on
the potential geographical origins of each source is given in the next
section.

4.5.2. NWR and PSCF analysis

Combustion factor: The NWR plot and PSCF map for the combustion
factor display both strong local and transported signals (Fig. 9a). As
discussed in Section 4.1, household heating using biomass as fuel is
common in the surrounding houses and villages of C-C and may be
responsible for the local signal, as seen in the winter NWR (Fig. S8a).
This is consistent with the NWR plots of NO, NO,, OC, EC, and K™
(Figs. S9-S11) and the NWR plots of RM (Fig. 7), showing high local
concentrations associated to low wind speed <10 km h™!, especially
during winter where the heating necessities are at their peak. High
average contributions (around 6 pg m~>) coming from the NE-SE sector
are associated with faster wind speeds (>14 km h’l), potentially linked
to population urban centres such as Saint Quentin (20 km NE) or
Chauny-Tergnier (6 km SE). As regards the transported signal, the PSCF
map (Fig. 9a) shows that the highest probability of high combustion
contribution events would be originating from the French Grand Est
region (40%) and on a lesser scale, Western Germany (20%), agreeing
with previous PSCF analyses conducted in HdF (Golly et al., 2019;
Waked et al., 2014).

NOs-rich factor: The NWR shows a slight local signal of NH4NO3
(Fig. 9b). It is unclear if this comes from local formation or rather
transported sources that partition into particle phase when they are in
the surroundings of the measuring site, due to the semi volatile nature of
this species and the ubiquitousness of NH3 (Fig. S9g). As mentioned in
Section 4.2, NOgs-rich particles from Benelux and Eastern Germany to the
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Fig. 9. Annual NWR and PSCF maps of the PMF sources.

north of France have been observed in other studies (Petit et al., 2017a;
Roig Rodelas, 2018; Waked et al., 2014). In C-C, high contributions
(>12 pg m~>) appeared from the NW associated to fast wind speeds
(>15 km h™1), highlighting the contribution of LRT over this factor,
especially during spring (Fig. S8b). There are also contributions from the
NE, although the concentrations are not as high (~8 pg m™3).

The PSCF map of the NO3-rich factor agrees with the cluster analysis
and the previous studies for this area, highlighting the Netherlands,
Benelux countries and the Grand Est region as the main contributors to
this factor (Bressi et al., 2014; Waked et al., 2014). From these results, it
seems apparent that there is a North-to-South geographical gradient of
NOj particles, with the origin being located in Netherlands, where very
high concentrations of NOs-rich sources (between 41 and 48% of the
PM; 5) were observed especially in the rural sites, as a consequence of
the very high NH3 concentrations neutralizing immediately all acidic
gases (Mooibroek et al., 2011; Weijers et al., 2011). These particles are
then transported towards the Northern French sites, where lower levels
were observed (Fig. S7). The main issue with the PMF studies is the
temporal distortion between observations as NH4NOj3 is highly depen-
dent on the sampling and meteorological conditions. However, this
trend seems consistent with the results of the PMF studies conducted in
the North-western Europe area, where the concentrations of the
nitrate-rich factor at the Netherlands sites are twice as high as the
Northern French ones, following this pattern consistently regardless of
the year, implying that this factor is mostly related to this transport
rather than having local formation of NH4NOs.

SOy4-rich factor: The NWR plot shows high concentrations (>5 pg
m~3) coming from NE direction associated to fast wind speeds (>15 km
h™1), indicating that this factor is clearly influenced by LRT from con-
tinental sources. The PSCF points out to Benelux as a frequent source (in
between 40 and 50% probability) of these particles. (Fig. 9¢). As the
oxidation of SOy is slower compared to other precursor gases, it is
possible to apply the PSCF on this gas, highlighting Germany as one of
the main origins, most likely due to the use of coal as fuel for electricity
power generation (Fig. S12c). Additional sources of the sulfate-rich
factor could be deduced from the moderately high probabilities
(<30%) that both SO, and SO?{ may be coming from the North Sea,
explained by the maritime traffic and the biological emissions of
methane sulfonic acid (MSA) during warm periods, increasing the SOZ~
levels (Chen et al., 2012).

MAM factor: The NWR plot was not conclusive, suggesting a rather
diffuse and distant geographical origin. On the contrary, the PSCF map
clearly shows high probabilities from the North Sea (30%) and to a lesser
degree, the Channel, and the near Atlantic Sea (15%), emphasizing the
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marine origin of the factor (Fig. 9d). This is coincident with both CI~ and
Na® PSCF maps highlighting the Atlantic, the UK islands and the
Channel, and additionally, for Cl~, the main signal comes from the North
Sea (Fig. S12d). In fact, it also may explain the enrichment in SO3~ of
this factor, as the North Sea has significant maritime traffic and offshore
oil platforms, and is a hotspot for algal blooms which produce high
concentrations of DMS, a biogenic precursor of SO, especially during
spring and summer seasons (Uher, 2006). when the concentrations of
SO, and SOZ ™~ are at their highest in our site together with a higher wind
frequency coming from the North sector.

4.6. Rural air quality and health

In this study, we observed an annual average and standard deviation
of hourly PMy 5 of 12.2 + 9.3 pg m~3. This value exceeded the current
annual limit value of 10 pg m™> established by the AQ European
Directive, and the recommended value of 5 ug m™ proposed by the
WHO, indicating that the population living in this rural area was
exposed to an excessive atmospheric particulate pollution in 2018. Even
though PMj 5 concentrations were lower compared to urban areas, this
study reveals the high content of SIA and combustion-derived aerosols in
rural PMy 5. Zhang et al. (2020) confirmed the generalized residential
biomass burning sources in winter across France, while Chebaicheb et al.
(2023) estimated that the PM; in Lille, 150 km N from C-C, was
dominated by NO3 and organic components coming mostly from
regional background rather than local city production. Hence it is not
unreasonable to hypothesize that the ultrafine fraction in the agricul-
tural areas in the North of France have the same typology, given the
results of our study on PMy 5. Current regulations favour the reduction of
PM, 5 mass concentrations, but they do not consider the fact that aero-
sols could be more loaded with species harmful to human health (Cassee
et al., 2013,; Achilleos et al., 2017; Guo et al., 2023). To be effective,
mitigation policies must take into account the composition of atmo-
spheric particles in order to tackle their most harmful sources and ulti-
mately reduce the adverse consequences of exposure to PMj 5.

Multiple studies are dedicated to understanding the toxicity of par-
ticles based on their chemical composition (Campbell et al., 2021; Ito
et al.,, 2013; Liu et al., 2021; Yang et al., 2019), but such a task is
daunting due to the large differences in particle morphology, sources,
ageing processes, and aerosol size when inhaled. It is not in the scope of
this paper to review the toxicity studies for the aerosol components, but
it is relevant to the results obtained in this study, given the high contents
of SIA and combustion-related aerosols. SIA toxicity has been assessed
both from laboratory assays and epidemiological studies, and when fully
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neutralized they show little toxicity (Park et al., 2018). However, the
toxic response increase when the pH decreases due to incomplete
neutralization by alkaline compounds, leading to higher solubility of
organic and metallic components, triggering respiratory effects (Kelly
and Fussell, 2012). SIA toxicity is strongly linked to their size, with ul-
trafine particles triggering stronger biological cytotoxicity at low doses
(Akhtar et al., 2014; Xiang et al., 2023). When breaking down the SIA
into their components, ammonium toxicity has been found to be very
weak compared to nitrate and sulfate (Park et al., 2018; Zhang et al.,
2021). PMy 5 sulfate particles have statistically significant effects over
increased gastric cancer occurrence (Weinmayr et al., 2018), and pul-
monary function issues when associated with carbonaceous aerosols
(Atkinson et al., 2015; Wu et al., 2013). Nitrate effects and toxicity are
not well understood yet, although it is related to high toxic responses in
the respiratory system and pneumonia cases in childhood (Xiang et al.,
2023). Combustion-based aerosols have been stated to be more toxic
compared to non-combustion ones due to the huge heterogeneity of
organic species contained within them, including polyaromatic hydro-
carbons (PAH), quinones, and heavy metals associated (Park et al.,
2018; Xia et al., 2004). As for EC toxicity, Atkinson et al. (2015) found a
1.3% increase in all-cause mortality per 1 pg m™> increase in EC,
considering that EC particles may be a carrier medium for other toxic
components (heavy metals and organic components such as PAH).

The mixture of local and transported combustion aerosols, and the
strong regional background supplying SIA aerosols may be more
harmful for the human health of the people living in rural environments
than initial estimates. Further research must be conducted in order to
assess the effects of the combination of the SIA and combustion-based
aerosols on human health.

5. Conclusions

For the first time at a rural site in the North of France, one year of
continuous high time resolution measurements was collected using a
MARGA, an OCEC semi-continuous analyzer, a TEOM-FDMS and NOy,
GC-FID and O3 gas analyzers. This allowed for the characterization of
gas precursors and PMy 5 speciation in various chemistry and meteoro-
logical conditions. The PM; 5 mass was dominated by SIA and OM, ac-
counting for 51% and 33% of annual PMy 5 mass, respectively. Four p.
m.p 5 sources were identified using PMF analysis: combustion, nitrate-
rich, sulfate-rich, and mixed aged marine. The combustion factor is
the major single source, contributing 40.2% of the PMy 5 mass. It is
mostly linked to local biomass burning for heating during the cold pe-
riods. Yet transport events of combustion aerosols from the continental
platform and Grand Est region occur, especially during winter and
spring. During the summer, biogenic secondary organic aerosols and
eventual agricultural waste events were suspected to contribute to this
factor. Surprisingly, the levels of the combustion factor mass contribu-
tions at the C-C site are comparable to the ones found in other Northern
French PMF studies, even though they were conducted in heavier
anthropogenic environments. This suggests that the region is subjected
to a strong regional background influence of combustion-related parti-
cles. The contribution of both the NO3-rich and SO4-rich factors accounts
for 44.8% of the PM; 5 mass, indicating that SIA-related particles are the
main drivers of PMj 5 variability. NH4NO3 was the dominant component
throughout the year except during the summer when (NH4)2SO4 was
equally significant (23%). The NOs-rich factor temporal variability de-
pends on the thermodynamic equilibrium between the particle and
precursor gas phases, related to air temperature and RH. Aside from the
meteorological conditions, the local formation of secondary nitrate in
the C-C site is limited by the availability of HNOj3 since the chemical
regime remains NHs-rich throughout the year. In fact, although NO; is
available, little HNOg is formed both by daytime and night-time radical
chemistries due to the rather low atmospheric oxidative capacity. The
highest concentrations of NO3 originate from Netherlands, Belgium and
the French Grand Est region, and are observed during the agricultural
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fertilization months. The sources of particulate SO4 are related to
transport processes from the Benelux/Germany areas due to industrial
activities (sulfate-rich factor) and the North Sea probably due to mari-
time traffic (mixed aged marine factor). Although PM; 5 concentrations
are lower in rural areas compared to urban sites, episodes of high con-
centrations may be frequent. This study emphasizes the high contribu-
tions of regionally transported combustion aerosols and SIA linked to
anthropogenic activities to relatively cleaner rural sites. Therefore,
reducing particulate pollution in rural areas in the north of France re-
quires concerted transnational action to reduce emissions from agri-
culture and combustion (biomass for heating and fossil fuels for
maritime and road traffic). The oxidizing capacity of the atmosphere is
another issue to consider. Finally, few studies exist on the effect on
human health of co-exposure to a mixture of combustion aerosols and
SIA, so this subject remains to be explored.
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